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RESUMO

A presente tese traz trés estudos de revisdo de literaturas, onde mostramos 0 uso do CO>
supercritico para a obtencdo de 6leos essenciais de diferentes plantas aromaticas, além disso,
sdo mostradas as diferentes aplicacfes biologicas de dleos essenciais, como antibacterianas,
antifngicas, antioxidantes, anticancer, antiparasitaria, anti-inflamatoria e fitotoxica. Com
base nesses estudos foram feitos trés manuscritos de pesquisas. O primeiro reporta 0 uso de
CO. supercritico em diferentes combinagdes de temperatura e pressao: 35 e 55 °C e 100, 300
e 500 bar. Também relatamos o uso do processo de hidrodestilacdo para obtencdo de fracdes
do oleo essencial Piper divaricatum. Os rendimentos em massa da extracdo, composicdo
quimica, atividade antioxidante e atividade inibitéria da acetilcolinesterase (AChE) foram
analisados. A extracdo supercritica de CO. apresentou melhor eficiéncia na obtencdo de dleo
essencial em comparacdo a hidrodestilacdo. A isoterma de 55/500 bar conduziu ao maior
rendimento em massa de 7,40 0,08%. O metil eugenol foi o composto com maior
concentracédo variando de 48,01 a 61,85%, sendo a fragdo obtida na condi¢do de 35°C / 300
bar a mais efetiva em relacéo a atividade antioxidante, com valores de 34,69 + 1,38% (DPPH)
e 296,86 + 8,96 (mgTrolox / mL) (ABTS), respectivamente. Ligantes, apds acoplamento
molecular, exibiram posicGes moleculares que promoveram interacbes com diferentes
residuos de aminoacidos que sdo importantes para a catalise enzimatica com His447. O
segundo artigo fala sobre a atividade citotdxica, antimicrobiana e 0 mecanismo de acdo do
componente majoritario do O6leo essencial de Syzygium aromaticum obtido por CO2
supercritico. Neste trabalho, fibroblastos gengivais foram expostos ao 6leo essencial em
diferentes concentragdes por uma hora: 5 uL / ml, 7,5 uL / ml ¢ 10 uL / ml. O meio de cultura
foi usado como controle. A anélise de citotoxicidade foi realizada utilizando o método do
brometo de 3- (4,5-dimetiltiazol-2-il) -2,5-difeniltetraz6lio (MTT®). A suscetibilidade foi
avaliada em trés microrganismos Candida albicans, Escherichia coli e Staphylococcus
aureus. As analises estatisticas mostraram diferenca significativa na viabilidade celular para a
concentragao de 10 pL / mL, em relagdo ao grupo controle. Como resultado, o extrato da
planta ndo apresentou citotoxicidade em concentragdes abaixo de 10 pL / mL nos fibroblastos
gengivais humanos. O modo de interacdo do eugenol, principal composto e principal
componente responsavel pela atividade biol6gica do Oleo essencial, foi avaliado. A
ancoragem molecular do eugenol com proteinas importantes da via metabdlica dos
microorganismos C. albicans, E. coli e S. aureus foram realizadas. Os resultados
demonstraram que o0 composto é capaz de interagir com residuos cataliticos das enzimas e
formar um sistema energeticamente favoravel com essas proteinas. Os resultados da ligacdo
da energia livre obtida demonstram essa capacidade. Para o sistema eugenol-N-
miristoiltransferase (C. albicans), o valor de AGbin foi -19,01 kcal / mol, para a Enoil
redutase (E. Coli) AGbind foi igual a -11,31 kcal / mol e para a SarA (S. aureus) AGbind foi
de -13,58 kcal / mol. E no terceiro artigo falamos sobre o 6leo essencial de Siparuna
guianensis esse 6leo foi obtido por hidrodestilacdo. A identificacdo dos compostos quimicos
foi realizada por cromatografia gasosa acoplada a espectrometria de massa (GC / MS). A
atividade antimicrobiana foi realizada em quatro microorganismos: Streptococcus mutans,
(ATCC 3440), Enterococcus faecalis (ATCC 4083), Escherichia coli (ATCC 25922) e
Candida albicans (ATCC-10231). Os estudos de docagem e dindamica molecular foram
realizados com a molécula que apresentou a maior concentracdo de proteinas alvo-droga,
1ILA (C. albicans), 1C14 (E. coli), 2WE5 (E. faecalis) e 4TQX (S. mutans). Os principais
compostos identificados foram: Elemeno (7,58%), Curzereno (7,62%), Germacreno D
(8,17%), B-Elemenone (12,76%) e Atractilona (18,96%). Bactérias e fungos Gram-positivos



foram os mais suscetiveis aos efeitos do 6leo essencial. Os resultados obtidos na simulagéo
mostraram que o principal composto atractilona interage com os sitios cataliticos das
proteinas alvo, formando sistemas energeticamente favoraveis e permanecendo estaveis
durante o periodo de dindmica molecular. Os resultado apresentados pelos 6leos essenciais
das trés espécies estudas na presente tese, mostram que eles possuem aplicacdes em varias
areas de conhecimento como para o controle de microrganismos e como conservante na
indGstria de alimentos pois tem acdo antioxidantes, controle de radicais livres, e como
possiveis agentes promotores de atividade neuroprotetora sendo usado principalmente para a
inibicdo da acetilcolinesterase, retardando a hidrolise da acetilcolina, com isso pode melhorar
as manifestacdes colinérgicas nas fendas sinapticas do cérebro humano.

PALAVRAS-CHAVE: Produtos naturais, Piper divaricatum, Siparuna guianessis, Syzygium

aromaticum, 6leo essencial, compostos bioativos.



ABSTRACT

The present thesis brings three literature review studies, where we show the use of
supercritical CO, to obtain essential oils from different aromatic plants. In addition, the
different biological applications of essential oils such as antibacterial, antifungal, antioxidants,
anticancer, antiparasitic, anti-inflammatory and phytotoxic. Based on these studies, three
research manuscripts were made. The first reports the use of supercritical CO; in different
combinations of temperature and pressure: 35 and 55 °C and 100, 300 and 500 bar. We also
report the use of the hydrodistillation process to obtain fractions of the essential oil Piper
divaricatum. Mass extracts, chemical composition, antioxidant activity and
acetylcholinesterase inhibitory activity (AChE) were analyzed. Supercritical CO2 extraction
showed better efficiency in obtaining essential oil compared to hydrodistillation. The 55/500
bar isotherm resulted in the highest bulk yield of 7.40 0.08 %. Methyl eugenol was the
compound with the highest concentration ranging from 48.01 to 61.85%, the fraction obtained
in the condition of 35 °C / 300 bar being the most effective in relation to the antioxidant
activity, with values of 34.69 + 1.38 % (DPPH) and 296.86 £ 8.96 (mgTrolox / mL) (ABTS),
respectively. Ligands, following molecular coupling, exhibited molecular positions that
promoted interactions with different amino acid residues that are important for enzymatic
catalysis with His447. The second article discusses the cytotoxic, antimicrobial activity and
mechanism of action of the major component of the essential oil of Syzygium aromaticum
obtained by supercritical CO>. In this work, gingival fibroblasts were exposed to the essential
oil in different concentrations for one hour: 5 uL. / ml, 7.5 pL. / ml and 10 pL / ml. The culture
medium was used as control. Cytotoxicity analysis was performed using the
3(4,5dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT®) method. Susceptibility
was evaluated in three microorganisms Candida albicans, Escherichia coli and
Staphylococcus aureus. Statistical analyzes showed a significant difference in cell viability
for the concentration of 10 pL / mL, in relation to the control group. As a result, the plant
extract showed no cytotoxicity at concentrations below 10 pL. / mL in human gingival
fibroblasts. The interaction mode of eugenol, the main compound and main component
responsible for the biological activity of the essential oil, was evaluated. Molecular anchoring
of eugenol with important metabolic pathway proteins of C. albicans, E. coli and S. aureus
microorganisms were performed. The results demonstrated that the compound is capable of
interacting with catalytic residues of the enzymes and forming an energetically favorable
system with such proteins. The results of the free energy binding obtained demonstrate this
ability. For the eugenol-N-myristoyltransferase system (C. albicans), the AGbin value was -
19.01 kcal / mol, for the Enoil reductase (E. Coli) AGbind was equal to -11.31 kcal / mol and
for the SarA (S. aureus) AGbind was -13.58 kcal / mol. And in the third article we talked
about the essential oil of Siparuna guianensis that oil was obtained by hydrodistillation.
Identification of the chemical compounds was performed by gas chromatography coupled to
mass spectrometry (GC/MS). The antimicrobial activity was performed in four
microorganisms: Streptococcus mutans, (ATCC 3440), Enterococcus faecalis (ATCC 4083),
Escherichia coli (ATCC 25922) and Candida albicans (ATCC-10231). The docking and
molecular dynamics studies were performed with the highest concentration of target-drug
proteins, 1ILA (C. albicans), 1C14 (E. coli), 2WE5 (E. faecalis) and 4TQX (S. mutans). The
main compounds identified were: Elemene (7.58%), Curzereno (7.62%), Germacrene D
(8.17%), B-Elemenone (12.76%) and Atratylone (18.96%). Gram-positive bacteria and fungi
were the most susceptible to the effects of essential oil. The results obtained in the simulation
showed that the main compound atratylone interacts with the catalytic sites of the target
proteins, forming energetically favorable systems and remaining stable during the period of
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molecular dynamics. The results presented by the essential oils of the three species studied in
the present thesis show that they have applications in several areas of knowledge as for the
control of microorganisms and as a preservative in the food industry because it has
antioxidant action, free radical control, and as possible agents promoting neuroprotective
activity being used primarily for the inhibition of acetylcholinesterase, retarding the
hydrolysis of acetylcholine, thereby improving cholinergic manifestations in the synaptic
clefts of the human brain

KEY WORDS: Natural products, Piper divaricatum, Siparuna guianensis, Syzygium
aromaticum, essential oil, bioactive compounds.
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1 CAPITULOI
1.1 Introducéo Geral

Plantas ricas em 0leos essenciais (OE) podem representar uma fonte viavel para o
uso nas mais variadas atividades humanas como, por exemplo, na inddstria de alimentos, pois
as atividades biologicas, como antioxidantes, antimicrobiana, fitotoxica, neuroprotetora, anti-
inflamatdria, entre outras, sdo importantes para esse segmento industrial; Além disso, (OE)
apresentam baixa citotoxicidade, o que diminui os riscos de intoxicacdo. Os (OEs) sdo fracbes
volateis naturais extraidas de plantas aromaticas, e sdo formados no metabolismo secundario
das plantas. Diversas classes de substancias volateis podem ser encontradas na sua
composicdo quimica, como ésteres de acidos graxos, mono e sesquiterpenos,
fenilpropandides, alcoois, aldeidos e em alguns casos, hidrocarbonetos alifaticos. Essa
variacdo de composicdo, depende da fisiologia, das condi¢cGes ambientais, das variagdes
geograficas, da sazonalidade, do horéario da coleta, de fatores genéticos e evolucdo da planta.
Como isso, propriedades fisico-quimicas de (OE) podem ser alteradas, e as concentracdes de

6leos nas partes de plantas como caule, folhas, flores e frutos, pode aumentar ou diminuir.

A extracdo de 6leos essencial geralmente ocorre pelo uso de técnicas convencionais,
como a hidrodestilagédo, usando um extrator tipo Clevenger original ou modificado, sendo esta
a técnica mais difundida para o isolamento de 6leos volateis de planta. No entanto, outras
técnicas de extracdo também se mostram eficientes como, por exemplo, extracdo com didxido
de carbono supercritico (SC-CO>). Esse tipo de extracdo € uma técnica considerada limpa e
ndo provoca mudancga nas estruturas quimicas das moléculas, pois geralmente trabalha em
baixas temperaturas de extracdo. O uso do (SC-COz2) pode representar uma alternativa viavel,
para a extracao de 6leos essenciais de diferentes matrizes vegetais. Essa técnica tem mostrado
grandes vantagens em relacdo aos métodos convencionais, como o fato de ser seletiva,
dependendo das condi¢des operacionais (temperatura, pressdao e densidade) empregadas
durante o processo de extracdo, além de ser considerada uma "técnica verde" para a obtencao

de principios ativos de origem vegetal.

Com o objetivo de contribuir com para a difusdo do conhecimento relacionado ao
potencial biotecnoldgico de trés plantas produtoras de 6leos essenciais: Piper divaricatum,
Syzygium aromaticum e Siparuna guianensis, o presente estudo avaliou duas técnicas de
extracdo, como a hidrodestilacdo e o dioxido de carbono supercritico para obtencdo de

diferentes fracGes de Gleo essencial. Além disso, sdo mostradas as composi¢cdes quimicas,

13



para correlacionar com as atividades antioxidante, potencial antimicrobiano, potencial
inibitorio da acetilcolinesterase. Com isso, a presente tese foi estruturada em 7, capitulos

contando com o texto integrador, como pode ser observado abaixo.

A revisdo da literatura € composta por trés capitulos de livros, apresentados no
capitulo I, capitulo 111 e capitulo 1VV. Com seus respectivos titulos descritos abaixo, neles séo
descritos 0 uso de técnicas de extracdo de 6leos essenciais, dando énfase a extragdo com CO>
supercritico, também s&o apresentadas diferentes atividades bioldgicas de 6leos essenciais.

O capitulo Il. Esse capitulo é composto por um capitulo de livro intitulado de
Aplicacdo de CO2 supercritico na extragdo de o6leo essencial. (Titulo do livro: “Aplicacdes
Industriais de Solventes Verdes”, a ser publicado por Materials Research Forum LLC. The
USA.

O capitulo I11. Esse capitulo € composto por um capitulo de livro “Potencial de uso
medicinal de Oleos essenciais de plantas aromaticas” (Titulo do livro: Essential OQils),
publicado pela Editora internacional IntechOpen.

O capitulo 1V. Esse capitulo é composto por um capitulo de livro intitulado:
“Compostos quimicos potencialmente fitotoxico de presentes no 6leo essencial para controle
de plantas invasoras” - Uma mini-revisdo (Titulo do livro: Abordagens bioldgicas para o

controle). Publicado pela Editora internacional IntechOpen.

Em relacdo aos resultados da pesquisa realizada durante o periodo do doutoramento,
sdo apresentados trés capitulos no formato de artigos cientificos, 0s seus respectivos titulos
estdo descritos nos capitulos V, VI e VII. Nesses artigos é mostrado o uso do CO> supercritico
e a hidrodestilacdo para a obtencdo de diferentes fracdes de 6leos essenciais, e sdo descritas as
composicdes quimicas e também que os Gleos essenciais das plantas estudadas, possuem

diversas atividades bioldgicas benéficas para a manutencgdo da satde humana.

O capitulo V apresenta o artigo publicado no The Journal of Supercritical Fluids
QUALIS Al (COM FATOR DE IMPACTO 3.1 (2017)). “Perfil fitoquimico, atividade
antioxidante, inibicdo da acetilcolinesterase e mecanismo de interacdo dos principais

componentes do 6leo essencial de Piper divaricatum obtido por CO2 Supercritico”.

14



O capitulo V1. apresenta o artigo submetido: “Atividade citotdxica antimicrobiana do
6leo essencial de Syzygium aromaticum, ancoramento molecular e estudos moleculares da

dindmica de seus principais constituintes quimicos”

O capitulo VII. apresenta o artigo submetido: “Composicdo quimica, propriedades
antimicrobianas do 6leo essencial de Siparuna guianensis e um estudo de docagem molecular

e dindmica molecular de seu principal constituinte quimico”

Todos os capitulos de livro e artigos publicados ou submetidos, estdo formatados

seguindo as diretrizes para autores dos livros ou das revistas cientificas.
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2  Objetivos da Pesquisa

2.1 Geral

Avaliar técnicas de extracdo para obtencdo de metabolitos secundarios de plantas
aromaticas, com objetivo de obter dleos essenciais ricos em compostos com aplicacdo
antioxidante, farmacologica, medicinal. Além disso, realizar simulacdo através de quimica

computacional para analisar a inibicdo de sitios cataliticos de enzimas.

2.1.1 Especificos

v" Realizar um estudo da arte sobre o uso do CO- supercritico para o isolamento de 6leos

essenciais de diferentes matrizes vegetais. CAPITULO II.

v Revisar o estado da arte sobre as poténcias aplicacdo biolégicas de 6leos essenciais e
seus constituintes quimicos. CAPITULO Il e IV.

v" Investigar o perfil quimico e as atividades bioldgicas de diferentes fracdes de 6leos
essenciais de Piper divaricatum. CAPITULO V.

v" Auvaliar o potencial citotdxico e antimicrobiano do 6leo essencial de cravo da india e
seu composto majoritario. CAPITULO VI.

v Avaliar o perfil quimico e antimicrobiana do dleo essencial de Siparuna guianensis.
CAPITULO VII.

16



3 CAPITULOII

3.1 Supercritical CO application in the essential oil extraction.

17
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Abstract

The supercritical CO2 has demonstrated efficiency and selectivity for the extraction of
essential oils from vegetable matrices. This technique is based on the solvation power of
the supercritical CO., and the solute-solvent interactions can be altered depending on the
operating parameters used. These changes can result in an increase in the essential oil
solubility and consequent increase in its yield. Supercritical CO2 combines properties of
gases and liquids, and one of its advantages is that it leaves no residues in the essential oil.

Keywords: Natural products, Essential oils, CO> extraction.
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1. Introduction

Natural products of plant origin play an important role in human life, as they offer various
nutritional, therapeutic and aromatic benefits, which can be applied in different segments, such as
in cosmetics, food and pharmaceutical industries [1-4]. Among the natural products, the essential
oils are composed of a complex mixture of volatile substances such as oxygenated and non-
oxygenated sesquiterpenes, benzenoids, phenylpropanoids, and other compounds [5-7], and also
exhibit biological activities relating to their chemical composition [8,9]. Among these classes of
compounds, the terpenes are the most found in several plants species [10], and are formed and

classified by their isoprene units, each one with five carbons, as shown in Figure 1

There are lots of methods used for extracting essential oils, such as supercritical fluid
extraction, subcritical liquid extraction, microwave assisted extraction and the conventional
techniques (hydrodistillation, steam distillation, organic solvent extraction). Each technique
presents certain advantages and disadvantages. The main drawbacks refer to alterations in the
biological and physicochemical properties of extracted oils [11]. Fornari et al. [12], takes into
consideration extraction with supercritical carbon dioxide as an innovative, clean and ecologically
correct technology, represents a viable alternative for the extraction of essential oils. Other reports
in the literature have demonstrated supercritical CO, as selective extractant, depending on the
operating parameters of extraction [13-15]; and at the end of the dynamic extraction period, there
is no need for residues treatment associated with a toxic solvent [16]. In addition, when compared
to conventional extraction techniques, such as hydrodistillation or extraction with organic solvents,
the essential oils obtained with supercritical CO2 present superior quality and yield [17-20]. These
advantages make supercritical technology an excellent tool, for use on industrial scale, to obtain

essential oils.



The (Figure 2) illustrates some applications of supercritical CO> in the extraction of
bioactive compounds from natural products. In this sense, the present chapter aims to show,
through a literature review, that supercritical CO2 is an unconventional “green” technology that

can help researchers in the formulation of natural products from essential oils.

2. Supercritical fluid extraction (SFE)

2.1 SFE principles

In natural products, obtaining extracts requires faster efficient separation techniques. The
isolation of substances (analytes) from a plant sample requires a method that can present high
efficiency and that does not cause qualitative and/or quantitative degradation of the chemically
active components in the extracts, and finally that does not generate toxic residues that could cause

harm to the environment [21].

2.1.1 Supercritical fluid concept

Extraction with supercritical fluid can be defined as a combination of different types of
unit operations that exploits, the solvation power of the fluid [22]. For a substance to be considered
a supercritical fluid, its pressure and temperature should exceed to this critical values, as shown in
the phase diagram (Figure 3). At this point, a supercritical fluid (SCF) may behave as a liquid or a
gas. Among all the gases that can be used in SFE, COzis considered the best option for extraction
of bioactive compounds due to its low critical point (31.02 °C, 73.6 bar - see Table 1), and low
reactivity. In addition, it is relatively cheaper when compared to other solvents, non-flammable
and is easy to recycle. Because it a solvent of low polarity, CO> presents higher interaction with

apolar or low polarity compounds, however when incorporating a polar cosolvent, such as water



or ethanol, its solvation power can be improved for extraction of molecules of greater polarity

[22-25].

2.2 Process parameters in supercritical CO; extraction

2.2.1 Diffusivity

The supercritical solvent usually presents high diffusivity and this parameter is affected by
operating conditions, such as temperature and pressure [22,26,27]. The effect of diffusion is
present in the mass transfer phenomena, which describe the supercritical process at higher
pressures, and this effect is mathematically represented by the diffusivity term, obtained from
physical parameters that originate in Fick's second law. Over the years, the study of mass transfer
has been used as a tool to understand the supercritical extraction applied to the production of
essential oils of aromatic plants [28,29], and this has justified the development of mathematical
models capable of predicting the value of diffusivity, an important parameter in the equations
developed to determine extraction kinetics [30-33]. According to the literature [34,35], when there
is an increase in diffusivity, there is a decrease in the solvent viscosity, and this allows greater
penetration of the supercritical COz in the raw material, which can result in an increase in the mass
transfer rate in the extraction process, and consequent increase in the mass yield [36-38]. However,
the diffusivity of the supercritical CO- can be altered according to the chemical composition [39],
and polarity of the solute molecules, since they can cause different physico-chemical interactions
[40-45]. These interactions also depend on thermodynamic properties such as energy, pressure,
thermal pressure coefficient, coefficient of thermal expansion, isothermal and adiabatic
compressibility, isobaric and isochoric heat capacities, Joule-Thomson coefficient, and vapor

pressure [46,47].



