IntechOpen

Essential Oils

Bioactive Compounds,
New Perspectives and Applications

Edited by Mozaniel Santana de Oliveira,
Wanessa Almeida da Costa
and Sebastido Gomes Silva

)






Essential Oils - Bioactive
Compounds, New
Perspectives and
Applications

Edited by Mozaniel Santana de Oliveira,
Wanessa Almeida da Costa
and Sebastido Gomes Silva

Published in London, United Kingdom




C
o
Q.
@)
L
&)
o
)
£

e ._.{Jv e
gﬁ«u&

S







Essential Oils - Bioactive Compounds, New Perspectives and Applications
http: /dx.doi.org/10.5772/intechopen. 87266
Edited by Mozaniel Santana de Oliveira, Wanessa Almeida da Costa and Sebastido Gomes Silva

Contributors

Amira El1-Anssary, Nada Khazal Kadhim Hindi, Oliviu Vostinaru, Simona Codruta Heghes, Lorena Filip,
Ahmed A. Almarie, Hamdy Shaaban, Jorddy Neves Cruz, Adriane Gomes Da Silva, Wanessa Almeida Da
Costa, Sebastido Gomes Silva, Willison Eduardo Oliveira Campos, Ely Simone Cajueiro Gurgel, Eloisa
Helena De Aguiar Andrade, Marcos Ene Chaves Oliveira, Daniel Santiago Pereira, Antonio Pedro Da Silva
Souza Filho, Mozaniel Santana de Oliveira, Mohamed E1 Hattab, Yannick Stephane Fongang Fotsing, Jean
Jules Bankeu Kezetas, Fernando Almeida De Souza, Isadora De F4tima Braga Magalhdes, Carla Junqueira
Moraga Tellis, Katia Da Silva Calabrese, Ana Lucia Abreu-Silva, José Weverton Almeida Bezerra,
Felicidade Caroline Rodrigues, Ma Aparecida Barbosa Ferreira Gongalo, Marcos Aurélio Figuereido
Dos Santos, Gledson Ferreira Macedo, Janete De Souza Bezerra, Priscilla Augusta De Sousa Fernandes,
Emanoel Messias Pereira Fernando, Carlos Henrique Silva De Oliveira, Viviane BezerraDa Silva, Isabella
Hevily Silva Torquato, Niwiarakelly Da Silva Monte, Luciano Temoteo Dos Santos, Henrique Douglas Melo
Coutinho, Lubna Abdul Muttalib Al-Shalah, Israa Harjan Mohsen

© The Editor(s) and the Author(s) 2020

The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright,
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED.
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

@) |

Individual chapters of this publication are distributed under the terms of the Creative Commons
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of
the individual chapters, provided the original author(s) and source publication are appropriately
acknowledged. If so indicated, certain images may not be included under the Creative Commons
license. In such cases users will need to obtain permission from the license holder to reproduce
the material. More details and guidelines concerning content reuse and adaptation can be found at
http: /www.intechopen.com/copyright-policy. html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of
information contained in the published chapters. The publisher assumes no responsibility for any
damage or injury to persons or property arising out of the use of any materials, instructions, methods
or ideas contained in the book.

First published in London, United Kingdom, 2020 by IntechOpen

IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales,
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Essential Oils - Bioactive Compounds, New Perspectives and Applications

Edited by Mozaniel Santana de Oliveira, Wanessa Almeida da Costa and Sebastido Gomes Silva
p.cm.

Print ISBN 978-1-83962-697-5

Online ISBN 978-1-83962-698-2

eBook (PDF) ISBN 978-1-83962-699-9



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

5®®®+ 125,000+ 140M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Dr. Mozaniel Santana de Oliveira has a Master’s degree in Food
Science and Technology and PhD also in Food Science and
Technology from the Federal University of Pard, Brazil. He has
more than 100 scientific contributions among articles in interna-
tional journals, books, book chapters, and conference abstracts.
He has experience in the following scientific areas: engineering,
food science and technology, pharmacology and drug discov-

ery, medicinal chemistry, ethnopharmacology and ethnobotany, phytochemistry,
extraction methods of bioactive compounds, analytical chemistry, biotechnology of
natural products, and allelopathy. Dr Oliveira is currently a researcher in the Insti-
tutional Training Program at the Museu Paraense Emilio Goeld, Para, Brazil.

Dr. Wanessa Almeida da Costa has a PhD in Natural Resources
Engineering from the Federal University of Pard (UFPA), Brazil.
She also holds a MEng in Chemical Engineering also from the
Federal University of Pard, Brazil. Currently, Dr. Wanessa Costa
is part of the technical and administrative staff at UFPA, work-
ing as a laboratory technician (Chemical Area) at the Faculty of
Chemical Engineering. She has experience in Process Simulation,

Chemistry, and Food Science and Technology, working mainly in the areas of super-
critical extraction; extraction of bioactive compounds of plant origin; applications
in allelopathy, and transesterification processes in supercritical medium.

Dr. Sebastido Gomes Silva holds a Master’s degree in Organic
Chemistry from the Federal University of Para and PhD in Or-
ganic Chemistry, also from the Federal University of Pard, Brazil.
He is currently a Class II professor of the state education network
of the Pard state, Brazil, and External Collaborating Professor of
the Rural Education Course at the Abaetetuba Campus-UFPA.
He works in the Chemistry area, with emphasis on Chemistry of

Natural Products, mainly in the following themes: extraction of essential oils with
supercritical fluids, hydrodistillation, simultaneous distillation and extraction,
analysis by gas chromatography/mass spectrometer, and search for of essential oil
applications in industries.






Contents

Preface

Section 1
Chemical Composition and Biological Activity

Chapter1
Algae Essential Oils: Chemistry, Ecology, and Biological Activities
by Mohamed El Hattab

Chapter2

Essential Oils

by Lubna Abdul Muttalib Al-Shalah, Nada Khazal Kadhim Hindi
and Israa Harjan Mohsen

Chapter 3
Safety Profile of Essential Oils
by Oliviu Vostinaru, Simona Codruta Heghes and Lorena Filip

Chapter 4

Essential Oils’ Potential in Breast Cancer Treatment: An Overview
by Isadora de Fitima Braga Magalhdes, Carla Junqueira Moraga Tellis,
Kdtia da Silva Calabrvese, Ana Lucia Abreu-Silva

and Fernando Almeida-Souza

Chapter 5
Terpenoids as Important Bioactive Constituents of Essential Oils
by Fongang Fotsing Yannick Stephane and Bankeu Kezetas Jean Jules

Section 2
Volatile Compounds and Applications

Chapter 6
Aromatherapy as Complementary Medicine
by Amira Ahmed Kamal El-din El-Anssary

XIII

29

1

55

75

107

109



Chapter?7

Volatile Compounds, Chemical Composition and Biological Activities

of Apis mellifera Bee Propolis

by Jorddy Neves Cruz, Adriane Gomes da Silva, Wanessa Almeida da Costa,

Ely Simone Cajueiro Gurgel, Willison Eduardo Oliveira Campos,
Renan Campos e Silva, Marcos Ene Chaves Oliveira,

Antonio Pedro da Silva Souza Filho, Daniel Santiago Pereira,
Sebastido Gomes Silva, Eloisa Helena de Aguiar Andrade

and Mozaniel Santana de Oliveira

Section 3
Antimicrobial Activity of Essential Oils

Chapter 8

Chemical Composition and Antibacterial Activity of the Essential
Oil of Mesosphaerum suaveolens (Lamiaceae)

by Jos¢ Weverton Almeida Bezerra, Felicidade Caroline Rodrigues,
Ma Aparecida Barbosa Ferveiva Gongalo,

Marcos Aurélio Figuereido dos Santos, Gledson Ferreira Macedo,
Janete de Souza Bezerra, Priscilla Augusta de Sousa Fernandes,
Emanoel Messias Pereira Fernando, Carlos Henrigque Silva de Oliveira,
Viviane Bezerra da Silva, Isabella Hevily Silva Torquato,
Niwiarakelly da Silva Monte, Luciano Temoteo dos Santos

and Henrique Douglas Melo Coutinho

Chapter 9

Essential Oil as Antimicrobial Agents: Efficacy, Stability, and
Safety Issues for Food Application

by Hamdy A. Shaaban

Section 4
Allelochemicals

Chapter 10

Roles of Terpenoids in Essential Oils and Its Potential as Natural
Weed Killers: Recent Developments

by Ahmed Abdulwahid Ali Almarie

XII

123

139

141

153

187

189



Preface

Plants rich in essential oils (EOs) are viable for use in various human activities

and business sectors, particularly the food industry, due to their antioxidant,
antimicrobial, phytotoxic, neuroprotective, and anti-inflammatory properties. EOs
also have low cytotoxicity, which reduces the risks of intoxication. They are natural
volatile fractions extracted from aromatic plants, and are formed in the secondary
metabolism of plants. Several classes of volatile substances can be found in their
chemical composition, such as fatty acid esters, monoterpenes, sesquiterpenes,
phenylpropanoids, alcohols, aldehydes, and in some cases, aliphatic hydrocarbons.
This variation in composition depends on physiology, environmental conditions,
geographic variations, seasonality, collection period, genetic factors, and plant
evolution. As a result, physicochemical properties of EOs can be altered, and oil
concentrations in certain plant parts such as stems, leaves, flowers, and fruits can
increase or decrease. In nature, EOs play a decisive role in the resistance of plants
against phytopathogens and herbivores. EOs are also important in communication,
for the plant can use a chemical agent that travels through the atmosphere and

may activate defensive genes of other plants. In the oil industry, they are widely
studied mainly for their potential applications as agents that promote biological
activities. Similarly, volatile compounds have presented over the years several
pharmacological properties, such as antioxidant, anticancer, antiprotozoal,
antimicrobial, anti-inflammatory, phytotoxic, and neuroprotective activities.

In this sense, this book provides relevant information on applications of essential
oils as well as their volatile compounds, and new perspectives on their most diverse
uses, aiming to contribute in a systematic way to the dissemination of knowledge
in the area of natural products. The book also discusses innovative applications

of EOs such as in aromatherapy, control of invasive species, and treatment of
breast cancer.

The Academic Editor Dr. Mozaniel Santana de Oliveira thanks PCI-MCTIC/MPEG
as well as CNPq for the scholarship process number:302203/2020-6.

Dr. Mozaniel Santana de Oliveira

Museu Emilio Goeldi,

Research Campus Botanical Coordination,
Para, Brazil

Dr. Wanessa Almeida da Costa and Dr. Sebastiio Gomes Silva
Faculty of Chemical Engineering,
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Para, Brazil
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Chapter1

Algae Essential Oils: Chemistry,
Ecology, and Biological Activities

Mohawmed El Hattab

Abstract

This chapter focuses on the essential oils and volatile fractions of seaweed.
It includes an introduction to the essentials and volatile fractions and the main
chemical classes found. This part is completed by a presentation of the funda-
mental aspects of biodiversity and the chemodiversity of the marine environment
followed by the taxonomy and systematics of marine macroalgae. The heart of this
chapter concerns the chemistry of volatile products extracted from marine algae.
It reports the specificities of the marine natural products chemistry in comparison
to that of terrestrial organisms. The description of volatile compounds in seaweed
is divided into two parts, the first reports the common compounds identified in
main volatile fractions and the second cover the specific volatile components.
These include C11 hydrocarbons, sulfur compounds, and halogenated hydro-
carbons. These latter are playing a very important role in communication and
chemical defense. The last part includes aspects of chemical ecology and biological
activities of volatile products.

Keywords: essential oils, marine algae, C11 hydrocarbons, sulfur compounds,
halogenated sesquiterpenes, chemical ecology, biological activities

1. Introduction

The origin of the distillation methods is an invention attributed to the Arab
alchemists and to the Persian scientist Avicenna (980-1037) with the establishment
of the steam distillation process. Avicenna invented a setup to prepare essential
oils and aromatic waters. Essential oils, sometimes called quintessence, are a very
complex mixture of volatile compounds produced by the secondary metabolism in
various plant organs (flowers, fruits, seeds, leaves, etc.) and algae. According to ISO
and AFNOR standards, essential oils are defined as volatile composition obtained
from raw materials by steam distillation and/or by cold expression from citrus peels
(known as essences) [1]. The definition of an essential oil excludes other volatile
fractions obtained by steam distillation and/or hydrodistillation from the crude
extract resulted from solvent extraction, supercritical fluid extraction, solvent-
and water-free microwave extraction, ultrasound-accelerated solvent extraction,
solid-phase microextraction, and headspace extraction. The chemical composition
of essential oils and volatile fraction could be quite similar. Moreover, it should
be pointed out the clear difference between the physical and chemical properties
of essential oils and fixed or fatty oils. The fixed oils contain mainly triglycerides,
esters composed of three saturated fatty acids linked to glycerol, characterized by

3 IntechOpen
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high boiling and low volatility. The chemical composition of essential oils is prin-
cipally composed of terpenes derived from the mevalonate and methylerythritol
pathways [2]. Monoterpenes and sesquiterpenes are commonly the main contribu-
tor group of compounds identified in several essential oils [3]. Moreover, some
essential oils contain other chemical classes, such as phenols (derived from shikimic
acid pathway); the saturated and unsaturated fatty acids, acting as biosynthetic
precursors; alkanes; and, more rarely, nitrogen and sulfur derivatives [4]. The
essential oils play an important role in the allelopathic interaction of plants. They
are involved in defense and signaling processes [5] and attraction of pollinating
insects [6]. They constitute an important raw material source for the pharmaceuti-
cal, food, cosmetics, and perfume industries [7]. The essential oils of different
plants exhibit a broad spectrum of biological activities. They show antibacterial
activities attributed, in some cases, to the presence of phenolic compounds [8]. The
literature reports also the excellent antioxidant [9], anti-inflammatory [10], and
cancer chemoprotective activities [11].

2. Marine biodiversity and chemodiversity

More than 70% of the Earth’s surface are oceans and seas. It is not surprising to
affirm that the marine environment is characterized by an important biodiversity
in comparison to terrestrial organisms. In 2010, 230,000 marine species were
listed [12]. Consequently, with the increase of biological space (biodiversity),
more novel metabolites (high chemodiversity), involved in ecological interac-
tions, are produced in order to ensure easy adaptation of the species [13, 14].
Furthermore, the chemodiversity of the marine ecosystem has no equivalent in
terrestrial environment. The large groups of the sea organisms, such as red algae
and soft corals, are known to produce a great variety of quite unique secondary
metabolites, such as highly halogenated terpenes, definitely due to the high halo-
gen concentration of the sea water, and acetogenins from Laurencia (Rhodophyta)
[15, 16], toxic polyketide from sponges [17], and prostaglandins from the gorgo-
nian corals [18, 19].

3. Systematics and taxonomy of macroalgae

It was the French botanist Joseph Pitton de Tournefort (1656-1708) who
grouped the species into genera and then the Swedish naturalist Carl von Linné
(1707-1778), founder of systematics (or taxonomy), who classified the organisms
into increasingly large groups: species, genera, families, orders, classes, phylum (or
phyla), and kingdoms. Algae, according to Feldmann and Chadefaud [20, 21], are
classified into six branches differentiated by the nature of the pigments, the nature
and situation of carbohydrate reserves, and the presence or absence, number, and
arrangement of flagella:

* Pyrrophycophyta: unicellular marine or freshwater algae
* Euglenophycophyta: unicellular freshwater algae rich in organic matter
* Chrysophycophyta: most are single-celled; freshwater and sea water

* Chlorophycophyta: green algae; single or multi-cell; marine, freshwater, and
terrestrial environments
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* Phaeophycophyta: brown algae; always multicellular and almost exclusively
marine

* Rhodophycophyta: red algae; mainly multicellular and mostly marine
3.1 Phaeophyceae (or Fucophyceae)

There are about 2000 species (in 265 genera) of brown algae [22], and less
than 1% are known from freshwaters (3—7 genera) [23]. The brown color is due to
Fucoxanthin (carotenoid pigment) and in some species to the presence of tannins
(phenolic compounds).

3.2 Chlorophyta

There are estimated to be at least 600 genera with 10,000 species within the
green algae [24] recognized inhabiting mostly in the water’s surface of the calmer
seas. They are characterized by the presence of chloroplasts with two envelope
membranes, stacked thylakoids, and chlorophyll a and b. In their fundamental
biochemistry (photosynthetic pigments, storage polysaccharides, etc.), the
Chlorophyta resemble the higher plants [24].

3.3 Rhodophyta

They are primarily marine in distribution sometimes inhabiting the deep water,
with less than 3% (150 species from 20 genera) of the over 6500-10,000 species
occurring in truly freshwater habitats [25]. The red algae are characterized by
eukaryotic cells, with the complete absence of flagellar structures, food reserves of
starch, presence of phycobilins, chloroplasts without stacked thylakoids, and no
external endoplasmic reticulum.

4. Chemistry of marine algae volatile compounds

The fragrances of terrestrial plants have aroused human interest since antiquity;
they were related to spiritual and civilizational aspects. It is not surprising that the
first research work on odorous volatile products was carried out on aromatic plants.
Phytochemists have quickly associated the odors emanating from trees and shrubs
to terpenes (notably monoterpenes), spices to phenols and derivatives, and fruits
and flowers to aldehydes, esters, and ketones. The smell connected with marine
flora are much less familiar. Unlike the wide number of terrestrial odoriferous
plants, relatively few marine seaweeds possess an attractive odor. Although the nat-
ural products chemistry of terrestrial organisms was known before the nineteenth
century, the one of the marine derived is more recent, and it has only emerged over
the past 75 years. This is due to the complexity to access the marine environment.
The marine natural products had become an important subdiscipline of natural
products chemistry, which has experienced a particular craze which has led to the
isolation and characterization of thousands of secondary metabolites belonging to
original chemical skeletons without equivalent in the terrestrial environment.

Historically, volatile oils of terrestrial plants were used in Chinese [26] and
Egyptian civilizations [27-29] few centuries ago, whereas the first works on the
isolation of volatile products of marine algae were carried out, on the brown alga
Fucus [30] and the red algae P, fastigiata and P, nigrescens [31] when the seaweeds
are exposed to air, at the beginning of the 1930s, followed later by the Katayama
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researches in 1951-1961 [32] and Moore prior to 1966 [33]. The volatile organic
compounds in marine algae, as in plants and fungi, released into the seawater,

are involved in the chemical communications process; these compounds play an
important role as either pheromones or allelochemicals for communication and
interaction with the surrounding environment [34, 35]. The species produce the
volatile organic compounds in closed relation to their physiology; the algae must
adapt to abiotic stresses of their ecosystem [36]. The volatile components of marine
algae contain a mixture of chemical classes such as terpenes, hydrocarbons, fatty
acids, esters, alcohols, aldehydes, ketones [37-41], C11-hydrocarbons [33, 42],
polyphenols and derivatives [43, 44], and halogenated [45] and sulfur compounds
[46, 47]. The distinctive ocean smell is due to the presence of terpenes, but particu-
larly, to a fraction of acyclic and cyclic non-isoprenoid C11-hydrocarbons acting as
pheromones and playing an important role in the chemical communication [48],

it seems to be most abundant in brown algae of the genus Dictyopteris [33]. As

for terrestrial plants, the monoterpenes identified in algae such as linalool, citral,
geraniol, and terpinolene, 1,8-cineole, a-pinene and f-pinene, and eugenol and
isoeugenol could be valued in perfumery. While the disagreeable odor is related

to amines and halogenated, sulfurous, and other specific compounds [49], the
dimethyl sulfide, mainly distributed in Chlorophyta and in some Rhodophyta
[50], has a very unpleasant odor molecule. It results from the enzymatic cleavage
of dimethyl-2-carboxyethylsulfonium hydroxide, from the green algae species

(E. intestinalis and A. centralis) [51].

4.1 Common volatile organic compounds of macroalgae
4.1.1 Hydrocarbons and oxygenated hydrocarbons

The alkanes and alkenes are common compounds in the majority of volatile fraction
and essential oils of marine macroalgae. The chemical composition reveals the pres-
ence of the linear and branched saturated hydrocarbons from C; to C¢ [37, 52-54], the
unsaturated hydrocarbons from Cg to Cyo with the presence of 1 [37, 52-54] to 4 degrees
of unsaturation [55] in the volatile fraction obtained by several extraction techniques.
We also noted the presence of mono- and di-alcohol of C4~Cyg [37, 52-54, 56, 57]. Some
short-chain (Ce, Cy) and middle-chain (Cyo) aliphatic aldehydes are formed in marine
algae from fatty acids (Cy), whereas they are formed from C;g in higher plants
[58-60]. Also, it has been reported that long-chain aldehydes (Cys, Cy7) of the green alga
U. pertusa [61, 62] are formed by decomposition of fatty acids through the correspond-
ing 2-hydroperoxy acid; this later are encountered in a variety of marine algae [63, 64].

In addition to aldehydes, the ketone compounds were commonly reported in
the aroma composition of algae [65]; the presence of f-ionone and 6-methyl-5-
hepten-2-one which are formed via the oxidative cleavage of carotenoids such as
lycopene and phyotene was mentioned [66]. f-ionone, present in several essential
earth oils, is a powerful odorant for the perfume industry. 6-methyl-5-hepten-2-one,
in addition to its pleasant fragrant note, is often used as an intermediary in the
synthesis of several monoterpenes highly valorized in perfumery. In addition,
other simple ketone (Cg==C;5) compounds such as maltol [53], octan-3-one [57],
nonacosan-2-one [67], and undeca-1,4-dien-3-one [42] are identified in the volatile
fractions of algae. Saturated fatty acids from C; to Cyg and their ester derivatives
have also been identified in the chemical composition of volatile algae fractions
[37]. Unsaturated fatty acids and their corresponding esters, in particular Eicosa-
5,8,11,14-methyltetraenoate and Eicosa-5,8,11,14,17-methyl-pentaenoate [42], are
usually found; this is probably related to their implications in biosynthetic processes
of other metabolites.
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4.1.2 Amine compounds

The amine compounds have been described several times in marine algae
[68-70]; the small amine molecules such as methyl amine, dimethylamine, ethyl-
amine, and propylamine were found in algae [71]. The volatile amines in algae result
from decarboxylation of amino acids [71]. Although present in brown and green
algae, the amine compounds were especially found in red algae.

4.1.3 Halogen compounds

The volatile halogen compounds are rare in terrestrial plants, but quite habitual
in marine algae because of the presence of chlorine and bromine ions at a high con-
centration in seawater. The red algae possess the highest abundance of halogenated
organic compounds, which are found as terpenoid, phenols, carbonyl compounds,
and fatty acid-derived metabolites [45]. They were produced in marine algae and
emitted into the atmosphere; the highest amounts of brominated compounds
released were done by L. saccharina [72]. Chemical investigations of marine algae
have shown the presence of 2-bromophenol, 2,4-dibromophenol, and 2,4,6-
tribromophenol in numerous red, green, and brown algae. It has been reported the
biosynthesis of bromophenols in U. lactuca via the bromoperoxidases in the pres-
ence of precursors such as phenol, 4-hydroxybenzoic acid, and 4-hydroxybenzyl
alcohol [73]. The bromoperoxidases are involved in the biosynthesis of brominated
alkanes, such as CHBr3;, CH,Br,, CHCIBr,, and others in several marine organisms,
among them, the red alga Asparagopsis sp. [74]. The biosynthesis of organohalogens
has known enormous interest as reported in several literature review [75-77]. As
indicated for bromocompounds, the iodoperoxidases are responsible of the produc-
tion of iodinated compounds in marine algae [78-80]. The chemical investigation of
29 macroalgae species reveals their release of volatile iodocompounds iodoethane,
1-iodopropane, 2-iodopropane, 1-iodo-2-methylpropane, 1-iodobutane, 2-iodo-
butane, diiodomethane, and chloroiodomethane [81]; it has reported that diiodo-
methane was the main iodinated compound released by brown macroalgae [82].

4.1.4 Terpenoid compounds

Terpenes, or terpenoids, are a large and diverse class of plant secondary metabo-
lites, produced by numerous varieties of plants and algae from isoprene building
blocks; they play a major ecological role, most notably in defense against plant-feeding
insects and herbivores [82]. However, some terpenoids are involved in primary
metabolism, such as stability of cell membranes and photosynthesis. The terpenes
display enormous structural diversity, are the main constituents of essential oils of
terrestrial plants and seaweeds [83], and are characterized by their pleasant strong
odor. The terpenoids are biosynthesized mainly via two pathways, the mevalonate
pathway and the MEP pathway. The chemical screening of volatile fraction and/or
essential oils of algae reveals the presence of high content of monoterpenes and ses-
quiterpenes and rarely diterpenes [42]. The most significant acyclic monoterpenes
found in algae are myrcene (1), ocimene (2), geranial (3), neral (4), citronellol (5),
and geraniol (6) (Figure 1). Moreover, the most odoriferous compounds identified
in algae are included in the acyclic group of monoterpenes [84].

Likewise, the most common monocyclic algae volatile oil is 1,8-cineole (8)

[84], while a-pinene (9) and p-pinene (10) are the most commonly reported of
bicyclic monoterpenes (Figure 2) [84, 85]. Sesquiterpenes from marine macroalgae
constitute a large group, compared to monoterpenes, of secondary metabolites
[86]; some of them are halogenated [87]. Some of the algae sesquiterpenes act as
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Figure 1.
Common acyclic monoterpenes of algae.
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Figure 2.

Most representative monocyclic and bicyclic monoterpenes of algae.

et

3

semiochemicals, chemical defense agents, and/or pheromones. They may be acyclic,
cyclic, or bicyclic, including several original structures. Among all marine macroal-
gae, the genus Laurencia (red algae) is the most potent source of sesquiterpenes.

The most common sesquiterpenes reported in marine algae (10-53) are grouped
in Table 1 and illustrated in Figure 3. The only diterpene and triterpene described
as volatile compounds are, respectively, phytol and squalene. Phytol is a degrada-
tion product of chlorophyll and the precursor of vitamin E. The squalene is via the
epoxy squalene, the biosynthetic precursors of triterpenes and steroids.

4.2 Specific volatile compounds of macroalgae
4.2.1 Odoriferous C11 hydrocarbons from brown algae (Phaeophyta)

The brown algae produce a variety of volatile derivatives whose chemical nature
and biological function are different from those of red algae. They are hydrocarbons
with 11 carbon atoms without halogens which can be classified according to their
chemical structure into four groups [94]: (a) derivatives of cyclopropane, (b)
derivatives of cyclopentene, (c) derivatives of cycloheptadiene, and (d) acyclic
olefins. The only volatile hydrocarbon with eight carbon atoms identified in brown
algae is fucoserratene. These metabolites, which are known in all the species of
Phaeophyceae, are not specific to an order or a family. They have been isolated from
diverse groups of brown algae (e.g., the Zonaria, Desmarestia, Dictyota, Ectocarpus,
Laminaria, and Fucus); it appears to be most abundant in brown algae of the genus
Dictyopteris [95].

They are involved in the reproduction process of the alga; they are sex phero-
mones. To date, it has been revealed that these algal pheromones are involved at
least in three well-defined ecological interactions [96]: (i) synchronization of the
mating of male and female cells by the controlled release of male spermatozoids,
(ii) enhancement of the mating efficiency by attraction, and (iii) chemical defense
of the plant due to the presence of high amounts of pheromones within and release
from the thalli into the environment. Furthermore, the relationship between
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Abbreviation: D. m., Dictyopteris membranacea; D. d., Dictyota dichotoma; B. f., Bangia fuscopurpurea; C. m.,
Cystoseira mediterranea; C. g., Callithamnion granulatum; C. e., Cystoseira elegans; P. d., Polysiphonia denudata;
L. p., Laurencia papillosa; L. c., Laurencia coronopus; C. v., Cladophova vagabunda; D. div., Dictyota divaricata;
Z. m., Zostera marina; P. t., Pyropia tenera; U. p., Ulva pertusa; D. p., Dictyota prolifera; H. p., Halopteris filicina.

Table 1.
Most common sesquiterpenes of macroalgae [88-93].

structures of pheromones and the taxonomic classifications of algae are still not
established. Until now, a series of 12 (54-65) hydrocarbons and epoxides (Figure 4)
have been characterized, and more than 50 stereoisomers are known within the
pheromone bouquets of more than 100 different species of brown algae [48, 96-99].
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Figure 3.
Common sesquiterpenes described in volatile oil of marine algae.

Moreover, the presence of C11 hydrocarbons is not only limited to marine brown
algae. The same compounds have been reported in cultures of diatoms [100], the
volatile fraction released during blooms of microalgae in freshwater lakes [101] and,
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Figure 4.
Pheromones of brown algae.

inquisitively, in higher plants [102, 103]. Table 2 reports the pheromones described
in Figure 4, the algae from which they are derived, as well as their attraction or
release activities. In comparison to the number of brown algae species, the chemo-
diversity of pheromones is relatively limited, so, the semiochemical activity of the
same molecule is noted in more than one species. Female gametes secrete a mixture
of products, not just one pheromone and depending on species; released phero-
mones are either optically pure or enantiomeric mixtures.
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Table 2.
C11 and C8 pheromone activities from marine brown algae.
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However, it has been verified that the biological activity is associated with a
single constituent which may not be the major product. These by-products some-
times play a role of modulator of response of the gametes, and in general, they do
not have a determined biological function [94].

4.2.2 Sulfur compounds in the genus Dictyopteris

The organic sulfur compounds are widespread in terrestrial and marine plants
[104]. Due to the relatively high sulfate concentration in seawater, and the particu-
larly high sulfide concentration in anoxic environments, it was expected that many
sulfides would occur in the marine environment [104]. They are reported in few
taxa and act as chemical defenses against herbivores [105]. As part of this single
group, some Dictyopteris species (Phaeophyceae, Dictyotales) are acknowledged
to produce considerable amounts of sulfur-containing compounds (Figure 5);
many of them were found in D. polypodioides [106]. Among the first seaweeds
discovered to produce organic sulfur compounds were the Hawaiian brown algae
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Figures.
Sulfur compounds of the genus Dictyopteris.
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D. plagiogramma and D. australis [107]. Eight compounds containing a C11 unit
attached to a sulfur atom with oxygen substituent at C-3 have been isolated and
characterized [47]; most of these compounds appear to be biosynthetically related
to C11 hydrocarbon pheromones and may originate from oxidative degradation of
highly unsaturated eicosanoids (arachidonic acid) via oxygenated intermediates.
The 1-undecen-3-ol, present in essential oils from Dictyopteris spp., may represent
the common precursor to both classes of C11 compounds [95, 107]. The C11 sulfur
metabolites seem to be restricted to the Dictyopteris genus.

4.2.3 Halogenated terpenes from red algae (Rhodophyta)

As noted previously, the halogenated compounds are common in the marine
environment. They are formed among diverse species such as bacteria, sponges,
molluscs, algae, and several marine worms. Among all marine algae, the
Rhodophyta class possesses a privileged biosynthetic pathway for organohalogen
compounds. A huge number of organohalogens have been isolated from most
genera of Rhodophyta [108, 109]. The genus Laurencia is the most prolific source
of sesquiterpenes among all marine macroalgae, most notably, the halogenated
sesquiterpenes belonging to a variety of chemical skeletons including chami-
grane, bisabolane, laurane, snyderane, and brasilane along with some rearranged
derivatives [110, 111]. Inquisitively, bromine is the most occurring halogen in
marine natural products, despite that its concentration in seawater is lower
than that of chlorine. To the best of our knowledge, the isolation of halogenated
monoterpenes is limited to three families of marine red algae, the Plocamiaceae
and Rhizophyllidaceae [112, 113], and Ceramiaceae [114]. The chemical structure
of Rhodophyta monoterpenes is characterized by multiple halogen substitutions
(chlorine and bromine) and by uncommon carbon cycle structures in the case of
cyclic compounds. All halogenated acyclic seaweed monoterpenes appear to be
derived from the halogenation of myrcene or ocimene [114]. As indicated in the
rich bibliography dedicated to this purpose [45, 113, 115-117], the almost major-
ity of halogenated terpenoids (monoterpenes, sesquiterpenes, and diterpenes)
described in red algae are isolated from crude solvent extracts. Monoterpenes, even
halogenated, are characterized by high volatility; they are the main constituents of
essential oils and volatile fractions. The selective supercritical fluid extraction, by
adjusting time and pressure, of Santa Cruz P. cartilagineum [118] has allowed the
isolation of eight halogenated monoterpenes (81-87) (Figure 6).

The same species collected along the central coast of Chile [119] conduct
to the isolation of eight monoterpenes (88-95), four of which are based on the
1-(2-chlororovinyl)-2,4,5-trichloro-1,5-dimethylcyclohexane skeleton (Figure 7).
As in the genus Plocamium, the chemical study of the genera Portieria [120],
Ochtodes [121], and Microcladia [114, 122] has led to the isolation of over 100 of
acyclic, cyclic, and tetrahydrofuran halogenated monoterpenes. A large number of
halogenated sesquiterpenes, more than monoterpenes, were described in red algae
especially in the genus Laurencia (Ceramiales). Although the sesquiterpenes are
also volatile compounds, we describe in this paragraph only the ones reported in the
chemical composition of essential oils and volatile fraction of red algae.

The first brominated sesquiterpene (Figure 8) ketone spirolaurenone (96),
chamigrane skeleton, was described in the essential oil of L. glandulifera (Japan) in
1970 [123], followed by the 10-Bromo-7-chamigren-2-one (97) in the same species
[124]. The preintricatol (98), found in L. gracilis [125], seem to be the precursor of
halogenated sesquiterpenes of chamigrene type. The Puertitols A (99) and B (100)
were isolated from L. obtusa [126] as well as the metabolites (101) and (102) from
L. caespitosa [127]. An important halosesquiterpene characteristic of the family

13
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Monoterpenes isolated from Plocamium cartilagineum (Chile).

Rhodomelaceae is elatol (103); it is isolated from L. elata [128] and from several
other species of Laurencia [129]. An exhaustive literature review has described the
chemical structure data and biological activities of the halogenated sesquiterpenes
of red algae [130, 131].

4.2.4 Ecology

The volatile compounds play an important role in the inter- and intraspecies
chemical communication in marine algae. They act as pheromones [97] or allelo-
chemicals, chemical defenses against herbivores [132, 133], and inhibition of bacte-
rial and fungal biofilms [134]. The genus Dictyopteris produce a high amount of C11
hydrocarbons, some of which act as pheromones that stimulate gamete release or
attract sperm during sexual reproduction [96]. The first male-attracting metabo-
lite was elucidated as ectocarpene (54) [135] which shows a moderate activity at
10 mM. A subsequent study revealed that the real pheromone used by the female
gamete was pre-ectocarpene (62) which is active at 5 pM. In fact, the alga produces
pre-ectocarpene which undergoes a thermal rearrangement (Cope rearrangement)
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Figure 8.
Halogenated sesquiterpenes from red the genus Laurencia.

to lead to ectocarpene [136]. The Cope rearrangement occurs between the time

of the releasing and attraction of the pheromone; the sigmatropic transformation
serves as a natural control mechanism for deactivation of the pheromone [136]. The
genus Dictyopteris produces significant amounts of C11-sulfur compounds which
are involved in chemical defense [137].

In green algae, the volatile compounds, such as (Z)-8- heptadecane, act also as allo-
chemicals [61]. In the genus Caulerpa, the caulerpenyne is the most abundant cyto-
toxic sesquiterpene produced by C. taxifolia and C. racemosa [138, 139]. It is involved
either in the chemical defense of the plant against herbivore or within the framework
of interspecific competition as antifeedant and/or antifouling activities [140]. In red
algae, the halogenated organic compounds are produced, probably, to be involved
in the defense system against microorganism infection [141], herbivore attack [141],
space competitors [142], and harmful fouling by different types of epiphytes [142].

4.2.5 Biological activities

There are several reports of secondary metabolites, among them are numer-
ous volatile compounds, derived from macroalgae which exhibit a broad range of
biological activities such as antibiotics [40, 143].

The essential oil of D. membranacea has shown a strong antibacterial activity
against Staphylococcus aureus and Agrobacterium tumefaciens, which is translated by
an MIC of 1519 pg/mL [106]. The volatile oil of P. pavonica possesses a moderate
antimicrobial activity against Staphylococcus aureus and Candida albicans [144];
antifungal against Macrophomina phaseolina, Rhizoctonia solani, and Fusarium solani
[145]; cytotoxicity against KB cells [146]; and antitumor activity against lung and
human carcinoma cell lines [147]. On the other hand, the volatile of H. clathratus
showed a pronounced antimicrobial activity against S. cerevisiae compared with
Canesten as reference material [148].
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The cytotoxicity is the most common activity observed for halogenated organic
compounds isolated from the family Rhodomelaceae. A large number of these
compounds were shown to be cytotoxic to a wide range of cancer cell lines [115].

Among many of the halogenated sesquiterpenes evaluated for their in vitro cyto-
toxic effects against HeLa and HEP-2 cancer cell lines, and against nontumoral VERO
cells, during both lag- and log-phase cell growth [149], elatol (103) turned out the
most active compound with IC50 values of 4.1 and 1.3 pM to HeLa, 2.4 and 2.0 pM to
HEP-2, and 2.3 and 25.0 pM to VERO cells, in lag- and log-phase, respectively [150].
Further studies were carried on the evaluation of the cytotoxicity against several
tumor cell lines of chamigrane [150] and Laurane- and Cuparane-type sesquiterpenes
and were found to display a wide range of potency levels [151, 152]. Other activities of
halosesquiterpenes such as antibacterial activity [153], antifungal activity [154], and
antiviral activity [155] were investigated and conducted to promising results.

5. Conclusion

Essential oils from terrestrial plants have been known for a very long time. They
have been applied in different domain, particularly in aromatherapy. Essential oils
from seaweed are much more recent. The fragrant note of marine origin is becoming
more and more interesting among perfumers, the species of the genus Dictyopteris
and Dictyota could be considered as the best example. This importance is related to the
great biodiversity and chemodiversity of the marine environment compared to the ter-
restrial environment. The chemical composition of essential oils and volatile fractions
of macroalgae contains compounds usually found in terrestrial essential oils. These
include hydrocarbons, oxygenated hydrocarbons, terpenes, and fatty acids. However,
they contain specific products such as halogenated products, C11 hydrocarbons, sulfur
compounds, and halogenated terpenes. The specific compounds play a very important
role on the chemical ecology; they are involved in defense mechanisms and chemical
communication. The volatile fractions of algae show a broad spectrum of biological
activity, such as antibacterial, antifungal, anticancer, and antibiotic activities.
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Abstract

Modern science has tended to use several natural substances that have little or
no side effects in daily use or to treat many diseases. Among these materials are
essential oils that represent one of the secondary metabolic products of many plants
such as Terpenes and Terpenoids, Alkaloids, and the Phenolic compounds, which are
extracted by special methods from different parts of the plants. Several applications
were using the essential oils such as in the nutrition, cosmetic manufacture, and
alternatives to synthetic medication that uses to treatment several infections and
diseases as disinfection, as an anti-inflammatory, mouthwashes, as well as in cleaning
and calm mood and pesticides. This review describes essential oils, methods of their
extraction, and ways of utilization and their application.

Keywords: essential oils, extraction, health benefit, antibacterial activity

1. Introduction

Plants produce thousands types of chemicals materials and included two types
of metabolites (primary and secondary). Primary metabolites are macromolecules
like carbohydrates, fats, proteins, nucleic acids, chlorophylls, hemes this molecular
are required for their basic metabolic processes [1] plants, fungi and bacteria of
definite genera and families create a number of organic compounds which are not
included in primary metabolism that important in essential activity of organism
(photosynthesis, respiration, and protein and lipid metabolism) and seem to have
no function in growth and development of them [2]. Such compounds are called
secondary metabolites (secondary plant products or natural products), there are
other name which known as Phytogenic feed additives (PFA) or phytobiotics and
botanicals, are commonly defined as various plant secondary compounds (PSC)
and metabolites with beneficial effects on animal health and production, including
feed and animal products. These compounds are accessary rather than central to the
functioning of the plants in which they are found. These compounds are produced
in small quantities and their extraction from the plant is difficult and expensive.

There important product of plant secondary metabolites as natural products:
Terpenes and Terpenoids (25,000 types), Alkaloids (12,000 types) and the
Phenolic compounds (8000 types) [3].

Essential oils (EOs) represent a major group of phytogenic feed additives (PFA).
Plant oils and extracts have been used for a wide variety of purposes for many
thousands of years [4], Due to their strong aromatic features and bioactivity, EOs
have been widely used since ancient times in aromatherapy, as flavor and fragrances
in cosmetics and foods, and more recently as pharmaceuticals, natural preserva-
tives, additives, and biopesticides [5-7]. There are many defines of EO, like EO isa
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mixture of low molecular weight constituents that are responsible for its character-
istic aroma, or Essential oils are concentrated liquids of complex mixtures of volatile
compounds and can be extracted from several plant organs [8]. The chemistry of EO
constituents includes terpenoid and non-terpenoid hydrocarbons and their oxygen-
ated derivatives [5, 9, 10]. Essential oils are concentrated plant extracts that retain
the natural smell and flavor, or “essence,” of their source Essential oils, also called
volatile odoriferous oil, are aromatic oily liquids extracted from different parts of
plants, for example, leaves, peels, barks, flowers, buds, seeds, and so on [11].

They may be found in different parts of the plant. Some EOs could be found
in leaves (oregano), seed (almond), flower (jasmine), peel (bergamot), berries
(juniper), rhizome (galangal ginger), root (angelicaarchangelica), bark (sassafras),
wood (agar wood), resin (frankincense), andpetals (rose) [12].

2. How do essential oils work

Essential oils include biological compounds like growth factors, hormones, and
neurotransmitters that are concentrated from the plant. Several researches have
been performed on PEOs in order to confirm their biological efficacy against bac-
teria and fungi [13]; PEOs have an antibacterial activity where they cause damage
to cells via an interface with plasma membrane components which lead to leak the
most important compounds and damage the transportation channels, especially of
potassium ion [12, 13]. Volatiles from PEOs not only work on single target site in the
cell but also they bind to protein structures of the cell. Some of the PEOs and their
volatiles are found to be responsible in inhibiting the enzymatic proteins in some
bacterial pathogens [14-16].

Essential oils used all over the world for disinfection, as anti-inflammatory,
relaxing, and stimulating substances, and with potential and modern exploitation
in clinical medicine are most commonly used in the practice of aromatherapy, in
which they are inhaled, or be swallowed, or can interact with your body in several
ways when applied to your skin, some plant chemicals are absorbed also commonly
used in food and cosmetic industries [17] (Figure1).
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Figure 1.
Schematic illustration for the effect of essential oils on bacteria cell. Source: Ref. [10].
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3. Extraction of essential oils

Essential oils are produce from valuable plant products, generally of complex
composition including the volatile principles contained in the plant and the more
or less modified during the preparation process. The earliest recorded mention
of the techniques and methods used to produce essential oils is believed to be
that of Ibnal-Baitar (1188-1248). The oil droplets being stored in the oil glands or
sacs can be removed by either accelerate diffusion through the cell wall or crush
the cell wall [17-20]. The assumed techniques depend on the part of the plants
where the oil is to be extracted, the stability of the oil to heat and susceptibility
of the oil constituents to chemical reactions. An extract is derived when the plant
material is soaked in a substance such as water, alcohol or other liquid for long
periods of time so that its flavor, aroma or medicinal properties, infuses into the
liquid [11].

Common techniques used for the extraction of essential oils are:
* Hydrodistillation
* Hydrodiffusion
* Effleurage
* Cold pressing
* Steam distillation
* Solvent extraction
e Microwave Assisted Process (MAP)
* Carbondioxide extraction
3.1 Hydrodistillation

Hydrodistillation represents one of the most used traditional and a commonly
methods of extraction used method of extracting essential oils from plant samples
(wood and flower). This method may be further classified into the subcategories of
steam distillation, water distillation, or a combination of water and steam distil-
lation. Hydrodistillation include saturation of the powdered wood in the water in
the first step, while the next step is to use the steam that result from the heating
of the water reservoir then finally gather the oil that result after the reservoir
cold. The advantage of this technique is that the required material can be distilled
at a temperature below 100°C. There are many studies provided that the differ-
ent extraction processes on yield and properties of essential oil from rosemary
(Rosmarinus officinalis L.) by HD and solvent-free microwave extraction (SFME)
[21]. While Golmakani and Rezaei (2008) [22] researched the microwave-assisted
HD (MAHD), which is an advanced HD technique utilize a microwave oven in the
extraction procedure.

MAHD was preferable in extraction time (75 min, compared to 4 h in HD).
Ohmic-assisted HD (OAHD) is another advanced HD technique [23]. OAHD
method had the extraction time of 24.75 min, while HD took 1 h for extraction of
essential oil. No changes in the compounds of the essential oils obtained by OAHD
were found in comparison with HD.
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3.2 Hydro diffusion

Hydro Diffusion method for extraction of oils is a type of steam distillation and
is only different in the way in which steam enters the container of the still. This
method is preferred when the plant material has been dried and is not deteriorate at
boiling temperature [24]. The steam in this method is drenched from the topmost
onto the phytophagous matter and thus leads to impregnate the plants even more
and less time. Hydrodiffusion method is superior to steam distillation because of
shorter processing time and a higher oil yield with less steam used [11].

3.3 Steam distillation

One of the most widely used methods of extracting essential oils from their
sources is steam distillation, and it is one of the preferred methods due to its low
cost. In this method, the essential oil and aromatic components of the plant are
gathered by utilize heating water or vapor and thus cause damage to plant cells and
lead to release these materials [21, 25]. This method is applied in isolation of essen-
tial oils at temperatures approach to 100°C, and next with condensation to produce
an immiscible fluid that can clarify it to isolate the oil, so it is used in the conserva-
tion of compounds that might rupture at elevated temperatures [23, 26, 27].

3.4 Solvent extraction

In this method, the extraction of the essential oil occur after utilization of a hydro-
carbon solvent which is acts as dissolving material when added to the plant and leads
to the formation of mixture contain the essential oil with other material. The next step
includes purification by concentration and filtration of the mixture and then added of
absolute alcohol that when evaporate left the oil behind it. This method represents the
best in the formation of big amounts from the product oil because of the least display
to high temperatures or air but on the other hand the residue that results by the way
after the extraction had bad effects on the health and immunity [28].

3.5 Cold pressing

Uses large machinery to either grind the seeds/fruits to squeeze out the oil
or pierce the rind and peel of the fruit while it is rotating to extract the oil. Cold
pressing is used to extract the essential oils from citrus rinds such as orange, lemon,
grapefruit and bergamot. In this method the heat is generated internally where it
result from the revolving of the mixture and the friction lead to disconnect of the
oil from the mixture and the next step include filtration of the oil to discard any
residue and ensure the purification process [29].

3.6 Enfleurage

An intense and classical method of elicit essential oil from petals of flowers. The
procedure includes coating fats above petals of the flower which act on the soak up
the oils, and then utilize alcohol to isolate the essential oils from the fat, then let
alcohol be evaporated and thus the essential oils are gathered [29].

3.7 Carbondioxide extraction

This method is traditional where it uses the liquid CO, via pressurized it and
the essential oils of the plants dissolved in this liquid. The next step includes return
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back of CO, to the state of gases thus gathered left the oil, so the positive feature of
this method was kept the essential oil from damage by high temperatures [29].

4, List of essential oils

This list is organized alphabetically by the common essential oil name (Table1).

NO. Essential oils NO. Essential oils
1 Allspice (Pimento Berry, Jamaica 23 Cassia
Pepper)
2 Amyris (Torchwood, West Indian 24 Catnip
Sandalwood)
3 Angelica Root 25 Cedarwood Atlas
4 Anise (Aniseed) 26 Cedarwood Himalayan
5 Arborvitae (Western Red Cedar) 27 Cedarwood Virginian
6 Balsam Peru (Peru Balsam) 28 Celery Seed
7 Basil (Sweet Basil, Basil Linalool 29 Cilantro (Coriander Leaf)
8 Bay Leaf 30 Cinnamon Bark
9 Bergamot 31 Cinnamon Leaf
10 Bergamot Mint 32 Cistus (Labdanum, Rock Rose)
11 Birch (Sweet Birch) 33 Citronella
12 Black Pepper 34 Clary Sage
13 Black Spruce 35 Clementine
14 Blue Cypress Blue Tansy 36 Clove Bud
15 Buddha Wood (Desert Rosewood) 37 Coffee
16 Blue Tansy (Moroccan Blue Chamomile) 38 Copaiba (Copaiba Balsam)
17 Cajeput (Cajuput, White Tea Tree) 39 Coriander Seed
18 Camphor (White Camphor, Camphor 40 Cumin
Laurel)
19 Cannabis 41 Cypress
20 Caraway Seed 42 Davana
21 Carrot Seed 43 Dill Weed/Dill Seed
22 Cardamom 44 Douglas Fir
NO. Essential oils NO. Essential oils
45 Elemi 73 Juniper Berry (Juniper)
46 Eucalyptus dives 74 Key Lime
47 Eucalyptus globulus 75 Kunzea
48 Eucalyptus vadiata 76 Labdanum
49 Eucalyptus smithii 77 Laurel Leaf (Bay Leaf, Bay Laurel,
Sweet Bay)
50 Everlasting (see Helichrysum) 78 Lavandin
51 Fennel (Sweet Fennel) 79 Lavender
52 Fir Balsam(Canadian Fir Needle) 80 Lavender (Spike Lavender)
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NO. Essential oils NO. Essential oils

53 Fir Needle (Siberian Fir) 81 Lemon Balm

54 Frankincense (Olibanum) 82 Lemon Eucalyptus

55 Galangal Root (Greater Galangal, 83 Lemongrass

Siamese Ginger)

56 Galbanum 84 Lemon Myrtle

57 Geranium 85 Lemon Tea Tree

58 Geranium Bourbon 86 Lime Expressed

59 German Chamomile (Blue Chamomile) 87 Lime Distilled

60 Ginger 88 Mandarin

61 Gingergrass 89 Manuka (New Zealand Tea Tree)

62 Goldenrod 90 Marjoram (Sweet Marjoram)

63 Grapefruit 91 May Chang (Litsea)

64 Helichrysum (Everlasting, Immortelle) 92 Melaleuca

65 Hemlock (Spruce Hemlock, Tsuga) 93 Melissa (Lemon Balm)

66 Hemp (Cannabis) 94 Mountain Savory (Winter Savory)

67 Ho Leaf 95 Myrrh

68 Ho Wood 96 Myrtle

69 Hyssop 97 Neroli (Orange Blossom)

70 Immortelle 98 Niaouli

71 Jack Pine 99 Nutmeg

72 Jasmine Absolute 100 Opoponax (Sweet Myrrh, Opopanax)

NO. Essential oils NO. Essential oils

101 Orange (Blood Orange) 127 Spearmint

102 Orange Blossom 128 Spikenard (Nard, Jatamansi)

103 Orange (Sweet Orange, Wild Orange) 129 Spruce Hemlock

104 Oregano 130 Star Anise

105 Palmarosa 131 Sweet Myrrh

106 Palo Santo 132 Tangerine

107 Patchouli 133 Tarragon

108 Peppermint 134 Tea Tree

109 Petitgrain 135 Thyme (Thyme Linalool,Thyme
Thymol)

110 Pine (Scotch Pine, Scots Pine) 136 Tsuga

111 Pink Pepper 137 Turmeric

112 Plai 138 Valerian

113 Ravensara 139 Vanilla Absolute (Vanilla Oleoresin)

114 Ravintsara (Ho Leaf) 140 Verbena (Honey Verbena, Wild
Verbena)

115 Rock Rose 141 Vetiver

116 Rosalina (Lavender Tea Tree) 142 White Fir

117 Rose Absolute (Rose Otte, Bulgarian 143 Wintergreen

Rose, Damask Rose)
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NO. Essential oils NO. Essential oils

118 Rose Absolute (Provence Rose, Cabbage 144 Winter Savory
Rose)

119 Rose Geranium 145 Yarrow

120 Rosemary 146 Ylang Ylang

121 Rosewood (Bios de Rose) 147 Yuzu

122 Sage (Dalmatian Sage, Common Sage)

123 Sandalwood

124 Saro (Mandravasarotra)

125 Siberian Fir

126 Silver Fir (Silver Fir Needle, Silver

Spruce, White Fir)

Table 1.
The most common name of the essential oil.

4.1 The application of oils essential

There were several applications using the essential oils such as in the nutri-
tion, cosmetic manufacture and alternatives to synthetic medication that uses
to treatment several infections and diseases [28]. Essential oils were used all
over the world for disinfection, as anti-inflammatory, relaxing, and stimulating
substances, and with potential and modern exploitation in clinical medicine
and oil can act as antibacterial agent against a wide spectrum of pathogenic
bacteria strains including: Listeria monocytogenes, Listeria Linnocua, Salmonella
typhimurium, Shigella dysenteriae, Bacillus cerus, and Staphylococcus aureus. Mouth
washes containing essential oils could also be used as part of plaque-control
routine since they can penetrate the plaque biofilm and kill pathogenic-wall. It is
also had antibacterial activity especially versus the pathogenic bacteria in dental
and mouth and this feature help in adding the essential oil in washes of the mouth
to keep the oral health and improve the odor of mouth, especially when mixed
with chlorhexine gluconate which is an act in preventing the transmission of
pathogenic bacteria.

Essential oil with high concentration of thymol and carvacrol e.g., oregano,
savory and thyme, usually inhibit gram positive more than gram-negative
pathogenic bacteria. However the antibacterial activity against gram- negative
Haemophilus influenza and Pseudomonas aeruginosa respiratory pathogens, while
gram-positive streptococcus pyrogens was the most resistant to the oil.

Recently, the sciences show several danger effects of the synthetic flavoring and
preservatives materials in the food onto the human health so they directed to utilize
alternatives such as essential oils as natural materials for its features in preservatives
the food for long time, antibacterial effects, and decrease food deterioration [29].
Pathogenic microbes in storage food or food products are responsible to degrade
or deteriorate the quality of food products, resulting in the emerging foodborne
diseases in various regions of the world [30]. It is well known that some essential
oils exert antimicrobial and antioxidant properties. Significant variations in the
chemical composition of rosemary essential oils have been reported in relation to
the geographic origin [27, 28]. Moreover, variations in the antioxidant and antimi-
crobial properties of rosemary oils from natural populations were also detected. Its
applications are represented in the medicinal and therapeutics, such as aromather-
apy, phytotherapy, antibacterial and antifungal uses, hypolipidemic, antitumor, etc.
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5. Ways of utilization

The chemical structure of the essential oils is different from one the other and
this feature influences their utilization ways and leads to variation in their absorp-
tion and the ways of their uses by the body. So, essential oils are generally used in
four ways as follows.

5.1 Aromatically

In this way, the oils are inhaled via diluted and then using the diffuser which
is act on lightening the oil and make it easy to broad into the air so, this help in
treated the external respiratory passage, improve the emotional and mental state
and decrease of anxiety, where some researches indicated that the inhalation of
some essential oils such as lavender act as quite sedatives where it incorporated
with cells of the brain via the receptors of smell or have effects on some hormones
and enzymes and do its works as a relaxer, Uplifting Mood, Calm Mood and
Meditation [31, 32].

5.2 Topically

This method includes applying the essential oil on the skin where it is absorbed
easily. Some oils must be diluted before using while others need a carrier oils. The
topical ways used in the support of stress when it used in massage and also it is used
in the beauty products such as lotions and wax, but it may cause allergies to some
peoples who suffering from skin sensitive so must be careful when using it and
applied in small area of the skin after taking advice of the physician [32].

5.3 Internally

Some essential oils have medication features when ingested orally, that is, it
act internally where it transported via the stream of blood to various parts of the
body, they may acts as an anti-inflammatory, treats digestive disorders, improves
digestion, and as a gas expeller. Efficient ways of internal implementation are by
mixed the essential oils with some water or milk or by ingesting it as a capsule or in
cooking [32].

5.4 Externally

The external way that uses essential oils (i.e., around the home) such as cleaning
the home or dishes by add drops from the oil with the cleaning product for its activ-
ity as detergents, more effective in cleaning clothes, add nice smell and some act as
expeller of insects [32].

6. Conclusions
Essential oils are natural substances extracted from several parts of plants by
various methods. They are safe as food preservatives because they do not have side

effects on human health. In addition, its bactericidal characteristics encourage
utilizing them as medications and in beauty care products.
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Chapter 3
Safety Profile of Essential Oils

Oliviu Vostinaru, Simona Codruta Heghes and Lorena Filip

Abstract

Essential oils are complex mixtures of terpenes and phenylpropanoid
compounds, present in multiple species of aromatic plants. They are extensively
used in food and cosmetic industries in order to give flavor to food and drinks or
as natural fragrances. Moreover, several compounds present in essential oils are
important for the pharmaceutical industry due to their antioxidant, antimicrobial,
anxiolytic or spasmolytic effects. Although many essential oils are generally recog-
nized as safe, a series of adverse reactions have been reported after their use either
by internal or external routes. The aim of this chapter is to increase the awareness of
healthcare professionals concerning possible safety issues of essential oils. Common
adverse effects of essential oils like sensitization and dermatitis but also more severe
phenomena like neurotoxicity will be presented in detail, concerning their epidemi-
ology, mechanism and clinical significance. A thorough understanding of the safety
profile of essential oils is necessary for healthcare and food industry professionals in
order to maximize their beneficial effects while minimizing the risk for the users.

Keywords: essential oils, terpenes, sensitization, neurological toxicity, endocrine
disrupting potential

1. Introduction

Essential oils (EOs) are complex mixtures of aromatic terpenes (monoterpenes
and sesquiterpenes) and other aromatic or aliphatic compounds, formed as sec-
ondary metabolites in specialized secretory tissues of aromatic plants [1]. Various
parts of the aromatic plants (leaves, flowers, fruits, roots, bark) could be used for
essential oil extraction by multiple techniques including steam distillation, solvent
extraction or supercritical fluid extraction [2]. A verified botanical origin (chemi-
cal composition) and protection against contamination and oxidative degradation
provided by adequate recipients are key factors influencing essential oils quality.
Essential oils from peppermint, lavender, jasmine or ylang-ylang have been used
from Antiquity in European and Asian traditional medicine for the prevention
and treatment of several diseases but also for food flavoring. Nowadays, over 3000
compounds have been identified in EOs and more than 300 essential oils are com-
mercially available [3] (Table1).

Essential oils are extensively used as food flavors, as fragrances in cosmetic
industry but also, a para-medicinal use like aromatherapy has become increasingly
popular in the last decades (Figure 1). Moreover, due to a complex chemical compo-
sition, they are capable to interact with multiple pharmacological targets (receptors,
ion channels or enzymes), being studied with promising results for the develop-
ment of new drug candidates. Some essential oils like peppermint oil are already
used in clinical settings for the treatment of functional dyspepsia or irritable bowel
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No. Plant species Common name of EO

1 Boswellia carterii Frankincense

2. Cananga odovata Ylang-Ylang

3. Carum carvi Caraway

4. Cinnamomum zeylanicum Cinnamon

5. Citrus aurantium var. Amara Neroli

6. Cupressus sempervirens Cypress

7. Cymbopogon citratus Lemongrass

8. Eletaria cardamomum Cardamom

9. Foeniculum vulgare Fennel

10. Gaultheria fragrantissima Wintergreen

11. Juniperus communis Juniper

12. Melaleuca alternifolia Tea tree

13. Melaleuca viridiflora Niaouli

14. Mentha x piperita Peppermint

15. Rosmarinus officinalis Rosemary

16. Thymus vulgaris Thyme

17. Zingiber officinale Ginger
Table 1.

A selection of commercially available essential oils and their botanical origin (in alphabetical order) [1, 2].

Fragrances Fooad Mavors

ESSENTIAL OILS

Liwugs Arcaniatherapy

Figure 1.
Main uses of essential oils.

syndrome. Numerous iz vitro and in vivo experiments have proved significant
antioxidant, antimicrobial, anxiolytic, spasmolytic or anti-inflammatory effects for
several essential oils, which could be also translated in human medicine [4, 5].
Despite their extensive use, key information concerning the safety profile of
essential oils are not known to the general public or practitioners of aromatherapy.
A significant proportion of the general public mistakenly believes that all essential
oils are completely safe for human use, being hailed as “natural and risk-free medi-
cines.” Therefore, the aim of this chapter is to increase the awareness of healthcare
and food industry professionals, but also general public, concerning possible safety
issues of essential oils. Common adverse effects of essential oils like sensitization
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and dermatitis but also more severe phenomena like neurotoxicity will be presented
in detail, concerning their epidemiology, mechanism and clinical significance. A
thorough understanding of the safety profile of essential oils is necessary in order to
maximize their beneficial effects while minimizing the risk for the users.

2. Primary routes of systemic absorption of essential oils

Essential oils have a significant lipophilicity due to a high content of monoter-
penes, being capable of easily passing through several biological barriers. Thus, a
systemic absorption of specific chemical constituents is possible after oral, cutane-
ous or pulmonary administration of essential oils with beneficial therapeutic effects
but also with toxicological implications [6].

After an oral administration of EOs, the systemic absorption of several mol-
ecules present in their chemical composition could be significant. A study in rats
showed that after oral administration of radio-labeled trans-anethole, over 90%
of the substance was absorbed from the digestive tract into the bloodstream, being
subsequently metabolized and excreted in feces and urine [7]. Recently, a study
from 2018 showed that an immediate release formulation with geraniol orally
administered in Sprague-Dawley rats showed an absolute bioavailability of 92%,
thus showing an increased systemic absorption [8]. In humans, the absorption of
1,8-cineole from the digestive tract was clearly demonstrated in a study which used
enteric coated capsules with a mixture of three terpenoids: limonene, 1,8-cineole
and a-pinene [9].

The contact of essential oils with the skin, frequently encountered in aromather-
apy massage, could also lead to a systemic absorption of the chemical constituents,
depending on the contact time, size of exposed skin surface and concentration of
the compound. Essential oils and their volatile constituents can penetrate the skin
barrier and facilitate the absorption of other topically applied drugs by inducing a
conformational modification of intercellular proteins in the corneal layer and by
increasing the drug partitioning [10]. Transdermal absorption was demonstrated
for several monoterpenes like a-pinene, camphor or limonene, other structurally
related compounds being also capable of passing the skin barrier and generating
systemic effects [6].

The volatility of essential oils makes them ideal for pulmonary administration,
suitable in the treatment of respiratory diseases. Nevertheless, a fraction of the
inhaled compounds could be rapidly absorbed at alveolar level and through airway
mucosa, with the apparition of plasmatic concentrations and possible systemic
effects. The pulmonary absorption was confirmed for a-pinene, camphor and men-
thol, the rate of absorption depending on the nature and concentration of inhaled
volatile substances and local physiological factors like breathing mechanics [6].

3. General aspects of essential oil toxicity

Essential oils are easily available in pharmacies, supermarkets or online, being
used by large segments of the general public. A recent study found that 11%
of Australians have used essential oils in 2016, for medicinal purposes, usually
self-prescribed [11]. Despite their popularity and extensive use, the safety profile
of essential oils has not been fully determined to date. Chemical complexity of
essential oils is challenging when investigating which individual components are
responsible for certain unwanted effects. Nevertheless, some necessary steps have
already been undertaken.
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Potential toxic effects of some essential oils and their components were tested
on laboratory animals, usually rodents. Acute toxicity was evaluated by LDs test
(median lethal dose) in rats, which revealed that most essential oils have a LDsq of
1-20 g/kg, indicating a low toxicity. In humans, some essential oils like lemon oil
have an LDs, of above 5 g/kg. Thus, the lethal dose would be 350 g for an adult of
70 kg, difficult to reach in normal circumstances [12, 13].