Savage et al. [48] pointed out a number of advantages that are associated with transport
reactions under supercritical conditions, and Krishna et al. [49], showed the dependency
supercritical fluid extraction technology on the adequate estimation of the solute diffusion in the
supercritical fluid phase. In their work [49], they correlated Peng—Robinson equation of state [50]
combined with the Maxwell-Stefan equation, and analyzed the effect of thermodynamic
equilibrium on diffusion effects applied at high pressures. They [49] also verified that the proposed
diffusivity presented precision in the results when the compressibility factor was added in binary

mixtures with density lower than 10 kmol.m?®.

It is also possible to find articles in the literature that indicating the plant structure as an
influent factor in the diffusive effect, and consequently in the extraction yield [51-53]. Different
models have been proposed [54-57] to verify the diffusive effect of plant particles in the
supercritical solvent, since in the models developed from mass balance equations, one stage of the
diffusive process may prevail over the other stages. For example, when the diffusion process is
much slower than the transfer of the extract from the surface of the sample particle to the extractor
outlet, the developed model can be simplified, so it can only describe the limiting step of the
process. In this context, the diffusivity study comprises the study of the adsorption process of the
supercritical solvent in the solute, a process that is represented by five steps: diffusion of CO>
through the plant particles; diffusion of CO: into the pores and adsorption on the surface of the
solid; transport of the essential oil to the outer layer of the pore; formation of a thin liquid film
around the solid particles; dissolution of the oil in the supercritical CO2; and after that, the
convective transport of the solute within the fluid. The internal mass transfer resistance in the pores

is supposedly low, and, therefore, the extraction rate depends mainly on the adsorption



equilibrium. The internal mass transfer resistance is completely neglected in the models of particle

desorption [58].

Pourmortazavi and Hajimirsadeghi. [59] presented some applications of the supercritical
fluid technology in the isolation of essential oils from plant matrices, in which they verified that
the diffusion through the solid plant matrix affects the extraction yield and, according to Brunner.
[22], this effect may occur due to temperature and pressure conditions, as well as due to the
uniqueness of each plant tissue, which causes different values for solvent diffusivity. According
to Brunner. [22], the cell membrane of the plant consists of three layers of lipid molecules and
pores, in which the absence of water can cause the pores to close and make the membrane
impermeable. This situation allows the identification of the initial extraction period, which consists
of a rapid extraction, and the final extraction period, which is characterized by a slow extraction

obtaining.

Reis-Vasco et al. [60] obtained pennyroyal essential oil by supercritical fluid extraction,
and concluded that the largest amount of essential oil obtained was from the leaves surface present
in hairy trichomes. They proved this result stating that the oil of the trichomes was adsorbed on
the leaves. They also used the equilibrium model to describe the process in the initial part of the
extraction curve. The final part of the process was calculated as the extraction controlled by the

internal mass transfer resistance.

Gaspar et al. [61] obtained oregano bracts essential oil and used a model taking into
consideration the oil fraction already available on the leave surface, with slow diffusion in the

final extraction step . They assumed that the easily accessible oil was released from the glands



during the mechanical pretreatment step and, thus, the essential oil obtained with supercritical fluid

was either inside the glands or retained in the internal tissues.

2.2.2 Effect of temperature and pressure

In the process of supercritical fluid extraction, pressure and temperature are variables that
influence the essential oil yield, and the increase in pressure and decrease in temperature results in
an increase in the solvent density, and consequently also in the solubility between solute and
solvent [59,62]. Oliveira et al. [63] obtained clove essential oil (Syzygium aromaticum) and found
that, maintaining the operating pressure at 100 bar, the extraction yield was higher at 40 °C
(13.14%) than at 50 °C (12.70%) [64]. In some situations, the increase in pressure can compact
the solid matrix, which leads to unfavorable extraction results [65-67]. However, the effect of
pressure on certain extraction isotherms has advantages because it allows the selective production
of bioactive phytochemicals, such as thymol obtained from rosemary pepper (Lippie sidoides), and
eugenol obtained from holy basil (Ocimum sanctum L.), and clove (Syzygium aromaticum)

[64,68,69].

The temperature is another parameter that influence the extraction process. It can affect the
extraction yield, the composition of the essential oil, the supercritical CO> density, and the
solubility between solute and solvent. Decreasing the extraction temperature may cause a change
in solute vapor pressure, resulting in a phenomenon called "cross-over effect”, in which high
temperatures produce low yields, while low temperatures produce high yields. Scopel et al. [70]
verified this effect when studying extraction of clove essential oil, when the phenomenon of
retrograde condensation was reported. Oliveira et al. [64] also verified this effect when extracting

clove essential oil (Syzygium aromaticum) at temperatures of 40 °C and 50 °C; an inflection point



at 150 bar was also observed. Ghosh et al. [68] verified a similar effect on yield isotherms when
studying the essential oil obtained from holy basil (Ocimum sanctum); it was identified that the

increase in temperature resulted in a decrease in the amount of eugenol, at lower pressures.

2.3 SC-CO:; as a solvent for essential oil extraction

Supercritical CO. extraction is an innovative and green methodology used to obtain
various extracts and essences from several matrices, such as essential oils [71]. This technique
plays an important role in the food and pharmaceutical industries [20,71]. Extracts or essential oils
obtained by supercritical CO- did not contain any type of substance different from those present
in the composition of the extracted material, which means that the oil or extract obtained is pure,
and of high quality. This is due to the critical point of CO2 being reached at low pressure and
temperature, as previously reported, so it does not degrade or cause transformations in the
thermolabile components [72,73].

Extraction of essential oil with supercritical CO2 is much faster than traditional methods
of extraction since this gas has ability to mix with the botanical material, and offers little resistance
to flow in the extraction cell. Essential oils are mostly composed of nonpolar components, so the
extraction with supercritical CO> is very efficient since it is a solvent of low polarity [71].

The supercritical fluid extraction system basically consists of a carbon dioxide cylinder,
cooler, high-pressure pump, oven, an extraction cell, collecting vessel, air compressor, flow meter
and flow control valves [64,71]. For the process, the gas (CO>) passes through the cooler where it
is liquefied, then it is pressurized by the pump to reach pressures higher than its critical pressure.
During the static equilibrium step, the pressurized CO2 goes through the extraction column,
positioned inside the oven, with a temperature control. These processes guarantee the

thermodynamic conditions of temperature and pressure to occur the isolation of the essential oil



from the plant material [71]. The supercritical extraction has been, over the years, an important
alternative for the extraction of essential oils. As evident from Table 2. In Figures 4 and 5 we
observed two supercritical extraction plants one on industrial scale (Figure 4) and another on

analytical scale (Figure 5), are depicted.

Frohlich er al. [74] used supercritical CO. to extract eugenol, the main bioactive
compound present in clove leaves, and verified the effect of temperature and pressure on the yield
of this secondary metabolite. The authors used conditions of pressure (150-220) bar and
temperatures (40-60 °C), and found that the highest yield (1.08 %), and higher content of eugenol
(29.73 %) were obtained at 40 °C and 220 bar. In this combination of temperature and pressure,
CO; has a higher density (858.11 kg/m?) in relation to the other experiments, which means that

this parameter also influences the extraction.

2.4 Conventional methods of essential oils extraction

Among the several conventional methods of obtaining essential oils, hydrodistillation,
steam distillation, and extraction with organic solvents stand out [72,95,96]. Hydrodistillation
(HD) is the methodology mostly used in the extraction of essential oils. It is old, simpler, and
vastly used in the industries, does not require expensive equipment, and is a method of easy
implementation with great selectivity [72,97]. The HD process began to be performed in alembics
[72,73], however, from the third edition of the European Pharmacopoeia, the use of the Clevenger
system was recommended in the hydrodistillation, since this system allow the recycling of the
condensates [72]. HD is based on azeotropic distillation and the extraction system requires a
heating source, a container to place the biomass (still or volumetric flask), condenser and a

decanter to collect the mixture of oil and water [72].



The (Figure 6), describes the HD process. The plant material to be extracted (leaves,
branches, barks, roots, fruits, flowers or seeds) is in direct contact with the distilled water in a
certain container (in this case, a volumetric flask), which is connected to a Clevenger, and coupled
to a cooling system, for the maintenance of water condensation. Subsequently, heating of the solid-
liquid mixture until the boiling temperature of water occurs under atmospheric pressure, so that
the odoriferous molecules of the cells of the plant material are evaporated together with the water,
thus forming an azeotrope mixture. This mixture enters the condenser, which liquefies and is
collected at the end of the extraction. Since the terpene molecules of the oil and water are
immiscible, the organic phase is separated from the aqueous phase by decantation. In addition to
decantation, centrifugation is used with anhydrous Na>SO4 to make the EO completely free of

water [73,98-100].

Although hydrodistillation is a classic procedure, free of chemical compounds, and
recommended by the French Pharmacopoeia for the extraction of essential oils [73], it presents
some negative points, such as long extraction time, formation of artifacts, chemical changes in the
terpenic molecules due to the high temperature used, and loss of some polar molecules that are

solubilized in water [72,97,102,103].

Another conventional extraction method is steam hydrodistillation and steam distillation
(Figure 7 A and B) respectively, which is widely used by the industry to obtain essential oil for
commercialization. It is a simple process, applicable to the processing of significant quantities of
botanical material [102,104,105]. Steam distillation occurs with the same principles of HD, but
the fundamental difference lies in not putting the plant biomass in contact with water. In HD, the

vegetal material to be extracted is in the same container, whereas in the steam distillation, the



vapors responsible for the extraction process are produced outside the extraction vessel, and reach

the plant material through a serpentine coil [72,106].

In this process, the passage of vapors through the plant material causes the rupture of the
specialized secretory structures (glands) responsible for the production of essential oil, which are
released and carried with the water vapor towards the condenser, where the cooling of the mixture
occurs, and then it is collected and separated, just as it is done in hydrodistillation [72,73]. Usually,
steam distillation is performed in a shorter period of time, when compared to hydrodistillation, and
the raw material does not come into direct contact with water. This helps to reduce essential oil

composition, artifact production, and the loss of polar molecules [72].

3. Comparisons among extraction methods

As previously reported, depending on the extraction methods used, there may be
differences in the mass yields and in the phytochemical profile of essential oils. In this sense, Danh
et al. [107] studied the effects of different parameters on the yield and chemical composition of
the essential oil extracted from Lavandula angustifolia L. In terms of mass yield, the extraction
with supercritical CO2 showed higher efficiency with a result of 6.7% (on dry basis), compared to
of hydrodistillation were the yield was 4.6%. Regarding the chemical composition, it was observed
that the linalool content was relatively higher when extracted by hydrodistillation (52.59 + 0.70%
against 42.82 + 0.19%, obtained by supercritical CO, extraction), however, Linalyl acetate was
obtained in higher concentration with supercritical CO, (23.40 = 0.23 % against 9.27 = 0.21 %

obtained by hydrodistillation).



Costa et al. [108], studied the chemical profiles of the extracts of Lavandula viridis L
obtained by hydrodistillation and extraction with supercritical fluid. The results showed that the
highest mass yields were obtained by supercritical CO», whereas hydrodistillation favored the
extraction of other substances also. More compounds were isolated by HD, and camphor was the
main component identified in the essential oil, representing around (31.59 + 1.32 %) of the total
extract. In Table 3, the differences in yield and chemical composition, regarding the operating
conditions of supercritical CO; extraction, hydrodistillation, microwave hydrodiffusion and

gravity; hexane extraction; and steam distillation can be observed.



4. Conclusions

The supercritical CO> technology allows the extraction of different classes of secondary
metabolites from different plant species. In addition, this is a green technique for extraction of
natural compounds. Supercritical CO> does not leave toxic residues and is chemically inert, which
means that it does not react with the compounds present in the essential oils. Studies on
supercritical extraction begin on analytical scale, and are optimized for larger scales, for higher
yields. In this technique, temperature and pressure can be manipulated to allow greater selectivity

to obtain essential oils rich in certain classes of chemical compounds. cknowledgments
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Figure 1 Isoprene units in the formation of different types of terpenoids

Figure 2 Applications of supercritical CO> in the extraction of bioactive compounds from natural
products.



Figure 3. Phase diagram of CO> equilibrium states. The solid line (S), gass (G), liquid (L) does not
require the phenomenon of condensation to cross the liquid-vapor coexistence curve at constant
temperature. Triple point (TP), critical pressure (Cp1), critical temperature (Ct), critical point
(Cp2), pressure (P), temperature (T).
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Figure 5. Scheme of supercritical fluid extraction plant in analytical scale.



Figure 6. Hydrodistillation system, 1 = heating mantle, 2 = water + plant sample 3 = cold water
inlet, 4 = water outlet, 5 = condenser. Adapted from [101].

teeet

Figure 7. Representative flow diagram representative diagram of steam hydrodistillation (A) 1 =
temperature controller, 2 = water, 3 = vegetable sample, 4 = water vapor + essential oil, 5 =
condensers, 6 = collection flask. Steam distillation (B). 1 = temperature controller, 2 = water

vapor, 3 = sample, 4 = essential oil vapor and water vapor, 5 = condenser, 6 = collection vial.



Tables

Table 1 Critical Properties of Different Compounds.

Critical Properties Formula Tc (°C) Pc (bar)
Ethylene C2H4 9.35 51
Carbon dioxide CO2 31.02 73.6
Methanol CH3OH 240.55 79
Benzene CeHe 289.05 49
Water H>O 374.45 221

Table 2 Use of supercritical CO> to extract essential oils from different plant matrices.

Raw material T (°C)and Yield (%) Most concentrated Reference
P (bar) compound
Myrtus communis 40/300 4.89 Not reported [75]
Eucalyptus loxophleba 70/400 4.78 1,8-Cineole [76]
Chamomilla recutita 40/200 4.33 B-farnesene [77]
Lavandula hybrida 50/111.6 4.62 1,8-Cineole [78]
Citrus sphaerocarpa 80/200 1.55 Limonene [79]
Piper auritum / 172/50 3.09/1.35  Safrole / isosafrole [80]
Porophyllum ruderale
Uniperus communis 55/300 6.55 Germacrene D [81]
Mentha spicata 48/151 1.4 Carvone [82]
Pimenta dioica . 45/360 68.47 Eugenol [83]
Tetraclinis articulata 40/1000 25.5 a-Pinene [84]
Swietenia mahagoni 60/300 20.68 Not reported [85]
Pogostemon cablin 40/140 5.07 Patchoulol [86]
Mentha piperita 40/100 3.57 Menthol [87]



Curcuma Longa.
Cleome coluteoides
Rosmarinus officinalis
Piper nigrum
Launaea acanthodes
Algerian rosemary

Leptocarpha rivularis

45/300
35/220
40/172
50/300
54.85/240
40/220
50/120

6.51
0.65
1.41
2.88
1.02
3.52
4.60

(2)-y-atlantona
a-Cadinol
Camphor

B-Caryophyllene
v-Phenylbutyric acid
Camphor
Caryophyllene oxide

[88]
[89]
[90]
[91]
[92]
[93]
[94]

*T = temperature, P = pressure.



Table 3 Influence of the extraction method on yield and chemical composition of different plant species

Condition of

Raw material extraction Yield (%) Majority compound Ref
CE SCE CE SCE CE SCE
Rosemary HD- T= HD- 4.15% HD- a-Pinene 1,8-Cineole [109]
leaves t= 180 40°C; 0.35+0.07%; (44.05%); (59.20%).
min; P=300 MHG- MHG- a-Pinene
MHG- bar; 0.33+0.09% (43.60%)
t=15min t =300
min
Ginger roots HD- T=60 HD- 2.62% HD- a-Curcumene  a-Zingiberene [110]
(Zingiber t= 180 °C; 1.79%; (11.32%) (19.77%)
officinale R.) min P =250
bar;
t=180
min
Piper nigrum L. HD- T=50 HD- 2.16+0.02% HD- B- -Caryophyllene [111]
t=270 °C; 2.88 £ 0.07% Caryophyllene (25.38+0.62%)
min P =300 (18.64+0.84%)
bar;
t=80
min
Lavender HD- T= HD- 6.68+0.57% HD- Linalool [107]
(Lavandula t=300 45°C; 4.57+0.13%; Linalool (42.82+£0.19%)
angustifoliaL.)  min; P=140 HE- (52.59+0.70%)
HE- bar; 7.57+0.11% HE-
t=180 t=50 Linalool
min min (33.35+8.26%)
Nepeta persica  SD- T= SD- 8.90% SD- 40f,70,7a0- 40B,70,7a0- [112]
aerial parts t=90 min 35°C; 0.08% nepetalactone nepetalactone
P=355 (26.50%) (48.10%)

bar



Myrtus
communis L.
leaves

Citrus medica
L. cv. Diamante
fruits

Bay leaves
(Laurus nobilis
L)

Thymus
munbyanus
subsp. coloratus

Thymus
munbyanus
subsp.
munbyanus

HD-
t= 300
min

HD-
t= 180
min

HD-
t= 240
min

HD-
t= 240
min

HD-
t= 240
min

t=50
min
P=350
bar;
t=25
min
T=140
OC;
P=100
bar;

t= 360
min
T=140
oC;
P=100
bar;
t=84
min
T=70
OC’

P= 450
bar;
t=180
min
T=70
OC’

P= 450
bar;
t=180
min

HD-0.47%

HD-
0.10% (v/iwy);

HD-
1.43%

HD-
0.11%

HD-
0.09%

6.30%

2.80% (v/w)

1.37% (v/iw)

0.35+0.0%

0.43+0.0%

HD- a-Pinene
(31.80%)

HD- Limonene
(35.4+1.5%);

HD- 1,8-Cineole
(33.40%)

Camphor (11.70%)

(E)-Nerolidol
(13.7%)

a-Pinene (38.60%)

Citropten (84.50+

3.70%)

Methyl linoleate
(16.18%)

Squalene (10.80%)

Squalene (11.40%)

[113]

[114]

[115]

[116]

CE - Conventional extraction; SCE — Supercritical Extraction, t - time; T — temperature; P - Pressure; HD — Hydrodistillation;

MHG - Microwave Hydrodiffusion and Gravity; HE — Hexane extraction; SD - Steam distillation.
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Abstract

The use of medicinal plants rich in essential oils can represent a viable source for the con-
trol of some diseases, being able to constitute a possible therapeutic alternative due to its
effectiveness. Essential oils are natural volatile fractions extracted from aromatic plants
and formed by classes of substances such as esters of fatty acids, mono and sesquiter-
penes, phenylpropanoids, aldehyde alcohols and, in some cases, aliphatic hydrocarbons,
among others. Essential oils have been used by mankind for medicinal purposes for sev-
eral centuries, with reports coming from Ancient Egypt. In this sense, the present work
aims to approach the biological activities of essential oils such as antioxidant, anticancer,
antiprotozoal, antifungal, antibacterial and anti-inflammatory activities of different plant
matrices rich in essential oils.

Keywords: natural products, essential oils, medicinal application, biological activity
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1. Introduction

The essential oils are formed by volatile substances and generally have low molecular weight,
these substances are formed in the secondary metabolism of aromatic plants [1, 2]. However,
some natural factors such as physiological variations, environmental conditions, geographic
variations, genetic factors and plant evolution can alter the chemical composition of these oils
as well as their yield [3].

The extraction of essential oils usually occurs with the use of conventional techniques such as
hydrodistillation using a Clevenger type extractor, which is the most widespread technique
for the isolation of volatile plant oils [4, 5], however, other extraction techniques are also
efficient such as extraction with supercritical CO, [6, 7], this type of extraction is a technique
considered clean and does not cause change in the chemical structures of the molecules, since
it usually works at low operating temperatures [8].

In nature, essential oils play an important role in plants as protection and communication,
chemical protections that these secondary metabolites present, also is decisive in plant resis-
tance against pathogens and herbivores [9]. In the communication the plant can use a chemi-
cal agent that travels through the atmosphere and activate defensive genes of other plants,
such as the methyl jasmonate of Solanaceae and Fabaceae [10].

In the industry these oils are widely studied, mainly for their potential applications as agents
promoting biological activities. The volatile compounds have presented over the years several
pharmacological applications, such as antioxidant, anticancer, antiprotozoal, antimicrobial and
anti-inflammatory activities [11-15]. Inrecent work [16] demonstrated thatspecies like Ocimum basi-
licum and Thymbra spicata have good antioxidant and antimicrobial activity against Staphylococcus
aureus, Streptomyces murinus, Micrococcus luteus, Bacillus subtilis, Klebsiella pneumoniae, Pseudomonas
aeruginosa, Yersinia enterocolitica, Proteus vulgaris, Candida albicans and Aspergillus niger. Jeena et al.
[17] revealed that ginger oil has significant antioxidant, anti-inflammatory and antinociceptive
activities and Xiang et al. [18] evidenced that the essential oils of Curcuma herbs have anticarcino-
genic actions against LNCaP” and HepG2 cells. In this sense, this work aims to approach different
biological activities of essential oils that may be important for the maintenance of human health.