A few notable exceptions are EOs from Boldo leaf, Chenopodium, Mentha pule-
gium (pennyroyal), Satureja hortensis (savory) and Thuja who presented an LDs,
between 0.1 and 1 g/kg in rats, signaling a significant toxicity which recommends
necessary precautions for their use [12].

Essential oils are susceptible to oxidative degradation, some of the resulting
molecules like oxidation products of limonene being potential skin sensitizers [14].
Therefore, a proper storage of essential oils is necessary to conserve their effective-
ness and reduce the risk of adverse reactions. Essential oils should be stored in a
refrigerator or in a cool, dark place in tightly sealed recipients (brown bottles).

Although most essential oils received the GRAS (generally recognized as safe)
status, granted by Flavor and Extract Manufacturers Association (FEMA), it should
be pointed out that they were evaluated as flavors with a very low concentration in
the tested products. For a concentrated essential oil, certain toxic effects, local or
systemic, could develop in specific circumstances [12].

4, Acute intoxication with essential oils

Acute intoxication (poisoning) with essential oils almost invariably results from
an oral ingestion of large quantities of undiluted oil, usually accidental. The intoxi-
cated person may present polypnea, convulsions, nausea and vomiting or even
death in rare cases. Tea tree oil and the oils of wintergreen, clove, cinnamon and
eucalyptus are responsible for most cases, although acute intoxication with other
essential oils is possible [13].

In the US, 966 intoxication cases due to tea tree oil ingestion were recorded in 2006,
most subjects being represented by children up to 6 years old [13]. In Australia, a recent
study identified 1387 cases of essential oil poisoning between 2014 and 2018 [15]. The
exposures were accidental or due to a confusion between liquid cough medicines and
essential oils. In young children, oral ingestion of 0.6-5 mL of pure eucalyptus oil is
sufficient to cause severe symptoms, a fatal case being reported after the ingestion
of 30 mL of the oil by an 8-month-old infant [16]. In acute intoxication, infants and
young children are particularly at risk due to their reduced body weight combined with
the immaturity of enzymatic systems capable of metabolizing essential oils.

Essential oil poisoning was reported also in dogs and cats treated topically with
tea tree oil used in large doses for dermatological conditions. The animals presented
depression, weakness, motor incoordination and tremors but they recovered after
supportive treatment was given [17].

In order to reduce acute intoxication risk, it is recommended that essential oils
are kept in child proof recipients, with droppers, separated from oral medication, to
avoid confusion.

5. Dermatological toxicity of essential oils
In aromatherapy, essential oils, usually diluted in a carrier oil, are applied

directly to the skin. The most important dermatological adverse reactions that may
occur include irritation, sensitization and photosensitization [18, 19].
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The severity of a dermatological reaction is variable, according to factors like
applied substance (aldehydes, phenols), used vehicle, quality/adulteration of the
essential oil, method of application, dilution, anatomical site of exposure, integ-
rity of the skin and age of the subject. Environmental conditions could play also
an important role. The presence of ultraviolet (UV) light is the decisive factor in
photosensitization. Also, ambient temperature and humidity can influence general
sensitivity, warm and humid conditions being more favorable for increased severity
of adverse reactions [18, 19].

5.1 Skin irritation

Cutaneous irritation is the biological response of the skin to a variety of external
stimuli that can induce skin inflammation. The main pathological mechanisms
of irritancy include skin barrier disruption, induction of a cytokine cascade and
involvement of the oxidative stress network [20]. Primary irritation (contact
dermatitis) occurs rapidly the first time an essential oil is used, manifesting as a red
wheal or burn and is more likely to occur when essential oils contain large amounts
of compounds like phenol, carvacrol and thymol (oregano, savory or thyme),
phenolic ethers like eugenol and anethole (clove) or aromatic aldehydes like cin-
namaldehyde (cinnamon) (Figure 2). Skin reaction is usually limited to the area
where the essential oil is applied [21].

The plants whose essential oils are potentially irritant to the skin are listed in
Table 2. Considering all these aspects, it is recommended that a patch test should be
performed before using these oils.

5.2 Skin sensitization

In contrast to irritation, skin sensitization is a response of the adaptive immune
system to certain chemical substances called sensitizers or haptens, which can
modify skin proteins and induce a delayed T-cell-mediated allergic response [23].
Some of the ingredients which may trigger allergic reactions are listed in the seventh
amendment of directive 76/768 CEE (directive 2003/15/CE) and include benzyl
alcohol, cinnamyl alcohol, citral, eugenol, hydroxycitronellal, isoeugenol, benzyl
salicylate, cinnamaldehyde, coumarin, geraniol, anisyl alcohol, benzyl cinnamate,
farnesol, linalool, benzyl benzoate, citronellol, or limonene [24, 25]. Skin sensitiza-
tion occurs on first exposure to a substance, with only a slight (or absent) effect on
the skin. Subsequent exposure to the same compound/compounds will produce a
severe inflammatory reaction caused by T-lymphocytes.
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anethole eugenal cinnamaldehyde

Figure 2.
Chemical structures of the main skin irritant compounds.
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Latin name (botanical family)/common name Part used in EO extraction
Cuminum cyminum (Apiaceae)/Cumin Fruits
Tagetes minuta (Asteraceae)/Marigold Leaves
Origanum vulgare (Lamiaceae)/Oregano Aerial parts
Satureja hovtensis (Lamiaceae)/Summer savory Leaves
Satureja montana (Lamiaceae)/ Winter savory Leaves
Thymus capitatus ct. carvacrol or thymol (Lamiaceae)/Spanish oregano Aerial parts
Thymus serpyllum (Lamiaceae)/Wild thyme Aerial parts
Thymus vulgaris ct. phenol (Lamiaceae)/Red thyme Aerial parts
Cinnamomum cassia (Lauraceae)/Chinese cinnamon Barks
Cinnamomum zeylanicum (Lauraceae)/True cinnamon Leaves, barks
Pimenta vacemosa (Myrtaceae)/Bay rum tree Fruits, leaves
Syzygium aromaticum (Myrtaceae)/Clove Buds, leaves, stems
Cymbopogon citratus (Poaceae)/Citronella Aerial parts
Cymbopogon nardus (Poaceae)/Lemongrass Aerial parts
Lippia citriodora (Verbenaceae)/Lemon verbena Leaves

Table 2.

Essential oils potentially irritant to the skin (in alphabetical ovder of the botanical family) [22].

Symptoms include a bright red rash, which may be painful to some individuals
and sometimes a pigmentation of the skin, more frequently in Asians [21, 24]. In
order to prevent sensitization, it is recommended to avoid known dermal sensitizers
and avoid application of the same essential oil every day for a long period of time.

Table 3 lists some of the oils considered to be dermal sensitizers, but the sensiti-
zation process can occur for any essential oil [22, 25].

Essential oils obtained from different species of Pinus and Abies should only be
used when the level of peroxides is kept to the lowest practical level, preferably by
adding anti-oxidants at the time of production [19].

Skin sensitization reactions are idiosyncratic, identification of the causative
allergen(s) and their subsequent withdrawal generally leading to a resolution of the
problem. Some standard mixtures (fragrance mixture) can be used in a patch test
to screen for allergic reactions in susceptible individuals, but not all the allergies can
be predicted by this method [26, 27].

5.3 Photosensitization

Photosensitization is a reaction between a phototoxin from an essential oil that
is applied to the skin in the presence of sunlight or ultraviolet A (UVA) light. The
interaction with the light may be either phototoxic or photoallergic.

Photoallergy is an immune-mediated skin reaction, while phototoxicity may
lead to photocarcinogenesis. Furanocoumarins (psoralens) appear to be primar-
ily responsible for phytophototoxic reactions in humans. Reactions can vary from
pigmentation, blistering, to severe full-thickness burns. Furanocoumarins occur
mainly in expressed citrus peel oils (C. bergamia, C. aurantium, C. limon, C. auran-
tifolia) although they are also found in angelica root (Angelica archangelica), rue
(Ruta graveolens), camin (Cuminum cyminum) parsley leaf (Petroselinum crispum),
and marigold (Tagetes minuta) essential oils [19, 28].

The most common compounds are bergapten and psoralen (Figure 3). They are
not found in distilled citrus peel oils [21].
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Latin name (botanical family)/common name

Partused in EO extraction

Cananga odorata (Annonaceae)/Ylang ylang

Flowers

Inula helenium (Annonaceae)/Elecampane

Flowers, leaves

Saussurea costus (Asteraceae)/Costus Roots
Commiphora evythraea (Burseraceae)/Opoponax Resin
Myroxylon pereirae (Fabaceae)/Peru balsam Resin
Liquidambar styvaciflua (Hamamelidaceae)/Styrax Resin
Cinnamomum cassia (Lauraceae)/Chinese cinnamon Barks

Cinnamomum zeylanicum (Lauraceae)/True cinnamon

Leaves, barks

Melissa officinalis (Lamiaceae)/Lemon balm Leaves
Backhousia citriodora (Myrtaceae)/Lemon myrtle Leaves
Melaleuca alternifolia (Myrtaceae)/Tea tree Leaves

Pimenta racemosa (Myrtaceae)/Bay rum tree

Fruits, leaves

Syzygium aromaticum (Myrtaceae)/Clove

Buds, leaves, stems

Pinus spp. (Pinaceae)/ Turpentine Leaves
Cymbopogon nardus (Poaceae)/Lemongrass Aerial parts
Lippia citriodora (Verbenaceae)/Lemon verbena Leaves

Table 3.
Essential oils considered to be dermal sensitizers (in alphabetical order of the botanical family) [21, 22].
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Figure 3.
Chemical structure of the most common furanocoumarins involved in photosensitization.

The factors influencing risk of photosensitization include the amount of essen-
tial oil applied topically and the area of exposure. It is considered there is no risk
of photosensitization if the skin is covered to prevent exposure to UVA light for at
least 2 h [28].

6. Neurological toxicity of essential oils

Essential oils could easily pass the blood-brain barrier, reaching the central ner-
vous system after a systemic absorption. In an experimental setting, essential oils
from Salvia officinalis and Hyssopus officinalis evoked convulsions after intraperito-
neal administration in rats at doses of 0.5 g/kg and 0.13 g/kg, respectively [29].

In humans, essential oils from Salvia officinalis, Thuja plicata, Cedrus spp.,
Hyssopus officinalis, Eucalyptus spp., Mentha pulegium, Cinnamonum camphora and
Anethum graveolens produced tonic-clonic convulsions, particularly in children
and especially in those with a history of epileptic syndromes, according to several
reports [30, 31].
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Figure 4.
Chemical structure of terpenes with epileptogenic potential.

The identified chemical constituents responsible for convulsions were usually
1,8-cineole, camphor, thujone, pulegone and pinocamphone (Figure 4) [29, 30].

Molecular mechanisms of the convulsant effect of essential oils and their
constituents were investigated in laboratory animals. According to a study, some
essential oils resemble pentylentetrazole, a powerful convulsive agent, modify-
ing tissue gradients of Na and K and leading to increased cellular excitability
in the brain [32]. In another experimental study, thujone one of the frequently
incriminated pro-convulsant terpenes, suppressed GABA-induced peak currents
in rat dorsal root ganglion neurons, with the subsequent apparition of convulsions,
terminated by diazepam or phenobarbital [33]. On the contrary, other research
proved that different terpenes could have an anticonvulsant effect. Menthol,
another terpene derivative found in the chemical composition of some essential oils
enhanced electric currents induced by low concentrations of GABA and directly
activated GABA, receptors in laboratory animals [34].

In the context of potential neurological toxicity of essential oils, European
Medicines Agency (EMA) reviewed the safety of suppositories containing ter-
penes used in seven European countries (France, Belgium, Portugal, Spain, Italy,
Luxembourg and Finland) for the treatment of respiratory diseases. The report
concluded that terpenes could induce convulsions in children less than 30 months,
recommending they should be contraindicated in this particular segment of
patients [35].

7. Endocrine disrupting potential of essential oils

In the last decade, there has been an accumulation of evidence suggesting a
possible endocrine disrupting effect of some essential oils. Initially, a report sig-
naled the apparition of idiopathic male prepubertal gynecomastia in patients with
topically applied lavender oil or tea tree oil [36]. The experimental data showed that
both lavender oil and tea tree oil effects are produced by the activation of estrogenic
receptors (ER), with a potency of 50% of estradiol, being attenuated in the pres-
ence of fulvestrant, a pure antagonist of ER receptors.

Recently, another study published in 2019, confirmed the mentioned data,
showing that a continuous exposure to lavender-fragranced products induced a
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premature thelarche in four patients [37]. The chemical constituents from the
essential oils were individually tested concerning their capacity of stimulating ERa
estrogen response element (ERE)-mediated activity. The most active compounds
with estrogenic activity were a-terpineol, 4-terpineol and linalool. Further research
on a more statistically significant population is needed to confirm the relevance of

these findings [37].

8. Essential oils in pregnancy and lactation

The main concerns of the use of essential oils during pregnancy is related to
the risk of chemical compounds crossing the placental barrier with direct effects
on the product of conception, but also to the direct abortive effect. The use of
essential oils during pregnancy is a controversial topic and one that is yet to be fully
understood.

Some essential oils are abortifacients, being capable of inducing miscarriage/
abortion. Essential oils like persil oil (Petroselinum sativum) rich in apiole, pen-
nyroyal oil (Mentha pulegium) rich in pulegone, plectranthus oil (Plectranthus
amboinicus), Spanish sage oil (Salvia lavandulifolia) or savin oil (Juniperus sabina)
rich in sabinyl acetate should be avoided during pregnancy (Figure 5). The amounts
required to induce an abortion may also pose toxicity risks to the mother, including
kidney and liver damage (could be the reason of pregnancy termination in penny-
royal oil case) or even death [12, 38].

Due to their chemical properties (low molecular weight, lipophilicity), it
is likely that certain essential oil components could cross the placental barrier,
reaching fetal circulation. Following a possible biotransformation into polar
molecules, they can accumulate in the fetus due to a reduced glomerular filtra-
tion rate and low content of plasma proteins capable of binding xenobiotics
(13, 38].

Essential oils should not be used in pregnancy (or breastfeeding) if they contain
large amounts of the following components: (E)-anethole (aniseed-Pimpinella
anisum, star anise-Illicium verum, fennel-Foeniculum vulgare, dill-Anethum gra-
veolens), apiole (persil-Petroselinum sativum), p-eudesmol (cypress-Cupressus
sempervirens), camphor (Spanish lavender-Lavandula stoechas), methyl salicylate
(sweet birch-Betula lenta), pinocamphone (hyssop-Hyssopus officinalis), or thujone
(mugworth-Arthemisia vulgaris, savin-Juniperus sabina, thuja-Thuja occidentalis)
(12, 38].

™o
S 0 = 0
D> 0 )J\ (o]
0o

pulegone

sabinyl acetate
apiole

Figures.
Chemical compounds responsible for the abortifacient effect.
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9. Conclusions

Essential oils have gained an increased attention in the last decades, being used
as flavors, fragrances, medicines or in aromatherapy. Although generally considered
as “natural and safe,” some essential oils could cause significant adverse effects
like skin sensitization and contact dermatitis, neurological toxicity or endocrine
dysregulations.

An increased awareness of healthcare professionals and general public concern-
ing the safety profile of essential oils is needed in order to correctly exploit their
diverse biological effects.
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Abstract

Essential oils are widely used in the pharmaceutical industry for their antimicro-
bial, antiviral, antifungal, antiparasitic, and insecticidal properties. Their antican-
cer activity has been increasingly explored as the natural constituents of essential
oils play an important role in cancer prevention and treatment. The chemical
composition of essential oils includes monoterpenes, sesquiterpenes, oxygenated
monoterpenes, phenolic sesquiterpenes, and others. Several mechanisms of action
such as antioxidant, antimutagenic, antiproliferative, enhancement of immune
functions, modulation of multidrug resistance, and synergistic mechanism of
volatile constituents are responsible for their chemotherapeutic properties. This
review focuses on the activity of essential oils and their chemical composition in
regard to breast cancer.

Keywords: essential oils, antitumor activity, chemical composition, antitumor
mechanism, breast cancer

1. Introduction

Cancer is a disease in which normal cells change into a type of cell that can con-
tinuously proliferate and, by a process named metastasis, migrate to distant parts
of the body [1]. Breast cancer (BC) is the most common cancer in women in the
world, presenting high morbidity and mortality [2]. It causes a major public health
problem, and the incidence is increasing all over the world [3].

The treatment used for cancer causes many side effects; besides, there are a
large number of cases of resistance toward anticancer drugs [4]. These are the main
causes that limit the success of treatment in aggressive BC cases. Thus, the need to
have novel therapeutic agents is urgent [2].

Natural products, such as plants, may hold the future of BC treatment as the
source for new drugs that can interfere with certain processes and ultimately result
in clinical usage as an adjuvant therapy [1].

Essential oils (EOs) act as protective mechanism for plants against bacteria,
viruses, insects, and even herbivores [5]. They are widely used by the population to
treat cancer and can change the metabolism of cancer cells in very low doses, besides
provide energy for synthetic processes [6]. This way, EOs are being considered as a
promising agent opening venues for novel anticancer therapy as a way to defeat side
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effects and the high cost of chemotherapy approaches in BC [7]. This review focuses
on apoptosis as an action mechanism by EOs in breast cancer cells, antitumoral activ-
ity of EOs and their bioactive compounds, and optimization of EOs’ use and their
potential as an alternative for side effects reduction during breast cancer treatment.

2. Induction of apoptosis in breast cancer cells by essential oils

Apoptosis is a cellular process involved in physiological and pathological condi-
tions. The mechanism of apoptosis plays an important role in the pathogenesis of
many diseases, such as cancer, in which it can be reduced by the cells as a mecha-
nism of survival so they can continue to proliferate, leading to metastasis and
resistance to drugs. Caspases can act as initiators and executers of this process and
can be activated in an intrinsic or extrinsic way. The intrinsic, or mitochondrial,
pathway is controlled by proteins from the Bcl-2 family, which can be proapoptotic
proteins such as Bax, Bak, Bad, Bcl-Xs, Bid, Bik, Bim, and Hrk, or antiapoptotic
such as Bcl-2, Bcl-XL, Bcl-W, Bfl-1, and Mcl-1 [8].

Collected from Kerman, Golestan, and East Azerbaijan provinces from Iran,

EO from the seed of Foeniculum vulgar Mill, known as fennel (FN), increased the
expression of a proapoptotic factor Bax and decreased antiapoptotic factor Bcl2
gene expression, which leads to cytotoxic effects on MCF7 [7]. FN also had action
against MDA-MB [9]. But the FN from Tajikistan presented low cytotoxicity when
compared to doxorubicin [10].

Another plant in Iran, Oliveria decumbens, is used as a vegetable and medicinal
plant by the population to treat cancer-related symptoms. Its EO (OEO) inhibited
viability of murine mammary carcinoma 4T1, promoting apoptosis in vitro and led
to a TH1 anticancer response in 4T1 tumor-challenging mice [11]. OEO and its main
component, thymol, also showed anticancer properties in MDA-MB-231 BC mono-
layers by activation of intrinsic and maybe extrinsic apoptosis [12]. Also, in Iran, all
EOs obtained from the aerial parts of Zhumeria majdae collected from five different
localities were active and did not show cytotoxicity variability for MCF7 [13].

EO of Decatropis bicolor (Zucc.) Radlk, empirically used in Mexico for BC
treatment, showed a selective cytotoxic effect toward MDA-MB-231 by activation
of Bax and caspases 9 and 3 through intrinsic apoptosis pathway [14]. The apoptosis
of MCF7 was stimulated by Ocimum sanctum EO with the regulation of apoptotic
genes p53 and Bid and elevation of Bax/Bcl-2 [15]. Similar results were found with
MCEF?7 apoptosis induction by Tetraclinis articulata [16] and Myrtus communis L.,
commonly used in Morocco for culinary purposes [17]. Carvacrol is the major
ingredient of Zataria Multiflora EO and induced apoptosis in 2D and 3D cell
cultures of MDA-MB-231, MCF7, and T47D with selectivity and increased reac-
tive oxygen species (ROS) generation, loss of mitochondrial membrane potential
(A¥m), caspase 3 activation, and DNA damage [18]. Thymus vulgaris L. EO was also
proapoptotic to MCF7 and MDA-MB-231 cells [6].

Nuclear factor-kB (NF-kB) is involved in tumor development by regulation of
cell proliferation, apoptosis, and cell migration, and its activation is associated with
both inflammation and development of cancer, processes that seem to be linked
[19]; therefore, its influence by components can be used as a target. Justified by the
use already made by the local population, research has shown that Cyphostemma
juttae (Dinter & Gilg) Desc. EO decreased NF-xB activation with suppressive action
on triple negative breast cancer cell lines (TNBCs) [20].

The inhibition effect of EO from Erythrina corallodendron L. (ECEO) seems to
be mediated by the suppression of the epithelial-mesenchymal transition (EMT)
process, implicated with metastasis in cancer progression. Another aspect that
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points to it being a possible good target for a new chemotherapeutic agent is that
ECEO had greater cytotoxicity to breast cancer cells MDA-MB-231 and MCF7 than
to normal human mammary epithelial cells (HMLEs). Although it was not as good
as the positive drugs, it may qualify as an adjuvant drug [21].

MCEF7 cells treated with frankincense EO (FCO), pine needle, and geranium
activated the 5'-adenosine monophosphate-activated protein kinase (AMPK)
and mammalian target of rapamycin (mTOR) signaling pathway, which controls
cell growth, proliferation, and autophagy and is deregulated in cancer [22]. Asa
consequence, there was suppression of cell viability, proliferation, migration, and
invasion activity. FCO was also effective in inhibiting tumor growth and inducing
apoptosis in human BC mouse model [2].

Aquilaria spp. can provide agarwood, and its EO has proven to reduce the cell
number of MCF7, suggesting an effect on cell death and attachment inhibition.
Although there have not been any reports of its traditional use for cancer treatment,
many reports show its use for inflammatory-associated diseases [23]. On the other
hand, Boswellia sp. gum has proved to have anti-neoplastic effects and is very com-
monly used for aroma therapy. EO of B. sacra induced cell death in T47D, MCF7,
and MDA-MB-231, and the EO hydrodistilled at 100°C was more potent than the
one prepared at 78°C, which demonstrates the importance of the form of prepara-
tion in the effect of the EO [24].

3. Antitumoral activity of EOs and bioactive compounds

Terpenes (TPs) are usually part of EOs’ constituents. Terpenoids (TPNs) are a
modified class of terpenes that can be classified according to the number of units
of isoprene. Monoterpenes (MTs) are the TPNs with only 2 isoprene units and 10
carbon atoms, sesquiterpenes (STs) have 3 isoprene units and 15 carbon atoms,
diterpenes have 4 isoprene units and 20 carbon atoms, triterpenes (T'Ts) have 6
isoprene units and 30 carbon atoms, and tetraterpenes have 8 isoprene units and 40
carbon atoms [25]. The biosynthesis of terpenoids is shown in Figure 1.

Sesquiterpenes (STs) are produced in plants in a way to interact with other
plants and as a response to herbivores. These compounds are widely distributed,
have been exploited in research for their phytomedicinal potential [26], and are
associated with decreasing progression of cancer.

Many plants have demonstrated antiproliferative activity on MCF7 cells and
have MT as a major constituent of their EO composition, such as the following :
Schefflera heptaphylla (B-pinene) [27]; Heteropyxis dehniae (linalool) [28]; Schinus
molle and Schinus tervebinthifolius (a-phellandrene) [29]; Melaleuca alternifolia
(terpinen-4-ol) [30]; Citrus limon, Citrus medica, and Citrus sinensis (limonene)
[31]; and Cunila angustifolia (pulegone and isomenthol) [32], Satureja khuzistanica
Jamzad (carvacrol) [33], Satureja intermedia C.A. Mey (y-terpinene, thymol, and
p-cymene) [34], Melaleuca armillaris (Sol Ex Gateau) (1,8-cineole) [35], Monodora
myristica, Xylopia aethiopica, X. parviflora [36], Laurus nobilis, Origanum syriacum,
O. vulgare, Salvia triloba [37], and berries of Schinus molle L. and S. terebinthifolius
Raddi (more active) (a-phellandrene, f-phellandrene, a-terpineol, a-pinene,
p-pinene, and p-cymene) [29].

Bisabolene isomers are the main constituents of opoponax (Commiphora
guidotti); therefore, a ST named p-bisabolene and an alcoholic analogue,
a-bisabolol, were tested for their in vitro and in vivo influence on BC. Only
p-bisabolene exhibited selective cytotoxic activity for mouse cells MG1361 and
human BC cells MCF7, MDA-MB-231, SKBR3, and BT474 with a 37.5% reduction of
the growth of transplanted 4T1 mammary tumors [38].
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Terpeneoids’ biosynthesis.

EO of Myrcia splendens (Sw.) DC. (Myrtaceae) from Amazonian Ecuador has its
anticancer activity in MCF?7 attributed to a-bisabolol in its composition [39], and
EO from leaves of Anaxagorea mainly composed of p-eudesmol, a-eudesmol, and
B-bisabolene showed similar effect [40].

EO from leaves of Schinus tevebinthifolius Raddi (Anacardiaceae) collected in
Brazil, with germacrene D as one of the major compounds, and fractions were
tested in vitro against MCF7. All of them had anticancer activity and that may be
due to a- and p-pinene structures [41]. EO of S. molle made in Costa Rica was active
in breast carcinoma EMT-6 cell line and also had beta-pinene and alpha-pinene as
major components [42]. Similar results were not found in EO from leaves of Porcelia
macrocarpa R. E. Fries (Annonaceae), with main compounds germacrene D and
bicyclogermacrene, which did not have significant effect on human breast adeno-
carcinoma SKBr [43].

p-Elemene is the major active component of the EO from a traditional plant from
China, Curcuma wenyujin Y.H. Chen et C. Ling, and showed significant cytotoxic-
ity in multidrug-resistant cell line MCF7/adriamycin through inhibition of mTOR
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activity, related with cell proliferation and cancer, with the presence of autophagy.
However, it only showed effects at high concentrations and the EO had problems
regarding stability [44].

Different parts of the same plant can have different chemical constitution and
biological activity. For example, the EO of Garcinia atroviridis Griff. ex T. Anders
showed different results when different parts of plants were used. The essential
oil from stem bark (EO-SB) had 79.8% of fatty acid including palmitoleic acid and
palmitic acid, and the leaf oil (EO-L) had 86.3% of STs. While EO-SB did not induce
cytotoxic effect, the EO-L stimulated the growth of BEAS-2B normal cells, but not
in MCF7 cancerous cells, proving the medicinal effects of STs. But the best result
was noticed when EO-L was associated with tamoxifen, which demonstrated better
activity than the treatment with the drug alone [45]. The EO of Pallines spinose
flower (F-PSEO) showed different composition than the leaf EO (L-PSEO). F-PSEO
contained 96.39% of STs with 78.63% of the oil as oxygenated derivatives such as
acorenone B, a-muurolol, and a-cadinol. The L-PSEO was composed of 51.60% of
oxygenated STs and 34.06% of SQ hydrocarbons. F-PSEO had stronger anticancer
results for MCF7 and MDA-MB-231 and both EOs induced a caspase-dependent and
caspase-independent apoptosis and altered the levels of Bcl-2 and Bax proteins [46].

A component that can optimize the anticancer effects when combined with chemo-
therapy or reduce side effects of the current treatment is a target for many researches.
Rhizoma curcumae is a plant known to possess activity against different types of
cancer cells [47] and is common in Chinese medicine for the treatment of cancer [48].
Curcumol, a guaiane type ST lactone, is the major component of R. curcumaeis and, in
combination with doxorubicin, made MDA-MB-231 cells more sensible to the action
of doxorubicin through the activation of transcription factor NFAT1 and through the
bind of the promoter region of miR-181b-2-3p, which is implicated in motility of BC
[49] and less survival in breast cancer patients [50]. Curcumol also demonstrated in
vivo suppress of tumor growth [49].

EO of Blepharocalyx salicifolius was cytotoxic against the MDA-MB-231 cell not
by mechanisms related to apoptosis but by preventing cell metabolism reactions.

Its main constituents identified were STs bicyclogermacrene, globulol, viridiflorol,
y-eudesmol, and a-eudesmol [51].

Leaves of Garcinia celebica L, popularly used in Malaysia and known as “mang-
gishutan,” provide an ST-rich EO composed of a-copaene (61.25%), germacrene D
(6.72%), and p-caryophyllene (5.85%) with antiproliferative action to MCF7 cells
[52]. A similar result was found with the leaf of Phoebe bournei (Hemsl.) Yang,
which is also composed mainly of STs such as a-copaene, a-muurolene, a-cadinene,
and 1s-calamenene [53].

A ST isolated from the EO of Rhizoma curcumae named Furanodiene (FD) is
associated with anticancer activities in various types of cancers in humans. FD also
showed action on chemo-resistant breast cancer cells [54]. EO of R. curcumae and
the main bioactive component FD were assessed on doxorubicin-resistant MCF7
cell line; although it showed inhibitory effects on cell viability it did not work on
ABC transporters [47], which promote the efflux of chemotherapeutic compounds
from cells leading to reduction of drug levels inside the cancer cells and insensitivity
to the treatment associated with resistance [55]. Furthermore, FD induced apopto-
sis via intrinsic/extrinsic-dependent and NF-kB-independent pathways [54].

Multidrug-resistant human BC cells MCF7/ADR were treated with EO of Inula

japonica (IJO) or its ST component isoalantolactone (ISO) or Angelicae dahuricae

EO (ADO). IJO, ISO, and ADO may reverse the cancer cell by down-regulating
ABCBI expression [56]. This gene encodes a transporter that changes the phenotype
of the cells into a multidrug resistance type associated with worse prognosis in BC
patients [57].
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EO of Lycopus lucidus Turcz. var. hirtus Regel was mainly composed of STs
a-humulene, p-caryophyllene, and humulene epoxide II, which resulted in a signifi-
cant dose-dependent inhibition of cell growth human BC cell lines MDA-MB-435S
and ZR-75-30, possibly due to the presence of STs in its composition [58].

A primary alcohol named 2-phenylethanol was the main constituent in the EO
of Magnolia virginiana, while in M. grandiflora oil sample the main compounds
were ST alcohol (E,E)-farnesol (18%) and 2-phenylethanol (10%). Both EOs were
active against MDA-MB231 cell [59]. Similar action was found with EO of Eryngium
campestre and E. amethystinum from central Italy, rich in ST hydrocarbons like ger-
macrene D, allo-aromadendrene, -elemene, spathulenol, and ledol against human
breast adenocarcinoma cells [60].

In the Amazon Rain Forest, climate changes seem to influence Iryanthera
polyneura Ducke trees. EOs obtained from leaves collected in the rainy season
were more active against MCF7. STs spathulenol, a-cadinol, and t-muurolol were
identified as the main compounds [61]. Some seasonal variation was also found
in EO of Mentha species, M. arvensis, M. piperita, M. longifolia, and M. spicata,
and they all stimulated the decrease of MCF7 proliferation. Their major com-
pounds were MTs such as menthol, menthone, piperitenone oxide, and carvone,
respectively [62].