2. Biological activities of essential oils

2.1. Antibacterial and antifungal activity of essential oils (EO)

The antimicrobial action of essential oils is not yet fully understood, but can be attributed to their
permeability to the cell wall of microorganisms due to their diverse chemical and synergistic com-
position. The hydrophobic characteristic of the essential oils acts in the partition of the lipids of the
cellular membrane and the mitochondria, making them more permeable, in this way, the critical
ions and molecules (lipids, proteins and nucleic acids) are extravasated, leading them to death.
EOs generally have less action on gram-positive bacteria than on gram-negative bacteria due to
the interaction of the hydrophobic components of the essential oils and the cell membrane [19-21].
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Different methods are used to evaluate the antibacterial and antifungal properties. The most
used are: the method of disc diffusion of Agar, Minimal Inhibition Concentration (MIC),
Minimum Bacteria Concentration (MBC) and Minimum Fungicide Concentration (MFC).
Since the use of the disc diffusion method in agar is limited by the hydrophobic nature of
essential oils and plant extracts that prevents its uniform diffusion through the agar medium,
most authors report the results obtained with MIC and MBC [22].

In recent years, different microbial species of medical interest have been tested, from which
encouraging results have emerged. Table 1 shows data on the antimicrobial activity of essen-
tial oils on fungi and bacteria, also showing the main components of essential oil.

The potential antimicrobial activity of essential oils of the Hedychium coronarium Koen rhizome
from different locations in Eastern India was studied in gram-positive, gram-negative bacteria
and fungal strains. The study revealed that the essential oils presented more satisfactory effects
to the antifungal action than to the antibacterial activity. In addition, the gram-positive bacteria
are more sensitive to oil than gram-negative due to the peptidoglycan layer did not selectively act
on essential oil compounds. The antimicrobial action of the essential oils was attributed to its con-
stituents in an isolated way, as well as synergistically, additive or antagonistic to each other [23].

Essential oils isolated from Nepeta leucophylla, Nepeta ciliaris, Nepeta clarkei and Calamintha
umbrosa showed significant antifungal activity in vitro against phytopathogenic fungi respon-
sible for plant diseases. Essential oils have the potential to be used as a possible biofungicide
(as an alternative to synthetic products) that may contribute to an increase in the pre and post
harvest storage life of food crops [25].

The good results obtained encourage future research aimed at a possible application of these
substances in food, pharmaceutical and cosmetology fields. Table 1 presents the main chemi-
cal components of essential oils of several plants with antimicrobial potential.

2.2. Antioxidant activity

The interest in the study of the antioxidant substances of essential oils has become more and
more intensified and is now indispensable for the prevention of diverse pathologies [27]. In
the literature, it is reported the presence of antioxidant activity in several essential oils [28-30].

This property acts at different levels in the microorganism protection and plays a key role in
some of the biological activities of essential oils, being able to combat the development of oxi-
dative stress that causes damage to health, increasing the risk of diseases such as Alzheimer’s,
Parkinson’s and inflammation associated with atherosclerosis and rheumatoid arthritis. Some
studies point out that these diseases may be consequences of damages caused by free radicals,
besides oxygen and reactive nitrogen species that act as mediators of inflammation as messen-
ger molecules. This shows that essential oils can also act as an anti-inflammatory agent [31-33].

Essential oils have great potential in the nutrition industry in view of their antioxidant prop-
erties, they are use as feed additives for farm animals, for example, and that may be funda-
mental to the quality of food products from these animals, since essential oils can improve
nutritional value, oxidative stability and increase the shelf life of these products such as meats
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Plant source Main components Microorganism "MIC Reference
Hedychium {B-Pinene; eucalyptol; linalool;  Candida albicans and 3.12-400 pg/ml  [23]
coronarium coronarin-E; a-pinene; Fusarium oxysporum
Koen. p-cymene; y-terpinene and
10-epi-y-eudesmol
Laportea aestuans Methyl salicylate; fenchol; E. coli; S. aureus, B. subtilis; P. 50-200 mg/ml [24]
(Gaud) 1,2-cyclohexanedione dioxime; aeruginosa; K. pneumoniae; S.
1,4-octadiene and linalool typhi; C. albicans; R. stolon; A.
niger and P. notatum
C. umbrosa {B-caryophyllene F. oxysporum 1500-3000 pg/ml  [25]
Germacrene D H. maydis
Spathulenol A. solani
N. leucophylla Caryophyllene oxide F. oxysporum 1000-3000 pg/ml
Iridodial B-monoenol H. maydis
Acetate A. solani
N. ciliaris {B-Caryophyllene F. oxysporum 1000-3000 pg/ml
-Sesquiphellandrene H. maydis
Caryophyllene oxide A. solani
N. clarkei {B-Sesquiphellandrene F. oxysporum 1000-3000 pg/ml
Actinidine H. maydis
Germacrene D A. solani
Juglans regian L. a-Pinene S. aureus 15.62-62.50 ug/  [26]
{-Pinene E. coli ml
p-Caryophyllene germacrene  S. typhi

D limonene

S. dysenteriae
K. pneumonia
B. subtilis
S. epidermidis
P. vulgaris

P. aeruginosa

*Minimum Inhibitory Concentrations.

Table 1. Main components of essential oils with antimicrobial potential.

and eggs. In addition, they are often treated as foods to enhance the taste and organoleptic
properties, and even has the function of decreasing the process of deterioration of food. The
latter is mainly due to its antimicrobial and antioxidants activities [31, 34, 35].

The interest in extracts rich in natural antioxidants has recently increased, especially the anti-
oxidant activity of essential oils. Most of them confirm the assumption that essential oils are
promising as natural antioxidants, which can replace synthetic additives such as butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) that are potentially harmful to
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human health [36-38]. In this context, Table 2 presents some more recent studies found in the
literature based on the antioxidant activity of essential oils, highlighting its main constituents
and antioxidant performance evaluation methods.

2.3. Anticancer activity

Essential oils from aromatic plants have been treated as a product containing anticancer prop-
erties because they have the ability to inhibit cell proliferation and decrease the spread of
cancer, improving the quality of life of cancer patients and reducing the level of their agony.
Mediated therapy with essential oils can be used in combination with conventional therapies
in the treatment of cancer (quimioterapia e radioterapia) [44—46].

According to the World Health Organization [47] cancer is a generic term used for a large
group of diseases that can affect any part of the body, is characterized by the growth of abnor-
mal cells beyond their usual limits in the body. Other common terms used are malignant
tumors and neoplasms, the latter process or stage of the disease is called metastasis. Cancer
is a major public health problem and is considered the second leading cause of death world-
wide, accounting for 8.8 million deaths by 2015, where nearly 1 in 6 deaths is caused by cancer.
Ref. [48] reported that the American Cancer Society reported in the year 2017 approximately
1,688,780 new cases of cancer and 600,920 deaths from cancer in the United States. According
to [49-51] the most common causes of cancer death are melanoma, leukemia, followed by
lung, liver, prostate, breast, cervical, colorectal, and endometrial cancers.

Plant source Main constituents Biological activity Reference
Pinus (P. tabulaeformis, P. a-Pinene, bornyl acetate, Pinus were evaluated for [39]
tabulaeformis f. shekanensis, P. {-caryophyllene, antioxidant potential by three

tabulaeformis var. mukdensis, P. a-guaiene, germacrene D methods (DPPH, FRAP and ABTS)

tabulaeformis var. umbraculifera, P.
henryi and P. massoniana)

Ocimum basilicum L. Linalool, methyl chavicol, =~ The free radical scavenging activity [40]
1,8-cineole of the oil was measured by the
DPPH method
Ocimum basilicum, Mentha spicata, Carvone, methyl chavicol, The evaluation of the ability to [41]
Pimpinella anisum and Fortunella trans-anethole, limonene eliminate the free radicals of the
margarita oils was by the DPPH and ABTS
methods
Salvia lavandulifolia Camphor, 1,8-cineole, The S. lavandulifolia were evaluated  [42]
camphene, a-pinene for antioxidant potential by three

methods (DPPH, FRAP and ABTS)

Rosmarinus officinalis a-Pinene, 1,8-cineole, The antioxidant activity was [43]
Camphor evaluated in 7 samples of rosemary
oil based on the measurement of
the antioxidant reduction capacity
in relation to the DPPH radical

Table 2. Antioxidant activity of essential oils.
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The sharp increase in the number of cancer cases can be attributed to eating habits, since foods
contain many chemicals such as preservatives and dyes, making people more susceptible to
cancer, which can also be accentuated with the use of tobacco and alcohol, chronic infections,
exposure to harmful radiation, or due to change in lifestyle and environmental pollution
[45, 52]. Previous studies have reported that oxidative stress increases the onset of differ-
ent chronic diseases, including cancer. Reactive oxygen species (ROS) are highly unstable
compounds that have the ability to attack cells and tissues in the human body, followed by
destructive effects that lead to the beginning of cancer [46, 53].

Therefore, there has been a recent increase in the use of natural products such as spices and
plants to replace or accompany common treatments for cancer because of their high costs,
side effects and the development of resistance of patients against anticancer drugs [44, 52].

Thus, essential oils from different aromatic plants have anticancer potential against mouth,
breast, lung, prostate, liver, kidney, colon, bone, ovary, pancreas, uterus and brain cancer and
even in leukemia, glioblastoma, melanoma [45, 54]. Thus [52] have shown that essential oil
extracted from cloves (Syzygium aromaticum L.) is an ideal natural source as a chemopreventive
agent against breast cancerbetulinic acid and other triterpenes, can be indicated as constituents
responsible for anticancer properties [55] which determined that the essential oil of eucalyptus
(Pulicaria inuloides) presented anticancer activity against breast, liver and colorectal/colon can-
cer due to the abundant presence of citronellol, pulegol and citronelil acetate.

The myrtle essential oil (Myrtus communis L.) shows anticancer activity against blood can-
cer (leukemia) due to the presence of 1,8-cineole, linalool, myrtenyl acetate, and myrtenol
[56]. However, [46] have shown that orange peel oil (Citrus sinensis) has anticancer properties
against colorectal/colon, prostate and lung cancer, with p-limonene being the predominant
chemical constituent. Therefore, the results of studies justify the use of essential oils, as a
possible alternative medicine in the treatment of cancer.

Essential oils act in the chemoprevention and suppression of cancer, which involve apoptosis,
cell cycle retention, antimetastatic and antiangiogenic, increased levels of reactive oxygen
and nitrogen species (ROS/RNS), modulation of DNA repair and others that demonstrate
their antiproliferative cancer cell activity [53, 57]. In addition, the lipophilic nature of the EOs
allows them to cross cell membranes and enter easily within the cell [45, 54], in Table 3 we can
observe the anticancer activities of different aromatic plants.

2.4. Antiparasitic activity

Current treatment media control most diseases of protozoan origin mainly through che-
motherapy, where synthetic drugs are generally used, but they show several side effects of
cytotoxicity in humans. Due to the hydrophobic and bioactivities nature of its components,
essential oils (EO) can be considered important sources of development of agents against
intracellular pathogens such as protozoa, which cause parasitic diseases [64].

The EO of leaves of Artemisia indica showed antimalarial activity in vitro, being a prophylactic
potential of malaria, which is a disease caused by the protozoan of the genus Plasmodium. The
oil inhibited at least two recombinant enzymes from the biosynthesis of plasmid fatty acids
and showed low cytotoxicity in mammals [65].
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Plant source Main constituents Biological activity Reference
Rosa damascena Nerol, kaempferol and geraniol Liver cancer, human breast ~ [58]
cancer, prostate cancer

Pulicaria inuloides 4,5-dimetiltiazol-2-il and 2,5-difeniltetrazdlio  Breast cancer [55]

Citrus sinensis p-Limonene and alcohol perylic (oxygenated ~ Colorectal/colon cancer, [46]
monoterpene) prostate cancer, lung cancer

Aquilaria crassna B-Caryophyllene, 1-phenanthrenecarboxylic ~ Colorectal/colon carcinoma, [59]
acid, a-caryophyllene and azulene Ppancreatic cancer
benzenedicarboxylic acid

Myrtus communis L. 1,8-cineole, linalool, myrtenyl acetate and Blood cancer (leukemia) [56]
myrtenol

Eucalyptus citriodora Pulegol, citronellol and citronellil acetate Breast cancer, liver cancer,  [53]

Hook colorectal/colon cancer

Cinnamon cassia spp. Cinnamic aldehyde, cinnamyl aldehyde and ~ Head and neck cancer [57]
tannins

Syzygium aromaticum L. Betulinic acid and triterpenes Human breast cancer [52]

Trachyspermum ammi L. y-Terpinene, timol and P-cymene Liver cancer [60]

Commiphora myrrha 2-cyclohexen-1-one and Liver cancer, cervical cancer [61]
4-ethynyl-4-hydroxy-3,5,5-trimethyl

Salvia officinalis Hydrocarbons, monoterpene, oxygenated Human breast cancer, [62]
monoterpenes sesquiterpene and diterpenes  prostate cancer, kidney

cancer
Tagetes minuta L. cis-B-ocimene, cis-tagetone and Breast cancer, blood cancer  [63]

trans-tagetenone

(leukemia)

Table 3. Anticancer activity of essential oils.

Another EO that presents the antimalarial effect is that obtained from Piper aduncum leaves,
with camphor (17.1%), viridiflorol (14.5%) and piperitone (23.7%) being the main components
found in this oil [66]. The EO of the leaves of Aniba canelilla (HBK) Mez presented a trypano-
cidal effect, being considered a potential for the natural treatment to trypanosomosis, which
is caused by the protozoan Trypanosoma evansi, since it proved its action in vivo. Its antiproto-
zoal activity is related to the compounds 1-nitro-2-phenylethane (83.68%) and methyleugenol
(14.83%), the latter being slightly more active than the first in the treatment of the disease [67].

The EO of the leaves of Tetradenia riparia presented antileishmanial effect in vivo and in vitro,
being effective in the fight against the protozoan of the species Leishmania (Leishmania) amazo-
nenses, without showing toxicity to human erythrocytes. The main compound responsible for
this therapeutic effect is the 6,7-dehydroroyleanone, which was also tested in isolation and
showed a similar effect to the EO [68]. EO from Lippia alba, was investigated in vitro and in vivo
assays to evaluate antiparasitic effects and histopathological changes of tambaqui (Colossoma
macropomum). Concentrations of 1280 and 2560 mg/L showed 100% efficacy after 20 min of
oil exposure in (Anacanthorus spathulatus, Notozothecium janauachensis and Mymarothecium
boegeri) [69].

7
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The antiparasitic activity of Lavandula stoechas oil was investigated in Leishmania major,
Leishmania tropica and Leishmania infantum. The evaluation of the antileishmanial activity of
Lavandula stoechas EO presented a greater effect in comparison to the drug Glucantime. The
bioactive compounds present in this oil are: fenchone (31.81%), camphor (29.60%), terpineol
(13.14%), menthone (8.96%) and eucalyptol [70].

The anthelmintic activity of Thymus vulgaris L. EO was investigated in in vitro and in vivo tests
to evaluate the effect on Haemonchus contortus parasites present in the gastrointestinal system
of sheep. Thymol is the major compound corresponding to 50.22% of the oil from the Thymus
vulgaris species. Results showed that EO inhibited 96.4% of egg incubation, 90.8% of larval
development and 97% of larval mobility [71]. Other essential oils, their chemical constituents
and biological antiparasitic activities are shown in Table 4.

2.5. Anti-inflammatory activity

Essential oils have complex mixtures of chemicals that are present in different concentrations,
these oils are used in medicine to treat a myriad of diseases because they present potential for
anti-inflammatory activity [78, 79].

Inflammation is typically a protective mechanism that can be stimulated by a variety of harm-
ful agents, which may be chemical, physical or biological. Living and vascular tissues respond
to stimuli that are considered irritating to the body. These irritations can usually be linked to
pain, redness (erythema), heat, tumor (edema), tissue loss or organic function [80, 81].

In recent years the anti-inflammatory potential of essential oils and their chemical position
has become the object of study of several researchers in the search for new drugs of natural
origin [82-84], as well as a study of the synergistic anti-inflammatory effect of the chemical
constituents of essential oils and synthetic drugs, showing a possible association between

Plant source Main constituents Biological activity Reference

Chenopodium ambrosioides ~ Ascaridole, carvacrol and Antileshmanial, antimalarial and [72]
caryophyllene oxide antitrypanosoma

Cinnamomum verum (E)-cinnamaldehyde and eugenol Antitrypanosoma [73]

Eugenia uniflora L. Sesquiterpenes, curzerene, Antileshmanial [74]

Y-elemene and trans-f3-elemenone

Lavandula angustifolia Borneol, epi-p-muurolol, Antischistosomatic [75]
p-bisabolol, precocene I and
eucalyptol
Piper hispidinervum Safrole Antiamoebicidal [76]
(Piperaceae)
Teucrium ramosissimum d-Cadinene, d-cadinol, f-eudesmol, ~ Antiamoebicidal [77]

Y-gurjunene and cedrene

Table 4. Anti-parasitic activity of essential oils.
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Plant source Main constituents Biological activity Reference

Globba sessiliflora Sims. B-Eudesmol, (E)-B-caryophyllene, Anti-inflammatory [91]
caryophyllene oxide, T-muurolol

Piper glabratum {-Pinene, longiborneol, a-pinene, Anti-inflammatory [84]
(E)-caryophyllene

Phyllanthus muellerianus ~ Isoelemicinb, caryophyllene oxide, Anti-inflammatory [92]
«-Cadinol, 2-isopropyl benzoic acid

Salvia officinalis 1,8-Cineole, camphor, (3-pinene, Anti-inflammatory [93]
E-B-caryophyllene

Lippia gracilis Schauer Thymol, carvacrol, p-cymene, a-pinene Anti-inflammatory and [94]

healing activity

Citrus limon Limonene, 3-pinene, y-terpinene, sabinene ~Anti-inflammatory [95]

Cymbopogon citratus Geranial, neral, -myrcene, geranyl acetate ~ Anti-inflammatory [96].

Anethum graveolens L. a-Phellandrene, limonene, dill ether, Anti-inflammatory [97]
a-pinene

Citrus aurantium L. Linalool, linalylacetate, nerolidol, Anti-inflammatory [98]
Z,E-farnesol

Blumea balsamifera (L.) Borneol, caryophyllene, ledol, Anti-inflammatory [99]

DC. caryophyllene oxide

Table 5. Anti-inflammatory activity of essential oils.

clinical remedies with natural products as a pharmacological alternative and avoiding
adverse reactions caused by synthetic products [85]. In vivo tests performed on rats confirm
the potential of these essential oils as natural products, helping to advance research [86, 87].

The knowledge of the chemical composition and the chemootype of the aromatic plants are
important factors in studies of the anti-inflammatory activity, since the concentration of the
compounds diverge due to this biological variation, in this way researchers have evaluated
both aspects [88, 89]. Evaluating the specific constituents of a particular essential oil may help
in understanding the performance of these compounds in the anti-inflammatory action [90].
Table 5 shows the anti-inflammatory potential of different essential oils.

3. Conclusion

Essential oils may play an important role in the maintenance of human health, since they
have several biological properties, and may become a natural alternative for the control of
several diseases, however, the great majority of published works present the results of these
oils based on its chemical composition complex and not only based on a substance, because
the biological effects of these oils can be related to a synergism and/or an antagonism between
the chemically active substances that are part of its composition.

9
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5 CAPITULO IV.

5.1 Potentially phytotoxic of chemical compounds present in essential oil for invasive
plants control - A mini-review (Book title: Biological Approaches for Controlling).
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Abstract

The control of invasive plants is still carried out with the use of synthetic chemical agents
that may present high toxicity and, consequently, be harmful to humans and animals. In
Brazil, especially in the Amazon, small producers use this kind of technique in a rustic
way, with brushcutters or fire. In this sense, the search for natural agents with bioherbi-
cide potential becomes necessary. Examples of these agents are the essential oils that over
the years have been shown to be a viable alternative to weed control. Thus, this review
aims to show the potentially phytotoxic activity of allelochemicals present in essential
oils of different aromatic plants.

Keywords: natural products, essential oils, allelochemicals, allelopathy

1. Introduction

The performance of agricultural activity in tropical regions, both in fertile and in low fertil-
ity soils, has been limited by the occurrence of a series of extremely aggressive and diverse
plants, called weeds. The main consequence of crop infestation by these plants is increasing
costs to maintain the crops and reduction of productivity and its consequent competitive

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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capacity. These plants may also represent an additional problem for farmers either because
they are often toxic to different animals or because they are permanent sources for the spread
of diseases to crop plants [1]. In this context, weed management and control become crucial
both from the point of view of crop productivity and the profitability of the farming system.

In modern agriculture, where high yields are expected, in the face of increasing demands for
food — due to the increasing world population — the control of these plants has been made,
basically, by the use of chemical herbicides. However, such a procedure may not be sustain-
able over time, especially because it conflicts with the interests of modern society, which is
increasingly concerned with the quality of food and with the preservation of natural resources.
At the same time, the reduction in the efficiency of the current products available in the mar-
ket has been observed as a consequence of the appearance of resistant plants [2, 3], leading
to an increase in the use of herbicides or the contractions employed, which only increases the
problem. All these factors point to the need of science to make available new and revolution-
ary methods of weed control.