STs represent 88.57% of all the compounds detected in Hedyosmum sprucei EO
(Chloranthaceae), collected in the Amazonian region of Pastaza, which led to cyto-
toxic effects on MCF7 [63]. Similar effect was observed in STs from EO of Ballota
undulata, B. saxatilis, B. nigra [64], Convolvulus althacoides [65], Talauma gloriensis
[66], Cedrelopsis grevei [67] and Feronia elephantum Correa [68].

Pinus voxburghii Sarg. is a Nepal pine used for skin injuries. Its needle EO
can inhibit up to 70% of MCF?7 cells due to high concentrations of STs such
as (E)-caryophyllene and a-humulene and of MT alcohols terpinen-4-ol and
a-terpineol [69]. P, sylvestris showed cytotoxic selectivity to ER-negative BC cells
MDA-MB-231 compared to ER-positive cell line (MCF7) but its chemical composi-
tion was not elucidated [70].

Volatile oil from Saussurea lappa root (VOSL) showed better anti-breast cancer
efficacy and lower side effects than its isolated STs named costunolide (Cos) and
dehydrocostuslactone (Dehy), although when combined Cos and Dehy induced
apoptosis with regulation of the c-Myc/p53 and AKT/14-3-3 signaling pathways in
MCF?7 cells or MDA-MB-231 [71].

Thymoquinone (TQ) is a MT and the main constituent of the EO from the seed
of Nigella sativa. It can optimize chemotherapeutic agents and reduce its toxic side
effects, proving to affect the modulation of signaling pathways and molecules with
important participation in oncogenic processes such as initiation, progression,
invasion, metastasis, and angiogenesis [1]. TQ encapsulated in poly(p,L-lactide-co-
glycolide) nanoparticles inhibits the proliferation of MDA-MB-231cells [72], and
same effect was obtained with TQ loaded with liposomes in MCF7 and T47D [73].
TQ derivates decreased the growth of MCF-7/Topo [74]. TQ improved the growth
inhibition of reference drug doxorubicin in multidrug-resistant MCF-7/TOPO cells,
which may be a good source for a booster in the treatment [75]. TQ also showed
apoptotic effect in BC cell line (T47D) in combination with gemcitabine as well as
alone [76].

TQ was not only active in BC cells but also in vivo by reduction of tumor cell
growth, invasion, and migration. These actions seem to be related to the activation
of peroxisome proliferator-activated receptor (PPAR)-y, which acts to inhibit cell
growth and proliferation. It also increases ROS, leading to the phosphorylation of
p38, a mitogen-activated protein kinase (MAPK), which leads to an antiproliferative
and proapoptotic efficacy of TQ in BC [77].
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In breast tumor xenograft mouse model, TQ was able to reduce the tumor
growth and act synergistically with doxorubicin with antiproliferative and pro-
apoptotic effects [78]. Similar result was found with mice injected with triple
negative BC (MDA-MB-231 and MDA-MB-436 cells), probably due to the inhibition
of eukaryotic elongation factor 2 kinase (EEF2K) signaling [79], which downregu-
lates steps in protein synthesis and increases solid tumor size in vivo [80]. On mice
transplanted with breast cancer with EMT6/P cells, the synergic action of TQ and
resveratrol decreased the tumor size and led to the cure of 60% animals with no
liver or kidney toxicity. The combination also induced apoptosis in EMT6/p and
human epithelial BC cell lines MCF7 and T47D [81]. In the xenograft mouse model,
TQ increased expression of p-p38 protein in tumors, and led to a decrease in the
XIAP, survivin, Bel-xL, and Bcl-2 antiapoptotic proteins [78].

Eugenol (Eu), an oxygenated MT, is an important volatile constituent of clove EO
mainly obtained from Syzygium, which has promising results in vitro for the prevention
of the progression of BC, with alteration in cellular energy metabolism of MCF10A-ras
[82]. For MCF-7 cell, there were cytotoxicity of cinnamon, thyme, chamomile, and
jasmine EOs. MT eugenol seems to play an important role in cinnamon action [83].

EO rich in MT eucalyptol from Cinnamomum glanduliferum from Egypt and
Nepeta menthoides from Iran inhibited respectively, MCF7 [84] and MCF7, T47D
and MDA-MB-231 [85].

The EO from Hedychium spicatum from different regions of western Himalaya
where collected and the samples from Almora, Binsar and Uttarakhand were rich
in MT and ST and showed cytotoxicity action in MCF7 [86]. Similar effect was
observed with EOs obtained from mint (Mentha spicata), ginger (Zingiber officinale),
lemon (Citrus limonum), grapefruit (Citrus paradisi), jasmine (Jasminum grandi-

flora), lavender (Lavandula stoechas), chamomile (Anthemis nobilis), thyme (Thymus
vulgaris), rose (Rosa centifolia) and cinnamon (C. zeylanicum) from a commercial
source in China, composed by elements such as MTs limonene and menthol [83].

Protium heptaphyllum (Aubl.) EO was collected during 3 years and did not
exhibit significant cytotoxicity against MCF7 cancer cells, with no change in cas-
pase-3 and TNF-a levels. The major compounds were MT such as terpinolene and
p-cymene-8-ol, and p-cymene. However, the EO had antimutagenic activity, which
might provide a chemo-preventive effect [87].

The fruit of Angelica archangelica L. growing in Iceland provides MT-rich
a-pinene EOs differing mainly in the absence or presence of the MT f-phellandrene.
However the cytotoxic activity in Crl mouse-BC-cells was independent of the
quantity of their main components [88].

The method of preparation affected the composition of EO from Pituranthos
tortuosus (Desf.) Benth and Hook (Apiaceae). The EO was rich in MT and the major
components of the sample prepared by hydrodistillation (HD) were MT p-myrcene,
MT sabinene, phenylpropanoids trans-iso-elemicin and MT alcohol terpinen-4-ol.
The mayor components from the sample prepared by simultaneous hydrodistillation
solvent (n-pentane) (DE) were MTs terpinen-4-ol, sabinene, gamma-terpinene and
beta-myrcene. And the mayor components from the sample prepared by conventional-
volatile-solvent extraction (SE) were MT terpinen-4-ol, phenylpropanoid dillapiole,
and MT allo-ocimene. The DE sample was the most potent against MCF7 [89].

Solanum erianthum leaf volatile oil demonstrated potent inhibitory activity
against Hs 578T characterized by the abundance of MT a-terpinolene (17.8%), MT
a-phellandrene (17.5%), MT p-cymene (15.7%), and MT p-pinene (11.7%) in the
leaves [90].

The EO from Myristica fragrans (nutmeg) was composed of MT, oxygenated MT,
SQ, phenolic ether, and phenylpropanoids, while Morinda citrifolia (mengkudu) had
mostly carboxylic acids, esters, and isothiocyanate. Both Eos decreased MCF?7 cells
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[91]. Similar effect was obtained with EO from leaves of Solanium spirale Roxb con-
taining 48.10% of diterpene alcohol (E)-Phytol [92], with EO from leaf, stem, stem
bark, and root of Uvariodendron angustifolium with the presence of citral (a mixture of
terpenoids) [93] and with EO from Syzygium aromaticum, a source of TT [4].

Litsea cubeba, composed by 68.9% of MT citral, and Cinnamomum zeylanicum,
mainly composed by (E)-cinnamaldehyde, also had inhibitory action on BC cells
MCF7, T47D and MDA-MB-231 [94].

EO from Erigeron acris root showed higher antiproliferative activity for MCF7
and MDA-MBA-231 than E. annuus, which may be due to polyacetylenic com-
pounds, matricaria and lachnophyllum ester [95], while Waldheimia glabra from the
Himalayan Mountains, composed mainly of ST spathulenol and thujopsene, fatty
alcohol 9-tetradecenol, MT a-thujone, santolina alcohol, and MT tertiary alcohols
terpinen-4-ol only had mild action [96].

EO obtained from the seeds of onion Afro styrax lepidophyllus and garlic tree
Scorodophloeus zenkeri are usually used as spices in Africa. It exhibited a strong inhibi-
tory effect on MDA-MB 231. The predominant compound in both oils was the terpe-
noid 2,4,5,7-tetrathiaoctane [97]. EO of aerial parts, branches and leaves, of Glandora
rosmarinifolia (Ten.) D.C. Thomas is composed mostly of aliphatic alkanes and diter-
pene hydrocarbons; it induces cell growth inhibition at triple negative-breast cancer-
cell lines SUM 149 and MDA-MB-231 in part due to a pro-oxidant mechanism [5].

4. Optimization of the EOs’ use against BC

Nanoemulsions (NEs) can work as an ally to reduce some problems associated
with Eos such as sensibility and lability. That is what happened with the use of
Zataria multiflora EO loaded into chitosan (CS) nanoparticles. This combination
improved the proliferation inhibition rate of BC cells as well as apoptosis, genera-
tion of ROS, trigger of mitochondrial membrane permeabilization and DNA dam-
age, with high selectivity to human cancer cells of breast adenocarcinoma MCF?7,
T47D, and MDA-MB-231 [98].

Another study made with CS and N,N,N-trimethyl chitosan (TMC) also
increased the toxicity of another EO from Ocimum gratissimum, when loaded with
TNC nanoparticles on MDA-MB-231 BC cell lines [99]. A similar result was found
using Cyperus articulatus EO loaded with CS nanoparticles [100].

Nigella sativa L. has been used in traditional medicine for about 1400 years and
it grows in countries bordering the Mediterranean Sea and India [101]. Its EO has
properties such as anti-inflammatory and anticancer. N. sativa-EO-NE increased the
apoptosis of MCF7 [102].

Mitomycin C (MTC) was solubilized in NEs of EO from ginger (EOG) and from
frankincense, which was shown to increase the toxicity for MCF7 cells when com-
pared with the use of MMC alone. EOG had the strongest apoptotic effect [103].
The same effect was seen when MTC was combined with chamomile NE oil [104].

Sandal wood EO (SEO), extracted from Santalum trees, was encapsulated into
liposomes composed of 15% SEO, 78.5% water, 4% enzyme modified lecithin, and
2.5% polysorbate. This combination provoked DNA damage and cytotoxicity and
genotoxicity against MCF?7 cells [105].

5. EOs as an alternative for side effects reduction during BC treatment

Chemotherapy-induced nausea and emesis are one of the most common
problems in BC patients and they can be inappropriately managed due to low
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affordability of new medications [106]. Women suffering from BC received 5-day
aroma therapy treatment using either ginger EO or a placebo. Nausea score was
significantly lower after ginger EO inhalation but was not sustained for the overall
treatment effect. Overall, the EO improved health-related quality of life [107].
Symptoms of urogenital atrophy (UA) are common in BC survivors [108]. The
cause is due to systemic treatments as a side effect of endocrine therapies and topical
estrogen is usually used to reduce the symptoms. Other alternatives are being sought
and could be valid to improve life quality of the patients with BC. EO of Cymbopogon
martini and Pelargonium graveolens affected the cell grown in hormone-dependent
MCF7 and hormone-independent MDA-MB-231 cell lines with pronounced estroge-
nicity, but clinical trials are necessary to better understand these effects [109].
Reaction on the skin can happen in BC patients under radiotherapy treatment.
Twenty four patients received an EO mixture with 32.5% of jojoba (Simmondsia chi-
nensis), 30% Aloe vera (Aloe barbadenisis), 10% of Tamanu (Calophyllum inophyllum),
10% primrose Oenothera biennis), 5% frankincense (Boswellia carteri), 5% geranium
(Pelargonium graveolens), 5% lavender (Lavandula angustifolia), and 2.5% helichrysum
(Helichrysum angustifolium) this EO mixture had a similar result as a medication used
for treating this side effect and therefore can be used as an alternative treatment [110].

6. Unsatisfactory EOs results for BC

Some EOs used in research were not able to have satisfactory in vitro anticancer
effects on MCF7 as EO from Sideritis perfoliata, Satureja thymbra, Salvia officinalis,
Lawrus nobilis, Pistacia palaestina [111], Nepeta cataria L. [112], Nectandra leucantha
[113], Laurus nobilis L, Origanum syriacum L, Origanum vulgare L, Salvia triloba L. [37],
Salvia officinalis [114], grapefruit (Citrus paradisi), ginger (Zingiber officinale) [83],
and Anemopsis californica [115].

Origanum vulgare EO, composed mostly of 4-terpineol, induced cell prolifera-
tion of MCF7, although at the concentration of 50 mg/mL opposite effect was
found, but still with minor effect when compared to the result in other cancer cells
[116]. Aloysia citriodora, Boswellia sacra, Boswellia servata, Cistus ladanifer, Citrus
x aurantium, Citrus limon, Citrus sinensis, Cymbopogon citratus, Foeniculum vulgar,
llicium verum, Satureja montana, Syzygium aromaticum, Thymus capitatus, and
Thymus vulgaris presented minor effects in MCF7, T47D, and MDA-MB-231 [94].

EO of Semenovia suffruticosa grown in Kerman, Iran, induced cell death in
MCF?7, but it also had the same effect on normal cell line [117]. EO from the leaves
of Solanum macranthum did not show anticancer properties in Hs578T [90].

This information is helpful to elucidate some effects of EOs that are used by the
population. Some EOs may not have any effect for BC or can even help stimulate
BC cells or have toxic action. Due to this, it is important to determinate if they are
safe for common use. Furthermore, it is worth mentioning that the results show
unsatisfactory effects in regard to concentrations used, which does not prevent the
use of these EOs in other researches with different outcomes.

7. Conclusions

Sesquiterpenes and monoterpenes are part of the main components of essential
oils, some of them already being isolated and with actions described, although it is
important to establish the force of the use of multiple compounds together.

A large number of essential oils from different plants have been described in the
literature with promising in vitro effect in a variety of breast cancer cells and even
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with in vivo effects in murine model; it is important to continue this research and
take it to the next level with clinical trials.

The articles found in the literature and their results encourage the use of
essential oils. The importance of plant research and the production of these oils
demonstrated the difference they can make as a supporting anticancer agent or
as a reducer of the side effects of breast cancer, which shows its power in the fight
against breast cancer.
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Abstract

Plant and plant-derived natural products have a long and significant history
in traditional medicine all over the world. Many studies in the recent past years
focused on the benefic properties of essential oils (EOs) and their major compo-
nents, terpenes and terpenoids (that are mostly monoterpenes and sesquiterpenes),
and their biological properties. This chapter focuses on terpenoids as important bio-
active constituents of EOs. It describes their uses, importance, extraction processes,
and classification. The chapter provides an in-depth overview of the latest findings/
research about terpenoids in EOs. It contains a well-prepared background, intro-
duction, classification, chemical tests, bioactivities, as well as the characterization
of terpenoids. It also discusses the bioactivities of EOs and that of terpenoids, with
regard to their synergetic and/or their antagonistic effects.

Keywords: monoterpenoids, sesquiterpenoids, diterpenoids, terpenes, terpenoids,
essential oils, bioactivities

1. Introduction

The use of plant and plant-derived natural products for medicinal, religious,
and cosmetic purposes has a history dating back to the emergence of humanity.
Exploring natural plant products as an option to find new chemical entities as leads
is one of the fastest growing areas of research. Medicinal plants are rich sources of
bioactive phytochemicals and/or bionutrients, which have shown important role in
preventing chronic diseases like cancers, diabetes, and coronary heart diseases [1].
It is well documented that plants produce these chemicals to protect themselves,
but they also protect plants from diseases and damages and contribute to the plant’s
color, aroma, and flavor [2]. The pharmaceutical properties of aromatic plants are
partially attributed to essential oils (EOs), which can also be seen as an important
group of plant secondary metabolites. Although the use of EOs has been primarily
related to food flavorings, cosmetics, and perfumes due to their aroma, research
demonstrates the high potential of the use of volatile monoterpene constituents
to cure and prevent human diseases [3, 4]. During the recent years, plant EOs
have come more into the focus of phytomedicine and aromatherapy; hence their
widespread use has raised more interest to scientists in basic research, especially
their antimicrobial, antioxidant, and anticancer activities. In general, EOs con-
sist of chemical mixtures involving from several tens to hundreds of different
types of molecules, most of them being complex natural mixture of terpene and

75 IntechOpen



Essential Oils - Bioactive Compounds, New Perspectives and Applications

phenylpropanoids (benzene derivatives) which are responsible for their biological
activities [5, 6]. At the first glance, terpenes and EOs can seem alike; both can come
from plants and are aromatic; for many they are used for the same purpose. These
similarities have led to a wide misconception that they are same, but this is not
necessary the case [7].

2. Essential oils
2.1 Definition

A plethora of practical definitions of the term essential or volatile oils exist.
Essential oils are concentrated aromatic hydrophobic oily volatile liquids character-
ized by a strong odor and produced by different plant materials such as flowers,
peels, rhizomes, buds, seeds, leaves, twigs, bark, herbs or grass, wood, fruits, roots,
and whole plant from one single botanic species [7-9]. However, EOs with a specific
characteristic (including chemical properties and biological activities) are gener-
ally obtained from a single botanical source when the age of the plant, the climate,
and the edaphic and harvest period are relatively identical [10]. They are called
“essential oils” because they contain the “essence” of the plant material. A few are
produced by animals and microorganisms [11]. Mosses, liverworts, seaweeds, and
fungi have also been shown to contain EOs. EOs are limpid, rarely colored, and
soluble in nonpolar or weakly polar organic solvents and of lower density (lighter)
than water, with very few exceptions [12]. They are usually colorless particularly
when fresh, but few may also be pale yellow (yellow mandarin), blue (Matricaria
chamomilla well known as chamomile), orange (sweet orange, Citrus sinensis), and
green (bergamot, Citrus bergamia) [13]. Nevertheless, they may be readily oxidiz-
able with age by light, heat, or air, which resulting to the dark color [14]. Therefore,
they need to be stored in a cool and dry place, preferably in amber glass containers.
The primary difference between terpenes and EOs is that they contain terpenes and
a variety of other compounds as well.

2.2 Distribution, uses, and importance

The quality and the quantity of EOs in plant material depends on the climate, the
soil type, the age and vegetable cycle stage, the preparation method, chemotypes, as
well as the plant organ [8]. An estimated 3000 EOs, from about 2000 plants, are of
great value and are used in a very large variety of fields [15, 16]. All plants possess
principally the ability to produce volatile compounds, quite often, however, only
in traces. Those plants that can produce an EO of commercial interest are called
essential oils plants [17]. EOs occur specially in higher plants (with about 17,500
known species) but are distributed in good amount in a limited number of families
including Myrtaceae, Myristicaceae, Oleaceae, Rosaceae, Acoraceae, Cupressaceae,
Lauraceae, Compositae, Rutaceae, Lamiaceae, Asteraceae, Umbelliferae, Apiaceae,
Poaceae, Zingiberaceae, etc. [18-21].

In most cases, the biological function of EOs remains obscure. They are nowa-
days subject of intensive scientific research and also attract attention of diverse
industries due to their potentials as active pharmacological compounds or natural
preservatives [22]. Their ecological role is however well studied and described. The
most known are plant interactions (allelopathic agents, germination inhibitors) and
plant-animal interactions for protection against predators (insects, fungi, herbi-
vores) and attraction of pollinating insect to their host [23]. Industries have always
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had special interest on the microbial safety of cosmetics, as microbial spoilage can
lead to product degradation and cause a risk for customers’ health. EOs and drugs
containing them are of great importance in pharmacy, perfumery (heal, perfume,
incense, household cleaning products), food technology (favor for food, drinks,
spices, preservative), agriculture (insecticide), and aromatherapy. Their impor-
tance is nowadays known and appreciated in plant chemotaxonomy [24, 25].

2.3 Extraction and analysis
2.3.1 Extraction of essential oils

The world production and consumption of EOs and perfumes are increasing
very fast. Production technology of EOs is an essential element to improve their
overall yield. They are obtained from raw material by several extraction techniques
such as water or steam distillation, solvent extraction, expression under pressure,
microwave-assisted extraction, supercritical fluid, or subcritical water extractions
[22, 26-28]. The best extraction method to use depends on the ease of evaporat-
ing (volatility) and the hydrophilicity or hydrophobicity (polarity) of the desired
components. The extraction method chosen greatly affects the chemical composi-
tion of EOs.

2.3.1.1 Classical and conventional methods

They are the most frequently used method for the extraction of EOs from plants.
2.3.1.1.1 Hydrodistillation

It is the oldest and easiest conventional method of extraction of EOs [11, 29-31].
The principle is based on the isotropic distillation. The plant material soaks up
water during the boiling process, and the oil contained in the oil cells diffuses
through the cell walls by means of osmosis. The distillation time depends on the
plants material being processed (Figure1).

2.3.1.1.2 Steam distillation

The principle of this technique is that the combined vapor pressure equals
the ambient pressure at about 100°C so that the volatile components with the
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Figure 1.
Diagrammatic illustration of hydrodistillation (HD) method [32].
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boiling points ranging from 150 to 300°C can be evaporated at a temperature
close to that of water. The steam distillation takes advantage of the volatility
of a compound to evaporate when heated with steam and the hydrophobicity

of the compound to separate into an oil phase during the condensation process
(Figure 2) [33].

2.3.1.1.3 Solvent extraction

Also known as liquid-liquid partitioning, its principle is based on the solubility
in an organic solvent non-mixable to water. This technique is used on delicate plants
to produce higher amounts of EOs at a lower cost. The method is limited by the
compound solubility in the specific solvent used, long extraction time, relatively
high solvent consumption and often unsatisfactory reproducibility and purity

(Figure 3) [33].
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Diagrammatic illustration of steam distillation method [32].

Figure 3.
Hllustration of liquid—liquid extraction method.
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2.3.1.1.4 Soxhlet extraction

Typically, it is a solid-liquid extraction used when the desired compound has a
limited solubility in a solvent and the impurity is insoluble in that solvent. There are
several advantages of using this technique. These advantages include:

* Low solvent consumption for a larger amount of raw material,

* Repeatedly brought into contact with fresh portions of the solvent, this
prevents the possibility of the solvent to become saturated with extractable
material and enhances the removal of analyte from the matrix. Moreover, the
temperature of the system is close to the boiling point of the solvent. This helps
to increase the extraction kinetic of the system.

As disadvantages, it requires several hours or days to be performed; moreover,
the sample is diluted in a large volume of solvent.

Due to heating, the thermal degradation and volatilization of components have
been observed, and hydrolysis of esters to yield alcohols and carboxylic acids can
occur (Figure 4) [34].

2.3.1.1.5 Cool pressing method

Also kwon as scarification method, this is one of the best methods to extract
EOs. The term cool pressed theoretically means that the oil is expeller-pressed at
low temperature and pressure. This process insures that the resulting oil is 100%
pure and retains all the properties of the plant. Here the heat is reduced and mini-
mized throughout the batching of the raw material. EOs are then separated from the
material by centrifugation [36].

Since economy, competitiveness, eco-friendly, sustainability, operation costs,
high efficiency, and good quality become keywords of the modern industrial pro-
duction, the development of EO extraction techniques has never been interrupted.
The most relevant disadvantage of conventional techniques are time and solvent
consumption and also related to the thermolability of EOs components which
undergo chemical alteration (hydrolyze, isomerization, oxidation) due to the high
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Soxhlet equipment [35].
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applied temperatures [37]. The quality of the obtained oil is damaged, particularly
if the extraction time is long. It is important that the extraction method maintain
the chemical composition and the natural proportion at its original state. Strictly
speaking, conventional methods are not the only way for the removal of EOs.
Novel techniques known as innovative have been developed for this purpose but
may not necessarily be widely used for commercial production due to the high cost
of production of oils without any alteration of their thermosensitive components
(Figure 5).

2.3.1.2 Innovative techniques of extraction (nonconventional)
2.3.1.2.1 Supercritical fluid extraction

It is a process of separating one component (the extractant) from another (the
matrix) using supercritical fluids as the extracting solvent. In practice, more than
90% of all analytical supercritical fluid extraction (SFE) is performed with carbon
dioxide (CO,) as the most used fluid. The CO; is chosen for several reasons includ-
ing the following: relatively low critical pressure (74 bars) and temperature (32°C),
inertness, non-toxic, nonflammable, high soluble, non-corrosive, safe, available in
high purity at relatively low cost, perfect conditions for thermosensitive compounds
extraction, selectivity for desired compounds, and easy removal from the extract.
At lower temperatures, to avoid potential damage of desired components of EOs,
supercritical CO, extraction technique is highly recommended [39, 40]. Extraction
of EOs by SFs, particularly with CO,, provides products free of toxic waste, having
a higher quality (especially it reserves the thermal instability of compounds) than
EOs obtained by conventional methods (Figure 6) [40-42].

2.3.1.2.2 SFE assisted by cold pressing (SFEAP)
SFEAP is a novel technique of extraction recently developed by Johner and col-

laborators [43]. It integrated both the cold-pressed extraction method and the SFE
technique. Here, the solid raw material is loaded inside the extraction vessel, and

Figure 5.
Cold pressing apparatus and procedure distillation method [34, 38].
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a cold pressing is provided by contracting an under pressure piston with the raw
material. SFEAP has been shown to offer faster extraction rate at 333 K and 40 MPa
with the best yield [44]. Its advantages include gain of extraction time and solvent
consumption. This technique has been used to extract EOs from Foeniculum vulgare,
Caryocar brasiliense, and clove (Figure 7) [43-45].

Figure 6.

Flow diagram of SC-CO, extraction [40]. (1) CO, cylinder, (2) cooling bath, (3) pump, (4) compressor,
(5) oven, (6) extractor vessel, (7) monitor, (8) collecting bottle, (9) flowmeter, and (10) CO, outlet. V1~V
flow control valves.
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Figure 7.

Sc%ematic diagram of SFEAP apparatus [43]. (1) CO, reservoir; (2) CO, filter; (3) safety valve; (4) cooling
bath; (5) air-driven CO, pump; (6) control (air flow); (7) air filter; (8) air compressor; (9) heating bath;
(10) serpentine tube; (11) extraction cell; (12) 1° extract collecting vessel; (13) 2° extract collecting vessel;
(14) flowmeter (15) flow totalizer, V2 back pressure; Vs micrometering valve; V(1,3,4) blocking

valve; P(1,2,3,4) pressure gauge; I1 tempevature indicator; 12 temperature indicator.
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2.3.1.2.3 Microwave-assisted hydrodistillation

The principle of the microwave-assisted hydrodistillation (MAHD) is based
upon its direct impact with polar materials/solvents and is governed by two
phenomena: ionic conduction and dipole rotation, which in most cases occurs
simultaneously [46]. MAHD has been shown to reduce both extraction time and
volume of solvent required, minimizing environmental impact by emitting less CO,
in atmosphere [47-49]. Some recently reported studies have successfully utilized a
microwave oven for the extraction of volatile active components from plants [50]. It
has been regarded as an important alternative in conventional extraction techniques
because of its advantages which mainly are a reduction of extraction time, solvents,
selectivity, volumetric heating, and controllable heating process (Figure 8) [51].

2.3.1.2.4 Ultvasound-assisted extraction

The basic principle of ultrasound-assisted extraction (UAE) to extract EOs
from plant raw material consist of generating sound waves (ultrasound frequency
about 20 KHz), which create cavitation bubbles in the solution and produce enough
energy to break the structure containing the oil in order to release it. Moreover, UAE
can act as an emulsifier dispersing lipophilic molecules in water, this facilitating the
subsequent separation and purification of EOs [54, 55]. This technique was devel-
oped in 1950 [56]. It has been used to extract many EOs especially from flowers,
leaves, or seeds [32, 55]. As known disadvantages, it requires filtration steps, and
possible degradation of compounds at high frequencies occurs (Figure 9) [57].

2.3.1.2.5 The microwave-assisted extraction

Microwave-assisted extraction (MAE) is a process of using microwave energy
to heat the solvent in contact with a sample in order to partition analytes from the
sample into the solvent. The ability to rapidly heat the sample solvent mixture is
inherent to MAE and is the main advantage of this technique [59]. It is a recent
green technology broadly used to extract various EOs from plant. It has been
established as an alternative method to conventional heating because it allows gain
of time, volume of solvent used, and amount of biomass needed while increasing
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Figure 8.
Schematic and picture of MAHD apparatus [52, 53].
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the extraction yield [28]. In most cases, recoveries of analytes and reproducibility
are improved compared to conventional techniques (Figure 10) [59].

2.3.1.2.6 Solvent-free microwave extraction

Solvent-free microwave extraction (SFME) is proposed as a method for “green”
extraction of edible EOs from fresh plant material, at atmospheric pressure without
addition of water or organic solvent [61]. The SFME apparatus (Figure 3) is an
original combination of microwave heating and dry distillation at atmospheric
pressure. Based on a relatively simple principle, this method involves placing the
plant material in a microwave reactor, without adding any solvent or water.

The internal heating of the in situ water within the fresh plant material distends
the plant cells and leads to the rupture of the glands and oleiferous receptacles. This
process thus free EO which is evaporated by in situ water of the plant material. A
cooling system outside the microwave oven condensed the distillate continuously.
The excess of water is refluxed to the extraction vessel in order to restore in situ
water to the plant material. At the end, EO is removed from the aqueous extract

by simple decantation. SFME is neither a modified microwave-assisted extraction
(MAE) which uses organic solvents nor a modified hydrodistillation process which
uses a large amount of water; it can be consider as a dry distillation process, with
water coming from the fresh plant material [62-64]. As advantages, the SFME
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Figure 9.
Ultrasound-assisted extraction (UAE): from laboratory (a) to pilot scale (b) [58].

Figure 10.
Picture and schematic diagram of the microwave oven adaptation to perform MAE [60].
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method increases the EO yield, ameliorate the EO composition, eliminate the waste
of water treatment, and also contributes to limited time, and lower an energy
consumption (Figure 11) [62].

2.3.1.2.7 Microwave hydrodiffusion and gravity

Microwave hydrodiffusion and gravity (MHG) is a new green extraction tech-
nique of EOs developed by Vian and collaborators in 2008. This green extraction
technique is an original “upside down” microwave alembic combining microwave
heating and earth gravity at atmospheric pressure [65]. MHG has become not only
an economic and efficient but also an environmental- and eco-friendly, not require
water or solvent and as it does require less energy (Figure 12) [65, 66].

2.3.2 Analysis of essential oils
As the consumption of EOs is growing up annually, their world production by

different companies to satisfy the market demand has been increasing every year.
The quality control of produced EOs has become then necessary to ensure the
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Figure 11.
Schematic representation of the solvent-free microwave extraction apparatus [63].
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Schematic vepresentation of the microwave hydrodiffusion and gravity [65].
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genuineness of the product, the shelf life, and the storage conditions [67]. The EO
composition can sometimes be falsified by adding cheaper oils; it is often necessary
to characterize small differences between oils that correspond to variation in geo-
graphic or genetic origin of the plant material. EOs analysis can be summarized in
few points: the qualitative composition, the quantitative determination (major and/
or minor constituents), and the detection of alteration of true EOs. With regard

to the quality aspect of the EO, the identity and the purity are always investigated.
Their physical properties are commonly assessed by specific gravity, the relative
density, the optical rotation, the refractive index, etc.

Most of the methods applied in the analysis of EOs rely on chromatographic
procedures, which enable component separation and identification. These include
gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass
spectrometry (LC-MS), gas chromatography-Fourier transform infrared spectrom-
etry (GC-FT-IR), gas chromatography-Fourier transform infrared spectrometry-
mass spectrometry (GC-FT-IR-MS), gas chromatography-atomic emission detector
(GC-AED), gas chromatography-isotope ratio mass spectrometry (GC-IR-MS),
on-line coupled liquid chromatography-gas chromatography (LC-GC), and multi-
dimensional gas chromatography (MDGC) [68-78].

2.4 Bioactivities and toxicity of essential oils

A considerable large number of studies on EOs to evaluate their pharmacological
properties and toxicity in order to find possible alternative medicine have become
active in recent years [79]. EOs are known to exhibit a large range of biological
activities.