A viable alternative to this challenge are the numerous chemically diverse compounds pro-
duced by plants that may offer new chemical structures capable of efficiently replace those
already available in the market. In this line, crude extracts and isolated or associated chemical
substances can be an excellent strategy to partially or totally replace the use of herbicides.

Over the last decades, different chemical compounds with bioherbicidal properties have
been isolated and identified in different plants [4-7]. Among the many chemical classes with
potential use in weed management, the secondary metabolites present in essential oils can
be highlighted, since the different chemical classes of volatile compounds are notable for the
wide potential of use in different activities of interest for humanity and specifically in the
management of weeds.

2. Allelopathy history

Allelopathy is the chemical interaction between plants and other living organisms [8]. There
are two types of interactions between plants: a phytotoxic one, which inhibits the germina-
tion of seeds and the development of the radicle and hypocotyl [9], and a stimulatory effect,
which favors the development of the plant [10]. The chemical substances responsible for the
allelopathic effect are called allelochemicals [11].

The allelopathy is a relatively new science, having its basic concepts established over the last
8 decades. However, chemical interactions among plants are not exactly new, since reports
on the subject are found in old references. [12-16]. In the 1800s, several phenomena were
attributed to the chemical interaction among plants [17]. In the early 1900’s, [18] reported
the presence of toxic compounds produced by plants that could be extracted from the soil.
The first reports proving the interference promoted by chemical compounds were developed
in the 1960’s [19], showing that the volatile compounds were affecting the dynamics among
plants.
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3. Control of invasive plants

Currently, the chemical control method is the most used to inhibit the growth of invasive
plants, which includes the use of synthetic herbicides, in large quantities, mainly by large
producers, as reported by some authors [20, 21]. The use of synthetic and toxic chemical herbi-
cides in management areas promotes the death of weeds in a selective way and, consequently,
it ends the competition among the plants, helping to increase the production of green mass in
the pasture [22]. The increasing use of agrochemicals may represent an unsustainable practice
because these pesticides can pollute the environment and promote the contamination of vari-
ous animal species. Also, new insecticide-resistant insects are appearing and invasive plants
that are tolerant to modern herbicides are becoming more frequent [23].

Weed resistance to herbicides may be related to an evolutionary process; however, some
developments of resistant weed biotypes are imposed by agriculture through selection pres-
sure caused by the intensive use of herbicides. Weed resistance to herbicides may result from
biochemical, physiological, morphological or phenological changes of certain invasive plant
biotypes. Many cases of resistance to herbicides result from either the alteration of the site of
action of the herbicide or the increase of its metabolism, or the departmentalization and com-
partmentalization of the herbicide in the plant [24, 25]. This way, allelopathy can be a natural
alternative for the control of invasive plants.

4. Volatile allelochemicals

Weeds promote two basic types of interference in agricultural crops: allelospoly and alle-
lopathy. Allelospoly is the type of interference promoted by competition for essential factors
to the species survival, such as water, nutrients and physical space. Allelopathy involves the
production of allelochemicals and subsequent release into the environment [26]. Almost all
allelochemicals exist in conjugated, non-toxic forms. The toxic fragment can be released after
exposure to stress or after tissue death [27].

The use of allelopathy for weed control may be an ecologically viable alternative [28]. Thus,
the use of essential oils with phytotoxic potential is becoming widespread, since the allelo-
chemicals present in these oils generally have low cytotoxicity. For example, [29] evaluated
the effect of Carum carvis essential oils rich in carvone (71.08%) and limonene (25.42%), and
verified that this oil has a strong phytotoxic activity on seed germination and radicle elonga-
tion of Linum usitatissimum, Phalaris canariensis and Triticum aestivum.

Another example is the eucalypt essential oil that has a rich chemical composition in 1,8-cin-
eole (58.3%), a-pinene (17.3%) and a-thujene (15.5%), which significantly inhibited seed ger-
mination of Sinapis arvensis, Diplotaxis harra and Trifolium campestre, in different intensities
according to the recipient species, demonstrating that each species has a different specificity.
In addition, the application of post-emergence 0il causes inhibition of chlorophyll production,
leading to injuries such as chlorosis, necrosis and even complete wilting of plants [30].
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Plant species such as Origanum onites L. and Rosmarinus officinalis L. also show strong alle-
lopathic activity on species of Poaceae and invasive plants, by suppressing germination rate
and elongation of radicle and hypocotyl [31]. The phytotoxic effects related to these two spe-
cies of aromatic plants may be related to their rich chemical composition in the oxygenated
monoterpenes 1,8-cineole, linalool, camphor and carvacrol and the monoterpene hydrocar-
bon p-cymene [32-35], however, compounds found in lower concentrations as methyl phen-
ylpropanoids have also demonstrated good allelopathic activity [36].

In the case of essential oils for the control of invasive plants, it is usually analyzed the
effects of individual form, attributing the phytotoxic activity to only one component [37, 38].
However, the effects of volatile oils can also be related to the mixture of compounds, such
as Artemisia scoparia oil which has a mixture of compounds such as monoterpene hydrocar-
bons, oxygenated monoterpenes, sesquiterpene hydrocarbons, oxygenated sesquiterpenes,
aliphatic compounds and other aromatic compounds [39]. The chemical composition of
the essential oils depends on the biosynthetic path of the different classes of compounds,
as can be observed in Figure 1, which brings the biosynthesis of some classes of volatile
compounds.

Compoundssuchaseucalyptol, 3-phellandrene, hexylbutanoate, p-cymene, a-ionone, (z)-3-oc-
ten-1-ol, theaspirane a, vitispirane, dihydro-(—)-neoclovene, 3-caryophyllene, (e)-2-octen-1-ol,
a-terpineol, dehydro-ar-ionene, methyl salicylate, (z)-b-damascenone, (z)-dehydro-ar-ionene,

Sesqueterpenes
Benzenoids
Phenylpropanoids
Diterpenes Monoterpenes /
STS Ph
b1 I MTS .
Fpp  GPP
GGPP / Chorismate
\ Mevalonate
IPP
Non-Mevalonate pathway
Mevalonate pachesy D‘?HP
pathway Pyruvate / \
Acetyl CoA PEP E4P

Primary metabolism

Figure 1. Biosynthesis of plant volatiles. Overview of biosynthetic pathways leading to the emission of plant volatile
organic compounds. The plant precursors originate from primary metabolism. Abbreviations: DTS: Diterpene synthase;
FPP: farnesyldiphosphate; GGPP: geranylgeranyldiphosphate; GLVs: green-leaf volatiles; GPP: geranyldiphosphate;
IPP: isopentenyl pyrophosphate; MTS: Monoterpene synthase; STS: Sesquiterpene synthase; DAHP: 3-deoxy-D-
arabinoheptulosonate-7 phosphate; E4P: erythrose 4-phosphate; PEP: phosphoenolpyruvate; Phe: phenylalanine. This
flowchart was adapted from [40] and [41].
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10-(tetrahydro-pyran-2-yloxy)-tricyclo[4.2.1(2,5)]decan-9-ol, (—)-caryophylleneoxide, dihydro-
[-ionone, viridiflorol, cubenol, caryophyllene, a-bisabolol oxide-b, tetracosane and n-hexa-
decane can be found in Anisomeles indica essential oil and also present good phytotoxic activ-
ity against invasive plants [42]. As well as P. heyneanus Benth essential oils, rich in patchouli
alcohol, a-bulnesene, a-guaiene, seichelene and a-patchulene, and P. hispidinervium C. DC
oils, rich in safrole, terpinolene, (E)-B-ocimene, 6-3-carene and pentadecane [43].

4.1. Monoterpenes

The monoterpenes have presented good phytotoxic activity, and reports of the use of these
compounds to control plants refer to the 1960s [44]. This activity depends on the structural
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Figure 2. Chemical structures of oxygenated and non-oxygenated monoterpenes with bioherbicidal action.
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characteristics of the molecules; for example, oxygenated monoterpenes exhibit different
effects on germination and seedling development, and also alter cellular respiration, which
impairs energetic metabolism [33, 34]. However, these phytotoxic effects promoted by a
chemical species depend on its concentration, for example, Lactuca sativa essential oil com-
posed essentially of a-pinene (16.00%), 1,8-cineole (66.93%) and pimonene (10.04%) presents
different rates of germination inhibition [45].

In general, oxygenated monoterpenes have the highest phytotoxic effects over non-oxy-
genated [46]. However, there are non-oxygenated volatile molecules such as limonene
which also have good phytotoxic activity [47]. Some monoterpenes had high inhibitory
activity on germination and radicle elongation, and this may be related to the anatomical
and physiological changes in the host plants, as well as to the reduction in some organ-
elles such as mitochondria, and accumulation of lipid globules in the cytoplasm [48]. In
Figure 2, the chemical structures of some monoterpenes with phytotoxic activity can be
observed.

4.2. Sesquiterpenes

Bioassays have demonstrated that the sesquiterpenic allelochemicals (3-cariofilene, 3-copaene,
spathulenol, germacrene B, bicyclogermacrene, globulol, viridiflorol, a-guaiene, and g-elemene
have presented phytotoxity against various invasive plants and, in some cases, promote inhibition
of other plants development, when they are close to species that produce these secondary
metabolites [49-51]. Authors compared the effects of essential oils rich in sesquiterpenes and
others rich in monoterpenes and found that the effects presented by sesquiterpenes, in some
cases, may be smaller in relation to the affections exhibited by monoterpenes [52]. Figure 3
shows the chemical structures of oxygenated and non-oxygenated sesquiterpenes with phy-
totoxic action.

However, this depends largely on the presence of oxygenated and non-oxygenated, cyclic or
acyclic molecules, because depending on the molecular conformation the allelopathic effect
may be higher or lower [53, 54]. This justifies the results obtained by other authors [55], who
analyzed the effects of fractions of essential oils of E. adenophorum, of the inflorescence region,
rich in sesquiterpenes, and its root rich in monterpenes. When the oils were tested at the same
concentration (1 pL/mL), they inhibited germination and seedling elongation at the same
ratio.

4.3. Phenylpropanoids

Phenylpropanoids are a class of secondary metabolites that are also naturally present
in plants, and have exhibited strong phytotoxic activity against invasive plants. In 2016,
[9] demonstrated that eugenol is the main active ingredient of clove essential oil and is
also the agent possibly promoting phytotoxic activity against the invasive plants Mimosa
pudica and Senna obtusifolia. Other authors also report the potentially allelopathic activity
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Figure 3. Chemical structures of oxygenated and non-oxygenated sesquiterpenes with bioherbicidal action.

of clove essential oil Syzygium aromaticum [56-58]. In addition to eugenol, other phenylpro-
panoids present in essential oils with phytotoxic activity are eugenyl acetate, safrole, methyl
eugenol, anethole, myristicin, estragole, anethole and trans-anethole [36, 59-64]. Figure 4
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Figure 4. Chemical structures of phenylpropanoids with bioherbicidal action.

shows the chemical structures of the phenylpropanoids with potential use for control of
invasive plants.

5. Conclusion

For essential oils to have good phytotoxic activity, some factors such as chemical composition,
concentration and host plants may be taken into account. Among the monoterpene allelo-
chemicals we can highlight the 1,8 cineole, among the sesquiterpenes or (3-caryophyllene and
among phenylpropanoids, eugenol. On the other hand, one of the difficulties that can appear
for the use in large scale of essential oils is the volatility of their components.
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docking, exhibited molecular poses that promoted interactions with different residues of amino acids that are
important for the enzymatic catalysis with His447.

1. Introduction

Alzheimer’s disease (AD), recognized as a progressive neurodegen-
erative disease and the main cause of dementia in adults [1], is char-
acterized by the deficit of $-amyloid peptides (AB) in the cholinergic
system [2], which may lead to neuroinflammation and neurodegen-
eration [3]. It is estimated that dementia will affect 13.8 million people
in the U.S. alone [4]. According to the World Health Organization [5],
by 2030, the number of people with dementia in the world will be 71.2
million, and it will be 106.8 million in 2050.

Over the years, advances in knowledge of the disease pathogenesis
have inspired researchers to seek pharmacological therapies to inhibit
the action of acetylcholinesterase [6]. The enzymatic inhibition of
acetylcholinesterase (AChE) is still an important target for the decrease
in AD progression [7]. This inhibition is performed with the help of
drugs such as galantamine, rivastigmine, donepezil, and huperzine.
However, such AChE inhibitors may have adverse effects, such as he-
patotoxicity, gastrointestinal disorders, insomnia, fatigue, syncope, and
bradycardia [8,9], and in some cases their application may result in an
increase in the mortality rate [10].

The molecular interactions of AChE inhibitors can be explained with
the aid of computational chemistry, using docking and molecular dy-
namics. Both tools are important because they reduce the positive or
negative errors that may exist in the experimental work and can be
considered a reliable alternative [11]. In order to develop new drugs, it
is also necessary to elucidate the catalytic sites responsible for the in-
termolecular interactions between the drug and the enzyme [12,13].

There is interest in identifying new AChE inhibitors from natural
products that are available in the market [14,15]. In the literature,
plants rich in essential oils have been proven to be a potential source of
chemically active AChE-inhibitory molecules [16,17], mainly because
of the presence of monoterpenic and sesquiterpene hydrocarbons,
oxygenated sesquiterpenes, and phenylpropanoids [18,19].

Essential oils, such as the ones extracted from Piperaceae, have also
been shown to be an important source of natural antioxidants and can
be used to inhibit or retard possible free radical actions [20]. These oils
can reduce the oxidation caused by other molecules, reducing the risk
of developing diseases such as cancer, cardiovascular diseases, Alzhei-
mer’s disease and Parkinson’s disease, caused by free radicals [21].

Among the aromatic plants, the Piperaceae family includes 5 genera
with approximately 2000 species, which are characterized as herbs,
lianas, shrubs, and trees. The genus Piper is the largest of this family and
covers about 700 species. Its occurrence is reported in tropical and
subtropical regions around the world, and its chemical composition
may vary according to several factors due to the environment [22-24].
In the Piper divaricatum species, two classes of secondary metabolites
can be found (terpenoids and phenylpropanoids), which have been
shown to present biological activities as antioxidants [23]. They may
also be acetylcholinesterase inhibitors [25].

The extraction of essential oils from vegetable matrices can be
performed in several ways, including microwave extraction without
solvents, entrainment by water steam, steam-hydrodistillation, steam-
distillation, hydrodiffusion, organic solvent extraction, and cold
pressing [26]. Among them, hydrodistillation (HD) is widely used in the
recovery of essential oils; however, this method has some disadvantages
such as thermal degradation, oxidation, and hydrolysis of compounds.
Extraction with supercritical CO, is an alternative, since it yields more
pure products, with no organic solvent. It also involves the use of low
critical temperature and pressure 31.1°C and 73.7 bar, respectively,
and supercritical CO, is non-toxic, non-flammable, odorless, and easily

75

separated from the extract [19,27].

In this context, the present work aimed to analyze the mass yields,
chemical composition, antioxidant, and acetylcholinesterase inhibitory
activities of Piper divaricatum essential oils obtained by different ex-
traction methods and to explain the mechanism of action of the major
compounds by docking and molecular dynamics. The resulting products
could be used in new studies aimed at improving the clinical manifes-
tations related to Alzheimer's disease.

2. Materials and methods
2.1. Plant material

The Piper divaricatum leaves used in the extraction processes were
collected in Belém (Pard, Brazil) in the first semester of 2017. This
specimen was identified by comparison with an authentic sample, with
incorporation of an exsicata in the Herbarium of Emilio Goeldi Museum,
in the city of Belém, Para, Brazil, under the registration number MG-
165214.

2.2. Preparation and characterization of the raw material

The samples were dried in a forced air circulation oven for 5 days at
a temperature of 32 °C and then ground in a knife mill (Tecnal, model
TE-631/3, Brazil) at speed of 2251 rpm for 10 min. The sieving was
performed with a standard series of 6 stainless steel TYLER type mesh
screens (24-mesh to 48-mesh). The moisture content was analyzed in a
moisture analyzer (model IV2500 - GEHAKA, Duquesa de Gébias, Real
Parque, Sao Paulo - Brazil). The apparent density was calculated by
relating the sample mass used in the extraction to the volume of the
extraction cell. The true density was evaluated at the analytical center
of the University of Campinas-SP (UNICAMP) using a helium pycn-
ometer. The bed porosity was calculated using the mathematical rela-
tion between the apparent density and the true density. All experiments
were performed in triplicate.

2.3. Soxhlet extraction

In order to compare the mass yields, an extraction with organic
solvent was carried out. The experiment was conducted using a Soxhlet
extractor of 0.250L, with n-hexane as solvent. The mass of crushed
leaves of P. divaricatum used in the extraction was 13 g (in wet basis),
according to the method described by Adolfo Lutz institute [28]. For the
extraction process, a volume of 0.130L of solvent was used. The ex-
traction was carried out by reflux with an extraction time of 10,800s.
The extract was concentrated with the aid of a rotary evaporator, and
then dried in an oven, at approximately 100 °C. The yield was de-
termined from the mathematical relationship between the extract mass
and the sample mass, similarly to the calculation shown in Eq. (1).

2.4. Hydrodistillation

Hydrodistillation was performed on a Clevenger type apparatus,
using 176.29 + 0.1 g of sample. The extraction period was 10,800 s at
a temperature of 100 °C [29]. After extraction, anhydrous sodium sul-
fate (Na,SO,4) was added, and the essential oil was centrifuged to make
it moisture-free. The mass yield of the essential oil was calculated on
dry basis (db) by relating the oil mass obtained in hydrodistillation to
the dry mass used in the extraction process.
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% yield oil(ﬂ)db =
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*db = dry basis, m,; = mass of essential 0il, msmpie = sample mass
used in the extraction.

2.5. Extraction procedures: supercritical carbon dioxide (SC— CO2)
extraction

SFE was performed using a Spe-ed” SFE system (model 7071,
Applied Separations, Allentown, PA, USA), coupled to a compressor
(model CSA 7.8, Schulz S/A, Joinville, Brazil), a CO, tank (99.9) %
purity, White Martins, Belém, PA, Brazil, a recirculator (model
F08400796, Polyscience, Nilles, Illinois, USA), and a CO, flow meter at
the outlet (model M 5SLPM, Alicat Scientific system, Tucson, AZ, USA).
The extractions were performed in triplicate. Global yield isotherms
were determined using (10.66 + 0.1) g in wet basis (wb) of ground P.
divaricatum. The temperatures used were (35 and 55) °C, and the
pressures used were 100 bar, 300 bar, and 500 bar, Extraction was
performed in two stages: a static period (supercritical CO, and P. di-
varicatum leaves were in closed operation conditions in the extraction
vessel) of 1800s and a dynamic period (system was opened and just CO,
and essential oil were released continuously from the vessel to the
collector flask) of 10,800 s. All extractions were carried out in a 0.05L
extraction cell. The CO, mass flow rate was 8.85 x 10> kg/s. The
global yield was calculated using Eq. (1). The thermophysical proper-
ties of the supercritical CO, systems were calculated using the software
NIST Chemistry WebBook [30].

2.6. Analysis of volatile compounds

The chemical composition of the essential oils was evaluated by gas
chromatography/mass spectrometry (Shimadzu, QP-2010 plus system),
under the following conditions: silica capillary column Rtx-5MS
(30m X 0.25mm, 0.25um film thickness); program temperature of
(60-240) °C 3°C / min; injector temperature of 250 °C; carrier gas:
helium (linear velocity of 32 cm/s, measured at 100 °C); splitless in-
jection (1 pl of a 2:1000 hexane solution). Ionization was obtained by
the electronic impact technique at 70 eV, and the temperature of the
ions source and other parts was 200 °C. The quantification of volatile
compounds was determined by gas chromatography with a flame io-
nization detector (FID) (Shimadzu, QP 2010 system), under the same
conditions as gas chromatography coupled to mass spectrometry
(GC-MS), except that hydrogen was used as the carrier gas. The re-
tention index was calculated for all volatile constituents using a
homologous series of n-alkanes (C8 - C20), and they were identified by
comparison of their mass spectra and retention indices to those in the
literature [31,32].

2.7. Antioxidant activity

2.7.1. Radical-scavenging (DPPH)

Assessment of the free radical scavenging (2,2-diphenyl-1-pi-
crylhydrazyl) of the essential oil of P. divaricatum was conducted as
described by Dar et al. [33], with adaptations, using a UV-vis spec-
trophotometer (Thermo Scientific, Evolution 60S). The different frac-
tions of P. divaricatum essential oil obtained by hydrodistillation and
with supercritical CO, were diluted in methanol at concentrations of
(100, 70, 60, 50, and 30) ugmL’l. Then, 100 pL of each concentration
was added to 3.9mL of the solution containing the radical DPPH
(10 mg/L). After 30 min of reaction, the samples were read at 515 nm.
Solutions with concentrations of (10-60) uM of DPPH were used to
construct the analytical curve. Methanol was used as a control. The
assays were performed in triplicate, and the calculation of the percen-
tage of DPPH inhibition was performed as described [34].
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2.7.2. ABTS radical-scavenging assay

The antioxidant capacity determined by the Trolox equivalent an-
tioxidant capacity (TEAC) method was assessed according to the pro-
cedure proposed by Re et al. [35], with modifications. The radical ABTS
was obtained from the aqueous reaction of 2,2-azino-bis (3-ethylbenzo-
thiazoline-6-sulfonic acid) at 7 UM with a stock solution of potassium
persulfate at 140 uM. The mixture was held in the dark for (12-16) h.
After formation of the radical ABTS, dilution in methanol was per-
formed until a solution with an absorbance of (0.7 * 0.05) at 734 nm
was obtained.

The dilutions of the oils used in this experiment were maintained at
the same concentrations as in the DPPH assays. Subsequently, 35 pL of
each solution was mixed and 3.5mL of the solution containing ABTS
was added, and after 6 min of reaction, the absorbance was measured at
734nm [36]. As a reference, an analytical curve was prepared with
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) at
concentrations of (0.01 to 0.20) mg/mL, and the results were calculated
and expressed as Trolox mg/mL. All experiments were performed in
triplicate.

2.8. Acetylcholinesterase bioassay

The assay was based on the previously described methodology [37].
Acetylcholinesterase (500 U) was dissolved in Tris — HCI buffer (pH 7.8)
and stabilized by the addition of bovine serum albumin (0.1) % w/v.
The essential oils were loaded onto TLC plates (0.01-1000) ng/spot.
Physostigmine was used as positive control. The plates were sprayed
with acetylcholinesterase solution (3.33 U/ml), carefully dried, and
incubated at 37 °C for 20 min (room temperature). The enzymatic ac-
tivity was detected by spraying with a (0.25) % solution of 1-naphthyl
acetate in ethanol and (0.25) % aqueous solution of fast blue B salt
(20 mL). Potential acetylcholinesterase inhibitors appeared as bright
zones on a purple background.

2.9. Molecular docking and molecular dynamics simulation

2.9.1. Ligand preparation and molecular docking

The molecular structures of methyl eugenol, eugenyl acetate, eu-
genol, and B-elemene were designed with the software GaussView 5.5 e
optimized with Gaussian 09 [38], using the Density Functional Theory
(DFT) and B3LYP/6-31G* [39].

The molecular docking method was used to predict the binding
mode of the molecules to the active site of the AChE enzyme. The
docking was performed with the software Molegro Virtual Docker
(MVD) 5.5 [40], and the target crystal AChE structure can be found in
the Protein Data Bank (http://www.rcsb.org) with the following ID:
4MOE [41].

The MolDock Score (GRID) scoring function was used with a Grid
resolution of 0.30 A and a radius of 7 A, encompassing the entire con-
nection cavity that has the center located at X: -18.23, Y: -41.70, and Z:
24.35, with a volume of 81.408 A% and a surface area of 308.48 A2. The
MolDock SE algorithm was used with a number of runs equal to 10.15
max interactions, and the max population size was equal to 50. The
maximum evaluation of 300 steps with a neighbor distance factor equal
to 1 and energy threshold equal to 100 were used during the simulation
of molecular docking. The RMSD limit for multiple cluster poses was set
to < 1.00A.

2.9.2. System preparation for molecular dynamics (MD) simulations

The molecular atomic charges were obtained with the Restrained
Electrostatic Potential (RESP) protocol using the Hartree-Fock method
with the 6-31 G * base set [42,43]. The parameters for each molecule
were constructed using the Antechamber module [44] and are described
by the General Amber Force Field (GAFF) [45]. The modules sander and
pmemd.CUDA of the Amber 16 package were used for the MD simula-
tions [46,471, and the protonation state of the amino acid residues was
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determined from the results obtained with the PDB2PQR server (http://
nber-222.ucsd.edu/pdb2pqr_2.0.0) [48]. The ff14SB force field [49]
was used for all MD simulations. The absent hydrogens in the protein
crystal were added by the tLEaP module during the process of building
the complexes. The systems were solvated in an octahedron periodic
box containing explicit water molecules described by the TIP3P model
[50]. The distance chosen for the shear radius was 12 A for all direc-
tions of the solvent from the solute.

The Particle Mesh Ewald method was used for the calculation of
electrostatic interactions [51], and bonds involving hydrogen atoms
were restricted with the SHAKE algorithm [52]. The simulation of MD
was divided into stages of energy minimization, heating, equilibrium,
and production. The sander module was used for both steps of energy
minimization, where the steepest descent method and conjugate gra-
dient algorithm were employed to perform 1500 cycles divided among
the steps. In the first step, the solute was restricted with a constant
harmonic force of 100 kcal/mol‘}o\_z, while the water and anti-ion
molecules were free. In the second stage, the complexes were totally
free to move.

Then, the systems were gradually heated for 600 ps until the tem-
perature reached 300 K. The heating was divided into five stages, where
the collision frequency was 3.0 ps~! and the Langevin thermostat was
used for temperature control [53]. The heavy atoms were restricted
with a constant harmonic force of 50 kcal/mol-A during the initial four
steps. In the last heating step, the constant harmonic force was re-
moved. These simulations were performed at constant volume (NVT).
In the equilibrium stage, the systems were submitted to a simulation of
5ns (ns) with a temperature of 300K and constant pressure. Before
starting production simulation, the systems using accessory software
such as Visual Molecular Dynamics (VMD) [54] and UCSF Chimera
[55], along with Root Mean Square Deviation (RMSD) of the structures
were observed. The systems maintained an adequate three-dimensional
structure without drastic conformational changes. During the produc-
tion stage, 100 ns of MD simulations were generated.

2.9.3. Free energy calculations using the MM/GBSA approach

The free energy of each complex was obtained from the last 5ns of
the trajectory corresponding to 500 snapshots. In the MM-GBSA ap-
proach, binding free energy is calculated from the free energy of a
linker interacting with a receptor to form the complex [56]. Eq. (2) is
related to this phenomenon:

AGbind = AGcomplex - AGreceiver - AGlingand (2)

In each state, the free energy is calculated through the following ex-
pression:

AGbind = AGMM + AGsolv — TAS (3)

AEyv is the energy of the total molecular mechanics in the gas

Table 1
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phase, AGg,y is the free energy of solvation, and TAS is the entropy of
the system.

Eym represents the sum of the internal energy contributions
(AEinterna, sSum of the binding energies, angles and dihedrals), eletro-
static interactions (AEeiectrostatic), and contributions of van der Waals
(AEyqw), according to the equation:

AEMM = AEinteVnal + AEeletrota[ic + AEvdw (4)

The free energy of solvation (AGs), in Eq. (3), is composed by
polar (AGgg) and non-polar (AGgasa) contributions. Polar contributions
are approximated by the Generalized Born (GB) method, and the non-
polar contributions are determined from the calculation of the solvent-
accessible surface area (SASA):

AGyow = AGgp + AGsasa ()

2.9.4. Per-residue free energy decomposition analysis

To analyze the energy contribution of the residues responsible for
the interaction AChE-ligands, the binding energy was decomposed into
van der Waals (Evqw), electrostatic (AEciec), polar (AE;1), and non-polar
(AE,y) contributions, with the approach of MM/GBSA [57]. For each of
the last 500 snapshots of the MD trajectory, the energy contributions
were calculated by:

AGyy — GBSA = AE,qw + AEg . + AEle + AEnp 6)

2.10. Statistical analysis

The determinations were performed in triplicate, and the results are
expressed as the mean of three independent replicates (n = 3). In order
to verify the existence of a significant difference among the different
fractions of essential oil of P. divaricatum obtained by hydrodistillation
and with supercritical CO,, the means of the results were submitted to
analysis of variance and when significant, compared by the Tukey test
at 95% confidence with the software Statistica® (version 7., Statsof, Inc.
Tulsa, USA).

3. Results and discussion
3.1. Characterization of the raw material

The moisture content of the raw material was of (9 + 0.1) % the
mean diameter was 3.27 x 10~* m, the apparent density was
(305 + 0.1) kg/m?>, the true density was (1360 + 10) kg/m?, and the
bed porosity was 0.776.

Means of the mass yields of isolated essential oil fractions from P. divaricatum obtained by Hydrodistillation (HD) with the mass flow was constant, Soxhlet extraction

(SE) and Supercritical carbon dioxide (SC—CO,) extraction.

HD, Soxhlet Extraction and SC- Mass of EO (g) / ExSE (g) Yield % (wb) Yield % Density (kg/m>) SC- Viscosity (uPa s) SC- Joule-Thomson (K/bar)
€O (db) CO, CO, CO,
HD 4.86 2.76 3.03

SE 1.03 + 0.15 7.92 £ 0.01 87 % 0.02°

35 (°C) /100 (bar) 0.45 + 0.06 426 £ 0.57 4.68 = 0.62° 712.8 57.69 0.172
35 (°C) /300 (bar) 0.58 + 0.03 549 + 0.23 6.03 = 0.25¢ 929.1 98.86 0.014
35 (°C) /500 (bar) 0.62 + 0.01 581 + 0.06 6.39 = 0.04% 1005 123.01 —0.007
Global means SC-CO, (35 °C) 0.55 + 0.08 518 £ 0.81 5.7 = 0.9°

55 (°C) /100 (bar) 0.46 + 0.04 4.28 = 0.37 4.70 + 0.41° 325 25.31 0.612
55 (°C) /300 (bar) 0.69 * 0.0 651 = 0.0 7.15 = 0.0° 850.2 80.65 0.034
55 (°C) /500 (bar) 0.72 + 0.01 6.73 = 0.07 7.40 = 0.08" 947.9 104.01 0.001
Global means SC-CO,, (55 °C) 0.62 = 0.14 584 * 1.13 6.41 = 1.4°

* Grouping Information Using the Tukey Method and 95% Confidence, means that do not share a letter are significantly different. *(wb) wet basis; (db) dry base;

(EO) Essential Oil-.
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3.2. Global yields of Soxhlet extraction, hydrodistillation and SC —CO,
extraction

As shown in Table 1, the operating conditions of temperature,
pressure, and density influenced the extraction, as well as the property
of transport viscosity. Another thermophysical property that can
change the mass yield is the Joule-Thomson’s coefficient, since it can
cause cooling in the outlet valve during isenthalpic expansion.

The Soxhlet extraction was the one that presented the highest mass
yield (8.7 £ 0.02) %. This result was approximately (15) % higher
than the highest mass yield obtained in the supercritical CO, extraction,
as can be seen in Table 1. However, this extraction was performed with
organic solvent, which enables the total extraction of lipids and other
compounds such as chlorophyll. The images of the extracts obtained by
this technique can be observed in the supplementary material S1.

In the hydrodistillation of the essential oil of P. divaricatum, there
was (3.03) % (db) mass yield. This result is close to that found in the
literature [58]; this may be related to some factors such as the site,
period, and time of collection of the raw material, as these are factors
that modify the essential oil yield of aromatic plants as well as their
chemical composition in qualitative and quantitative terms [59].
Compared to species of the same genus [60], Piper divaricatum showed
a high concentration of essential oil. The images of the oil fractions
obtained by hydrodistillation and supercritical CO, are given in the
supplementary material, S2 and S3, respectively. We can also observe
that the coloration of the essential oil obtained with supercritical CO,
and stronger than that obtained by hydrodistillation.

By analyzing the effect of pressure in Table 1, it was observed that
for the two isotherms, when pressure increased, there was an increase
in the density of the supercritical CO5, and consequently there was an
increase in the essential oil yield. Regarding the temperature effect, it
was observed that the density values for the isotherm of 55 °C are lower
than those for the isotherm of 35°C in their respective pressures
100 bar, 300 bar and 500 bar. However, the yields at the isotherm of
55°C are higher than those at the isotherm of 35 °C. This can be ex-
plained by the solute P. divaricatum essential oil vapor pressure, which
has greater influence than the density of the supercritical CO,.

Table 2
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The highest yields were obtained at the isotherms of 55°C and
pressures of 300 with density of 850.2 (kg/m3) and 500 bar with den-
sity of 947.9 (kg/m>), presenting mass yield values of (7.15) % and
(7.40 £ 0.08) % on dry basis, respectively. These results were not
statistically ~ different. The yields of (6.03 = 0.25) % and
(6.39 = 0.04) % were obtained in relation to the isotherm of 35°C
under conditions of higher pressures 300 bar and 500 bar, respectively.
Also, there was no statistical difference between them. The lowest ex-
traction yields were obtained at 35°C / 100 bar with density of 712.8
(kg/m®) and 55°C / 100bar with density of 325 (kg/m®), corre-
sponding to (4.68 * 0.62) % and (4.7 = 0.41) %, respectively, and
these results were statistically significant (p < 0.05). The overall mean
of the 35°C and 55 °C isotherms presented statistically similar results
for the recovery of P. divaricatum essential oil, as can be observed in
Table 1, with values of (5.7 = 0.9) % and (6.41 + 1.4) % (db), re-
spectively.

The results of the isotherms of 35 °C / 300 bar and density of 929.1
(kg/ms) and 55°C / 500 bar with density of 947.9 (kg/ms) were ap-
proximately twice as high as those obtained in hydrodistillation. In our
results, it was observed that the change in temperature caused an in-
crease in the extraction yield of the essential oil of P. divaricatum,
however, there are reports that this parameter is not always the one
that most influences the supercritical extraction process, as observed in
the work by Zermane et al. [61]. However, supercritical CO, extraction
has been shown to be a viable alternative for extracting essential oils
from vegetable matrices, mainly because it is not toxic and allows a
selective extraction, in comparison to the organic solvents such as n-
hexane used in Soxhlet extraction.

3.3. Chemical composition

The chemical compositions of the different essential oil fractions are
given in Table 2. In general, 18 components were identified, being
mainly formed by sesquiterpene hydrocarbons and phenylpropanoids,
in both extraction techniques and all combinations of temperature and
pressure used in the supercritical CO, technique. However, small qua-
litative and quantitative differences in the chemical composition among

Chemical composition of the essential oil of P. divaricatum obtained with and Supercritical carbon dioxide (SC— CO,) and Hydrodistillation (HD) with the mass flow

was constant.

RI Compounds Molecular Formula 35 (°C)

55 (°C) (HD)

100 (bar) 300 (bar)

500 (bar) 100 (bar) 300 (bar) 500 (bar)

p 712.8 (kg/m>)

1042 (E)-B-Ocimene Ci0H16 0.36
1333 8-Elemene Cis5Hoy 0.08

1351 Eugenol C10H1202 10.52 13.27
1374 a-Copaene CysHo4 0.08 0.04
1388 B- Elemene Cis5Hag 7.38 6.39
1403 Methyl eugenol C11H140, 48.01 57.02
1417  (E)-Caryophyllene CisHaq 2.66 2.86
1428 B- Copaene Cis5Hay 0.46 0.17
1452 (E)- B-Farnesene CisHog 0.43

1453  o-Humulene Ci5Hay

1479 Germacrene D Cy5Ho4 5.24 4.95
1493 Bicyclogermacrene CisHog 0.26

1496  o-Muurolene CisHoq 0.16

1504 Germacrene A C14Hoo

1516 Eugenyl acetate C12H1403 22.55 14.75
1546  Elemicin C12H1603 0.68 0.07
1696 Pm = 236 No found 0.77 0.06
2130  Phytolderivative No found 0.38

Monoterpene hydrocarbons 0.36
Sesquiterpene hydrocarbons 16.75 14.41
Phenylpropanoids 81.76 85.11
Others 1.15 0.06
Total 99.66 99.94

p 929.1 (kg/m>)

p 1005 (kg/m®  p 325 (kg/m®)  p 850.2 (kg/m*®)  p 947.9 (kg/m?)

0.45 0.92 0.38

0.06 0.05
11.01 11.31 11.2 12.08 21.7
0.09 0.1 0.09 0.11
6.8 6.88 7.35 6.53 5.32
49.16 49.63 50.96 51.75 61.9
2.74 2.86 3.19 3.24 1.99
0.32 0.42 0.42 0.31 0.26
0.29 0.3 0.19 0.17 0.1
0.1 0.09 0.08 0.13 0.08
6.02 5.49 5.61 6.3 3.21
0.31 0.26 0.17 0.23 0.19
0.11 0.13 0.08 0.07
0.24 0.13
21.26 20.72 19.14 17.3 4.35
0.58 0.58 0.35 0.29 0.38
0.62 0.56 0.38 0.26
0.3 0.56 0.18 0.09

0.45 0.92 0.38
17.02 16.53 17.24 17.27 11.2
82.01 82.24 81.65 81.42 88.3
0.92 1.12 0.56 0.35
99.95 99.89 99.9 99.96 99.8

*RI = Retention index (DB-5ms column). p = Density of Supercritical CO,,
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the fractions of essential oils of P. divaricatum obtained with super-
critical CO, and hydrodistillation were observed. Qualitatively, the
compounds §-elemene, a-copaene, a-muurolene, germacrene A, and
phytol derivative were obtained only on extraction with supercritical
CO, and in some cases, only under specific temperature and pressure
conditions. In quantitative terms, it is possible to show this difference
among the contents of the major constituents obtained by the two ex-
traction techniques. The chemical structures of the components iden-
tified in the different fractions of the essential oil of P. divaricatum can
be observed in Fig. 1, and the chromatogram ions in the supplementary
material S4.

The quantitative and qualitative variations of chemical constituents
of the essential oil fractions obtained with supercritical CO5 can be
related to temperature, pressure, and density used in the extraction
process. In relation to the major compounds, it was observed in Table 2,
that the isotherm of 35 °C / 300 bar with density of 929.1 (kg/m®) was
the best condition for obtaining methyl eugenol and eugenol, however,
in this condition, there was a decrease in the extraction of eugenyl
acetate and f- elemene with values of (13.27) %, (57.02) %, (14.75) %
and (6.39) %, respectively. The best yield of eugenyl acetate (22.55) %
and p-elemene (7.38) % was observed in the isotherm of 35 °C / 100 bar
with density of 712.8 (kg/m®). Also, in this operating condition, the
lowest concentrations of methyl eugenol and eugenol were obtained
(48.01% and 10.52%, respectively), demonstrating that the process can
be selective depending on the operating parameters. However, there are
no data in the literature on supercritical extraction of essential oil of P.
divaricatum for comparison. Table 2 also shows the results of hydro-
distillation, in which it can be observed that with this technique of

(E)-B-Ocimene B-Elemene

/\(\/\r

\

Methyl eugenol

@- Elemene

-Humulene

(E)-@-Farnesene
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Table 3

Free radical scavenging activity and antioxidant capacity of P. divaricatum es-
sential oil obtained by Hydrodistillation (HD) with the mass flow was constant
and Supercritical carbon dioxide (SC—CO,).

HD and (SC-CO,) DPPH inhibition (%) TEAC (mg Trolox/mL)

HD 28.91 = 1.15° 209.88 + 5.06°
35 (°C) / 100 (bar) 20.48 * 2.70° 116.17 = 11.55¢
35 (°C) / 300 (bar) 34,69 + 1.38° 296.86 + 8.96°
35 (°C) / 500 (bar) 22.37 * 0.68° 201.80 + 5.12¢
55 (°C) / 100 (bar) 20.90 = 0.24° 195.07 * 5.67°
55 (°C) / 300 (bar) 29.11 = 0.89° 200.42 + 13.66°
55 (°C) / 500 (bar) 30.81 + 0.52° 233.67 * 6.67°

*All data are mean + standard deviation (n = 3). Mean in the same column
with the same letter are not statistically different at 95% confidence, by the
Tukey test.

extraction, it was possible to obtain the highest concentrations of me-
thyl eugenol and eugenol (61.85) % and (21.7) %, respectively, and
also the lowest concentrations of eugenyl acetate and (3-elemene (4.35)
% and (5.32) %, respectively. These results were relatively close to
those obtained previously [62] for the same plant species. Supercritical
CO,, also demonstrated efficiency for sesquiterpene hydrocarbons ex-
traction, such as f3-elemene, (E)-caryophyllene, and germacrene D. This
may be related to the fact that supercritical CO, has a higher affinity for
extraction of apolar or low polarity compounds [63], and the low
temperature used in the extraction process is one of the factors that
prevents thermal degradation of the chemical compounds in essential
oil.

Eugenol @-Copaene

o
—O0

B- Copaene

H
.\\“\\\
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Fig. 1. Chemical structures of the different components identified in the fractions of P. divaricatum essential oil obtained with supercritical CO, and hydrodistillation.
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3.4. Antioxidant activity

According to the results shown in Table 3, the essential oil fractions
of P. divaricatum obtained by hydrodistillation and supercritical CO,
exhibited the ability to reduce the radical DPPH. However, the per-
centage of anti-radical inhibition showed a significant variation be-
tween (20.48) % and (34.69) %. Therefore, among the conditions
evaluated in the study, the fraction of essential oil obtained at 35°C /
300 bar exhibited a significant inhibition percentage of (34.69) %.
Therefore, it is the fraction that presented the greatest capacity for
sequestration of the radical DPPH.