2.4.1 Antioxidant activity

It is one of the most intensively studied properties of EOs. This could be
explained by the damages of various biological substances by oxidation which
subsequently causes many degenerative and/or metabolic diseases such as cancer,
diabetes, arthritis, inflammation, and Parkinson’s and Alzheimer’s disease just
to name a few [80-84]. EOs are known as rich sources of potential antioxidants
that can be investigated to prevent oxidative damage [85]. Antioxidants comprise
substances that, in low concentrations, significantly delay or inhibit the oxidation
of the substrate [86]. Volatile compounds in EO, beside their protective antioxi-
dant activity, can also act as prooxidant, by affecting the cellular redox status and
damage cellular biomolecules, in the first instance proteins and DNA [15]. All these
must be taken into account when antioxidant properties of EOs are considered.

Although phenolic compounds are recognized as being responsible for the
antioxidant ability, recent studies showed that volatile components could also
individually and/or in mixture (essential oil) contribute to the whole antioxidant
ability. EO of lemon balm (Melissa officinalis L.) was reported to exhibit the highest
antioxidant activity than BHT. Its GC-MS analysis showed that the main com-
pounds were citronellal, neral, and geranial with a percentage yield of 13.7, 16.5, and
23.4%, respectively [87].

2.4.2 Anticancer activity
Cancer is a worldwide public health concern with 18.1 million people been
diagnosed with the disease annually. It is the second largest single leading cause

of death claiming in excess of 9.6 million lives in the world in 2018, with approxi-
mately 70% of deaths occurring in low- and middle-income countries [88]. Current
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valuable drugs used in the treatment include vinblastine, vincristine, camptothecin,
and Taxol [89]. Many studies pointed out the anticancer properties of plants. Over
500 research papers are published on the anticancer activity of EOs [90-93], even
though, till date, there are no scientific studies showing that aromatherapy can cure
or prevent cancer. Most promising research results obtained from in vitro studies
revealed that EOs were found to affect cancer cell lines in petri dishes. EOs are well
known for their anti-inflammatory activity; hence it appeared that EOs could also
have anticancer effects as there is a relationship between the production of reactive
oxygen species to the origin of oxidation and inflammation that can lead to cancer.
More than 100 EOs from more than 20 families of plants have been tested on more
than 20 different types of cancers in the past 10 years [94]. Bourgou and collabora-
tors showed that the EO from seeds of black cumin (Nigella sativa L.) significantly
inhibits the growth of A-549 and DLD-1 cancer cell lines with ICs; values of 43.0
and 46.0 pg/mL, respectively [95]. In 2012, Wang and collaborators reported the
toxicology potential of EO of Rosmarinus officinalis L. and its three main compo-
nents (including a-pinene, f-pinene, and 1,8-ceneole) toward three human cancer
cell lines: the EO showed a strong cytotoxicity toward the three cancer cells with
ICsp values of 0.025, 0.076, and 0.13%o (v/v) on SK-OV-3, HO-8910, and Bel-7402,
respectively [96].

2.4.3 Antimicrobial activity

EOs are well-kwon as antimicrobial agents and are well documented in numer-
ous research works. Their antimicrobial activity depends not only on the presence
of the main active compounds but also on the interaction between different com-
ponents which can have synergistic or antagonistic actions. It also depends on the
content, concentration, interaction between main active components, and suscepti-
bility of microorganisms [97, 98]. The inactive compounds might influence resorp-
tion, the rate of the reactions, as well as biological activities of active compounds.
The combination of both major and minor components can thus modify the activity
to exert significant synergistic or antagonistic effect [99, 100]. EOs extracted from
cinnamon, oregano, and thyme showed significant antibacterial activities against
Escherichia coli, Bacillus thermosphacta, Listeria monocytogenes, and Pseudomonas

fluorescens [101].

In general, EOs in decreasing order of antimicrobial activities are reportedly
as follows: oregano (Origanum vulgare) > clove (Syzygium aromaticum) > corian-
der (Coriandrum sativum) > cinnamon (Cinnamomum cassia) > thyme (Thymus
vulgaris) > mint (Mentha) > rosemary (Salvia vosmarinus) > mustard (Sinapis
alba) > sage (Salvia officinalis) [102].

2.4.3.1 Antibacterial and antifungal activities

Antibiotic resistance is one of the most serious health burdens worldwide due
to the continuous appearance of antibiotic-resistant bacterial strains. The bacteria
that cause the most major clinical problems are Klebsiella and Enterobacter species,
Staphylococcus aureus, Entevococcus faecium, Clostridium difficile, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Escherichia coli [103]. Generally, EOs are more
active on gram-positive bacteria due to the presence of peptidoglycan layer, which
lies outside the outer membrane. In gram-negative bacteria, the outer membrane
is composed of a double layer of phospholipids, which is linked to the inner mem-
brane by lipopolysaccharide [104]. Several studies on the bioactivity of EOs have
revealed their antibacterial and antifungal potential on different pathogen micro-
organisms [105-108]. Previous studies revealed that the EOs from Piper guineense
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fruit and P, caldense roots were active against the gram-negative bacteria E. coli and
P, aeruginosa [109, 110]. EOs have been reported to possess potent antimicrobial
activity, exhibiting bacteriostatic and bactericidal effects against tested pathogens.

2.4.3.2 Antiviral activity

New agents that are effective against common pathogens are needed particularly
for those resistant to conventional antiviral agents. The ability of viruses to persist
in fresh products, as well as their low infectious dose, could lead to serious food-
borne problems [111]. Plants and plant-derived natural products provide unlimited
opportunities for new antiviral drugs. Many EOs have been investigated in recent
years toward their antiviral activity. As conclusion of their work, Reichling and
collaborators reported that particular free viruses are very sensitive to EOs [112].

2.4.4 Anti-inflammatory activity

Most of EOs have been firstly identified and used for the treatment of inflam-
matory and oxidative diseases. Cymbopogon citratus (Lemongrass) is a popular herb
used as analgesic and anti-inflammatory agent. It has been reported that its EO
suppresses COX-2 expression promoter activity; citral was identified as the major
component responsible for suppressing COX-2 expression and for activating PPARx
and y [113].

2.4.5 Miscellaneous activities

The insect repellent activity of EOs is well studied and many research papers
have been published. The EOs of Hyptis spicigera Lamarck and Hyptis suaveolens (L)
Poitier and Lavandula angustifolia (Miller) showed repellent activity on Sitophilus
zeamais adults [114].

EOs of the leaves of Endlicheria bracteolate was tested against Leishmania
amagonensis by Rottini and collaborators. The antileishmanial activity was evalu-
ated against promastigotes and intracellular amastigotes, and cytotoxicity was
performed with J774.G8, which were incubated with different concentrations of E.
bracteolate. Promastigote forms showed E. bracteolate EO 1Csq value of 7.945 pg/mL
(24 h). The ICs( value was 15.14 pg/mL showing that E. bracteolate EO is less toxic to
macrophages than to parasites [115].

2.5 Composition of essentials oils

EOs are generally very complex mixture (60-300) of nonpolar and semipolar
lipophilic constituents of low molecular weight, at different concentrations with
two or three appearing to be major ones [116, 117]:

* Terpenoids

* Straight-chain compounds not containing any side chain

* Aromatic and phenolic components

e Sulfured derivatives

The variation in odor and taste of EO depends on the plants variety, the harvest-
ing seasons, the geographical location, the drying methods, and the extraction
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techniques [102, 118-120]. The major volatile constituents may be classified into
two main categories: terpenoids and polypropanoids [121-123]. We will focus our
investigation on terpenoids.

3. Terpenes and terpenoids

Terpenes are defined as secondary metabolites with molecular structures contain-
ing carbon backbones of isoprene (2-methylbuta-1,3-diene) units [124]. Terpenes
are synthetized in the cytoplasm of plant cells through the mevalonic acid pathway.
Biochemical modification such as oxidation or rearrangement of terpenes produces
the related terpenoids. Terpenoids are then oxygenated derivatives of hydrocar-
bon terpenes such as aldehydes, ketones, alcohols, acids, ethers, and esters [34].
Terpenoids are the largest classes of plants’ natural products accounting for more
than 40,000 individual compounds of both primary and secondary metabolisms
been identified; to date, new terpenoids are being discovered every year [12, 124].

In general, terpenoids can be divided into at least four groups of compounds that
include true terpenes, steroids, saponins, and cardiac glycosides.

These types of natural lipids can be found in every class of living things, mainly
in plants as constituents of EOs, and are therefore considered as the largest and
structurally diverse group of natural products [125]. In general, only the hemiter-
penoids, the monoterpenoids, and sesquiterpenoids are sufficiently volatile to be
components of EOs. As widely acknowledged, the composition of EOs is mainly
represented by mono-, sesqui-, and even diterpene hydrocarbons and their respec-
tive oxygenated derivatives [30, 126-128].
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3.1 Classification

Structurally, EO constituents typically have low molecular weights, which con-
tribute to their high volatility. Terpenes are the most common constituents found in
EOs [128]. They are made from isoprene units (several five carbon base units). Each
group of terpenes arises from the head-to-tail condensation of a variable number
of isoprene units. Variations in the number of isoprene unit repetitions, cyclisation
reactions, and rearrangements are primarily responsible for their chemical and
structural diversity. EOs consist of mainly monoterpenes (Cy) and sesquiterpenes
(C1s) but also have diterpenes (Cy), triterpenes (Cs), and tetraterpenes (Cyo) at
very low concentration with their oxygenated derivatives, respectively (Figure 13)
[15, 102, 130].

3.1.1 Hemiterpenes

Hemiterpenes are part of minor terpenes of EOs. They are usually alcohols,
aldehydes, and esters, with a 2-methylbutane skeleton [131]. The number of
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Structures of some monoterpenes and monoterpenoids.
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Structures of some sesquiterpenes and sesquiterpenoids.
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Structures of some diterpenes and diterpenoids.

hemiterpene aglycone is less than 100 [132]. Chlorinated hemiterpenes were
recently isolated from the leaves of Prinsepia utilis (Figure 14) [133].

3.1.2 Monoterpenes

Regular monoterpenes are made from the combination of two isoprene units
(Cyo) linked by the head-to-tail binding. They are the major molecules consisting
of 90% of (some) EOs; thereby, they contribute to the specific smell of plants
[134, 135]. Monoterpenes are found in nearly all EOs and usually possess one
double bond in their structures. In nature, they are mostly involved in plant—
animal and plant-plant interactions such as pollination, seed and fruit dissemi-
nation, and allelopathic agents. Monoterpenes occur in more than 30 known
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skeletons and can be divided into 3 subgroups: acyclic, monocyclic, and bicyclic.
A number of monoterpenes are oxygenated (Figure 15).

3.1.3 Sesquiterpenes

Sesquiterpenes are other major EO components and are less volatile than
monoterpenes. They are derived from three isoprene units and exist in a wide
variety of forms, including linear, monocyclic, bicyclic, and tricyclic frameworks.
Sesquiterpenes are the most diverse group of terpenoids (Figure 16).

3.1.4 Diterpenes

They are chemically complex and are usually components of plants resins but are
sometimes encountered as by-products in the isolation of EOs. Diterpenes are less
volatile because of their high molecular weights and less numerous than the mono-
and sesquiterpenes. Consequently, they are difficult to extract by steam distillation
and then appear rarely in distilled EOs. When present, they are found in EOs in very
low amounts. However, traditional extraction using distillation allows separation
and identification of diterpenes present in EOs [136]. Generally, molecules with
molecular masses higher than 300 uma can be seen as sign of improper extraction
conditions or adulteration. Diterpenes that are usually found in EOs include cam-
phorene, cafestol, kahweol, cambrene, and taxideme (Figure 17).

3.2 Bioactivities of terpenoids

Some sesquiterpenoids are very toxic, but some are antifungals, carminatives,
and insecticides.

Being complex mixtures of constituents, overall activities of EOs cannot there-
fore be attributed only to their major components (terpenoids) [137]. Many aroma
components of EOs, such as terpenes and terpenoids, were proposed to contribute
to their antioxidant activity; that include -terpene and S-terpinolene in Melaleuca
alternifolia, 1,8-cineole in Mentha aquatic, and linalool in black cumin. Less volatile
but strongly bitter-tasting or toxic terpenes also protect some plant from being
eaten by animals. Some terpenes are potent drugs against diseases such as heart
disease, malaria, and cancer [34].

4. Importance of terpenes terpenoids found in essentials oils

Terpenoids are, by far, the most important group (numerous and structurally
diverse) of natural products as far as EOs are concerned. Reports on the level of
terpenoids in EOs vary considerably. Many terpenes have biological activities and
are used for medical purposes. For example, the antimalarial drug artemisinin and
the anticancer drug Taxol (paclitaxel) are two of a few terpenes with established
medical applications [26].

Monoterpenes are well known as main constituents of EOs, floral, and scents.
Monoterpenes and monoterpenoids have antioxidant, anticonvulsant, antiulcer,
anti-inflammatory, antiseptic, antitumor, antiviral, analgesic, antihypertensive,
antibacterial, and therapeutic antidiabetic properties [26, 138]. The general
mechanism of action of monoterpenes, such as their antimicrobial and antitussive
activity, is mainly related to their volatility. Their hydrophobicity, as well as the EOs
as awhole, determines their effect on bacterial cell structures with a subsequent
antimicrobial effect [139]. a-Terpineol is used to enhance skin penetration and
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also has insecticidal properties [140]. Monoterpenes have been shown to exert
chemopreventive as well as chemotherapeutic activities in mammary tumor models
and thus may represent a new class of therapeutic agents [138]. The EO of Melissa
officinalis L. can inhibit the replication of HSV-2, due to the presence of citral and
citronellal [141]. Linalool is an unsaturated alcohol monoterpene found as principal
constituent in many EOs known to exhibit various biological activities that include
antibacterial, antiplasmodial, and antinociceptive effects in different animal mod-
els [142-144]. Linalool also plays an important role in nature as a key compound

in the complex pollination biology of various plant species to ensure reproduction
and survival. It is also a key compound for the industrial production of a variety

of fragrance chemicals such as geraniol, nerol, citral and its derivatives, as well as
alead compound in the synthesis of vitamins A and E. Its repellent properties on
various crop-destroying insects are well studied and documented, hence accentuat-
ing the application of linalool in eco-friendly pest management [145]. In Malaysia,
linalool is reported to be the major component of EOs of different aromatic species
of the Lauraceae family; hence it may be classified as a taxon of this family [146].
Limonene is among the most abundant monoterpene constituents found in nature,
and it occurs in a variety of trees and herbs that include Citrus species. It has been
an interesting target molecule for chemists and biologists. Limonene inhibits
LPS-induced NO and PGE2 production that included dose-dependent decreases

in the expression of iNOS and COX-2 proteins [147]. Some in vitro and in vivo
studies have revealed the effects of monoterpenes on diabetes, insulin resistance,
and obesity. The role of inflammation as a link between diabetes and obesity has
been established. Many monoterpenes exhibit ameliorative effects in inflammatory
conditions associated with diabetes [148]. The analgesic effect of many plant EOs
rich in monoterpenes has been established experimentally [149].

Some bicyclic monoterpenoids are known to suppress the acetylcholinesterase
activity, which is increased in patient with Alzheimer’s disease. In a study of 17
monoterpenes and monoterpenoids, (+)- and (—)-a-pinene and (+)-3-carene
appeared as potent inhibitors of the enzyme AChE, while the bicyclic ketones and
alcohol inhibitions were weak [150].

In recent years, a considerable large number of research studies have been car-
ried out on the chemical constituents of EOs as source of bioactive natural products
against cancer. Piaru and collaborators showed that EO of Myristica fragrans
exhibited good cytotoxic activity, possibly due to the presence of some potential
anticancer substances such as limonene, terpinen-4-ol, eugenol, and myristicin
[151]. Similarly, EO from Vepris macrophylla demonstrated a strong cytotoxic effect,
which may be attributed to the presence of specific components like citral, citronel-
lol, and myrcene [152, 153].

Many EO components possess enantiomers that can be sometime present in
an oil. It is important to note that there is a close relationship between the chiral-
ity of organic compounds and their biological properties. For a given optically
active substance, the activity is not identical for both enantiomers [153]. Linalool,
for example, has two enantiomers: (3S)-(+)-linalool known as coryandrol and
(3R)-(—)-linalool known as licareol. Both have distinct properties. It was reported
that although (S)-(+)- and (R)-(—)- have similar activity profiles, the effect of
(R)-(—)-linalool is more intense [154]. Similarly, De Sousa and coworkers showed
that regarding the anticonvulsant activity, (R)-(—)-linalool and the racemate form
were more active than the (S)-(+)- enantiomer, which had effects compatible with
diazepam and phenytoin, known as anticonvulsant agents [148, 153].

Geraniol, an acyclic aldehyde monoterpene present in various EOs from many
aromatic plants, has in vitro and in vivo antitumor activity against several cancer
cell lines. In fact, geraniol alters several metabolic pathways of HepG2 cells such
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as the mevalonate pathway and the phosphatidylcholine biosynthesis, which
results in cell growth inhibition, cell cycle arrest occurring at the GO/G1 inter-
phase, and increased apoptosis [155]. Antibacterial and antifungal activities of
oils with high levels of sesquiterpenes as cadinene, spathulenol, and selinene were
described [156].

Cristiani and coworkers have reported the antimicrobial activity of four
monoterpenes (p-cymene, y-terpinene, carvacrol, and thymol) against the
Gram-positive bacterium S. aureus and the Gram-negative bacterium E. coli. They
concluded that thymol was considerably more toxic against S. aureus than the
other three terpenes, while carvacrol and p-cymene were the most active against
E. coli [157]. Germacrene D with its three double bonds as electron-rich centers
demonstrated good ability to scavenge superoxide radical anions [156]. However,
linalool and nerolidol may also display pro-oxidant activity. Carvacrol and thymol
are reported to be the main constituents of volatile oils from Origanum species in
general [158, 159]. With limonene, citronellol, myrtenol, linalool, and carvacrol are
among monoterpenes showing in vitro and in vivo cardiovascular effects in both
humans and animals [159].

Monoterpenes, sesquiterpenes, and oxygenated derivatives extracted from EOs
have shown strong inhibitory activities against pathogenic bacteria, hence suggest-
ing their use as flavoring and antioxidant agents [104].

Alzheimer’s disease is by far the most prevalent of all known forms of
dementia. Wojtunik-Kulesza and collaborators showed that three monocyclic
monoterpenes (carvone, pulegone, and y-terpene) possess acetylcholinesterase
(AchE) inhibitory activity. Among the investigated terpenes, the three later
were recognized as compounds with promising activities in the development
of multi-target directed ligands [160]. The lipophilic character of terpene
skeleton combined with the hydrophobic character of the functional group
is essential for activity. Thus, a rank of activity has been proposed as follows:
aldehydes > ketones > alcohols > esters > hydrocarbons [156].

In 2010, Conti and coworkers measured the insect repellent activity of three
EOs. They found that at lowest dose (0.001%), the OE of Hyptis suaveolens exhibited
a significant higher repellent effect compare to Hyptis spicigera and Lavandula
angustifolia. After chemical analyses of the OE of H. suaveolens, monoterpene
hydrocarbons were the most represented class of volatiles (64.1%), followed by
sesquiterpene hydrocarbons (24.0%) [114].

In EOs, the components found in higher concentrations and related to anti-
microbial activity are phenolic compounds such as linalool, sabinene, menthol,
myrcene, and camphene [161].

Sesquiterpenes have anti-inflammatory and anti-allergic properties. The anti-
inflammatory activities of some medicinal plants are due to the presence of one or
more sesquiterpene lactones [26]. Above all, terpenes are responsible for the smell
and flavor typical of the different varieties of Cannabis sativa, whereas phytocan-
nabinoids are odorless [162].

5. Conclusion

Terpenes represent one of the largest and most diverse classes of natural prod-
ucts. They have numerous roles ranging from defense repellents against herbivores
or pathogens through animal attract hormones to agents designed to help disperse
seeds and pollen. Monoterpenoids and sesquiterpenoids are obviously the major
constituents of EOs, while in some oils the occurrence of diterpenoids was observed
as quite minor constituents when present. In an ecological context, mono- and
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sesquiterpenes play an important role in the relations between organisms, for
example, as attractants of pollinators or deterrents of herbivores. The enormous
diversity of terpenoids and wide spectrum of biological activities make them
attractive for many industries, and new areas of application still have not been
discovered. Despite their rich and complex composition, the use of EOs remains
limited to the cosmetics and perfumery domains. It is worthy to develop a better
understanding of their chemistry and biological properties as well as that of their
individual components for new and valuable applications in human health.

Despite their well-recognized bioactivities, EOs have been misused with regard
to their level of toxicity. Some EOs or their major constituents have been recorded to
be much toxic with bad side effects including convulsions, irritation, and photoder-
matosis. Literature review of the available data shows that serious accidents, most
of which involve young children, are due to a small number of EOs, ingested in large
amount. The development and the expansion of therapies using EOs and the evalu-
ation of their acute toxicity have become more important to avoid their abusive use.
The most common adverse events are eye, mucous membrane, and skin irritation
and sensitization particularly to oils containing aldehydes and phenols. Despite all,
no well-defined studies have proved that these EOs are harmful, but this deserves
more detailed studies.
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Chapter 6

Aromatherapy as Complementary
Medicine

Amira Ahmed Kamal El-din El-Anssary

Abstract

Aromatherapy is the practice of using the natural oils extracted from bark,
flowers, stems, roots, leaves, or other parts of a plant to enhance psychological and
physical well-being. It is a type of complementary medicine that uses volatile oils
and other aromatic compounds with the aim of changing a person’s mind and mood.
Volatile oils are hydrophobic in nature. Essential oils are extracted by different
methods as steam distillation. Some evidence exists that volatile oils may have
therapeutic potential. Volatile oils are often absorbed through the skin, where they
travel through the bloodstream and might promote whole-body healing. Essential
oils are showing a spread of applications, including pain treatments, enhancement
of mood, and increased cognitive function. Essential oils are available in a large
number, each with its own healing properties.

Keywords: aromatherapy, complementary medicine, essential oils, therapeutic
benefits, ketones, ancient civilization, biological activities, distribution

1. Introduction

For a long time, essential oils were well-known for their therapeutic importance.
They were used as perfumes and flavors for foods and beverages or to heal both the
body and mind for many years [1-4]. They were used in ancient civilizations as
Chinese, Indian, and ancient Egyptian and show their uses in many treatments in
different forms. The ancient Chinese were the first culture to use aromatherapy in
folk medicine, and then the ancient Egyptians created undeveloped distillation
machine that is used for the crude extraction. Greece learned a large deal from the
ancient Egyptians, and they also learned the therapeutic and aromatic advantages of
the aromatic plants [5-8].

Volatile oils consist of very small aromatic molecules that are easily absorbed
through the skin and respiratory system. These medicinal compounds next enter the
bloodstream and then spread all over the whole body where they can create their
useful curing powers. As they are too concentrated, even a small amount of volatile
oil is effective. Nowadays aromatherapy is one of the most popular complementary
therapies, offering a highly effective treatment to both the acute and chronic dis-
eases. In addition, the continuous use of aromatherapy and home-use products
helps our immune system [9].
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2. Definition and localization of essential oils

Volatile oils are aromatic compounds which occur only in 10% of the plant king-
dom and are stored in plants in specific secretory cells such as glands, hairs, ducts,
cavities, or resin ducts [10-13]. Essential oils are hydrophobic in nature; they can be
dissolved by polar solvent like alcohols and nonpolar solvents, waxes, and oils. Most
of them are pale yellow or with no color with the exception of the blue volatile oil of
Matricaria chamomilla L., and most are liquid and of low density than water except
the essential oil of Cinnamomum verum Blume. and Syzygium aromaticum L. [14, 15].

Volatile oils are easily oxidizable by light, heat, and air due to the presence of
olefenic double bonds and functional groups such as hydroxyl, aldehyde, and ester
[16, 17].

3. Extraction of volatile oils

The oils contained within the plant cells are liberated through heat and com-
pression from different organs of the plant, for example, the leaves, flowers, fruit,
bark, and gums. The extraction of the oils from different plant organs is achieved by
different methods, such as hydro-distillation, which is the most common method of
extraction [18, 19]. Essential oils are composed of a mixture of volatile components
and consist of about 20-60 individual compounds, and some may contain more
than 100 components as jasmine, lemon, and cinnamon volatile oils [20-23].

4. Factors affecting chemical composition of volatile oils

The fragrance and chemical composition of the oils can vary according to
different factors as the geo-climatic location and growing conditions (soil type,
climate, altitude, and amount of water available), season, and time of day when
harvesting is done. Therefore, these factors influence the biochemical synthesis of
the oils in a plant, so that the same species of the plant make the same volatile oil
but maybe of different chemical compounds, which will affect their therapeutic
activities. These different chemical compositions led to different chemotypes.
Chemotype is in general a different population of the same species of plant which
produces many chemical profiles for a particular class of secondary metabolites.
Examples of some chemotypes are shown in Table 1 [24-27].

5. Distribution of the volatile oils in the plant kingdom

Although only 100 species are widely known for their volatile oils, there are over
2000 plant species widespread over 60 families such as Lamiaceae, which is also

Plant name Chemotype 1 Chemotype 2 Chemotype 3

Thyme (Thymus vulgaris L.) Thymol Thujanol Linalool

Peppermint (Mentha piperita L.) Menthol Carvone Limonene

Rosemary (Rosmarinus officinalis L.) 1,8 Camphor Cineole Verbenone

Dill (Anethum graveolens L.) Carvone Limonene Phellandrene

Lavender (Lavandula angustifolia Mill.) Linalool Linalyl acetate p-Caryophyllene
Table 1.

Examples of different chemotypes.
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Class of Example Bioactivities References

compounds

Ketones Carvone, menthone, pulegone,  Mucolytic, cell regenerating, [38-40]
fenchone, camphor sedative, antiviral, neurotoxic,

analgesic, spasmolytic

Aldehydes Citral, myrtenal, Antiviral, antimicrobial, tonic, [26, 41]
cuminaldehyde, citronellal, vasodilators, hypotensive, calming,
cinnamaldehyde, benzaldehyde antipyretic, sedative

Phenols Thymol, eugenol, carvacrol, Antimicrobial, spasmolytic, immune [26, 40]
chavicol stimulating

Alcohols Linalool, menthol, borneol, Antimicrobial, antiseptic, tonifying,  [26, 40]
santalol, nerol, citronellol, spasmolytic
geraniol

Lactones Nepetalactone, bergaptene Antimicrobial antiviral, antipyretic,  [26, 40]

sedative, hypotensive, analgesic

Hydrocarbons Limonene, myrcene, pinene, Stimulant, antiviral, antitumor, [26, 40]
sabinene, cymene, myrcene, decongestant, antibacterial,
phellandrene hepatoprotective

Esters Linalyl acetate, geraniol acetate, Spasmolytic, sedative, antifungal, [26, 40]
eugenol acetate, bornyl acetate  anti-inflammatory

Oxides Bisabolone oxide, linalool oxide, ~Anti-inflammatory, expectorant, [26, 40]
sclareol oxide stimulant

Table 2.

Different classes of volatile oils and their biological activities.

called the mint family. It is one of most important plant families in the plant
kingdom. This family is rich in essential oils, especially menthol thyme, Rosemary,
and Oregano. Apiaceae or Umbelliferae is a family of mostly aromatic flowering pla
nts, which contains economically important plants as caraway, coriander, cumin,
and fennel [28-31]. Volatile oils contribute in a lot of industries as food products,
drinks, perfumes, pharmaceuticals, and cosmetics [32-34]. The production and
consumption of essential oils increase rapidly all over the world [35]. Regardless of
the high costs because of the large amounts of plant material needed, volatile oil
production has been increasing. The expected world production of the oils ranges
from 40,000 to 60,000 tons/year and represents a market of approximately 700
million US$ [36, 37]. Examples of some classes of essential oils their medical uses
and structures are illustrated in (Table 2), (Figures 1 and 2) [26, 38-41].

6. Therapeutic benefits of essential oils

Many plant essential oils are used as medicine for hundreds of years and have
demonstrated several health benefits, including effects on infectious, chronic, and
acute diseases. The medical preparations made with plant essential oils as well as
their single constituents applied in the therapy of human infectious diseases are well
documented. However, the selection of suitable safe oil and the determination of
the best efficient dose should be taken into consideration to avoid any side effects
when they are applied [41]. The action of volatile oils begins by entering the human
body through three possible ways including direct absorption through inhalation,
ingestion, or diffusion through the skin tissue.
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Figure 1.
Different classes of volatile oil.

6.1 Absorption through the skin

Volatile oil components are lipid soluble, so they have the ability to penetrate the
membranes of the skin before being captured by the micro-circulation and drained
into the systemic circulation, reaching all target organs [42, 43]. An example of this
are the inflammatory disorders which are associated with pain, redness, and swell-

ing, leading to loss of vital functions. Tea tree oil has been shown to increase

monocytic differentiation in vitro and reduce inflammation, therefore assisting the

healing of chronic wounds [44].
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Different classes of volatile oil.

6.2 Inhalation

Volatile oils enter the body through the respiratory system. Due to their vola-
tile ability, they can be inhaled easily through the upper respiratory tract and
enter the lungs, by which it can be spread to the blood stream. In general, the
respiratory tract is considered to be the most easiest way of entry, followed by the
dermal pathway [45]. Inhalation of essential oils has given rise to olfactory aro-
matherapy, where simple inhalation has resulted in enhanced emotional wellness,
calmness, relaxation, or rejuvenation of the human body. The release of stress is
welded with pleasurable scents which unlock odor memories. Essential oils are
complemented to medical treatment and can never be taken as a replacement for
it [46-48].

6.3 Ingestion

Oral ingestion of essential oils needs to be done carefully due to the possible
toxicity of some oils. Ingested volatile oil compounds and/or their metabolites may
then be absorbed and delivered to the rest of the body and then distributed to
different organs. Once volatile oil are entered in to the body, they create their
therapeutic effect through physiological functions (Table 3). For example, Roman
chamomile is extensively used to relieve pain from physical conditions, menstrual
cramps, and tension with its application on the lower abdomen [49-52].
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No.

Name

Active
compounds

Ref.

Biological activities

Ref.

Chamomile essential oil

(Matricaria chamomilla L.)

Bisabolol and
chamazulene

[53, 54]

Anti-inflammatory
Anti-allergic
Anti-pruritic
Decongestive
Antispasmodic

[55-57]

Anise essential oil (Pimpinella

anisum L.)

Anethole

[58]

Antispasmodic
2-Emmenagogue
Stomachic
Carminative
Diuretic

[59, 60]

Nutmeg essential oil

(Myristica fragrans Houtt.)

Sabinene,
4-terpineol,
myristicin

[61]

Antimicrobial
Pesticidal activity
General tonic
Antioxidant

[62, 63]

Cedar essential oil (Cedrus

libani (A. Rich.))

Limonene

[64]

Larvicidal
Lymphotonic
Powerful diuretic
Regenerative blood
Astringent

Scalp tonic
Antifungal

[65, 66]

Garlic essential oil (Allium

sativum L.)

Diallyl disulfide

[67, 68]

Protects and maintains
the cardiovascular
system

Hypoglycemic
Regulates blood
pressure
Antimicrobial

[67, 69,
70]

Clove essential oil (Syzygium

avomaticus L.)

Eugenol, eugenyl
acetate

[71,72]

Antiviral
Antimicrobial
Antifungal
Aphrodisiac

[73,74]

Cinnamon essential oil
(Cinnamomum cassia
(Blume))

Cinnamaldehyde

[75,76]

Powerful antibacterial
Antiviral
Antifungal

[77,78]

Eucalyptus essential oil

(Eucalyptus globulus Labill.)