The antioxidant capacity of the essential oils of P. divaricatum by
TEAC shows that the fractions obtained by hydrodistillation and su-
percritical CO, were also efficient in sequestering the radical ABTS;
however, this action was differentiated, with significant variations be-
tween (116) mg Trolox/mL and (296.86) mg Trolox/mL. This differ-
ence can be related to the variations in chemical composition of the
essential oil fractions presented in the previous item, with the results
shown in Table 2, indicating that the antioxidant activities presented by
the P. divaricatum EO fractions may not be directly associated with the
isolated action of the secondary metabolites present in higher con-
centrations such as eugenol, methyl eugenol, and eugenyl acetate, and
the sesquiterpene f-elemene. The different responses observed in
Table 2 can be related to the synergistic effect among the chemical
constituents of the oils. In this way, each compound can contribute in a
different way to the results of antioxidant activity. Other studies have
shown that essential oils rich in bioactive compounds such as phenyl-
propanoids have good antioxidant activity [64]. The highest anti-
oxidant activity was observed for the essential oil obtained at 35°C /
300 bar (296.86 mg TE/mL), which was close to that reported by Silva
et al. [65] (306.1) mg Trolox/mL for the essential oils of the species
Piper aleryreanum (412.2 mg Trolox/mL), Piper anonifolium (148.6) mg
Trolox/mL, and Piper hispidum (303.1) mg Trolox/mL. Both methods
used to evaluate the in vitro antioxidant capacity of essential oils of P.
divaricatum exhibited high values for the hydrodistillation and super-
critical CO, extractions, with potential application in neutralization and
a possible protective effect against reactive species.

3.5. Experimental inhibition of acetylcholinesterase

The method that uses TLC is considered effective and quick for the
determination of extracts with AChE inhibitory potential [66]. The
sample obtained by HD produced inhibition halos at concentrations of
(0.01, 1, and 100) ng/site, while the sample obtained by SFE produced
halos at (0.01, 100, and 1000) ng/site. These results showed that both
HD and SFE fractions are strong AChE inhibitors, with a detection limit
of 0.01 ng, equivalent to physostigmine, the alkaloid used as a positive
control [65] performed a TLC-silver anti-cholinesterase assay of the
essential oil of three Piper species, which were P. anonifoliu, P. hispidum,
and P. aleyreanum. The first two species presented the same detection
limit (DL) equal to 0.01 ng/site and P. aleyreanum presented a DL =
10.0 ng/site, a DL a thousand times smaller than the first two. In the
literature, there are reports that the phenylpropanoids eugenol, methyl
eugenol [67,68], and sesquiterpene hydrocarbon p-elemene [69] ex-
hibit a potential inhibition of AChE; however, their mechanism of ac-
tion is unknown.

3.6. Mechanism of acetylcholinesterase inhibition

3.6.1. Identifying binding modes

The catalytic triad of AChE, formed by the residues Ser203, Glu337,
and His447, is located in a deep and narrow cavity of approximately
20A [70]. Within this cavity, there are also subsites that are important
for enzymatic catalysis, such as the anionic subsite (Trp86, Tyrl133,
Tyr337, and Phe338), acyl pocket (Phe295 and Phe297), and oxyanion
hole (Gly121, Gly122, and Ala204) [71]. The binding energies obtained
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Table 4
Moldock scores obtained from the docking protocol using MVD 5.5.

Molecule MolDock Score Rerank Score
B-Elemene —96.36 —76.64
Eugenol —87.13 —75.82
Eugenyl acetate -99.17 —86.42
Methyl eugenol —90.44 —75.05

with MVD 5.5 for the interactions of methyl eugenol, eugenyl acetate,
eugenol, and pB-elemene with AChE are summarized in Table 4.

The conformations obtained by molecular docking studies demon-
strate that the molecules became buried in the AChE binding pocket
and that they interact with the residues belonging to the catalytic triad
and the anionic site (Fig. 2).

The interactions between ligands and catalytic cavity residues are
essential for understanding their binding and inhibition mechanism;
therefore, the nature of each interaction of the compounds with AChE
was investigated and described. The analyses revealed that 3-elemene
bound to the binding pocket mainly by hydrophobic interactions. It
exhibited hydrophobic interaction with His447 (triad catalytic), where
the C7 carbon interacted with the imidazole ring of the residue at a
distance of 4.12 A. This molecule also interacted with the benzene ring
of residues Tyr124 and Phe338 (anionic site), where there were mw-alkyl-
type interactions with distances of 4.1 and 3.99 A, respectively.

Eugenol showed hydrophobic interactions between its C9 carbon
atom and the imidazole ring of His447 (triad catalytic) at a distance of
3.97 A. Hydrogen bonds were also formed with Gly126 and Ser125.
Eugenol was the acceptor of hydrogen belonging to the alpha carbon of
Gly126, and this interaction occurred at a distance of 2.52 f\, while with
Ser125 the distance was 2.12 A. In the same way, eugenol was an ac-
ceptor of hydrogen, receiving the atom of the hydroxyl group of Ser125.
With the Trp86 (anionic site), two hydrophobic s-;t interactions were
established at distances of 3.98 and 4.21 A.

Eugenyl acetate exhibited three interactions: one hydrophobic with
His447 (triad catalytic) and two hydrogen bonds. The C12 carbon in-
teracted hydrophobically with Hist447 (triad catalytic), and the oxygen
atom O1 of the ligand was an acceptor of hydrogen H5 from the Ser125
hydroxyl, which was at a distance of 2.14 A. The second hydrogen bond
was established at a distance of 2.73 A between the carbon 02 and the
hydrogen H9 that belongs to the Trp337 phenol hydroxyl (anionic site).

Methyl eugenol was able to form one hydrophobic and three hy-
drogen bonds. The hydrogen bond formed with Ser125 was the closest
of the three, and formed at a distance of 2.08 A. With Gly120, the hy-
drogen bond was at 2.53 A, and with the residue Tyr133, it occurred at
2.68 A. An important hydrophobic interaction was established between
the atom carbon C11 and His447 imidazole ring belonging to the cat-
alytic triad of AChE. This interaction was of the m-alkyl-type occurring
at a distance of 3.97 A.

3.6.2. Conformational stability of systems during MD simulation

The verification of the stability and convergence of the structures
were evaluated through the RMSD graphs, where the Ca atoms were
used to plot the protein backbone graphs, and the heavy atoms were
used to plot the ligand graphs. The time series of RMSD values can be
seen in Fig. 3.

During the simulations, the protein backbone in all systems reached
stability. Throughout the simulation, according to the plots of RMSD, it
was possible to observe that the three-dimensional structure of the
protein did not undergo drastic conformational changes. The mean
values of RMSD for the system backbone were as follows: AChE-methyl
eugenol: 1.72, AChE-eugenyl acetate: 1.63, AChE-eugenol: 1.98, and
AChE-B-elemene: 1.81 A. During the simulation, the ligands remained
interacting with the enzyme site, exhibiting small conformational
changes relative to their respective starting structures.
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3.6.3. Analysis of free energy components and mechanism of binding
interaction

The free binding energy of the systems was calculated using the
MM-GBSA method using the last 500 snapshots of each MD path, and
the results can be observed in Table 5.

According to Table 5, the free energy values obtained were as fol-
lows: AChE-methyl eugenol: -22.22, AChE-eugenol: -23.20, AChE-eu-
genyl acetate: -24.26, and AChE-f-elemene: -27.54 kcal/mol. These
results demonstrate that the interaction of these inhibitors with acet-
ylcholinesterase is favorable for the complexes formation.

s
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Fig. 2. Docked conformation of molecules in the
binding cavity of AChE. The carbon atoms are re-
presented in gray color, nitrogen in blue, oxygen in red
and hydrogen in white. The hydrophobic interactions
are represented by dashed lines of green color and the
hydrogen bonds are represented in yellow color. The

His447
distance from each interaction was demonstrated in
P angstroms. The amino acid residues and their atoms
“397A involved in the interactions are named and numbered.

(a) Predicted binding mode of B-elemene. (b) Predicted
binding mode of eugenol. (¢) Predicted binding mode
of eugenyl acetate. (d) Predicted binding mode methyl
eugenol.

The main energy responsible for the interaction of inhibitors with
AChE is the sum of non-polar interactions (AE,on-potar)- AEnon-polar iS the
sum of van der Waals interactions (AE,qw) with non-polar solvation free
energy (AGnp), which is determined from the calculation of the solvent
accessible surface area (SASA). B-elemene was the compound that
presented more hydrophobic interactions, which may be related to its
molecular structure, formed basically by carbon and hydrogen atoms.

Electrostatic contributions (AE) also favor ligand-receptor inter-
actions, although they are weaker contributions. However, this energy
is counterbalanced by the polar solvation free energy (AGgg), which is
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Fig. 3. Analysis of the conformational stability of the
systems over 100ns of MD simulation. The protein
backbone is represented in black in all graphs while
the colors to represent the binders vary. The RMSD
graphs were plotted in relation to the systems obtained
after the steps of minimization, heating and equili-
brium. AChE-methyl eugenol in red (a), AChE-eugenyl
acetate in yellow (b), AChE-eugenol in blue(c) and
AChE-B-elemene (d) in green.
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Table 5

The Journal of Supercritical Fluids 145 (2019) 74-84

Prediction of the free energy values of the systems and their components (values in kcal/mol). Non-polar and polar contributions were calculated, respectively, by:

AEonn—polur = AE,yw + AGyp and AEpolar = AEq. + AGgp

Molecule AE qw AEje AGgp AGnp AEon-polar AEpolar AGymcsa
Methyl eugenol —29.13 —-4.74 15.50 —-3.85 —32.98 10.76 -22.22
Eugenyl acetate -30.73 -0.67 11.30 —-4.15 —34.88 10.63 —24.26
Eugenol -26.91 —12.64 20.26 -3.90 —30.81 7.62 -23.20
B-Elemene —-34.71 —-4.31 16.12 -4.64 —39.35 11.81 -27.54

unfavorable. The sum of these two contributions results in unfavorable
total polar energy (AEpqiar) for the systems.

From the free energy results obtained by the MM-GBSA method, it
was possible to observe that the contributions of van der Waals forces
were the main contributions that directed the inhibitor interactions.
Given this observation, from the results of the pre-residue free energy
decomposition, the van der Waals contribution values were extracted.
The residues important for the interactions had their energy values
plotted on the graph that can be observed in Fig. 4.

In general, the spectrum of van der Waals interactions is similar for
the systems. In all complexes, the highest interaction of van der Waals
occurs with Trp86, belonging to the enzyme’s anionic subsite. The in-
dole ring of Trp86 performed stacking m interactions with the benzene
ring of the inhibitor’s eugenol, eugenyl acetate, and methyl eugenol. It
is possible that the m-alkyl interaction between Trp86 and B-elemene
also occurred. The interactions with this residue have been reported in
different studies of drug design as being of great importance for the
catalytic activity [72-74].

All inhibitors performed productive interactions with Ser203 and
His447, belonging to the catalytic site of AChE. With His447, the in-
teraction value was -0.59 kcal/mol for methyl eugenol, -0.65 kcal/mol
for eugenyl acetate, -1.02 kcal/mol for eugenol, and -1.12 kcal/mol for
B-elemene. With Ser203, methyl eugenol, eugenol, and f3-elemene in-
teracted, respectively, with the following values of affinity energy:
-0.59, -0.53, and -0.61 kcal/mol. Terpenoids and phenylpropanoids
exhibit different interactions; however, these active compounds can act
as AChE inhibitors.

Gly126}
¥ Ala127 Leul 3061202

Gly121

Energy (kcal/mol)

-3.0

Energy (kcal/mol

. Conclusion

The different techniques of extraction of supercritical CO, and hy-
drodistillation were efficient for the isolation of the essential oils of P.
divaricatum leaves. However, the supercritical CO, showed higher ex-
traction power mainly under the operating condition of 55°C and
500 bar. Small quantitative and qualitative differences in their chemical
composition were observed, and the phenylpropanoids class presented
the highest concentration, with emphasis on methyl eugenol. All 7
fractions of essential oils presented antioxidant activity for the radicals
ABTS and DPPH. However, the antioxidant capacity of the P. divar-
icatum essential oil fractions may not be entirely associated with the
isolated action of the phenylpropanoids, but possibly with the effects
among the different groups of bioactive compounds such as mono-
terpenes, sesquiterpene hydrocarbons, and other compounds. And the
fractions experimentally tested also showed AChE inhibitory potential.
The molecular docking revealed that f-elemene, eugenol, eugenyl
acetate, and methyl eugenol are capable of interacting with different
residues belonging to the active site of AChE, such as His447. The
RMSD plots showed that the molecules remained balanced at the
binding site. The binding free energy values demonstrated that the re-
ceptor-ligand interaction is favorable for the systems. The results of per-
residue free energy decomposition demonstrated that the molecules,
during the simulation, performed interactions with residues of the ac-
tive site that are important for the enzymatic activity inhibition.
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Tyr337
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Fig. 4. van der Waals interactions between residues-ligands: (a) AChE-methyl eugenol, (b) AChE-eugenyl acetate, (c) AChE-eugenol and (d) AChE-p-elemene.
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Antimicrobial, Cytotoxic Activity of the Syzygium
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The objective of the present work was to analyze the cytotoxic, antimicrobial activity and the action
mechanism of the major component in of the Syzygium aromaticum essential oil obtained by super-
critical CO,. In this work, gingival fibroblasts were exposed to the essential oil in different con-
centrations for one hour: 5 uL/ml, 7.5 uL/ml and 10 uL/ml. Culture medium was used as control.
Cytotoxicity analysis was performed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT®) method. The susceptibility was evaluated on three microorganisms Candida albi-
cans, Escherichia coli and Staphylococcus aureus. The statistical analyses showed significant dif-
ference in cell viability for the concentration of 10 uL/mL, as compared to the control group. As
a result, the plant extract had no cytotoxicity at concentrations below 10 uL/mL in human gingival
fibroblasts. The interaction mode of eugenol, the major compound and main component responsi-
ble for the biological activity of the essential oil was evaluated. The molecular docking of eugenol
with important proteins of the metabolic pathway of the microorganisms C. albicans, E. coli and
S. aureus were performed. The results demonstrated that the compound is capable of interacting
with catalytic residues of the enzymes and forming an energetically favorable system with such
proteins. The results of binding free energy obtained demonstrate this capacity. For the eugenol-
N-myristoyltransferase (C. albicans) system, the value of AG,;,4 was —19.01 kcal/mol, for Enoyl
reductase (E. Coli) AG,q was equal to —11.31 kcal/mol and for SarA (S. aureus) AG,;,q was
—13.58 kcal/mol.

Keywords: Natural Product, Clove Qil, Biological Activity, Simulation.

1. INTRODUCTION antifungal, anti-inflammatory, antinociceptive, antipyretic

Syzygium aromaticum, also known as clove, is recognised  activities and anti-cancer activities, as well as a very

for it dicinal ties [1]. Clove h ti-bacterial, . . . .
or its medicinal properties [1]. Clove has anti-bacteria important anti-fungal action [2-5]. However, for oil to be

*Author to whom correspondence should be addressed. a safe alternative, viability analysis should be performed.
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Viability tests have been used and accepted as a method for
evaluation of biocompatibility, allowing the observation of
cellular behaviour in a controlled environment. These tests
are generally based on the use of vital stain, and on the
direct or indirect evaluation of the metabolic activity of
the cell line, mainly in fibroblasts [6-8].

Clove essential oil is a complex mixture of volatile
and lipophilic substances, and has an oily consis-
tency the major component is eugenol or 4-allyl-2-
methoxyphenol [9]. In addition, B-caryophyllene and
eugenol acetate are other components present at consider-
able ratios [10]. In general, the extraction of essential oils
is carried out by hydrodistillation, however, more mod-
ern extraction techniques such as supercritical CO, have
been shown to be advantageous, mainly because it is not
selective and does not use high temperatures during the
extraction process, this avoids degradation thermal decom-
position of secondary metabolites that may be present in
the essential oil. Furthermore, there is no reaction between
supercritical CO, + oil, which does not cause changes in
the chemical profile [11].

Experimental studies of the antimicrobial activity are
very important, as well as understanding the mecha-
nisms of interaction among chemically active substances
with proteins that can inhibit the development and con-
sequently the proliferation of microorganisms. Hence,
doping and molecular dynamics are tools that can aid
the experimental studies, because they can predict the
mechanisms of action of new drugs in specific active
sites. In this sense, this work aimed to evaluate the
cytotoxicity, susceptibility of clove essential oils and
show the mechanisms of interaction between eugenol and
N proteins-myristoyltransferase/C. Albicans, Enoyl reduc-
tase/E. Coli and SarA/S. aureus.

2. MATERIALS AND METHODS

2.1. Supercritical CO, (SC-CO,) Extraction e Analise
De Compostos Volateis

SFE was performed using a Spe-ed™ SFE system (model

7071, Applied Separations, Allentown, PA, USA) and the

characterization of the volatile compounds were performed

as previously described by our research group [12] under

experimental conditions of 40 °C and 50 °C and pressure
of 100 bar, 200 bar and 300 bar.

2.2. Antimicrobial Susceptibility Assays
Sensitivity test was performed using the essential oil (EO)
obtained with supercritical CO, in the experimental condi-
tion of EO,—40 °C/100 bar, OE,—40 °C/200 bar, EO;—
40 °C/300 bar, EO,—50 °C/100 bar, EOs—50 °C/200 bar,
EO¢—50 °C/300 bar. The essential oils were evaluated by
means of the disk-diffusion method in CLSI solid medium,
with modifications [13].

The microorganisms were obtained from the colegdo
de microrganismos de referéncia em  Vigilancia
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Sanitaria-CRMVS, INCQS-FIOCRUZ, Rio de Janeiro, RJ.
Four strains were used as test microorganisms: C. albicans
INCQS-40175, S. aureus INCQS-00015 and E. coli ATCC-
25911. The cultures were maintained in their appropriate
agar slants at 37 °C throughout the study.

The microorganisms were grown for 24-48 h at 30 °C
in Miieller-Hinton agar (MHA) or Sabouraud agar (SDA)
for bacteria and yeast, respectively. The microorganisms
were then suspended in a sterile saline solution (McFar-
land turbidity scale 2). With the aid of a swab, the suspen-
sion containing the microorganisms was streaked onto a
Miiller Hinton agar plate and the discs and paper (6 mm)
were added. Then the paper discs were impregnated with
the pure essential oils with 30 wL (oil/plate). Plates were
incubated at 37 °C for 24 h and 48 h. After this period, the
inhibition halos were checked. As an antifungal drug, Nys-
tatin was used at concentration of 50 ug/mL. All plates
were sealed with plastic film to prevent evaporation of the
test sample. Isolates that presented inhibition halos with
diameter <8 mm were considered resistant >8 mm as sen-
sitive. All the tests were performed in duplicate and the
results were obtained by the average of the halos found.

2.3. Cell Culture

Human gingival fibroblasts, obtained from a primary cul-
ture using the tissue explant technique, were grown in
25 cm? flasks with DMEM/F-12 medium (Sigma Chemical
Co., USA) supplemented with 10% bovine foetal serum
(FBS-Gibco, USA), and were maintained at 37 °C, in a
humid atmosphere with 5% CO,. At the confluence of the
cell monolayer, subcultures were performed to obtain a
sufficient number of cells to perform the cytotoxicity tests.

2.4. In Vitro Exposure to Clove Oil

For cytotoxicity analysis, 3000 cells/well were seeded in
96-well culture plates, and were maintained in a CO,
incubator for cell adhesion and proliferation, for 48 h.
After this period, the cells were exposed to the plant
extract at different concentrations: 5 uL/ml, 7.5 wL/mL
and 10 pL/mL. Culture medium was used as control. The
concentrations were determined by a pilot test that evalu-
ated the possibility of dilution of the oil. The concentration
of 10 uL/mL was the maximum concentration that allowed
the dilution. As solvent, TWEEN® 80 (Sigma®) was used
in the 1% concentration in the final solution. The exposure
time was lh, according to Prashar et al. [14], at 37 °C and
with 5% CO,.

2.5. Cell Viability

After treatment, the cytotoxic effect was quantified using
a colorimetric MTT assay, which measures mitochondrial
activity in viable cells. Briefly, MTT (dilution at 5 mg/ml
in culture medium) was pipetted into each well, and the
plate was incubated at 37 °C. After 4 h, the medium was
removed, and DMSO (200 ul) was added to each well.
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The optical density of each well was measured at 595 nm
using a spectrophotometer.

2.6. Molecular Docking
The molecular structure of eugenol was designed with the
software GaussView 5.5 and optimized in the software
Gaussian 09 [15], using the Density Functional Theory
(DFT) with B3LYP functional and 6-31G* basis [16, 17].
The proteins used as receptors can be located in
the Protein Data Bank (PDB) from the IDs: 1IYL
(N-myristoyltransferase/C. Albicans) [18], 1C14 (Enoyl
reductase/E. Coli) [19] and 2FNP (SarA/S. aureus) [20].
In order to analyze the interaction mode of eugenol with
the receptors, the software Molegro Virtual Docker 5.5
(MVD) was used [21], and its parameters used to predict
the interaction mode were: (a) the MolDock scoring func-
tion (GRID) with a grid resolution of 0.30 A and radius
of 6 A encompassing the entire connection cavity; (b) The
MolDock SE algorithm with maximum number of 15 runs,
1500 interactions and total population of 50 was applied
with optimized H-Bonds.

2.7. Molecular Dynamics Simulation

Protein amino acid protonation was studied from the
results obtained with the PDB2PQR server [22]. To
obtain the atomic charges of the ligand, the restrained
electrostatic potential (RESP) protocol was applied with
HF/6-31G* [23, 24]. The parameters for the binder were
constructed with the Antechamber module of the Amber
16 package [25, 26].