1,8-Cineole

[79, 80]

Anticatarrhal
Expectorant and
mucolytic
Antimicrobial and
antiviral

[81, 82]

Peppermint essential oil
(Mentha piperita L.)

Menthol and
menthone

[83, 84]

Tonic and stimulant
Decongestant
Anesthetic and
analgesic
Antipruritic
Expectorant

[85, 86]

10.

Lavender essential oil

(Lavandula officinalis Chaix)

Linalool and
linalyl acetate

[87, 88]

Antispasmodic
Sedative

Relaxing

Analgesic and anti-
inflammatory

[89, 90]

11.

Tea tree essential oil

(Melaleuca alternifolia Cheel)

Terpinene-1-ol-4

[91]

Antimicrobial
Antiviral
Antiasthenic
Neurotonic

[92-94]
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No. Name Active Ref. Biological activities  Ref.
compounds
Decongestant
Radioprotective
12. Lemon essential oil (Citrus Limonene [95,96] Strengthen natural [97-99]
limonum) (L.) Osbeck immunity

Tonic nervous system
Antimicrobial and
antiviral

Table 3.
Therapeutic properties of some essential oils.

7. Conclusion

There is a significant and growing interest to find safe and effective methods of
treatment. Aromatherapy is one of the most usable methods across the world. It has
gained popularity due to its safety, easy accessibility, and effective effects. From
previous data we can notice that essential oils have a lot of pharmacological effects
and can help in the treatment of many diseases.
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Abstract

Propolis is a wax-like resin collected by bees from tree shoots and/or other
botanical sources that is used as glue to seal cracks or open spaces in the hive. Its
color varies from green to brown and reddish, depending on its botanical origin.
Among the substances that can be found in propolis, low molecular weight com-
pounds, such as monoterpenes and sesquiterpenes are the most common. Several
biological activities are attributed to these classes of substances, such as antifungal,
antibacterial, and others. The objective of this work was to evaluate the chemical
composition of volatile compounds present in propolis samples and to analyze their
correlation with biological activities.

Keywords: essential oils, Africanized bees, bioactive compounds

1. Introduction

Propolis is formed by vegetable oils and resins, mixed with salivary secretions
from bees, and may be in the form of isolated accumulations or combined with
waxes. It is constituted by a complex mixture of various compounds and looks simi-
lar to a resinous wax collected by bees from tree shoots or other botanical sources.

It is also used as glue to seal cracks or open spaces in the hive. Its color varies from
green to brown and reddish, depending on its botanical origin and chemical compo-
sition. Bees can also use it to prevent diseases and parasites in the hive. In terms of
chemical composition, it is generally composed of resin, wax, essential oils, phenolic
acids, flavonoids, terpenes, aldehydes, alcohols, fatty acids, and phytosterols [1-4].
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In this sense, propolis may represent a natural alternative in the search for
bioactive compounds [5], since the use of secondary metabolites is increasing and
represents a very broad field of research that can still be explored [6]. In addition,
the wide variety of natural substances that can be found in organic matrices can
provide key substances for the treatment of various pathologies [7]. The main
substances present in propolis are low molecular weight, nonpolar, and volatile
compounds [8].

The chemical composition of volatile substances present in propolis is very varied.
Several compounds can be found, such as: nerolidol, a-pinene, B-pinene, cedrol,
3-methyl-2-buten-1-ol, octane, tricyclene, f-caryophyllene, spatulenol, 8-cadinene,
selina-3,7(11)diene, nerolidol, benzenepropanoic acid, allyl benzyl ether, 1,8-epoxy-
p-menth-2-ene, y-terpinene, mentha-3(8),6-diene, cis-sabinol, 2,3-dehydro-
1,8-cineole, a-copaene, p-ethylguaiacol, B-copaene, junipene, y-cadinene,
(3e)-6-phenyl-3-hexen-2-one, p-mentha-1(7),2-dien-8-ol, 4-terpineol, p-fenchyl
alcohol, sabinene, 8-3-carene, limonene, a-thujene, a-terpinene, a-terpinolene,
trans-verbenol, camphene, verbenene, o-cymene, and a-phellandrene. Moreover,
geographical origin and seasonality may influence this composition [9, 10].

Authors have been studying volatile compounds and their applications [11-13]
and have seen how these secondary metabolites can be promising in treating vari-
ous diseases, such as neurodegenerative syndromes [14, 15] and infections caused
by microorganisms [16, 17]. Considering the importance of the search for volatile
substances present in propolis that may be beneficial for the maintenance of human
health, this work aims to perform a literature review in order to address the main
biological activities of these metabolites.

2. Main methods of essential oil (EO) extraction

EOs can be extracted from different plant parts and by different methodolo-
gies, which generally depend on the botanical material used, and may have a direct
relation to the quality of the extracted oil. Therefore, choosing an inappropriate
procedure can cause changes in its composition [18, 19]. EO extraction methods
are divided into two categories: conventional methods and innovative methods.
Traditional methods include hydrodistillation and steam distillation, and among
the innovative ones, supercritical fluid extraction [20].

2.1 Hydrodistillation

Hydrodistillation (HD) is the most traditional, simple, and versatile technique
used in the extraction of EOs [21, 22]. The basic principle of this type of extrac-
tion is azeotropic distillation (substances behave as if they were pure in relation to
the boiling point), and to occur, a heating source, a container to place the vegetal
biomass (for example, a volumetric flask), a condenser, and a decanter for collecting
the oil and water mixture are necessary. HD is considered a multilateral method and,
although simple, can be used in small or large industries because of its selectivity and
low installation cost [20, 23, 24]. Hydrodistillation process is originated in alembics,
however, since the third edition of the European pharmacopeia, its use along with
the modified Clevenger system has been recommended, as this system enables the
condensate recycling [20].

In HD, plant material, which can be any plant organ, is immersed in boiling
water [19, 25]. In summary, the hydrodistillation system (Figure 1) consists of
a container, usually a volumetric flask, which is connected to a Clevenger-type
apparatus attached to a refrigeration system, with temperature ranging from 10 to
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Figure 1.
Hydprodistillation system.

15°C. The solid-liquid mixture is heated, at atmospheric pressure, until it reaches
water boiling temperature, allowing the odorous molecules to evaporate along with
the water, forming an azeotropic mixture, which is drawn into the condenser, where
it liquefies and is collected at the end of the extraction. Due to its hydrophobic char-
acter, the oil does not mix with water, so it can be separated by decantation. After
separation, the oil is completely dehydrated using anhydrous Na,SO, [19, 26, 27].

Hydrodistillation has some drawbacks that can qualitatively and quantitatively
interfere in EOs, such as prolonged extraction time and chemical changes in terpene
molecules, caused by hydrolysis and cyclization reactions. These are due to exces-
sive contact time with water and loss of some polar molecules [20, 26].

2.2 Steam distillation

Steam distillation (SD) is another traditional method for EO extraction widely
used for commercialization and can be used on laboratory and/or industrial scale for
its simplicity and low cost, compared to other more sophisticated methods [28, 29].
The fundamental difference between steam distillation and hydrodistillation lies in
the fact that, in SD, plant material is not in direct contact with water [20].

Steam distillation is divided into two basic types: direct (or wet) steam distillation
and indirect steam distillation. In direct steam distillation (Figure 2A), the plant
material is placed in a grid above the hot water, and steam passes through it. The
leaves should be carefully distributed on the grid to allow uniform extraction and
vaporization. Indirect steam distillation (Figure 2B) is the most common method
for extraction of essential oils. In this process, no water is poured into the distilla-
tion tank. Instead, steam is directed to the tank from an external source. Volatiles
are released from plant material when steam breaks the glands containing the oil
molecules. From this stage, condensation and separation processes are the same [30].

Generally, the time in steam distillation extraction is reduced, which, together
with the lack of contact between plant biomass and water, minimizes the chemical
changes in EO’s constituent molecules [20]. In addition, this technique is appreci-
ated for generating high oil yield and being energy efficient [31].

2.3 Supercritical fluid extraction

Although traditional methods are still widely used in EO extraction, super-
critical fluid extraction has become widespread as an alternative to conventional
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Figure 2.
Representative schemes of direct (wet) steam distillation (A) and indivect steam distillation (B) [20].

extraction methods [32, 33]. Supercritical fluid extraction arose from the need
of new techniques that could minimize chemical changes and optimize extrac-
tion time [34]. This technique is considered an innovative “green” separation
process to obtain natural products, such as EOs, and presents a prominent role in
food and pharmaceutical industries [35, 36]. Among many possible supercritical
fluids, CO; is the most widely used. Its critical point is reached at pressure of
72.9 atm and temperature of 31.2°C, which makes it not harmful to EO ther-
molabile molecules, thus preventing the chemical changes that occur in classic
extraction processes [20, 36]. In addition, CO, is an inert gas, which means it is
not reactive and can be eliminated simply by pressure decrease at the extractor
outlet [20].

Carbon dioxide has characteristics that justify its use as supercritical fluid, such
as low viscosity, high diffusivity, and density close to that of liquids [20]. Other
factors related to CO, also help to understand the importance of using this gas
as a supercritical fluid: non-toxicity, non-flammability, insipidity [20, 37], non-
corrosivity, non-explosivity [35], great availability [36], and selectiveness [38]. It
is also noteworthy that supercritical fluid extraction provides the purest EOs, as no
trace of solvent remains after the end of the process, and no external substances are
present in the extracted material [39].

In addition to providing a purer product, extraction using supercritical CO, is
also more advantageous in relation to extraction time, as it is faster than conventional
methods [35]. The low viscosity and high diffusivity of the supercritical fluid increase
its penetration power based on the high mass transfer rate of solutes, allowing
efficient extraction of compounds in the plant material. In addition, low viscosity
contributes to lower fluid transport costs [36]. The efficiency of supercritical car-
bon dioxide extraction is due to the fact that it is a nonpolar solvent, similar to EO’s
constituents [35].

Despite being a very sophisticated, advantageous, and efficient method for the
production of EOs, supercritical fluid extraction has some disadvantages regarding
installation costs and equipment maintenance [20], besides high energy consump-
tion to set pressure and temperature [26].

The supercritical fluid extraction system (Figure 3) is basically constituted
by a carbon dioxide cylinder, cooling bath, high-pressure pump, oven, extraction
container, vial, air compressor, flow meter, and flux control valves [35, 40, 41].

The process begins when the CO, contained in the cylinder is pumped into the
cooling bath, in which it is liquefied and then pressurized by the high-pressure
pump. The compressed CO, is then transferred to the main extraction cell, main-
taining the required process temperature. These processes guarantee the ideal
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Figure 3.
Apparatus of supercritical fluid extraction of essential oils [40] (1) CO, tank; (2) cooling bath; (3) pump; (4)
oven; (5) extraction container; (6) vial; (7) air compressor; (8) flow meter; V1-V5s. Flux control valves.

thermodynamic conditions of the fluid that will pass through the material, thus
extracting the essential oil.

In supercritical fluid extraction, there are two periods: the first is called static,
at which the valve V4 is closed for about 30 minutes; then, the dynamic condi-
tions are adjusted and V4 is opened, thus initiating the dynamic period and the
extraction itself, because at this point, the essential oil begins to be poured into the
collecting vial [35].

2.4 Factors that influence EO composition

Essential oils biosynthesized by aromatic plants can be directly influenced by
multiple factors such as genetic, anthropic action, environmental conditions, geo-
graphical origin, circadian regime, seasonality, stage of development, and others
[42-49].

Variability in content and composition of the EOs and other secondary metabo-
lites is a way that the plant finds to better adapt to the exposed conditions, since the
metabolic activity of the plants is a chemical interconnection between the plant and
the environment it’s inserted [47, 50].

The composition of EOs in plants of the same species that are living in the same
place, but that have different chemical profiles, may be influenced by different
genetic factors [51]. Other factors that significantly influence both quantitative
and qualitative chemical variability of EOs are seasonal and circadian variations,
which are related, respectively, to different periods of the year, and to day and night
variations [52]. The chemical composition of the EO constituents obtained from the
same plant organ may vary according to the species and extraction method used.

3. Chemical composition of Apis mellifera essential oil

Apis mellifera bees produce propolis by chewing resins collected from trees by
adding salivary enzymes to them. The wax produced is used to cover hive failures,
besides having antibacterial, antioxidant, antifungal, and antiviral activities, thus
helping to protect the bees themselves.

Due to these properties, the extraction of propolis essential oil has gained
prominence in the research field, being reported the presence of compounds
such as terpenoids, alcohols, aldehydes, hydrocarbons, and aliphatic ketones in
its chemical composition [53, 54]. And due to geographic factors, bee types, and
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trees, volatile compounds of propolis essential oil have variable chemical composi-
tion [55, 56].

The volatile constituents of propolis are responsible for the pleasant aroma and
contribute to its biological activity. These constituents may also play an important
role as olfactory cues during resin collection by bees.

The chemical composition of propolis essential oil has already been studied,
especially in Brazil. In the work of Albuquerque et al. [57], the chemical com-
position of propolis essential oil produced by Apis mellifera bees in Minas Gerais
state was determined. Oliveira et al. [8], Kasumoto et al. [58], and Bancova et al.
[10] also studied the chemical composition of propolis essential oil obtained
in Brazil, in different regions, as can be seen in Table 1. The identification of
each compound was performed by comparison with mass spectra and retention
indices (RI).

In conducting the first study on propolis essential oil, Janas and Bumba [59]
identified few constituents, such as benzoic acid, benzylic acid, vanillin, and
eugenol. But later studies [60] show that the constituents of propolis essential oil
are quite diverse, with variations in their polar constituents such as flavonoids,
phenolic compounds, and phenolic acids, for example.

Frederica Pellati et al. [61] collected nine samples of propolis from Apis mellifera
in different locations in Italy, extracted their essential oil through hydrodistillation,
and identified them by gas chromatography coupled to mass spectroscopy and
headspace. Then, 99 chemical components were identified.

Major compounds Reference

(E)-nerolidol [57]

pB-caryophyllene

Petrolatum 3.7 (11)-diene

2,2-Dimethyl-8-renyl-6-vinylchromene [54]

2,6-Diprenyl-4-vinylphenol

Acetophenone

Linalool

Table 1.
Magjor volatile constituents of propolis in Brazil.

Country Main compounds Biological activity Reference

Bulgaria B-eudesmol (8.8%), 5-cadinene (5.3%), Antibacterial and [62]
sesquiterpene alcohol (15.5%) antifungal

Turkey Ethyl phenyl alcohol (7.7%), benzyl alcohol Antibacterial [63]

(7.4%), decanal (6.7%), ethyl benzoate (6.5%),
nonanal (5%), cedrol (4.1%)

Tunisia a-Pinene (45.22%), cedrol (8.23%) Antifungal [10]

Brazil Acetophenone (15.2%), nerolidol (13.3%), Antioxidant [64]
spatulenol (11.6%)

India Tricosane (13,6%), hexacosane (11.5%), palmitic Repellent activity [65]
acid (8.5%), linalool (6.7%), methyleugenol against bees
(6.0%)

Brazil Longipinene (24.9%), a-eudesmol (6.9%) Therapeutic effect [66]

Table 2.

Main compounds and their biological activities in propolis.
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Table 2 shows some important chemical constituents and their respective
biological activities.

Geographic differences influence the chemical composition of essential oils
extracted around the world, and as a result, these differences contribute significantly
to the chemical properties and biological activities of all types of propolis. Its collection
period also influences its oil composition, as it can be mixed with hive resins and wax.

In Venezuela [67], propolis essential oil produced by Apis mellifera had three
main constituents: D-germacrene (26.5%), p-caryophyllene (10.2%), and f-elemene
(8.1%), thus being similar to the chemical constituents of Brazilian propolis [64].

4. Biological activities of Apis mellifera

The main chemical compounds isolated from Apis mellifera are aliphatic acids
and esters, aromatic acids and esters, sugars, alcohols, aldehydes, fatty acids, amino
acids, steroids, ketones, chalcones and dihydrochalcones, flavonoids (flavones,
flavonols, and flavonones), terpenoids, proteins, vitamins B1, B2, B6, C, E, as well
as various minerals. Although flavonoids are the most studied components, they are
not the only responsible for its pharmacological properties. Several other com-
pounds have been related to the medicinal properties of Apis mellifera [68, 69].

There are reports attributing to A. mellifera the most varied applications in folk
and veterinary medicine, which corroborates its great therapeutic potential, espe-
cially in relation to anti-inflammatory, antimicrobial, antineoplastic, antidiabetic,
and antioxidant activities [70].

4.1 Anti-inflammatory activity

Amaral et al. [69] evaluated the anti-inflammatory potential of Apis mellifera
against stomach inflammation induced in healthy adult female Wistar rats infected
with Helicobacter pylori. This bacterium may cause chronic irritation and increase
the risk of developing gastric ulcers. They concluded that the administration of
solutions of Apis mellifera increases the endogen prostacyclin in rats mucosa, incre-
menting cytoprotection, and reducing pathogen population. In addition, the high
contents of phenolic compounds and flavonoids aid in the protection of the mucin
producing cells of the stomach, also contributing to its therapeutic potential.

4.2 Antimicrobial activity

Han et al. [71] evaluated the response of Apis mellifera venom (BV) against
acne vulgaris, in order to prove its antimicrobial potential. Acne vulgaris is a chronic
inflammatory disorder of the sebaceous follicles. The authors incubated P, acnes,
clindamycin-resistant P, acnes, Staphylococcus epidermidis, and Streptococcus pyogenes.
In their results, BV proved to be bacteriostatic and exhibited low cytotoxicity at
10 pg/ml in human epidermal keratinocytes and monocytes. The authors state that
BV can be an alternative for the treatment of acne vulgaris.

4.3 Antineoplastic activity

There are several studies that report the antineoplastic activity of Apis mel-
lifera. Lee et al. [71] evaluated the anticancer potential of Apis mellifera venom
(BV), which showed cytotoxicity in HL-60 cells and normal human lymphocytes.
Hamzaoglu et al. [71] implanted cancer cells into mice wounds. A significant
decrease in the tumors was observed in mice that were treated with Apis mellifera
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coating before and after surgery. This property may be due to its hypertonicity,
acceleration of epithelization, low pH, and the presence of inhibin and catalase.

4.4 Antioxidant activity

In the work of Souza et al. [72], A. mellifera extracts, obtained by hydrodistilla-
tion, exhibited high antioxidant activity evaluated by free radical DPPH sequestration
and p-carotene/linoleic acid methods. The authors linked these results to the presence
of the following compounds: prenylated benzophenones, epinemorosone, xanthochy-
mol, gambogenone, and aristophenone A. Wiwekowati et al. [73] also attributed the
high antioxidant potential of A. mellifera to the structure of its flavonoids and pheno-
lic acids, which was evaluated by inhibition of free radical DPPH.

4.5 Antihyperglycemic and antidiabetic activities

Cunbha et al. [74] evaluated, in vivo, the control of postprandial hyperglycemia
by performing a test of oral glucose tolerance in normoglycemic mice. After glucose
overload, the mice treated with A. mellifera showed, after 30 min, reduced hyper-
glycemia peak and blood glucose values, as well as normalization of water intake.
These results are similar to that showed by metformin, a first-line medication for
the treatment of type 2 diabetes. Control of postprandial hyperglycemia has been
linked with reduced vascular damage in diabetic patients.

5. Conclusions

Propolis essential oil presents various biological properties, being active against
microorganisms such as bacteria, fungi, and viruses. It is evident that climatic
factors are able to influence the chemical composition of the Apis mellifera propolis
essential oil. In addition, the extraction technique chosen may also influence its
yield and chemical composition.
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Abstract

Mesosphaerum suaveolens (Lamiaceae) is a medicinal plant commonly used
in Brazil for the treatment of diseases related to the digestive tract and respira-
tory diseases, so we hypothesized that the essential oil of this species may have
antibacterial activity. Thus, we aimed to evaluate the iz vitro antibacterial and
modulatory activity of the essential oil of M. suaveolens as well as to characterize
its chemical composition. The identification of the constituents was performed
by gas chromatography-flame ionization detector (GC-FID) and the antibacte-
rial and modulating activity by the plate microdilution method. We found the oil
had sesquiterpene p-caryophyllene as the major component. This compound may
account for the antibacterial activity against Staphylococcus aureus strains, since the
essential oil had a MIC of 64 pg/mL for the standard strain and 256 pg/mL for the
multiresistant strain, demonstrated that the oil does not exhibit drug modulating
activity. Thus, M. suaveolens oil has bioactive compounds which can be used in the
preparation of drugs.

Keywords: bacteria, Hyptis suaveolens, bamburral, p-caryophyllene, Escherichia coli,
Pseudomonas aeruginosa, Staphylococcus aureus

141 IntechOpen



Essential Oils - Bioactive Compounds, New Perspectives and Applications

1. Introduction

Bacterial infections are major problems in medicine due to the indiscriminate
use of antibiotics that eventually select resistant microorganisms, which in turn
proliferate [1]. Among the bacteria that cause infections stand out Pseudomonas
aeruginosa (Pseudomonadaceae), Escherichia coli (Enterobacteriaceae) and
Staphylococcus aureus (Staphylococcaceae) [2].

The bacterium, P. aeruginosa, is a gram-negative bacterium that is responsible for
causing hospital infections, especially in patients who have compromised immune
systems, and in rarer cases, it can lead to pneumonia, resulting in the death of 60%
of infected [3, 4]. Although strains of E. coli colonize the human digestive tract, in
large quantities they are capable of causing intestinal problems such as diarrhea.
While S. aureus causes several acute infections such as pneumonia, osteomyelitis,
endocarditis, myocarditis, pericarditis, and meningitis [1].

It has been reported that the mechanisms of bacterial resistance include the
efflux pumps, which expel the antibiotic, in addition, the bacteria are capable of
altering the target of the antibiotic for mutation or enzymatic inactivation and
alteration of the permeability of the bacterium to the drug [5]. Thus, antibiotics
alone cannot inhibit bacterial growth so that substances that modulate their effect
are necessary in order to potentiate the action of the drug [6, 7].

These substances capable of modulating standard drugs can be found in plants,
since these have constituents with antibacterial actions derived from their second-
ary metabolism, mainly the aromatic herbs, because their essential oils have diverse
biological and pharmacological activities [8, 9]. Among the botanical families most

Figure 1.
Mesosphaerum suaveolens. (a) Leaves and stem. (b) Population of M. suaveolens in Quixelé—CE, Brazil.
(c) Highlight of flowers. (d) Leaves in senescence.

142



Chemical Composition and Antibacterial Activity of the Essential Oil of Mesosphaerum...
DOI: http://dx.doi.org/10.5772/intechopen.92704

rich in aromatic plants is Lamiaceae, which is well known for its representatives

as sources of essential oils used in cooking, aromatherapy and medicine [10, 11].
Among the species of this family, the species Mesosphaerum suaveolens (L.) Kuntze
(Figure 1), known in Brazil as “bamburral” and “alfazema-brava,” is popularly
used in the treatment of diseases related to gastrointestinal and respiratory tract
[12], so that we hypothesize that the species is abundant in phytochemical con-
stituents, which present biological activity against strains of pathogenic micro-
organisms, such as bacteria. This hypothesis is supported by the pharmacological
and biological activities of these species already evidenced in the literature, such as
antioxidant activity [13], neuroprotective [14], gastro-protective [15], antitumor
[16], antinociceptive [17], anti-inflammatory [18], antifungal [19], anti-bacterial
[20], insecticide [21], larvicide [8], and allelopathic action [22].

Thus, due to increasing bacterial resistance to drugs and the search for new
bioactive sources, this research aims to evaluate the in vitro antibacterial and modu-
latory activity of M. suaveolens essential oil as well as to characterize its chemical
compounds.

2. Results
2.1 Chemical composition of essential oil

The essential oil of M. suaveolens presented a total of 44 phyto-constituents,
with B-caryophyllene (20.37%) being the major constituent (Figure 2). Following
this, the oil presented as secondary compounds were sabinene (15.94%) and
espatulenol (11.09%). As constituents traces (<1%), 26 constituents were found
(Table1).

2.2 Minimal inhibitory concentration (MIC)

According to Table 2, the essential oil of M. suaveolens showed no activity
against gram-negative bacteria (P. aeruginosa and E. coli), both standard strains and
multiresistant strains, since they have MIC >1024 pg/mL. However, the oil pre-

sented antibacterial action against S. aureus with MIC of 64 pg/mL for the standard
strain (ATCC) and 256 pg/mL for the multiresistant strain.

Ho,.

Figure 2.
Chemical structure of sesquiterpene f-caryophyllene.
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Compounds Molecular formula RI* RI® 0il
%
a-Thujene CyoHig 989 931 1.09
Sabinene CioHig 976 976 15.94
B-Pinene CioHie 980 980 2.01
a-Phellandrene CioHig 1006 1005 1.38
a-Terpinene CyoHig 1019 1018 1.05
Limonene CioHie 1031 1031 519
1-8-Cineole CyoH;s0 1037 1033 3.04
y-Terpinene CioHig 1060 1061 247
Terpinen-4-ol CyoH;50 1178 1177 6.62
5-Elemene CysHy, 1335 1338 117
B-Caryophyllene CisHys 1421 1418 20.37
y-elemene CysHy, 1435 1433 1.04
o-humulene CysHy, 1453 1454 117
Germacrene D CysHy, 1481 1480 521
Bicyclogermacrene CysHy, 1501 1488 7.02
Spathulenol CysH,,O 1576 1576 11.09
Caryophyllene oxide CysH40 1580 1581 318
Cubenol CyisHy60 1641 1642 1.07
Monoterpene hydrocarbons CyoH, 29.13
Sesquiterpene hydrocarbons CyisH, 35.98
Phenylpropanoids C,H,0, 25.00
Total identified (%) 90.11

Relative proportions of the essential oil constituents were expressed as percentages.
“Retention indices experimental (based on homologous series of n-alkane C7-Cs).
bRetention indices from literature.

Table 1.
Main constituents (>1%) of Mesosphaerum suaveolens essential oil.

Strains Pseudomonas aeruginosa Escherichia Staphylococcus aureus
coli
Strains standards (ATCC) >1024 >1024 64
Multi-resistant Strains >1024 >1024 256
Table 2.

Minimal inhibitory concentration (ug/mL) of essential oil of Mesosphaerum suaveolens against conventional
bacterial (ATCC) and multivesistant strains.

2.3 Modulation of drugs

According to Figure 3, it was demonstrated that the essential oil of M. suaveolens
does not have the capacity to modulate the antibiotics, gentamicin, imipinem, and
norfloxacin, since there was no significant difference between the control group
and the treatments.
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3. Discussion

Although the leaves of M. suaveolens are used in folk medicine for the treatment
of diseases related to the gastrointestinal and respiratory tract [12], it has been
demonstrated that the volatile terpenes of the species are not related to this action,
since in the in the present study, this product did not present antibacterial action at
concentrations of clinical relevance for two of the three strains used [23].

However, it is possible to observe that there is antibacterial action against
the standard strains of S. aureus multiresistants. This can be explained by the
mechanisms of action that some natural products have, such as the ability to
disintegrate their cytoplasmic membranes, as well as destabilization of the proton
motive force, electron flow, active transport and cellular content coagulation [24].
In addition, activity against S. aureus can be linked to the major compound of the
study oil, f-caryophyllene, since this sesquiterpene exhibits antibacterial activity,
especially against Gram-positive bacteria [25].

Thus, the oil has a source of p-caryophyllene, such sesquiterpene is found to
be the majority compound; however, the oil of this species shows heterogeneity
according to internal (genetic) and external factors (origin, mode of collection,
collection period, etc.) [26]. To avoid large variations in the chemical composition
of the oil, the collections should be standardized, such as collection times, period of
the year, as well as to identify if the individual is under herbivorous attack [8].

This variation in the essential oil explains why some works show the antibacte-
rial action of the essential oil, as Tesch et al. [27], where the oil showed activity
against E. coli ATCC 25922 (MIC 350 pL/mL), Klebsiella pneumoniae ATCC 23357
(MIC 300 pL/mL), Salmonella Typhi CDC57 (MIC 400 pL/mL). In this study, the
natural product presented eucalyptol (C1oH;s0) and fenchone (C1oH;60) as the
main compounds.

In addition to antimicrobial activities, the products of plant origin can have a
drug modulating action, and although M. suaveolens does not present such action, it
is seen that in members of the Lamiaceae family, some species present such action.
Among the species is Origanum vulgare L., where its essential oil has a modulating
action of the tetracycline drug against bacterial strains of S. aureus IS-58, which had
the TetK tetracycline efflux protein [28].

4. Materials and methods
4.1 Collection of botanical material

Fresh leaves of M. suaveolens were collected in the municipality of Quixel6
located in the state of Ceara (Brazil) under coordinates —6°14'22.40"S,
—39°16'14.29"W in March 2015 (Figure 4). The collection area is characterized as
being part of the Caatinga, a seasonally dry tropical forest. The leaves were dried
in an oven at 30°C. The plant material was identified and a voucher specimen was
deposited in the Herbarium Caririense Dardano of Andrade-Lima - HCDAL under
#12.104.

4.2 Extraction of essential oil
After drying, the leaves were packed in a volumetric flask containing 4 L of
distilled water and subjected to constant boiling for 2 hours. Then the essential oil

was collected and stored in an amber bottle under constant refrigeration until the
conduction of the chemical analyzes and microbiological tests [8].
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Figure 3.

Minimum inhibitory concentration of antibiotic modulation in combination with essential oil of
Mesosphaerum suaveolens. PA 24, Pseudomonas aeruginosa 24; EC 06, Escherichia coli 06; SA 10,
Staphylococcus aureus 10; EOMS, essential oil of Mesosphaerum suaveolens.
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Figure 4.
Map of the collection of the species Mesosphaerum suaveolens in the municipality of Quixelé—CE, Brazil.

4.3 Phytochemical analysis of essential oil by gas chromatography (GC-FID)

For gas chromatography (GC), the Agilent Technologies 6890 N GC-FID sys-
tem, equipped with DB-5 capillary column with the following specifications: 30 m
of length, 0.32 mm and 0.50 pm of film thickness was used, which was connected to
an FID detector. The temperature ramp consisted of: Initial temperature of 60°C for
1 min and was raised to 3° C/min until reaching 180°C [8].

4.4 Identification of the components

As for the identification, the terpenes were identified as to the of retention index
(RI). In addition, they were compared with two spectral libraries, Nist and Wiley,
and data in the literature [23].
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Bacteria Origin Resistance profile

Escherichia coli 06 Urine culture Cephalothin, cephalexin, cefadroxil, ceftriaxone, cefepime,
ampicillin-sulbactam

Pseudomonas Uroculture Amikacin, imipenem, ciprofloxacin, levofloxacin, piperacillin-
aeruginosa 03 tazobactam, ceftazidime, meropenem, cefepime
Staphylococcus Rectal swab Cefadroxil, cephalexin, cephalothin, oxacillin, penicillin,
aureus 10 culture ampicillin, amoxicillin, moxifloxacin, ciprofloxacin,

levofloxacin, ampicillin-sulbactam, amoxilin/ac. Clavulanic,
erythromycin, clarithromycin, azithromycin, clindamycin

Source: Laboratory of Microbiology and Molecular Biology—LMBM—rvegional University of Cariri—URCA.

Table 3.
Isolated clinical bacterial strains used for MIC and modulation tests with their antibiotic resistance and origin

profile.
4.5 Antibacterial activity

4.5.1 Bacterial strains, culture media and drugs

For the antibacterial tests, standard strains were used to determine minimum
inhibitory concentration (MIC), being Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 25853 and Staphylococcus aureus ATCC 25923. While for the modu-
lation and also MIC tests, strains resistant cells (Table 3), being Escherichia coli 06,
Pseudomonas aeruginosa 03 and Staphylococcus aureus 10.