In all simulations, the General Amber Force Field
(GAFF) [27] and ff14SB [28] were used. After the sol-
vation of the systems in an octahedron periodic box,
with water molecules described by the model TIP3P [29],
counter-ions were added to neutralize the system.

Before the simulations of MD production, steps were
taken to minimize energy, heat and balance the system.
1000 cycles were performed using steepest descent method
and conjugate gradient algorithm and the solute was
restricted with a harmonic force constant of 100 kcal/mol -
A=2. In the second step the harmonic force constant was
reduced to 50 kcal/mol- A~2 and additional 500 cycles
were performed using steepest descent method and conju-
gate gradient algorithm. In the last stage of minimization,
the constraints were removed and other 500 cycles were
applied using the same protocol.

Then, the systems were heated from O to 300 K. The
total time for heating was 800 ps divided into four steps.
In the first three steps, a harmonic force constant of
50 kcal/mol - A2 was applied on the solute leaving the
water molecules and counter ions with freedom of move-
ment. In the last step, the harmonic force constant was
reduced to zero leaving all the components of the systems
with freedom to move.
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Molecular dynamics (MD) simulations of 2 ns with a
temperature of 300 K and without any restriction were per-
formed to balance the systems. For each system, 100 ns of
MD simulations of production were generated. The Parti-
cle Mesh Ewald method [30] was used for the calculation
of the electrostatic interactions, and the bonds involving
hydrogen atoms were restricted with the SHAKE algo-
rithm [31]. The temperature control was performed with
the Langevin thermostat [32] within collision frequency of
2 ps!.

2.8. Free Energies Calculations Using

MM/GBSA Approaches
For the binding affinity calculation, 1000 snapshots of the
MD last 5 ns trajectory were used [33, 34]. The binding
free energy was computed as the difference:

AGbind = Gcomplex - Gprotein - Gligand (l)
AGa = AH —TAS ~AE,,,, + AG,,, — TAS (2)
AEMM = AE'imemal + AEeletrotatic + AEvdW (3)
AGsolv = AGGB + AGnonpol (4)

In which (AGy,,,) is the free energy of the protein—
ligand binding, resulting from the sum of the molecular
mechanics energy (AE,), the desolvation free energy
(AG,,), and the entropy (—TAS). The energy of molec-
ular gas phase mechanics (AE),,) can be described by
the sum of the internal energy contributions (AE; a1
the sum of the connection, angle and dihedral energies),
electrostatic contributions (AE ouic) and van der Waals
terms (AE,4y). Desolvation free energy (AG,,,) is the
sum of the polar (AGgg) and non-polar (AG,,,,,,) contri-
butions. The polar desolvation term was calculated using
the implicit generalized born (GB) approaches.

2.9. Statistical Analysis

One-way analysis of variance (ANOVA) was used for
comparisons among multiple groups, before which homo-
geneity of variance was performed. The statistical analyses
were performed using GraphPad Prism 5, and the criterion
for statistical significance was p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Yield and Chemical Composition

The mass yields and chemical composition can be
observed in our previously published article [12] the
results show that eugenol was the main compound identi-
fied in the essential oil, ranging from 57.12%—-62.88%.

3.2. Antimicrobial Activity

It was observed that the microorganisms are sensitive to
the compounds present in the essential oils, regardless of
the temperature and pressure used to obtain the essential
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Table I. Action of S. aromaticum essential oils and Eugenol pattern
on C. albicans, E. coli and S. aureu pathogens with inhibition halos in
millimeters (mm).

E. coli
ATCC-25911

S. aureus
INCQS-00015

C. albicans
INCQS—40175

Diameter of
the halo (mm)

Diameter of
the halo (mm)

Diameter of
the halo (mm)

Essential oils
and Eugenol

OE 1 17 17 13
OE 2 21 18 15
OE 3 21 20 15
OE 4 21 20 17
OE 5 23 20 17
OE 6 25 22 17
Eugenol 36 20 20

Notes: EO** Essential oil; Extraction conditions of temperature and pressure,
EO 1—40 °C/100 bar, OE 2—40 °C/200 bar, EO 3—40 °C/300 bar, EO 4—
50 °C/100 bar, EO 5—50 °C/200 bar, EO 6—50 °C/300 bar.

oils. Inhibition halos ranging from 17 to 25 mm for yeast
and 13 to 22 mm for E. coli and S. aureus bacteria (Table I,
Figs. 1-3) were observed. However, the highest inhibition
halos were observed for essential oil EQ (50 °C/300bar).
By analyzing Table I and Figure 4, it can be observed
that the microorganisms were sensitive to the presence of
Eugenol alone with inhibition halo ranging from 20 mm
for E. coli, and S. aureus and 36 mm for C. albicans.
Thus, C. albicans has been shown to be the most sensitive
pathogen present in clove essential oils. The present work
demonstrates that the compound responsible for inhibit-
ing the growth of microorganisms may be related to the
presence of Eugenol.

The studies that report the antimicrobial activity with
clove essential oils obtained with CO, use are still scarce,
for example, the work of [35] was one of the first reports
on the evaluation of the antibacterial activity of clove
essential oils obtained through supercritical CO,.

de Oliveira et al.

Other literature has reported the antimicrobial activ-
ity of Eugenol as being a good substitute for the con-
trol of various pathogens [36—41]. Studies with eugenol
demonstrate that it has antimicrobial activity at low con-
centrations, with minimal inhibitory concentrations (MIC)
ranging from 0.1 to 1 ul/ml for microorganisms of the
oral cavity such as C. albicans, S. aureus, E. coli and
E. fecalis [42]. These concentrations are smaller than those
tested in the cytotoxicity analysis in the current study.

3.3. Cell Viability

Numerical values obtained by ELISA reader analysis for
three aliquots of each sample were used to determine aver-
age mitochondrial activity (cell viability). Statistical anal-
ysis showed a significant difference between the control
group and the clove oil at a concentration of 10 wL/mL
Figure 5. No other statistically significant differences were
observed.

The essential oil of S. aromaticum obtained by the
CO,-SC method showed promising results regarding cell
viability when in contact with human gingival fibroblasts.
It presented favorable composition regarding the propor-
tion of the components to which the therapeutic properties
are attributed. Therefore, it is a candidate for treatment
of fungal infections in the oral cavity. The eugenol was
the compound that presented the highest concentration and
eugenol acetate was the second most common component
found in clove essential oil [12]. This compounds has anti-
inflammatory actions [43]. A previous study conducted in
rats investigated the treatment of hepatic lesions associ-
ated with oxidative stress [44]. Moreover, this compound
has analgesic actions, which appear to be mediated by
the same mechanism described above [45]. Antimicrobial
activity of this compound has also been demonstrated in
a study of the control of dental plaque-forming bacteria
in dogs [46-49]. In terms of the biocompatibility of this

Fig. 1. Action of clove essential oils (S. aromaticum) obtained by CO, in the supercritical state under different conditions of temperature and pressure,
on yeast of C. albicans. EO1, 100 bar/40 °C; EO2, 200 bar/40 °C; EO3, 300 bas/40 °C; EO4, 100 bar/50 °C; EOS, 200 bar/50 °C; EO6, 300 bar/50 °C.
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Fig. 2. Effect of clove essential oils (S. aromaticum) obtained by CO, in the supercritical state under different temperature and pressure con-
ditions on cherichia coli bacteria. EO1, 100 bar/40 °C; EO2, 200 bar/40 °C; EO3, 300 bas/40 °C; EO4, 100 bar/50 °C; EOS5, 200 bar/50 °C;
EO6, 300 bar/50 °C.

Fig. 3. The action of clove essential oils (S. aromaticum) obtained by CO, in the supercritical state under different conditions of temperature and
pressure on the Staphylococcus aureus bacteria. EO1, 100 bar/40 °C; EO2, 200 bar/40 °C; EO3, 300 bas/40 °C; EO4, 100 bar/50 °C; EOS5, 200 bar/50 °C;
EO6, 300 bar/50 °C (Fonte: Autor).

Fig. 4. Action of the secondary metabolite eugenol on fungal and bacterial pathogens.
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Fig. 5. Cell viability of gingival fibroblasts exposed to different concen-
trations of clove essential oil. OD, optic density. *, p < 0.05 compared
to the control group.

compound, a toxicological study reported no significant
manifestations [50, 51].

In relation to the importance of the extraction method
used, the analysis of the chemical composition of the
oil using the CO,-SC method resulted in the absence of

Table II. Molecular docking results.

de Oliveira et al.

residues that could influence the results of antimicrobial
activity analyses. This is particularly important given the
very sensitive method used for evaluating cytotoxicity.
Thus, this extraction process is suitable for research with
plant extracts.

In this context, CO,-SC has been widely used as a
method for obtaining clean essential oils from various
plant species that have medicinal properties [52, 53],
obtained the essential extract of Tenacetum vulgare by
using the CO,-SC process, rich in phenylpropanoids and
also observed antifungal activity of this extract. Given the
range of properties that clove essential oil possesses, and
the results of the current study, animal biocompatibility
studies are the next step in the development of a safe ther-
apeutic compound.

3.4. Molecular Interactions Modes Between
Ligand-Receptor

In the molecular docking results, it was observed that

the ligand interacted favorably with the binding site

Protein/Microorganism MolDock Rerank score Interaction H g LEI LE3 Docking score
N-myristoyltransferase (C. Albicans) —62.30 —50.62 —71.44 —2.06 —5.19 —4.21 —62.82
Enoyl reductase (E. Coli) —73.88 —63.176 —81.33 —2.51 —6.15 —5.26 —75.31
SarA (S. aureus) —75.56 —45.89 —85.46 —2.55 —6.59 —-3.82 —77.88
(A) (B)
©

Fig. 6. Molecular interactions of the ligand with the residues of the active site. In green are represented the hydrophobic interactions and in blue the
hydrogen bonds. (A) Intermolecular interactions between eugenol and residues of the active site of the protein N-myristoyltransferase (C. Albicans),
(B) Intermolecular interactions between eugenol and residues of the active site of the protein Enoyl reductase (E. Coli) and (C) Intermolecular
interactions between eugenol and residues of the active site of SarA protein (S. aureus).
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of the proteins of the three microorganisms under
analysisg.

In Table II, the energetic contributions to the interaction
of eugenol with the different proteins used as molecular
targets are shown. Table I includes the results of MolDock
(evaluted after post-processing), Rerank Score (the rank-
ing score) Interaction (the total interaction energy between
the pose and the molecular target), H, ,, (hydrogen bond
energy), LE1 (ligand efficiency 1: MolDock Score divided
by heavy atoms count), LE3 (ligand efficiency 3: rerank
score divided by heavy atoms count) and Docking Score
(evaluated before post-processing).

The results of MolDock Scoring suggest that the inter-
action of eugenol with the proteins used as receptors is
favorable for the formation of all systems. In addition, the
interactions between eugenol and the residues belonging
to the catalytic site of the proteins were evaluated. The
interactions are shown in Figure 6.

In Figure 6(A) it is possible to observe the mode of
attachment of eugenol to the catalytic site of the enzyme
N-myristoyltransferase (C. albicans). The ligand inter-
acted with the catalytic residues His255, Tyr225, Leu394,

(A)

©
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Leu451 and Tyr354. With the amino acid Leu451, a hydro-
gen bond with a distance of 3.38 A was established in
which eugenol was the hydrogen donor. Three interactions
were performed with the benzene ring and eugenol. Two of
them were hydrophobic Pi-Pi type interactions, that were
established with the benzene ring of Tyr225 and Tyr354.
The third interaction was of Pi-Alkyl type with Leu 394.
His225 interacted with the final carbon of the eugenol car-
bon chain through pi-alkyl-type interactions. This same
carbon interacted with Tyr225 by means of hydrophobic
pi-alkyl type interactions.

The eugenol molecular docking pose shown in
Figure 6(B) reveals which residues of Enoyl reductase
(E. Coli) the ligand establishes interactions with. Eugenol
made three hydrogen bonds, two with Pro191 and one with
the NAD cofactor. With Tyr146 the ligand established a
hydrophobic pi-alkyl type interaction with a distance of
3.89 A. Two other alkyl-alkyl interactions were established
with Leul00 and I1e200 at distances, respectively, of 4.11
and 4.08 A.

The attachment mode of eugenol to the enzyme SarA
(S. aureus) is shown in Figure 6(C). At this binding site,

(B)

Fig. 7. Evolution of the RMSD chart. (A) Black represents the backbone of the N-myristoyltransferase protein of C. albicans microorganism and
blue, the eugenol RMSD graph, (B) The RMSD of the E. coli microorganism protein Enoyl reductase backbone was represented in black, while
eugenol was represented in green and (C) In black is represented the RMSD of the SarA enzyme backbone of S. aureus microorganism and in orange

the RMSD of eugenol.
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Table III. Binding affinity values and energy components. All values are in kcal/mol.

Targets AE 4w AE,, AGgg AGyp AEnon-polar AEpo]ar AGy.gasa
N-myristoyltransferase (C. Albican) —20.42 —4.21 8.70 —3.08 —23.50 4.49 —19.01
Enoyl reductase (E. Coli) —15.57 —3.15 9.78 —2.37 —17.94 6.63 —11.31
SarA (S. aureus) —15.11 —4.55 8.56 —2.48 —17.59 4.01 —13.58

eugenol established a hydrogen bond with the amino acid
Val192 (hydrogen donor) with a distance of 1.93 A. Two
benzene interactions of eugenol with Ile157 and Argl93
were also established, with distances of 3.75 and 4.15 A,
respectively. These two interactions are of hydrophobic
nature and of pi-alkyl type. There were also hydropho-
bic interactions with Vall68 (alkyl-alkyl) and Phel53

(pi-alkyl).

3.5. Stability Molecular of Systems

To evaluate the structural stability of the systems we used
the root mean square deviation (RMSD). Ca atoms were
used to plot the RMSD graph of the protein backbone, and
to plot the RMSD of the ligand, the heavy atoms of the
molecule were used.

During the 100 ns of MD simulations the ligand
remained in the binding site in all systems studied.
The backbone of the protein in the different systems
underwent conformational changes as can be observed in
Figure 7.

The ligand was in equilibrium in all complexes, with a
small conformational change as can be seen in Figure 6
and in the small mean values of RMSD. For sys-
tems: N-myristoyltransferase/C. Albicans, Enoyl reduc-
tase/E. Coli and SarA/S. aureus, the following mean
RMSD values: 1.61 A, 1.52 10\, and 1.49 A, respectively
were obtained

3.6. Free Energy Binding and Analysis of Its
Components

To predict binding affinity, the MM/GBSA approach was
used. In addition to the free energy values (AGynigpsa)s
the results of the contributions of van der Waals (AE, 4y ),
polar (AGgg) and non-polar contributions (AGyp), elec-
trostatic interactions energy (AE,,), total non-polar con-
tribution (AE,, poar = AE qw +AGyp) and total polar
energy (AE,,, =AE, +AEg) were computed. The
results obtained are shown in Table III.

According to Table III, the binding affinity val-
ues of eugenol with N-myristoyltransferase protein
was —19.01 kcal/mol, with Enoyl reductase was
—11.31 kcal/mol, and with SarA was —13.58 kcal/mol.
These results demonstrate that eugenol is capable of
binding to these proteins and inhibiting their enzymatic
activity.

In our results it is also possible to observe and
evaluate the energy contributions for the calculation
of the total binding affinity. The contributions of

8

van der Waals (AE,,) were favorable in all systems
for the establishment of eugenol-receptor interactions. The
nonpolar contributions (AGy;) and the energy of electro-
static interactions were also favorable for the systems for-
mation. The total polar contribution (AE,, .,), resulting
from the sum of the van der Waals (AE,,,) and non-
polar contributions (AGyp), was also very favorable for
the complexes, while the total polar energy (AE_, ) was
shown to be unfavorable.

polar

4. CONCLUSION

According to the results, the S. aromaticum essential
oil obtained by CO,-SC method, presented considerable
cellular viability at concentrations below 10 uL/mL, in
human gingival fibroblasts, all the six essential oil frac-
tions tested showed antimicrobial activity, the results point
to eugenol as being the main chemically active compo-
nent responsible for the biological effects presented on
the fungus and bacteria. Our results also demonstrate
that eugenol was capable of interacting with catalytic
residues of the proteins of the different microorganisms
under study. During the simulation of molecular dynam-
ics, eugenol remained interacting with the proteins and
presented values of binding free energy capable of inhibit-
ing the enzymatic activity. In complex with the enzyme
N-myristoyltransferase (C. Albicans), AGy;,, was equal to
—19.01 kcal/mol, with Enoyl reductase (E. Coli) AG;4
was equal to —11.31 kcal/mol and with SarA (S. aureus),
AGy;,q was —13.58 kcal/mol.
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and a molecular docking and dynamics molecular study of its major chemical
constituent
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Abstract

The essential oil of Siparuna guianensis was obtained by hydrodistillation. The 32
identification of the chemical compounds was performed by gas chromatography coupled with
33 mass spectrometry (GC/MS). Antimicrobial activity was performed on four
microorganisms: 34 Streptococcus mutans (ATCC 3440), Enterococcus faecalis (ATCC 4083),
Escherichia coli (ATCC 25922) 35 and Candida albicans (ATCC-10231). The studies of
doping and molecular dynamics were performed 36 with the molecule that presented the highest
concentration of drug-target proteins, 11'YL (C. albicans), 37 1C14 (E. coli), 2WES5 (E. faecalis)
and 4TQX (S. mutans). The main compounds identified were: 38 Elemene (7.58%), Curzerene
(7.62%), Germacrene D (8.17%), B-Elemenone (12.76%) and Atractylone 39 (18.96%). Gram
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positive bacteria and fungi were the most susceptible to the effects of the essential 40 oil. The
results obtained in the simulation showed that the major compound atractylone interacts 41 with
the catalytic sites of the target proteins, forming energetically favourable systems and 42
remaining stable during the period of molecular dynamics

Keywords: Amazon; Natural products, Capitit; Biomolecules; Volatile compounds.

1. Introduction

Fungi and bacteria can cause various pathologies in humans. Leprosy [1], tuberculosis
[2], bacterial dysentery [3], gonorrhea [4], urinary tract infection, endocarditis [5, 6],
onychomycosis [7], mucormycosis [8] and candidiasis [9] are examples of diseases that these
microorganisms can cause. In some cases, the symbiosis between bacteria and fungi increases
the virulence of bacteria, because fungi such as C. albicans elevates the production of
exopolysaccharides, which can become an ideal shelter for S. mutans, thus making it difficult
to control this microorganism [10]. Another important factor is the resistance that
microorganisms are developing to traditional antibiotics, since this poses a threat to public
health and is associated with high rates of morbidity and mortality [11]. In this sense, natural
products, more specifically essential oils, can become a viable alternative for the control of

fungi and bacteria [12, 13].

The plants that produce essential oils (EOs) have been an object of study for years, since
their EOs present varied biological activities [14], such as cytotoxic, antimicrobial, antioxidant
[15], anti-inflammatory, anti-proliferative [16, 17], antibacterial, antifungal [18-23], antiviral
[24, 25], anticonvulsant [26, 27], analgesic [28], and neuroprotective properties [29]. As a
result, they are increasingly attracting the attention of many industry segments [30]. Essential
oils consist of a complex mixture of volatile organic substances, often involving 50, 100 or even
more isolated components, and that contain chemical groups such as hydrocarbons, alcohols,

aldehydes, ketones, acids and esters [31].
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Siparuna guianensis was the first Siparuna species described and illustrated by Aublet
[32]. This plant is present from Nicaragua to Paraguay, and in Brazil, this species is known by
several names, such as negramina, folha-santa, marinheiro, capitit, mata-cachorro, catingoso,
limdo-bravo, cicatrizante-das-guianas, catingueira-de-paca and fedegoso. In many countries
of America, leaves of S. guianensis are widely used as a drink to combat stomach pains [33]
and this activity may be related to the compounds present in its essential oil [34, 35]. In this
context, the objective of this work was to evaluate the chemical composition, antimicrobial
activity and simulate the mechanisms of interaction of the major chemical constituent present

in the essential oil of Siparuna guianensis, using doping techniques and molecular dynamics.

2. Methods

2.1 Preparation and characterization of the Siparuna guianensis sample

The Siparuna guianensis sample was obtained in the Museu Paraense Emilio Goeld
(Eastern Amazon), on 09/09/2016. The geographical coordinates of the collection site were
S01°27'04.3" and W048°26'38.3", with a relative humidity of 64.9% and temperature of 26.5
°C. with incorporation of an exsicata in the Herbarium of Emilio Goeldi Museum, in the city of
Belém, Pard, Brazil, under the registration number MG-150698. Before the extraction process,
the sample was dried and ground and then the moisture content was determined by infrared

moisture analyser. The images of the leaves of S. guianensis can be observed in Figure 1.

2.2 Extraction procedure: Hydrodistillation

After the drying process, the leaves of S. guianensis were submitted to hydrodistillation
using a Clevenger-type extractor. For the extraction process, 40 g of the sample was used, for

10800 s at 100 °C. After this procedure, anhydrous sodium sulphate (Na>SO4) was added and
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the essential oil was centrifuged to be moisture-free. The essential oil yield was calculated in

dry basis (db).