As for the culture medium for the antibacterial assays, Brain Heart Infusion
(BHI) was prepared according to the measures recommended by the manufacturer.
While for in vitro modulation assays, the drugs used were Gentamicin from class
aminoglycoside, Norfloxacin, belonging to the classes of fluoroquinolones and
Imipenem of the carbapenem class.

4.5.2 Minimal inhibitory concentration (MIC)

It was followed the methodology employed in the work Bezerra et al. [3] for
the determination of the Minimum Inhibitory Concentration (MIC). In this study,
concentrations ranging from 1 to 1024 pg/mL of the essential oil of M. suaveolens
against pathogenic bacteria were evaluated. For that, the inoculants of the strains
were mixed with BHI (10%), being distributed in microdilution plates with the
natural product. After 24 hours of microbial growth at a temperature of 37°C, the
MIC was evaluated with the addition of resazurin.

4.5.3 Effect modulator of antibiotics

To assess the modulating effect of essential oil, sub-inhibitory concentrations
(MIC/8) of the product against multidrug-resistant bacteria were used. For that,
concentrations of standard antibiotics (1-1024 pg/mL) were added to microdilution
plates containing BHI (10%) and bacteria inoculum, as well as volatile M. suaveolens
terpenes in sub-inhibitory concentrations. After 24 hours in a bacteriological oven
(37°C), aresazurin solution was added to determine the MIC [7].

4.6 Statistical analysis

The results were analyzed in the GraphPad Prism program, version 6, in which
the data were analyzed by Anova One-way and followed by post hoc Tukey test and
were considered significant when p < 0.05.
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5. Conclusion

The essential oil of Mesosphaerum suaveolens exhibits antibacterial activity
against strains of Staphylococcus aureus so that its phytochemicals can be used in the
formulation of new drugs. Further studies on toxicity should be performed in order
to ascertain the tolerable concentrations that can be used of this oil.
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Chapter 9

Essential Oil as Antimicrobial
Agents: Efficacy, Stability, and
Safety Issues for Food Application

Hamdy A. Shaaban

Abstract

The use of natural antimicrobial compounds in food has gained much atten-
tion by the consumers and the food industry. This is primarily due to two major
factors. First, the misuse and mishandling of antibiotics has resulted in the
dramatic rise of a group of microorganisms including foodborne pathogens that
are not only antibiotic resistant but also more tolerant to several food process-
ing and preservation methods. In addition, increasing consumers’ awareness
of the potential negative impact of synthetic preservatives on health versus the
benefits of natural additives has generated interest among researchers in the
development and use of natural products in foods. Essential oils are volatile,
natural, complex compounds characterized by a strong odor and are formed by
aromatic plants as secondary metabolites. The bioactivity properties of essential
oils are generally determined by the major compounds present in them. They
have been widely used for bactericidal, virucidal, fungicidal, antiparasitical,
insecticidal, medicinal, and antioxidant applications. The biological activity of
the oils can be compared with the activity of synthetically produced pharma-
cological preparations. Thus, essential oils are promising natural extracts that
need further evaluation for possible application as supplement, preservatives,
or antioxidants in food or pharmaceutical industries.

Keywords: essential oil, antimicrobial activities, natural preservatives, pathogenic
bacteria, microorganisms

1. Introduction

Aromatic plants have been used since ancient times for their preservative and
medicinal properties, and to impart aroma and flavor to food. Hippocrates, some-
times referred to as the “father of medicine,” prescribed perfume fumigations. The
pharmaceutical properties of aromatic plants are partially attributed to essential
oils. The term “essential oil” was used for the first time in the sixteenth century by
Paracelsus von Hohenheim, who named the effective component of a drug, “Quinta
essential” [1]. By the middle of the twentieth century, the role of essential oils had
been reduced almost entirely to use in perfumes, cosmetics and food flavorings,
while their use in pharmaceutical preparations had declined.

153 IntechOpen



Essential Oils - Bioactive Compounds, New Perspectives and Applications

The natural mixtures of volatile and aromatic compounds (Essential oils) are
secondary aromatic plant metabolites. Essential oils are complex, multi-component
systems composed mainly of terpenes in addition to some other non-terpene
components. Several techniques can be used to extract essential oils from different
parts of the aromatic plant, including hydrodistillation (HD), solvent extraction
and supercritical fluid extraction (SFE) [2]. Essential oils are derived from various
parts of the plant, including leaves, flowers, fruits, seeds, rhizomes, roots, and
bark. In the plant, these constituents serve several physiological purposes for the
plant protection from pests and microorganisms, attraction of pollinating insects or
birds, providing photoprotection to the plant, and allelopathy.

Essential oils are usually obtained by steam or hydro-distillation first devel-
oped in the Middle Ages by Arabs. Known for their antiseptic, i.e., bactericidal,
virucidal and fungicidal, and medicinal properties and their fragrance, they
are used in embalmment, preservation of foods and as antimicrobial, analgesic,
sedative, anti-inflammatory, spasmolytic and locally anesthesic remedies. Up to
the present day, these characteristics have not changed much except that more
is now known about some of their mechanisms of action, particularly at the
antimicrobial level. In nature, essential oils play an important role in the protec-
tion of the plants as antibacterials, antivirals, antifungals, insecticides, and also
against herbivores by reducing their appetite for such plants. They also may
attract some insects to favor the dispersion of pollens and seeds, or repel unde-
sirable others. Essential oils are extracted from various aromatic plants generally
localized in temperate to warm countries like Mediterranean and tropical coun-
tries where they represent an important part of the traditional pharmacopeia.
They are liquid, volatile, limpid and rarely colored, lipid soluble and soluble in
organic solvents. Essential oils can be synthesized by all plant organs, i.e., buds,
flowers, leaves, stems, twigs, seeds, fruits, roots, wood or bark, and are stored in
storage cells like cavities, canals, epidermic cells or glandular trichomes [3, 4].
Most of the commercialized essential oils are chemotyped by gas chromatog-
raphy and mass spectrometry analysis. Analytical monographs have been pub-
lished (European Pharmacopoeia, ISO, WHO, Council of Europe; [5]) to ensure
good quality of essential oils.

Essential oils have been largely employed for their properties already
observed in nature, i.e., for their antibacterial, antifungal and insecticidal
activities. At present, approximately 3000 essential oils are known, 300 of which
are commercially important especially for the pharmaceutical, agronomic, food,
sanitary, cosmetic and perfume industries. Essential oils or some of their com-
ponents are used in perfumes and make-up products, in sanitary products, in
dentistry, in agriculture, as food preservers and additives, and as natural rem-
edies. For example, d-limonene, geranyl acetate or d-carvone are employed in
perfumes, creams, soaps, as fragrant components and in food, as natural flavor-
ing agents fragrances for household cleaning products and as industrial solvents.
Moreover, essential oils are used in massages as mixtures with vegetal oil or in
baths but most frequently in aromatherapy. Some essential oils appear to exhibit
particular medicinal properties that have been claimed to cure one or another
organ dysfunction or systemic disorder [6-8].

Essential oils have traditionally been used to impart flavoring or preserva-
tive effects to foods, or to instill fragrances in cosmetics and aromatherapy. Since
ancient times, numerous civilizations have also valued essential oils for their
therapeutic qualities in disease prevention and treatment. Later, the Greeks and
Romans absorbed Egyptian practices of using essential oils in aromatherapy and
expanded it to their baths for promotion of well-being. For instance, baths infused
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with the oils of jasmine, lavender, or ylang-ylang stimulated mental relaxation.
Similarly, current interest in essential oils arises from the various bioactive effects
they display, including antioxidant [9, 10], anti-inflammatory [11, 12], antimicro-
bial [13, 14], antiviral [15, 16], and anticarcinogenic [17]. In developed countries,
the benefits derived from using essential oils appear optimistic. Demand for plant
essential oils has risen as a consequence of consumers searching for cheaper, more
‘natural’ alternatives to disease-fighting medications. In food and cosmetic applica-
tions, essential oils are considered to be biodegradable, readily available, and ‘less
toxic’ than synthetic preservative agents. As such, this optimism has raised con-
cerns and stimulated studies to evaluate the safety and efficacy of essential oils in
various systems in order to better understand their pharmacological properties and
roles in health.

Today there is significant consumer demand for foods that are minimally pro-
cessed and free from synthetic chemical preservatives with the perception of being
“natural” [18, 19]. As a result the food industry is facing great challenges to produce
naturally occurring food antimicrobials and antioxidants to reduce the use of
synthetic chemical preservatives and still produce safe foods that are also regarded
as healthy. Spices and herbs are well known for their antimicrobial and antioxidant
properties and have the ability to produce multidimensional flavors in food [20].
The clove, cinnamon, oregano and rosemary are considered as the most common
spices and herbs with strong antimicrobial activity. Their essential oils containing
chemical compounds such as carvacrol, cinnamaldhyde, eugenol and camphor are
identified as the major chemical components responsible for exerting antimicrobial
activity [21-24]. Some studies reported that there is a highly positive linear relation-
ship between antioxidant activity, antibacterial activity and total phenolic content
in some spices and herbs [25, 26].

Antimicrobials are used in food for two main reasons: (1) to control natural
spoilage processes (food preservation) and (2) to prevent/control growth of
micro-organisms, including pathogenic micro-organisms (food safety). Natural
antimicrobials are derived from animal, plant and microbial sources. There is
considerable potential for utilization of natural antimicrobials in food, especially
in fresh fruits and vegetables. However, methods and mechanisms of action, as
well as the toxicological and sensory effects of natural antimicrobials, are not
completely understood [18, 27-30].

There are more than 1340 plants with defined antimicrobial compounds,
and over 30,000 components have been isolated from phenol group-containing
plant-oil compounds and used in the food industry. However, commercially useful
characterizations of preservative properties are available for only a few EOs. There
is a need for more evaluation of EOs in field and food systems. Food-preservative
utilization of spices and their EOs as natural agents has recently been focused on
extending the shelf life of foods, reducing or eliminating pathogenic bacteria, and
increasing overall quality of food products [27, 31-35].

2. Composition of essential oils

Essential oils are very complex natural mixtures which can contain about 20-60
components at quite different concentrations. They are characterized by two or
three major components at fairly high concentrations (20-70%) compared to
others components present in trace amounts. For example, carvacrol (30%) and
thymol (27%) are the major components of the Origanum compactum essential oil,
linalool (68%) of the Coriandrum sativum essential oil, a- and b-thujone (57%)
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and camphor (24%) of the Artemisia herba-alba essential oil, 1,8-cineole (50%)
of the Cinnamomum camphora essential oil, a-phellandrene (36%) and limonene
(31%) of leaf (of what)? and carvone (58%) and limonene (37%) of seed Anethum
graveolens essential oil, menthol (59%) and menthone (19%) of Mentha piperita
essential oil. Generally, these major components determine the biological proper-
ties of the essential oils. The components include two groups of distinct biosyn-
thetical origin [36-39]. The main group is composed of terpenes and terpenoids
and the other of aromatic and aliphatic constituents, all characterized by low
molecular (see Figure1).

The essential oil of juniper berry (Juniperus drupacea L.) was analyzed by
chromatographic analysis and it was found that a-pinene (44.2%), thymol methyl
ether (22.2%) and camphor (10.2%) present in higher concentration [40]. The
major volatile compounds found in caper (Capparis ovata desf. Var. caescens) bud oil
were benzyl alcohol (20.4%), furfural (7.4%), ethanol methyl pentyl acetal (5.9%),
thymol (5.1%) as well as the major volatile compound found in capers leaves were
methyl isocyanate (20.0%), thymol (15.5%) [41].

The following paragraphs will descript some features that characterize each
chemical group constituent of essential oils.

2.1Terpenes

Terpenes form structurally and functionally different classes. They are made
from combinations of several 5-carbon-base (C5) units called isoprene. The bio-
synthesis of the terpenes consists of synthesis of the isopentenyl diphosphate (IPP)
precursor, repetitive addition of IPPs to form the prenyldiphosphate precursor of
the various classes of terpenes, modification of the allylic prenyldiphosphate by
terpene specific synthetases to form the terpene skeleton and finally, secondary
enzymatic modification (redox reaction) of the skeleton to attribute functional
properties to the different terpenes. The main terpenes are the monoterpenes (C10)
and sesquiterpenes (C15), but hemiterpenes (C5), diterpenes (C20), triterpenes
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Figure 1.
The structure of the chemicals discussed in this chapter with respect to their biological activity in alphabetical
order.
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(C30) and tetraterpenes (C40) also exist. A terpene containing oxygen is called a
terpenoid.

The monoterpenes are formed from the coupling of two isoprene units (C10).
They are the most representative molecules constituting 90% of the essential oils
and allow a great variety of structures. They consist of several functions:

2.1.1 Carbures

* Acyclic: e.g., myrcene and ocimene, etc.

* Monocyclic: e.g., terpinenes, p-cimene and phellandrenes, etc.

* Bicyclic: e.g., pinenes, —3-carene, camphene, sabinene, etc.

2.1.2 Alcohols

* Acyclic: e.g., geraniol, linalol, citronellol, lavandulol, and nerol, etc.

* Monocyclic: e.g., menthol, a-terpineol and carveol.

* Bicyclic: e.g., borneol, fenchol, chrysanthenol, thuyan-3-ol, etc.

2.1.3 Aldehydes

* Acyclic: e.g., geranial, neral, citronellal, etc.
2.1.4 Ketone

* Acyclic: e.g., tegetone, etc.

* Monocyclic: e.g., menthones, carvone, pulegone and piperitone, etc.

* Bicyclic: e.g., camphor, fenchone, thujone, ombellulone, pinocamphone and
pinocarvone, etc.

2.1.5 Esters
* Acyclic: e.g., linalyl acetate or propionate, citronellyl acetate, etc.
* Monocyclic: e.g., menthyl or a-terpinyl acetate, etc.
* Bicyclic: e.g., isobornyl acetate, etc.
2.1.6 Ethers
 1,8-cineole, menthofurane, etc.
* Peroxydes: e.g., ascaridole, etc.
* Phenols (aromatic ethers): e.g., thymol, carvacrol, etc.

When the molecule is optically active, the two enantiomers are very often
present in different plants. For example, (+)a-pinene from Pinus palustris, (—)
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pB-pinene from Pinus caribaea and from Pinus pinaster. Another example is linalool
from coriander is (+); however, linalool from lavender oil is (=). In some cases,

it is the racemic form which is the most frequently encountered. (+)citronellol is
widespread, the form (+) is characteristic of Eucalyptus citriodor, the form (-) is
common to the rose and geranium essential oils.

The sesquiterpenes are formed from the assembly of three isoprene units (C15).
The extension of the chain increases the number of cyclisations which allows a great
variety of structures. The structure and function of the sesquiterpenes are similar
to those of the monoterpenes. Examples of plants containing these compounds are
angelica, bergamot, caraway, celery, citronella, coriander, eucalyptus, geranium,
juniper, lavandin, lavander, lemon, lemongrass, mandarin, mint, orange, pepper-
mint, petitgrain, pine, rosemary, sage, thyme.

2.2 Aromatic compounds

Derived from phenylpropane, the aromatic compounds occur less frequently
than the terpenes. The biosynthetic pathways concerning terpenes and phenylpro-
panic derivatives generally are separated in plants but may coexist in some, with one
major pathway taking over (e.g., cinnamom oil with cinnamaldehyde as major and
eugenol as minor constituents, also clove oil, fennel, etc.).

Aromatic compounds comprise:

1. Aldehyde: e.g., cinnamaldehyde

2. Alcohol: e.g., cinnamic alcohol

3.Phenols: e.g., chavicol and eugenol

4.Methoxyderivatives: e.g., anethole, elemicine, estragole and methyleugenols
5.Methylene dioxy compounds: e.g., apiole, myristicine and safrole

The principal plant sources for these compounds are anise, cinnamon, clove,
fennel, nutmeg, parsley, sassafras, star anise, tarragon, and some botanical families
(Apiaceae, Lamiaceae, Myrtaceae, Rutaceae).

Nitrogenous or sulfured components such as glucosinolates or isothiocyanate
derivatives (garlic and mustard oils) are also characteristic as secondary metabolites
of diverse plants or of torrefied, grilled or roasted products.

3. Effects of essential oils as antibacterial agents

Various studies showed that essential oils also have antibacterial properties
against a wide range of bacterial strain such as Listeria monocytogenes, L. innocua,
Salmonella typhimurium, Escherichia coli, Shigella dysenteria, Bacillus ceveus,
Staphylococcus aureus, and Salmonella typhimurium [42]. Direct inhibition correla-
tion due to presence of thymol and carvacrol in the essential oils of thyme and
oregano can inhibit some pathogenic bacterial strains such as E. coli, Salmonella
enteritidis, Salmonella choleraesuis, and Salmonella typhimurium [43]. The same
correlation was also confirmed for oils rich in carvacrol alone. Eugenol and carva-
crol showed an inhibitory effect against the growth of four strains of Escherichia
coli O157:H7 and Listeria monocytogenes [44]. The carvacrol showed strong
antibacterial activity due to presence of phenolic hydroxyl group. Some essential
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oils demonstrated antibacterial activity against zoonotic enteropathogens includ-
ing Salmonella spp., Escherichia coli 0157, Campylobacter jejuni, and Clostridium
perfringens. Thus, these oils could possibly be used as an alternative to antibiotics

in animal feed [45]. Essential oils with high concentrations of thymol and car-
vacrol e.g., oregano, savory and thyme, usually inhibit Gram-positive more than
Gram-negative pathogenic bacteria. However the essential oil of Achillea clavennae
exhibited strong antibacterial activity against the Gram-negative Haemophilus
influenzae and Pseudomonas aeruginosa respiratory pathogens, while Gram-positive
Streptococcus pyogenes was the most resistant to the oil. Most antiseptic agents can
damage the skin, leading to a change in microbial flora, and an increased shedding
of the original protective bacterial flora of the hand leads to an increased risk of
transmission of pathogenic microorganisms [46]. Reports suggest that repeated use
of formulations containing tea tree essential oil (TTO) does not lead to dermato-
logical problems, nor affect the original protective bacterial flora of the skin [47],
so the antibacterial activity of some skin-wash formulas containing TTO as well

as pure TTO was evaluated against Staphylococcus aureus, Acinetobacter baumannii,
Escherichia coli, and Pseudomonas aeruginosa. The antibacterial activity of tea tree
essential oil has recently been reviewed. It was found that antibacterial property

of TTO is mainly due to presence of terpinen-4-ol. The essential oil of oregano is
found to effective against Pseudomonas aeruginosa and Escherichia coli [48]. Ocimum
gratissimum essential oil can also inhibit extracellular protease and the expression
of O-lipopolysaccharide rhamnose in virulence and multidrug-resistant strains

of 22 Shigellae. Thus, the oil may find a use as a therapeutic measure against
shigellosis. Methicillin-resistant Staphylococcus aureus can also be inhibited by the
application of peppermint and spearmint essential oils. Essential oils could be

used as antibacterial agents against some respiratory tract pathogens. The oil of
Achillea clavennae showed its maximum activity against Klebsiella pneumoniae and
penicillin-susceptible and penicillin resistant Streptococcus pneumoniae. The oil also
exhibited strong activity against Haemophilus influenzae and Pseudomonas aerugi-
nosa. An increased density of Helicobacter pylori in the gastric mucosa is associated
with severe gastritis and an increased incidence of peptic ulcers [49]. The activities
of 60 essential oils against H. pylori P1 were evaluated: 30 oils were able to affect
the growth in vitro, and 15 showed strong activity. Among the individual constitu-
ents of these oils, carvacrol, isoeugenol, nerol, citral and sabinene exhibited the
strongest anti-H. pylori effects. Further investigations are underway regarding the
ability of essential oils to control H. pylori infections [50]. Croton cajucara Benth
essential oil was found to be toxic for some pathogenic bacteria and fungi associated
with oral cavity disease and may be useful for controlling the microbial population
in patients with fixed orthodontic appliances. A 6-month controlled clinical study
demonstrated that a mouth rinse containing essential oils showed a comparable
antiplaque and anti-gingivitis activity to that containing the synthetic antibacterial
agent, chlorhexidine [51]. Mouth rinses containing essential oils (specially phenolic
rich types) with chlorhexidine gluconate are commonly used as preprocedural
preparations to prevent possible disease transmission, decrease chances of postop-
erative infection, decrease oral bacterial load and decrease aerosolization of bacteria
Mouth washes containing essential oils could also be used as a part of plaque control
routine since they can penetrate the plaque biofilm, kill pathogenicplaque—form-
ing microorganisms by disrupting their cell walls and inhibiting their enzymatic
activity. In addition, essential oils in mouth washes prevent bacterial aggregation,
slow the multiplication and extract bacterial endotoxins. The mechanisms by which
essential oils can inhibit microorganisms involve different modes of action, and in
part may be due to their hydrophobicity. As a result, they get partitioned into the
lipid bilayer of the cell membrane, rendering it more permeable, leading to leakage
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of vital cell contents [52]. Impairment of bacterial enzyme systems may also be

a potential mechanism of action. Essential oils show bactericidal activity against
oral and dental pathogenic microorganisms and can be incorporated into rinses or
mouth washes for pre-procedural infection control, general improvement of oral
health, inter-dental hygiene and to control oral malodor [53].

4. Effects of essential oils as antifungal agents

Some EOs demonstrate a broad range of natural fungicidal effects against
post-harvest pathogens, especially because of their bioactivity in the vapor
phase for storage applications [54]. However, more time is needed for vapor-
phase bioactivity effect, possible absorption into the food material needed to
be considered [55]. Antifungal activity might be affected by the targeted fungal
physiological activity [56].

The reported effective compounds against food-borne fungi, including
Aspergillus niger; A. flavus; and A. parasiticus is carvacrol and thymol [57]. Water-
distilled EO from leaves and flowers of Micromeria nubigena H.B.K. (Lamiaceae)
also showed anti-fungal properties [58]. Essential oils from thymol at 500 pg/ml
concentration and at 1.0% and 100 pg/ml concentrations; cinnamic aldehyde and
eugenol extracted from cinnamon and clove at 1.0% and 100 pg/ml concentra-
tions also showed anti-fungal properties [59]. Aspergillus parasiticus growth and
Aflatoxins production has been inhibited by Thymus vulgaris and Citrus aurantifolia.
On the other hand Mentha spicata L., Foeniculum miller, Azadirachta indica A. Juss,
Conium maculatum, and Artemisia dracunculus has only inhibited the fungal
growth. While Carum carvi L. has controlled aflatoxin production without effect on
the fungal growth [34]. Linalool and methyl chavicol and vanillin extracted from
sweet basil and vanilla at 2000 pg/ml concentration has the same effect on aflatoxin
production [59].

Hydro-distilled EOs of stems, leaves (at vegetative and flowering stages) and
flowers of Eugenia chlorophylla O. Berg. (Myrtaceae) and various extracts of thyme,
were active against molds and yeasts [59-61], respectively. Oleoresin extracted from
cinnamon and clove inhibited mycotoxin-producing Aspergillus and Penicillium
species at 2.0% w/v, 300 pg/ml concentrations [59].

Higher levels of phenolic compounds in thyme and clove showed antifungal
effects. Phenolic compounds, such as allyl isothiocyanate and citralon in mustard
and lemongrass, have been more effective as volatiles [62]; however, in EOs such as
marjoram oil, they have been effectively antifungal in a matrix with mainly hydro-
carbons [56].

5. Mechanism of action

It has been demonstrated that the antimicrobial effects of the Eos acts by
causing structural and functional damages to the bacterial cell membrane. It
is also indicated that the optimum range of hydrophobicity is involved in the
toxicity of the EOs.

Application of antimicrobials by different exposure methods, such as vapor
phase compared to direct contact method, of mustard and clove EOs showed
noteworthy differences [63]. The stereochemistry, lipophilicity and other fac-
tors affected the biological activity of these compounds which might be altered
positively or negatively by slight modifications [64]. It has been shown that plant
substances affect microbial cells by various antimicrobial mechanisms, including
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attacking the phospholipid bilayer of the cell membrane, disrupting enzyme
systems, compromising the genetic material of bacteria, and forming fatty acid
hydroperoxidase caused by oxygenation of unsaturated fatty acids [65-70]. Allyl
isothiocyanate derived from mustard seems to have multi-targeted mechanisms
of action in metabolic pathways, membrane integrity, cellular structure and
statistically significant higher release of the cell compounds of Escherichia coli
0157:H7 [71].

Carvacrol increases the heat shock protein 60 HSP 60 (GroEL) protein and
inhibited the synthesis of flagellin highly significantly in E. coli 0157:H7 [66]. There
are concerns regarding the enhanced aroma and taste of oregano at the higher levels
of application in food items, especially at 1% [72]. The apparent antimicrobial
efficacy of plant origin antimicrobials depends on factors such as the method of
extracting EOs from plant material, the volume of inoculum, growth phase, culture
medium used, and intrinsic or extrinsic properties of the food such as pH, fat,
protein, water content, antioxidants, preservatives, incubation time/temperature,
packaging procedure, and physical structure of food [73, 74]. Another important
parameter regarding effects of food preservatives is ability to reduce the pH level
inside the bacterial cell (pHin). It has been shown that pHin of both E. coli and
Salmonella has been reduced by the effect of mustard’s EOs [71].

Generally, Gram-negative bacteria are less sensitive to the antimicrobials
because of the lipopolysaccharide outer membrane of this group, which restricts
diffusion of hydrophobic compounds. However, this does not mean that Gram-
positive bacteria are always more susceptible [27]. Gram-negative bacteria are
usually more resistant to the plant-origin antimicrobials and even show no effect,
compared to Gram-positive bacteria [61, 75].

6. Synergistic and antagonistic effects of components

When the combined effect of substances is higher than the sum of the indi-
vidual effects, this is synergy; antagonism happens when a combination shows less
effect compared to the individual applications [27]. Synergistic effects of some
compounds, in addition to the major components in the EOs, have been shown in
some studies [76-78]. Application of a certain combination of carvacrol-thymol can
improve the efficacy of Eos against pathogenic micro-organisms [79].

Synergism between carvacrol and p-cymene, a very weak antimicrobial, might
facilitate carvacrol’s transportation into the cell by better swelling the B. cereus cell
wall [27]. Antimicrobial activity of combination of cinnamon and clove EOs in
vapor phase showed better antimicrobial with less active concentration in the vapor
phase compare to liquid phase [63]. Thymol and carvacrol showed synergistic and
antagonistic effects, in different combinations of cilantro, coriander, dill and euca-
lyptus EOs (each containing several components) and mixtures of cinnamaldehyde
and eugenol, against Staphylococcus sp., Micrococcus sp., Bacillus sp. and Enterobacter
sp. [27]. An antagonistic effect on Bacillus cereus was seen in rice when carvacrol
and p-cymene were used with salt; high-hydrostatic pressure showed a synergistic
effect in combination with thymol and carvacrol against L. monocytogenes. Vacuum
packing in combination with oregano EOs showed a synergistic effect against L.
monocytogenes with 2-3 1og10 reduction. Similar results have been recorded when
clove and coriander EOs have been used against Aeromonas hydrophila on vacuum-
packed pork. Application of oregano EO has a synergistic effect in modified-atmo-
sphere packaging (MAP) including 40% CO,, 30% N, and 30% O,. The available
oxygen is another factor antagonistic on EO activities; by decreasing the oxygen
level, the sensitivity of micro-organisms to the EOs has been increased [27].
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Residual hydrosols after distillation of EOs from plant materials can be used as
economical sources of antimicrobial components [74].

Application of nisin with carvacrol or thymol has been positively effec-
tive against Bacillus cereus with temperatures increasing from 8 to 30°C [27].
Application of nisin with rosemary extract enhanced the bacteriostatic and bacteri-
cidal activity of the nisin [80]. Oregano EOs, in combination with modified-atmo-
sphere packaging, have effectively increased the shelf life of fresh chicken [72].
Antimicrobial resistance did not develop in Yersinia enterocolitica and Salmonella
choleraesuis after sub-inhibitory passes with cinnamon, by direct contact or vapor
phase [63]. Combination of linalool and 1, 8-cineole (1:1) created more resistance
in E. coli, compared to application of pure linalool. Either synergism or antagonism
of 1, 8-cineole and linalool derived from Cinnamosma fragrans could happen against
Gram-negative bacteria and Fusarium oxysporum [81]. The synergistic effect of dif-
ferent components could offer a way to prevent possible off flavor caused by clove
and tea tree when used to protect against Escherichia coli 0157:H7 and minimize off
flavor effects in meat products [32]. Combinations of EOs of oregano and thyme,
oregano with marjoram and thyme with sage had the most effects against Bacillus
cereus, Pseudomonas aeruginosa, Escherichia coli O157:H7 and L. monocytogenes [82].

7. Effects of essential oils as antiviral agents

Synthetic antiviral drugs have been used for the curing of Herpes simplex virus
(type I, II) that causes some of the most common viral infections in humans, and
can be fatal but not all are efficacious in treating genital herpes infections. HSV-1
and HSV-2 have also developed resistance to one of these (acyclovir) mainly in
immuno-compromised hosts. Essential oils are considered to cure these viral
diseases because plant extracts have low toxicity as compared to synthetic antivi-
ral drugs. Natural material is considered as potential alternative. The activity of
multilamellar liposome showed better improvement by introduction of essential
oils with it. Due to presence of citral and citronellal, the essential oil of Melissa
officinalis L. can inhibit the replication of HSV-2 and the ability to replicate of
HSV-1 can be suppressed by incubation with different essential oils in vitro [83]. Of
these, lemongrass essential oil possessed the most potent anti-HSV-1 activity and
completely inhibited viral replication after incubation for 24 h, even at a concentra-
tion of 0.1%. The virucidal activity was found at high levels in peppermint essential
oil against HSV-1 and HSV-2. When the viruses were pretreated with essential oil
before adsorption than its antiviral activity was confirmed. Junin virus was success-
fully inhibited by the essential oil of Lippia junelliana and Lippia turbinate [84].
The essential oils of eucalyptus, Santolina insularis and Australian tea tree showed
the antiviral effects against HSV-1. These oils gave good result both before and after
adsorption. The oil directly inactivated virus particles, thus preventing adsorption
of virion to host cells. Isoborneol, a common monoterpene alcohol, showed dual
virucidal activity against HSV-1 [85] and specifically inhibited glycosylation of viral
polypeptides. The essential oils have shown good results as antiviral but unfortu-
nately, according to our information till now there is no study about the antiviral
properties against the major viruses of era such as HIV and hepatitis C viruses [86].

8. Effects of essential oils as preservatives

In-food studies depend on several additional factors, which have not been
tested in similar in vitro studies [87]. Spices and herbs can be used as an alternative
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preservative and pathogen-control method in food materials. Application of both
extracts and EOs of plant-origin antimicrobials such as floral parts of Nandina
domestica Thunb could be a potential alternative to synthetic preservatives [88].
Generally, effective EOs in decreasing order of antimicrobial activities are oregano
> clove > coriander > cinnamon > thyme > mint > rosemary > mustard > cilantro/
sage [27]. However, in another study, mint showed less antimicrobial effect com-
pared to mustard [89]. There are differences between in vitro and in-food trials

of plant-origin antimicrobials, mainly because only small percentages of EOs are
tolerable in food materials. Finding the most inhibitory spices and herbs depends
on a number of factors such as type, effects on organoleptic properties, composi-
tion and concentration and biological properties of the antimicrobial and the target
micro-organism and processing and storage conditions of the targeted food product
[82, 90, 91]. In a study on blanched spinach and minced cooked beef, using clove
and tea tree EOs, three and four times the MIC in in vitro studies were needed to
restrict E. coli 0157:H7 populations in the food materials [32]. Despite some positive
reports in regard to application of plant-origin natural antimicrobials, two major
issues are faced regarding application of plant-origin antimicrobials in food: odors
created mostly by the high concentrations, and the costs of these materials [68, 69].