2.3 Analysis of volatile compounds

The chemical composition of the essential oils of S. guianensis was obtained by gas
chromatography coupled to a mass spectrometer (GC/MS), according to the literature [36, 37],
using a QP 2010 Shimadzu system equipped with an AOC-20i auto injector, RTX-5MS silica
capillary column (30 mx 0.25 mm, film thickness 0.25 um), at temperatures ranging from 60
°C to 250 °C with a gradient of 3 °C/min and the injector temperature of 250 ° C; helium was
used as carrier gas at a flow rate of 1.2 mL/min (measured at 100 ° C), splitless injection
(solution of 2 mL of oil in 1000 mL of hexane), electron impact of 70 eV and source temperature
of ions of 200 °C. The compounds were identified in relation to their retention indexes, which
are determined by the retention time of the compounds in a homologous series of hydrocarbons
(C8-C20), comparing their mass spectra with those described in the literature [38] and in the

NIST database [39].

2.4 Analysis of in vitro antimicrobial activity

In the microbiological assays, standard strains of Streptococcus mutans (ATCC 3440),
Enterococcus faecalis (ATCC 4083), Escherichia coli (ATCC 25922) and Candida albicans
(ATCC 10231) were used. All of them were purchased from the Osvaldo Cruz Foundation
(FIOCRUZ), belonging to the base of standards of the Laboratory of Microbiological Quality

Control of Medicines of the University Center of Para-CESUPA.

The inoculum of each microorganism was obtained from a microbial suspension of

fresh culture (maximum 24 h) in saline solution 0.85% (m/V), by comparing the inoculum
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turbidity with the MacFarland scale, equivalent to a concentration of 1.5x108 UFC/mL (NCCLI

M7-A7, 2006) in a turbidimeter (Grant bio, Model: DEN-1).

The culture medium used for the disk diffusion test was soybean casein agar (SCA)
and brain Heart Infusion (BHI) broth containing 0.2% polysorbate 80 (m/V). 5% (v/v) of sheep
blood was added for the analysis of strains of Streptococcus mutans (ATCC 3440) and

Enterococcus faecalis (ATCC 4083).

2.5 Evaluation of the sample sensitivity by the disk diffusion method

10 mL of Soybean Casein Agar (15x100 mm) was poured into a Petri dish. The
microorganism (106 CFU/mL) was then inoculated with the aid of a sterile swab and paper
discs (6 and 8 m) impregnated with 10 uL of oil. Positive and negative control were added onto
the medium. The plates were incubated at 30 + 5 °C/24 h in an aerobic environment [21, 40,
41]. The analysis was performed in triplicate. After the incubation period, the plates were

revealed with triphenyltetrazolic chloride at 7 mg/mL in bacteriological agar at 1% (w/v).

The halos were measured using a pachymeter (mm) and evaluated by a descriptive

analysis, compared to mean values, standard deviation and coefficient of variation;

2.6 Determination of minimum inhibitory concentration (MIC)

The MIC was performed with the essential oil and was adapted from the micro dilution
proposed by [40]. The test was performed on an Elisa® plate, where a 100 uL. sample aliquot
was diluted (1:2 v/v) in BHI broth containing 106 CFU/mL until 10 consecutive dilutions, and
then positive and negatives controls were added. Plates were incubated at 30 + 5 °C/48h. The

test was performed in triplicate.
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After incubation, plates were revealed with 1% (m/v) bacteriological broth containing
7 mg/mL triphenyltetrazolic chloride solution and incubated for further 30 min at 30 £ 5 °C for
bacteria, and at 25 £ 5 °C for C. albicans. The maintenance of the red colour in the medium

was interpreted as microbial growth.

3. Molecular docking and dynamics molecular simulations

3.1 Molecular Docking

The chemical structure of atractylon, after being designed with GaussView 5.5
software, was optimized with B3LYP/6-31G* [42, 43], using Gaussian 16 [44]. To study the
interaction mode of this molecule with target-proteins for drug action, the software Molegro
Virtual Docker 6 was used [45]. The MolDock SE algorithm and MolDock score (GRID)
function were used in all molecular docking simulations. The crystal structures of the proteins
used as targets can be found in the Protein Data Bank (www.rcsb.org), from their ID: 11YL (C.

albicans) [46], 1C14 (E. coli) [47], 2WES5 (E. faecalis) [48], and 4TQX (S. mutans) [49].

3.2 Molecular Dynamics (MD) Simulation

The ligand parameters were constructed with the aid of the Antechamber module,
using the General Amber Force Field (GAFF) [50]. The calculations to determine the atomic
charges of the ligand were performed according to the Restrained Electrostatic Potential (RESP)
protocol using basis set Hartree-Fock level might with the functional 6-31G* [51, 52]. To
measure the protonation status of the amino acid residues of the receptors, the results obtained

from the PROPKA program were used [53, 54].

In the molecular dynamics simulations, the force field ff14SB [55] and the explicit
water molecules described by the TIP3P model [56] were used. All systems were solvated in

an octahedron periodic box, where a cutting radius of 12A was applied in all directions from
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the solute. Finally, in each system, an adequate number of counter-ions were added to neutralize

the charge.

The MD simulations were performed with the Amber 16 package [57, 58]. Sander.
MPI was used for the energy minimization steps, and pmemd. CUDA, for the heating,

equilibrium and MD simulations.

The energy minimization of the systems occurred in three stages. In the first step, 1500
cycles were performed using steepest descent method and conjugate gradient algorithm,
applying a harmonic force constant of 100 kcal/mol.A 2 on the solute. In the second step, the
harmonic force constant applied on the solute was 50 kcal/mol.A2 and further 500 cycles were
performed using the steepest descent method and conjugate gradient algorithm. In the last step,

the restrictions were removed and 500 cycles were performed using the same protocol.

To raise the systems temperature from 0 to 300k, 800 ps of simulations were
performed. The heating was carried out in three stages. In the first stage, the solute was
restricted with a harmonic force constant of 50 kcal/mol.A2. Thus, only the solvent and the

counter-ions get free to move. In the next two steps, the harmonic force constant was removed.

To balance the complexes, 2 ns of simulations with constant temperature and with no
restrictions were performed. Then, for each complex, 100 ns of MD simulation were obtained

with NVT ensemble.

The Particle Mesh Ewald method [59] was used for the calculation of electrostatic
interactions, and the bonds involving hydrogen atoms were restricted with the SHAKE
algorithm [60]. The temperature control was performed with the Langevin thermostat [61]

within collision frequency of 2 ps .
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3.3  Free Energy Calculations

The binding free energy was calculated using the Molecular Mechanics-Generalized
Born Surface Area (MM-GBSA) approach [62, 63]. For the affinity energy calculation, 500

snapshots of the last 5 ns of the MD simulations trajectories were used.

The free energy was calculated according to the following equations:

AGbind =AH —TAS= AEMM + AGsolv —TAS (1)

Where AGing is the free energy of the complex, which is the result of the sum of the
molecular mechanics energy (AEwmm), the desolvation free energy (AGsowv), and the entropy
(=TAS).

AEyym = AEinternat + AEcietrotatic ¥ AEvaw (2)

The energy of molecular gas phase mechanics (AEmm) can be described by the sum of
the internal energy contributions (AEintemal), the sum of the connection, angle and dihedral

energies, electrostatic contributions (AEkeletrostatic) and van der Waals terms (AEvaw).

AGgop, = AGgp + AGnonpol (3)

Desolvation free energy (AGsolv) is the sum of the polar (AGes) and non-polar
(AGnonpot) contributions. The polar desolvation term was calculated using the implicit

generalized born (GB) approaches.

4. Results and discussion

4.1 Botanical information of the sample

Capitiu (Siparuna guianensis) belongs to the Siparunaceae Family. It is a shrub about

three meters high, the immature fruits were greenish and the ripe ones were greenish and
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purplish, with short pedunculated axillary racemes, and opposite, elliptic, and lanceolate leaves.

This plant releases a characteristic odour of fish.

4.2  Yield and chemical composition

The moisture content of the S. guianensis sample was 13.58 % and the volume of
essential oil obtained in the hydrodistillation was 0.5 ml, with a yield of (1.42) % (db).
Regarding the chemical profile of the essential oil of S. guianensis, 51 compounds were
identified, the most important being trans-p-elemenone (11.78%) and atractylone (18.65) %,
followed by 6-elemene (5.38) %, B-elemene (3.13) %, - yerangene (4.14) %, y-Elemene (7.04)
%, germacrene D (7.61) %, curzerene (7.1) %, and germacrone (5.26) % (See Table 1). In
Figure 2, the ion chromatogram relative to the chemical composition can be observed. Ciccio
and Gomez [64] analyzed the essential oil of Siparuna thecaphora obtained by hydrodistillation
and the compounds obtained in the highest concentrations were germacrene D (32.7) %, a-
pinene (16.3) %, B - pinene (13.8) % e B - caryophyllene (4.1) %. In a similar study with
Siparuna guianensis [65], they found myrcene (28.74) % [66], B-myrcene (13.14) %, the

sesquiterpenes germacrene-D (8.68) % and bicyclogermacrene (16.71) %.

In a study related to the chemical composition of S. guianensis essential oil from
southeastern Brazil, they obtained high concentrations of capric acid (46.6) % and 2-undecane
(31.7) % [67]. These compounds were not identified in other studies such as [68], who analysed
the chemical composition of S. guianensis essential oil, collected in various cities of Northern
Brazil and identified epi-a-bisabolol (25.1) % and spathulenol (15.7) % in Moju (PA);
spathulenol (22) %, selin-11-en-4a-ol (19.4) %, B-eudesmol (10) % and elemol (10) % in leaves
collected in Rio Branco (AC); and germacrone (23.2) %, germacrene D (10.9) %,
bicyclogermacrene (8.6) %, germacrene B (8) % and atractylon (31.4) % in Belém (PA). The

results found in other studies [69—71] show that the chemical composition of the essential oil
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of S. guianensis varies according to the seasonality and site of collection. Figure 3 shows the

2D structural formulas of the major chemicals identified in the essential oil of S. guianensis.

4.3  Antimicrobial activity

The antimicrobial activity analysed by the diffusion method can be observed in Table
2. The microorganisms presented mean inhibition halos of (11 + 0.12) mm, (12 £ 0.57) mm,
(11 £0.31) mm, and (12.5 + 0.98) mm for Gram-positive Streptococcus mutans (ATCC 3440),
Gram-positive Enterococcus faecalis (ATCC-4083), Gram-negative Escherichia coli (ATCC
25922), and Candida albicans (ATCC-10231), respectively. Streptococcus mutans (ATCC-
3440) and Candida albicans (ATCC- 10231) were the most sensitive to the effects of essential
oils, with a minimum inhibitory concentration of 125 pL/mL, whereas the bacterium
Enterococcus faecalis (ATCC-4083) [35] demonstrated that the essential oil of S. guianensis

exerts an inhibitory effect on fungi, and on Gram-negative and Gram-positive bacteria.

In general, Gram-positive bacteria were the most sensitive to the effects of essential
oil (EO), and this may be related to the fact that Gram-positive bacteria are more susceptible to
the effects of volatile components compared to the Gram-negative ones [72]. In the case of
fungi, EOs can be a viable alternative in the fight against the infection caused by Candida [23,
73]. These biological effects can be related to the presence of chemically active compounds
such as y-elemene, curzerene, germacrene D, B-elemenone and atractylon, as there are reports

in the literature that corroborate this thesis [74-76].

5. Interaction Mechanism

5.1 Molecular Binding Mode

From our molecular docking results, it can be suggested that the ligand interacts

favourably with the target proteins. In Table 3, the results of the MolDock score for each
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complex formed are present. The interactions between atractylon and the catalytic site of the

enzymes were analysed. The interactions that were formed can be visualized in Figure 4.

In Figure 4-A, it is possible to observe that the ligand performed several hydrophobic
interactions with different residues of the catalytic site of N-myristoyltransferase (C. albicans).
With the Tyr225 residue, two interactions were established, one of the pi-pi types and the other
of the pi-alkyl type. Residues Phe339 and Tyr354 had pi-alkyl-type interactions with the ligand,
whereas Leu394 established alkyl interactions. Phel17 was also able to form two interactions,

both of the pi-alkyl type.

With Enoyl reductase residues (E. coli), atractylon established six hydrophobic
interactions (Figure 4-B). Four of these interactions were of the alkyl type with the following
residues: Met206, Met159, Lys163 and Alal96. In addition, two additional pi-alkyl-type

interactions with Tyr156 were formed.

The interaction of the ligand with the binding pocket of the enzyme Carbamate kinase
(E. faecalis) can be seen in Figure 4-C. With residues Val231, Cys235 and Met268,
hydrophobic interactions of the alkyl type were formed. With Tyr238, two interactions were
established, one of the pi-alkyl types and one of the pi-pi type. With Ala264, an interaction of

the same type was formed.

All interactions formed with the residues of Sortase A (S. mutans) were of hydrophobic
and alkyl types. These interactions were established with the following residues: 1215,

Val190, 11e191, Val188, Arg213, and Val2013.

5.2 Analysis of Complexes Stability
The complexes obtained by molecular docking were used as a starting point for
molecular dynamics simulations. The root means square deviation (RMSD) graphs were plotted

in relation to the lowest energy structure obtained for the systems, after the execution of the
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protocol of energy minimization, heating and equilibrium. To plot the RMSD of the protein’s
backbone, their Ca atoms were used and to plot the RMSD of the ligands, their heavy atoms

were used. The correspondent graphs can be seen in Figure 5.

For the systems formed with the target proteins of C. albicans, E. coli, E. faecalis and
S. mutans, the mean RMSD obtained for the ligand was 0.65 A, 0.62 A, 0.66 A and 0.64 A,
respectively. Thus, it is possible to infer that during the simulations, the inhibitor remained

stable at the binding site of the different targets during molecular dynamics.

The target proteins showed small conformational changes as can be observed in the
RMSD plots. These changes resulted from the accommodation of the ligands at their respective

binding sites.

The fluctuations observed in the RMSD for the proteins backbone may be the result of
the accommodation of the ligand at the active site. The mean values for the RMSD were
relatively low. These values for the backbone of the target proteins of C. albicans, E. coli, E.

faecalis and S. mutans were 1.63 A, 1.53 A, 1.44 A and 1.65 A, respectively.
5.3 Free Energy Calculations Using MM/GBSA Approach

For each complex, the values of affinity energy (AGmm-cesa), in addition to the values
of the energetic contributions involved in the ligand-receptor interaction were obtained. The
energy contributions obtained were as follows: Van der Waals (AEvaw), polar (AGeg), non-

polar (AGnp) and the electrostatic interactions energies (AEeie) (Table 4).

In all systems, the free energy values demonstrated that atractylon is capable of
inhibiting enzymatic activity. The contributions of Van der Waals were the main responsible
for the interaction of the ligand with the molecular targets. Moreover, the electrostatic and

nonpolar contributions were favourable for the maintenance of the complexes.
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5. Conclusions

The main compounds obtained in the essential oil of Siparuna guianensis were y-
elemene (7.58) %, curzerene (7.62) %, germacrene D (8.17) %, p-elemenone (12.76) % and
atractylon (18.96) %. The bacterium most sensitive to the effect of the essential oil was
Streptococcus mutans followed by the fungus Candida albicans. Both microorganisms had the
same MIC value (125 uL / mL). In our results, it is evidenced that atractylon interacts with all
catalytic sites of the proteins and may be an inhibitor. The energy contributions observed were
the electrostatic interactions energies (AEeie), and of the Van der Waals (AEvaw), polar (AGeg),
and nonpolar (AGne) types. The free energy results demonstrated that the system was between

receptor ligand were favourable for complex formation.

6. Abbreviations

EOs - Essential Oils

Na>SO4 - Anhydrous Sodium Sulphate

db - Dry Basis

GC/MS - Gas Chromatography Coupled to a Mass Spectrometer
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BHI - Heart Infusion

MIC - Minimum Inhibitory Concentration

C. albicans - Candida albicans

E. coli - Escherichia coli
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S. mutans - Streptococcus mutans

MD - Molecular Dynamics

GAFF - General Amber Force Field

RESP - Restrained Electrostatic Potential

MM-GBSA - Molecular Mechanics-Generalized Born Surface Area

AEmm - Molecular Mechanics Energy
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AEvaw - Van Der Waals Terms

AGsoiv - Desolvation Free Energy

AGgs - Polar Contributions
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GB - Generalized Born

RMSD - Root Means Square Deviation
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FIGURE CAPTION
Figure 1 Leaves of S. guianensis before collection
Figure 2 - lon chromatogram relative to the chemical composition S. guianensis essential oil.

Figure 3 - 2D Chemical structures of the main constituents identified by GC/MS in S. guianensis
essential oil.

Figure 4 - Molecular interactions between ligand-receptor. (a) Molecular binding of atractylon
with the protein N-myristoyltransferase of the microorganism C. Albicans, (b) Molecular
binding of atractylon with the protein Enoyl reductase of the microorganism E. Coli, ()
Molecular binding of atractylon with the protein Carbamate kinase of the microorganism E.
faecalis, and (d) Molecular binding of atractylon with the protein Sortase A of the

microorganism S. mutans.

Figure 5 - RMSD of systems for 100 ns of MD simulations. The black colour was used to colour

the backbone of all proteins, whereas various colours were used for the ligand RMSD. (a)
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RMSD plot of the atractylon/N-myristoyltransferase system (C. albicans), (b) RMSD plot of
the atractylon/Enoyl reductase system (E. coli), (c) RMSD plot of the atractylon/Carbamate

kinase system (E. faecalis), and (d) RMSD plot of the atractylon/Sortase A system (S. mutans).
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616  Table 1 - Chemical compounds identified in the essential oil of S. guianensis and their relative
617  concentrations (%).

RI Compound Concentration (%o)
933  a-Pinene 0.33
978 B-Pinene 0.04
989  Myrcene 0.22
1008 o-Phellandrene 0.15
1030 Sylvestrene 0.51
1044 (E)-B-Ocimene 0.07
1127 allo-Ocimene 0.03
1292 Undecan-2-one 0.38
1331 &-Elemene 5.38
1345 a-Cubebene 0.48
1367 a-Ylangene 0.12
1373 a-Copaene 1.1
1381 [B-Bourbonene 0.52
1388 p-Elemene 3.13
1392 «o-Funebrene 0.03
1404 o-Gurjunene 0.06
1408 (E)-Caryophyllene 0.03
1417 B-Ylangene 4.14

1430 y-Elemene 7.04



618

619
620
621

1434
1437
1439
1449
1453
1457
1459
1466
1471
1475
1482
1488
1490
1496
1498
1501
1506
1511
1516
1521
1530
1534
1539
1556
1582
1592
1602
1633
1643
1661
1694
1739

a-Guaiene 0.23
Aromadendrene 0.19
Guaia-6,9-diene 0.12
cis-Muurola-3,5-diene 1.4

a-Humulene 0.86
Alloaromadendrene 0.29
cis-Cadina-1(6),4-diene 0.35
9-epi-(E)-Caryophyllene 0.09
y-Gurjunene 0.49
v-Muurolene 0.7

Germacrene D 7.61
B-Selinene 1.61
trans-Muurola-4(14),5-diene 0.63
Curzerene 7.1

a-Muurolene 1.2

e-Amorphene 0.48
Germacrene A 0.02
y-Cadinene 0.39
d-Cadinene 1.86
Zonarene 0.48
trans-Cadina-1,4-diene 0.45
Selina-4(15),7(11)-diene 1.04
Selina-3,7(11)-diene 0.25
Germacrene B 1.88
Allo-hedycaryol 0.51
cis-B-Elemenone 1.43
trans-p-Elemenone 11.78
Cubenol<1-epi-> 0.97
Cubenol 1.15
Atractylone 18.65
Germacrone 5.26
Mint sulfide 0.05
Monoterpene hydrocarbons 1.35
sesquiterpene hydrocarbons 44.65
Oxygenated sesquiterpenes 46.85
Others 0.43
Total 93.28

*RI - Retention Index in Rtx-5MS.
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Table 2 - Antimicrobial activity of the isolated essential oil from leaves of Siparuna guianensis

Sample/ Dilution (nL/mL) A B C d

1 500 - - MIC

2 250 - MIC + -

3 125 MIC + + MIC

4 62,5 + + + +

5 30,625 + + + +

6 15,3 + + + +

7 7,6 + + + +

8 3.8 + + + +

9 1,9 + + + +

10 0,95 + + + +
Mean halo (mm), 10 pL, N=3 11£0,12 12+0,57 11+0,31 12,540,98
Control 22,5+0,32 28,10+0,13  15,25+0,58 19,42 +1,22

* (a) Streptococcus mutans (ATCC 3440), (b) Enterococcus faecalis (ATCC 4083); (c) Escherichia coli (ATCC 25922); (d) Candida albicans
(ATCC- 10231). mm = millimeter

Table 3 - Docking score results

Targets M:cl(?r?k
C. albicans -71.43
E. coli -87.24
E. faecalis -80.46
S. mutans -65.18

Table 4 Energy components and values of binding affinities. All values are in kcal/mol.

Targets AEvdw AEele AGaB AGNP AGMM-GBSA
C. albicans -22.28 -5.51 13.74 -13.11 -25.16
E. coli -25.54 -6.88 15.96 -9.87 -26.33
E. faecalis -19.56 -5.02 8.96 -8.22 -23.84
S. mutans -24.35 -3.74 9.75 -9.13 -27.47
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