9. Antimutagenic properties of essential oils

Many studies showed that the mutations can be prevented by the inhibition the
penetration of mutagens into cells, by adding antioxidants which inactivate the
free radicals produced by mutagens, also by activation of cell antioxidant enzymes
and by detoxification of mutagens by activation of enzymes by using plant extracts
[92]. Some antimutagenic compounds works in two ways those are by promotion
of error-free DNA repair or by inhibition of error-prone DNA repair [93]. During
recent years the role and reaction of reactive oxygen species (ROS) scavengers,
such as glutathione, superoxide dismutase, catalase, N-acetylcystein, provitamins
like retinoid, carotenoids and tocopherols, flavonoids and other polyphenols.

Also the biochemistry of antimutagens has been published in various documents
[94]. However, since the work of [93] on Escherichia coli, nobody has examined

in more detail this type of antimutagenicity possibly involving interference with
DNA repair via intracellular pro-oxidant reactions of the latter compounds or
terpenic and phenolic compounds from aromatic plants. Natural compounds,
tannic acid and apigenin, reduced the frequency induced by nitropyrenes in CHO
cells [95]. Matricaria chamomilla essential oil inhibits SCEs (sister chromatid
exchanges) induced by daunorubicin and methyl methane sulfonate in mouse
bone marrow cells. The aromatic plant Salvia officinalis and major components
thujone, 1,8-cineole, camphor and limonene inhibit UV-C-induced mutagenesis in
Salmonella typhimurium, Escherichia coli and Saccharomyces cerevisiae. The chemi-
cal compounds extracted from plats such as a-terpinene, a-terpineol, 1,8-cineole,
d-limonene, camphor, citronellal and citral modulate hepatic mono-oxygenase
activity by interacting with promutagen or procarcinogen xenobiotic biotrans-
formation [96]. In a more recent study, they showed in the same system that
Origanum compactum essential oil and some of its sub-fractions and constituents
are antimutagenic against the indirect-acting mutagen urethane and also against
the direct-acting mutagen methyl methanesulfonate. It is now accepted that
pro-oxidant activities can induce late apoptosis and necrosis. Pro-oxidant activities
may damage cellular membranes, in particular those of mitochondria, and thus
promote the release of Ca++, cytochrome C and ROS (reactive oxygen species).
This leads to cell death, at least in mammalian cells, whereas yeast cells are able to
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survive in spite of mitochondrial damage. It has been recently demonstrated in the
yeast Saccharomyces cerevisiae that induction of mitochondrial damage transform-
ing Rho+ cells into Rhoo cells and the induction of apoptosis/necrosis by a com-
bined exposure to essential oils and nuclear mutagens caused a striking reduction
of the frequency of nuclear genetic events [86]. Typical mutagenic agents were
used such as ultraviolet C (UV-C) radiation which forms pyrimidine dimers and
6-4 photoproducts, 8-methoxypsoralen (8-MOP) activated by ultraviolet A (UVA)
radiation which forms DNA mono- and biadducts, or methyl methanesulfonate
(MMS) which methylates DNA bases. The reduction in mutant frequency in the
presence of essential oils was accompanied by a strong synergistic induction of
cytoplasmic “petite” mutants. The anti-mutagenic effect was independent of the
type of mutations, i.e., reversion, intra- or intergenic recombination. The extent
of this anti-mutagenic effect depended on the mutagen and oil concentrations.
However, unexpectedly, the mechanism of the decrease of mutagenicity did not
depend on the type of essential oil but on the type of mutagen, thus on the type of
lesions and consequently on the DNA repair or lesion avoidance system involved.
In fact, after combined treatment by UVC or 8-MOP/UVA plus essential oils, the
transformation of Rho+ cells into rhoO cells resulted in a decrease of the frequency
of mutants accompanied by a slight resistance of the survival [97]. After UVC or
8-MOP/UVA alone, less mutants were also found in a rhoO mutant, i.e., a complete
BET-induced rhoO selected by the alcaloid lycorine, than in the wild type Rho+.

In that case, the reduction in mutation frequency was the same as that after the
combined treatments confirming the importance of mitochondrial dysfunction
for these effects [98]. The same decrease of mutant frequencies was also found in
a nucleotide excision repair (NER) defective rad3 mutant after UVC/essential oil
combined treatment. Thus the error-free NER repair system does not play any role
in this decrease and probably not the error-free homologous recombination in the
case of 8-MOP/UVA. However, as a function of survival, this additional cytotoxic-
ity caused a notable reduction of the mutant frequencies for a same survival level.
The decrease of cell survival was also accompanied by a synergistic increase of
cytoplasmic petite mutants. Thus, in this case, the essential oils contributed to

the elimination of the cells already affected by MMS, leading potential mutants

to death by late apoptosis and necrosis [97]. The reduction by essential oils of the
frequency of mutations induced by the mutagens was always accompanied by a
synergistic induction of complete petite mutants. Moreover, essential oils alone

or in combined treatments mainly induced necrosis rather than apoptosis. This
corroborates with the fact that petite mutants were true rho0 mutants unable to
perform apoptosis but only able to passively undergo necrosis, since functional
mitochondria are necessary to induce apoptosis [99].

10. Role of essential oils as antioxidants

Form the safety point of view, one of the important sources for the search of
essential oils is herbs and spices. Since from prehistoric era, these had been used
for flavoring and medicinal properties. However, recent reports showed that the
radical scavenging activity of various essential oil is very high. The lag time in
conjugated diene formation was dose-dependently prolonged by addition of the
essential oils of some aromatic plants such as black cumin, cinnamon bark, ginger
[100]. At alevel of 200 pg/ml DPPH activity ranged from 39 to 90% in different
plants. Phenolic compounds such as thymol, eugenol, linalool etc. are considered
to be responsible for scavenging activity of essential oils. Biomolecules such as
protein, amino acids, unsaturated lipids are mostly oxidized by free radicals and
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reactive oxygen species. The human body is equipped with an inherent defense
system which can destroy free radicals present in almost all cells [101]. Oxidative
stress is the cause of imbalance between free radical production and their
removal from the body. So to overcome oxidative stress antioxidants should be
taken externally. Nowadays, there is more interest on natural antioxidants from
plants sources to replace those of synthetic origin. Various studies have shown
that essential oils are natural source of antioxidants. Aromatic plants are rich in
natural antioxidants. The essential oils of coriander, Eucalyptus, juniper, cumin,
basil, cinnamon, clove and thyme have proven radical-scavenging and antioxidant
properties in the DPPH radical assay at room temperature [2, 40, 102]. The main
constituents of the volatile extract of Egyptian corn silk were cis-R-terpineol
(24.22%), 6,11-oxidoacor-4-ene (18.06%), citronellol (16.18%), trans-pinocam-
phone (5.86%), eugenol (4.37%), neo-iso-3-thujanol (2.59%), and cis-sabinene
hydrate (2.28%) The water extract inhibited DPPH activity by 81.00 (6.00% at
alevel of 200 pg/ml). These results suggest that corn silk is a flavor ingredient
source and a natural antioxidant supplement for various food products [41]. The
antioxidant activity was attributed to the high content of the phenolics thymol
and carvacrol (20.5 and 58.1%, respectively). Thymus spathulifolius essential

oil also possessed an antioxidant activity due to the high thymol and carvacrol
content 36.5 and 29.8%, respectively [103]. The activity is again attributed to the
content of thymol and carvacrol (35.0 and 32.0%, respectively). Although dietary
supplementation of oregano oil to rabbits delayed lipid oxidation, this effect was
less than that of supplementation with the same concentration of tocopheryl ace-
tate [104]. However, when tested on turkeys it showed an equivalent performance
to the same concentration of a-tocopheryl acetate in delaying iron-induced, lipid
oxidation [105]. The essential oils of Salvia cryptantha and Salvia multicaulis have
the capacity to scavenge free radicals. The activity of these oils was higher than
that of curcumin, ascorbic acid or BHT [106]. The essential oil of Achillea millefo-
lium subsp. millefolium (Asteraceae) exhibited a hydroxyl radical scavenging effect
in the Fe3 a-EDTA-H,0, deoxyribose system and inhibited the non-enzymatic
lipid peroxidation of rat liver homogenate [107]. In addition, Curcuma zedoaria
essential oil was found to be an excellent scavenger for DPPH radical [108]. The
antioxidant activity of essential oils cannot be attributed only to the presence of
phenolic constituents; monoterpene alcohols, ketones, aldehydes, hydrocarbons
and ethers also contribute to the free radical scavenging activity of some essential
oils. For instance, the essential oil of Thymus caespititius, Thymus camphoratus,
and Thymus mastichina showed antioxidant activity which in some cases was equal
to that of alpha-tocopherol. Surprisingly, the three species are characterized by
high contents of linalool and 1,8-cineole, while thymol or carvacrol are almost
absent. The essential oil of lemon balm (Melissa officinalis L.) shows an antioxi-
dant and free radical scavenging activity [109] with the most powerful scavenging
constituents comprising neral/geranial, citronellal, isomenthone and menthone.
Tea tree (Melaleuca alternifolia) oil has been suggested as a natural antioxidant
alternative for BHT with the inherent antioxidant activity attributed mainly to
the a-terpinene, B-terpinene and p-terpinolene content. Essential oils isolated
from Mentha aquatica L., Mentha longifolia L. and Mentha piperita L., were able
to reduce DPPH radicals into the neutral DPPHH form [110]. The most powerful
scavenging constituents were found to be 1,8-cineole for the oil of M. aquatica
while menthone and isomenthone were the active principles of M. longifolia and
M. piperita. From the above studies, we may conclude that essential oils are rich
sources of natural antioxidants. So we can use essential oils as natural sources of
antioxidants instead of synthetic antioxidants to prevent from various degenera-
tive diseases as well as to preserve food safely [111].
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11. Photo toxicity of essential oils

The essential oils of some aromatic plants contain some photoactive compounds
in their composition. Psoralens present in essential oil of citru bergamia were
found to effective for binding of mono and biadducts produced under UV-light.
These were found to mutagenic and cytotoxic [112]. However, in the dark, this oil
is not cytotoxic or mutagenic by itself. It has been noted that Fusanus spicatus wood
essential oil was not phototoxic but was very cytotoxic. In other words, cytotoxic-
ity seems rather antagonistic to phototoxicity. In the case of cytotoxicity, essential
oils damage the cellular and organelle membranes and can act as pro-oxidants on
proteins and DNA with production of reactive oxygen species (ROS), and light
exposures do not add much to the overall reaction. In the case of phototoxicity,
essential oils penetrate the cell without damaging the membranes or proteins and
DNA. Radical reactions by excitation of certain molecules and energy transfer with
production of oxygen singlet occur when cells are exposed to activating light. This
may cause damage to cellular macromolecules and in some cases the formation of
covalent adducts to DNA, proteins and membrane lipids. Obviously, cytotoxic-
ity or phototoxicity depends on the type of molecules present in the essential oils
and their compartmentation in the cell, producing different types of radicals with
or without light exposure. However, such an antagonism is not quite a strict rule
[86]. It was also found that Citrus aurantium dulcis (Citrus gracilis subf. dulcis) and
Cymbopogon citratus essential oils were phototoxic and cytotoxic. Therefore, the
potential toxicity of essential oil should be considered before use as antibacterial for
human as well as for animals [113].

12. Other activities

EOs and their monoterpenes affected bone metabolism when added to the food
of rats. It was demonstrated that these lipophilic compounds inhibited bone resorp-
tion [114]. It was reported that (2E,6R)-8-hydroxy-2,6-dimethyl-2-octenoic acid, a
novel monoterpene, from Cistanche salsa had antiosteoporotic properties [115].

Pine EOs prevented bone loss in an osteoporosis model (ovariectomized rats).
The monoterpenes borneol, thymol and camphor directly inhibited osteoclast
resorption [114]. It was observed that inactive monoterpenes can be metabolized
to their active forms iz vivo; thus, cis-verbenol, a metabolite of a-pinene, inhibited
osteoclastic resorption activity, in contrast to the parent compound a-pinene.

Potential activities for the treatment of Alzheimer’s disease were demonstrated
in a pilot open-label study involving oral administration of the EO of Salvia lavan-
dulaefolia Vahl. known as Spanish sage [7].

Chinese angelica (Angelica sinensis) is the most important female tonic remedy in
Chinese medicine. The effects of angelica EO in three assays in mice (elevated plus
maze, light/dark and stress-induced hyperthermia test) suggested that angelica EO
exhibited an anxiolytic-like effect [116]. A link to emotion and cognitive perfor-
mance with the olfactory system was reported [117]. Moreover, the EOs could affect
mood, concentration and sleep [118], while other studies had shown that EOs were
potentially important to boost the immune system [119, 120].

EOs from different Lippia alba chemotypes showed behavioral effects.
Greater effects were presented by chemotype 2 (with citral and limonene),
while chemotype 1, containing citral, myrcene and limonene, decreased only the
number of rearings in the open-field test [121]. The EO of lemon was found to
modulate the behavioral and neuronal responses related to nociception, pain and
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anxiety [122, 123]. Thus, there is widespread and increasing interest in comple-
mentary and alternative medicines using EOs [124].

Aloe vera gel enhanced the antiacne properties of Ocimum gratissimum L.oil; the
oil or its combination with Aloe vera gel was more effective than 1% clindamycin in
the treatment of Acne vulgaris [124]. Linalool-rich EO was potent against promasti-
gotes and amastigotes of Leishmania amazonensis [125].

13. Plant extracts

Plant extracts have shown a considerable promise in a range of applications in
the food industry and several plant extracts enjoy GRAS status. The antimicrobial
activities of plant extracts may reside in a variety of different components and
several extracts owing to their phytochemical constituents have been shown to have
antimicrobial activity. The antibacterial activity is most likely due to the combined
effects of adsorption of polyphenols to bacterial membranes with membrane dis-
ruption and subsequent leakage of cellular contents [126, 127], and the generation
of hydroperoxides from polyphenols [128]. Plant extracts also showed antifungal
activity against a wide range of fungi, antioxidant and antimutagenic activities
[129] and inhibited lipid oxidation in foods [130]. Although numerous studies have
been done in vitro to evaluate the antimicrobial activity of plant extracts, very few
studies are available for food products, probably because plant extracts did not
produce as marked inhibition as many of the pure compounds in foods. The reduced
effectiveness may be attributed to the use of crude extracts in most studies. As the
crude extracts generally contain flavonoids in glycosidic form, where the sugar
present in them decreases effectiveness against some bacteria [131, 132].

Dietary herbs and spices have been traditionally used as food additives
throughout the world not only to improve the sensory characteristics of foods but
also to extend their shelf life by reducing or eliminating survival of pathogenic
bacteria. Herbs and spices are rich in phenolic compounds and besides exerting
antimicrobial effect they may preserve the foods by reducing lipid oxidation as
they are reported to have significant antioxidant activity [133]. A wide variety
of phenolic substances derived from herbs and spices possess potent bio- logical
activities, which contribute to their preservative potential [134]. Careaga et al.
[135] reported that 1.5 ml/100 g of capsicum ex- tract was sufficient to prevent the
growth of Salmonella typhimurium in raw beef but that 3 m1/100 g was required for
a bactericidal effect against P. aeruginosa. Treatment with hydrosol of thyme, black
cumin, sage, rosemary and bay leaf was reported to reduce S. typhimurium and E.
coli 0157:H7 in apple and carrots [136]. Black cumin ethanolic extract applied in
a marinade base for raw trout was found to reduce aerobic plate count, yeast, and
coliforms [137]. Lee et al. [138] observed that the addition of green tea or rosemary
(1 or 3%) to rice cakes significantly reduced the levels of B. cereus and S. aureus
during 3 days storage at room temperature (22°C). Ahn et al. [139] reported thata
range of plant extracts are useful for reduction of pathogens associated with cooked
beef, however, Uhart et al. [140] reported that spices inactivate S. typhimurium
DT104 in in vitro condition, but the activity decreased considerably when added to
a complex food system such as ground beef. Kim et al. [141] observed that ground
beef samples did not show significant difference in L. monocytogenes, S. aureus
and total bacterial counts after treatment with green and jasmine tea as compare
to untreated samples, however, a slight reduction in viable count of Salmonella
enterica Serotype Enteritidis and Listeria monocytogenes in ground beef by water-
soluble arrowroot tea extract (upto 6% w/w) was reported [142]. Combination of
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different plant extracts showed better preservative effects on meat as rosemary
extracts and dry powders of orange and lemon applied to beef meatballs were found
to be effective in controlling bacterial spoilage during 12 days storage period at 8°C
[143]. Mixtures of Scutellaria, honeysuckle, Forsythia and cinnamon or cinnamon,
rosemary and clove oil showed 1.81-2.32-log reductions in microbial counts as
compare to control in vacuum-packaged fresh pork during 28 days storage [144].
Yin and Cheng [145] reported that the antimicrobial properties of garlic are due to
organosulfur compounds. Freshly ground garlic, when added to mayonnaise at a
concentration of 1% reduced Salmonella count [146]. Garlic also has been shown to
reduce the levels of E. coli in ground meat [147]. Sallam et al. [148] observed that
addition of fresh garlic and garlic powder controlled microbial contamination and
preserved chicken sausages. Species of the genus Mentha (family Lamiaceae) are a
rich source of polyphenolic compounds, flavonoids, terpenoids, and other volatile
compounds, which imparts it a strong antimicrobial property [149]. Nguyen and
Mittal [150] reported more than 8 log reductions in the artificially inoculated
pasteurized tomato juice when mint was used as a preservative.

Turmeric, a tropical herb of Zingiberaceae family is used in Indian cuisine mainly
for its coloring and flavoring characteristics, and curcumin is the active constitu-
ent of turmeric responsible for its preservative action [151]. Even, the byproducts
of curcumin manufacture were found to have high biological activity [152, 153].
Turmeric extract (1.5%, v/v) alone or in combination with shallot extract (1.5%
each, v/v) were found to retain quality characteristics of vacuum-packaged rain-
bow trout (Oncorhynchus mykiss) during a refrigerated storage of over a period of
20 days [154].

Cinnamon is the source of cinnamon bark, fruit, leaf and their essential oils and
many Cinnamomum species yield a volatile oil on distillation with different aroma
characteristics and composition [155, 156]. Extracts of the cinnamon bark and fruit
and cinnamon oil have been reported to possess antimicrobial, antioxidant and
antimutagenic activities [157]. Cinnamon was found to reduce the levels of E. coli
in apple juice [158]. Yuste and Fung [159] reported up to 6 log cfu/ml reductions
of artificially inoculated L. monocytogenes in pasteurized apple juice with 0.1-0.3%
(w/v) of ground cinnamon after 1 h of incubation, and no further growth of the
microorganism occurred during 7 days of storage. Ceylan et al. [158] reported that
the addition of 0.3% (w/v) cinnamon powder gradually decreased the counts of
E. coli 0157:H7 in pasteurized apple juice, whereas only 2 log cfu/ml reduction of
E. coli 0157:H7 in unpasteurized apple cider was reported even by addition of 2%
(w/v) cinnamon powder [160].

Punica granatum L. has a rich history of traditional use of its bark, leaves, flow-
ers, fruits and seeds to ameliorate diseases. The presence of phytocompounds in
the pomegranate extracts such as phenols, tannins and flavonoids as major active
constituents may be responsible for these medicinal values [161, 162]. Several studies
have reported the efficacy of various extracts from the different parts of pomegran-
ate plant against the growth of Gram positive and Gram negative bacteria [163].
Aqueous and ethanolic fruit shell extracts of P, granatum were found to have antibac-
terial activity against different strains of E. coli [164], Salmonella Typhi [165], and
it inhibited Staphylococcal enterotoxin A production [166]. Various other solvent
extracts from the rind of P. granatum also showed antibacterial activity against
enterohaemorrhagic E. coli and food spoilage bacteria [162]. Pomegranate peel
extracts were used to enhance the shelf life of chicken meat products by controlling
oxidative rancidity and bacterial growth [167].

Various species of Garcinia contains several secondary metabolites which
exhibit a wide range of biological and pharmacological activities such as anti-
microbial, antioxidant, antitumour-promoting and cytotoxic activities [168].

168



Essential Oil as Antimicrobial Agents: Efficacy, Stability, and Safety Issues for Food Application
DOI: http://dx.doi.org/10.5772/intechopen.92305

Likhitwitayawuid et al. [169, 170] reported antimalarial activity of xanthones
isolated from the bark of G. dulcis and G. cowa. Crude extracts as well as partially
purified compounds from different parts of some species of Garcinia have shown
antibacterial potential [171]. A polyisoprenylated benzophenone (garcinol) isolated
from stem bark of G. huillensis has been shown to be active against Gram posi-

tive and Gram negative cocci, mycobacteria and fungi but inactive against Gram
negative enteric bacilli, yeast and viruses [172]. Alpha-mangostin, rubraxanthone,
and xanthochymol isolated from G. mangostana, G. diocia and G. subelliptica,
respectively, showed strong antibacterial activity against both methicillin-resistant
and methicillin-sensitive S. aureus [173, 174]. Crude extracts of leaves, fruits, root,
stem and trunk bark of G. atroviridis exhibited antibacterial activity with the root
extract showing the strongest inhibition, while the fruit and leaf extracts exhibited
significant antifungal activity against Cladosporium herbrum [168]. Crude extracts
of G. indica also showed antiaflatoxigenic properties [175].

Seabuckthorn has been widely used in traditional medicines, mainly of Tibetian,
Mongolian, Chinese and Middle Asian cultures [176, 177] for the treatment of
asthma, skin diseases, gastric ulcers, lung disorders, cough, diarrhea, and men-
strual disorder [178]. The health benefits of Hippophae rhamnoides oils, juice, leaves
and bark are also well known and they have been used to treat several diseases [179].
All parts of the seabuckthorn plant are considered to be rich source of a large num-
ber of bioactive substances and are reported to have antimicrobial [180], antioxi-
dant [181], and antimutagenic activities [182]; and antitumoral, hepato-protective
and immunumodulatory [183], anti-platelet aggregating [184], anti-inflammatory
[185], and radio-protective properties [186]. The leaf extract was reported to have
better immunomodulatory effect than fruit extracts [183]. Jelly prepared by using
seabuckthorn berries showed microbiological stability at ambient temperature and
37°C for a period of 6 months [187]. Various other plant extracts were found to be
effective against L. monocytogenes in refrigerated meat products [188, 189]. The
effect of a mixture of oregano and cranberry (0.1 mg of phenolic/ml) on beef slices
and cod fish filet was studied by Lin et al. [190] and they observed thatat pH 7,
phytochemicals have no significant effect on cell numbers after 18 h of incubation,
but at pH 6.0, differences in viable cell counts were observed in beef and fish slices.
The oregano-cranberry extract mixture showed higher log reduction in viable
counts than the slices treated with either oregano or cranberry extract [190]. Ruiz
et al. [191] also reported that although rosemary extract was not able to completely
eliminate L. monocytogenes in ready-to-eat vacuum-packaged diced turkey and
ham, it significantly decreased the counts when used along with nisin. Cranberry
powder alone at 1, 2, and 3% levels resulted in 2-4 log cfu/g reduction in growth
of L. monocytogenes compared to the control (treated with nitrite, p < 0.05), and
similar effect on growth was seen when it was combined with cherry powder, lime
powder and grape seed extracts in a cured cooked meat model system [192]. Grape
seed extract and pine bark extract were used to control the growth of artificially
inoculated bacteria on the surface of raw ground beef during refrigerated storage
[193]. The combination of grape seed extract and nisin gave the greatest inhibitory
activity with reductions of L. monocytogenes populations to undetectable levels after
21 days indicating potential of natural antimicrobials to control the growth and
recontamination of L. monocytogenes on meat products [194].

Dried plum puree was found to reduce E. coli and Salmonella in ground meat
[195]. Karapinar and Sengun [196] recommended use of unripe grape juice for
enhancing the safety of salad vegetables. Grape pomace extract and olive extracts
showed antimicrobial activity in apple juice [197]. Grape seed extract (1%) and
rosemary oleoresin (1%) reduced the populations of E. coli 0157:H7, S. typhimurium
and L. monocytogenes after 9 days in raw ground beef [193]. Owen and Palombo
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[198] investigated the ability of Eremophila duttonii and E. alternifolia to control
the growth of L. monocytogenes in full cream milk, skim milk, diluted homogenates
of salami, pate and brie cheese, and reported that both the extracts inhibited the
growth of L. monocytogenes in salami at 37°C, only E. duttonii extract was effective
in pate at 4°C storage, and growth of L. monocytogenes was not affected by both the
extracts in other products. Reduction in microbial load by water-soluble extract
from pine needles of Cedrus deodara in fresh-squeezed tomato juice [199] and by
the extracts from cinnamon stick, oregano, clove, pomegranate peel and grape
seeds in raw pork over 9 days storage at ambient temperature was reported by Shan
et al. [130].

14. Future potential

The identification and evaluation of natural products for the control of
pathogens and to assure consumers a safe, wholesome and nutritious food supply
is a challenge. The problem of microbial resistance is growing and the outlook
for the use of antimicrobial drugs in the future is still uncertain. Even though
pharmacological industries have produced a number of new antibiotics in the last
few decades, resistance to these drugs by microorganisms has increased. Plants
contain thousands of constituents and are valuable sources of new and biologically
active molecules possessing antimicrobial properties. The current focus in natural
preservatives is on a small number of antimicrobial agents, which have been used
for many years, and there is a need to expand this list for their food application to
ensure safety and quality of the food products. There is no shortage of candidates
to become the food preservatives of the future, but still many obstacles exist on
the road to all-natural preservation. There are very few natural antimicrobials that
can be used as direct replacements for existing preservatives owing to their lower
effectiveness, higher cost and product organoleptic quality deterioration. Further,
if a natural antimicrobial with potential as a food preservative can be shown to
be sufficiently effective in foods, it will need regulatory approval before it can be
used as a food additive. Once declared additive on the label, consumers will have
different perspectives about these antimicrobials, but it is possible to classify them
as processing aids, thus consumer perception of them being an additive can be
avoided. Therefore, for the successful exploitation of the natural antimicrobials as
food preservatives, probably it will not only require changes in legislation but also
require better consumer education.

The information available to date demonstrates that different antimicrobials of
plant origin can effectively reduce or inhibit pathogenic and spoilage microorgan-
ism, and thus have a potential to become a good alternative to synthetic antimicro-
bials. The development of cost effective isolation and purification procedures that
avoid loss of functional properties of active compounds will aid in wider use and
acceptance of plant extracts as natural preservatives. However, too much focus on
the use of single compounds over mixtures may not be compatible with complex
plant extracts in which valuable bioactive molecules are often present in mixed form
and the biological activity of plant extracts mostly results from additive or syn-
ergistic effects of these components. Further, the use of natural antimicrobials in
combination with another or with other technologies in a multi-hurdle preservation
system can enhance the performance of natural antimicrobials. Studies have dem-
onstrated that natural antimicrobial agents may offer unique advantages for food
processing, and in addition to improving the shelf life and safety of foods; they may
allow novel food products with enhanced quality and nutritional properties. The
applications of natural antimicrobial agents are likely to grow steadily in the future
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because of consumer demand for minimal processing and food containing naturally
derived preservatives is on rise. Further, it is expected that plant extracts showing
target sites other than those used by antibiotics will be active against drug-resistant
microbial pathogens. The impact of product formulation and storage parameters on
the efficacy of natural antimicrobials as well as safety and toxicology evaluation of
these natural antimicrobials require an in-depth study.

Antimicrobial and antioxidative packaging systems containing natural biologi-
cal active substances may have high potential for commercial food packaging
applications. Consumers would prefer to obtain better food safety of fresh produce
and minimally processed foods using this type of packaging system. However, it is
necessary that new active packaging systems must satisfy food safety regulations,
which are different in each country. Greater food safety and quality assurance may
be improved by the use of both antimicrobial and antioxidative packaging systems
incorporating natural active agents. Some commercial products, such as films
coated with wasabi extract, are already on the market and satisfy the regulations
and consumer needs of particular countries. Most materials containing natural
active agents are more effective when there is direct contact of the packaging
materials with the food product. For new packaging systems to be introduced into
the market effectively, careful design is required. Food contact layers with the
appropriate concentrations of the active agents may be laminated or coated onto the
barrier layer of the package structure. There are some suggestions that before long
many countries would adopt the new active packaging concepts into their packag-
ing regulations. Therefore, new applications of antimicrobial and antioxidative
packaging are likely to be available in the market sooner or later.

Also, the products which produced by nanotechnology as (Aquanova product)
the product description include “Aquanova’s recent nanotech antioxidant system for
essential oils and flavours is a clear signpost of where food ingredient technology in
the twenty-first century is headed.” It is designed to help manufacturers introduce
antioxidants into food and beverage products easily and effectively. The product
micelle allows to create crystal clear solutions (“solubilisates”) of lipophilic or
waterinsoluble substances not just from a visual standpoint. The product micelle
is stable with respect to pH and temperature and has a diameter of approximately
30 nm. Here, where microemulsions and liposomes prove to be problematical and
unsuitable, the product micelle represents the optimum solution in the fields of
foodstuffs (functional food), cosmetics, pharmaceuticals and biotechnology (nutri-
tional solutions for cell and bacterial cultures). The 100% water-soluble micelle
can be integrated directly and independently of recipe characteristics into final
products in the quoted fields. The product micelle is proving to be an optimum car-
rier system of hydrophobic substances for a higher and faster intestinal and dermal
resorption and penetration of active ingredients.

On the other hand, it is important we must be realize that further investigations
into the deleterious or adverse biological effects of essential oils in i vivo models
need to be performed. By doing so, we can better understand their mechanisms of
action in combating disease, and better evaluate the quantities at which they best
exert their beneficial actions to improving human health.

15. Conclusion
Natural materials should be considered as potential alternative. Owing to the
new attraction for natural products like essential oils and plant extracts, despite

their wide use, it is important to develop a better understanding of their mode
of biological action for new applications in human health, agriculture and the
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environment. To preserve food safely and to prevent human beings from various
degenerative diseases we can use essential oils as natural antioxidants and anti-
mutagenic preferably over synthetic. Essential oils can be incorporated into rinses
or mouth washes as antibacterial to protect from infection and for general improve-
ment of oral health. The essential oils have also shown good antiviral activity but
antiviral activity against the major viruses of twenty-first century such as HIV and
hepatitis C viruses should also be studied. As the essential oils and plant extracts
have useful biological properties, so their uses in food and pharmaceutical industry
should be more as natural ingredients instead of synthetic chemicals, to save and
protect the ecological equilibrium.
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Natural Weed Killers: Recent
Developments
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Abstract

Weed control through the use of conventional chemical compounds presented
by synthetic herbicides is a widely used and successful method to control weed by
reducing the negative impact of weed and increase agricultural production gradu-
ally. However, although the losses in agricultural production arising from weed
competition are decreased through the use of synthetic herbicides, the negative
impacts of these compounds on the environment and human health have raised
awareness and created grave concern of a number of parties to safeguard the envi-
ronment and humans. The adverse effect of synthetic herbicides can still occur even
if such herbicides are applied at the recommended rates. Control weed naturally
presented by allelochemical compounds provides an attractive, alternative and safe
way to control weed synthetic herbicides. Previous works indicated that terpenoids
as the most important group of allelochemicals have shown to exhibit a good
phytotoxic effect against a wide range of weed species by suppressing germination
and reducing growth. This review was a highlight to detect the desirable phytotoxic
effects of some terpenoid compounds as a major content in essential oils on various
weed species and the possible uses as natural weed killers.

Keywords: essential oils, terpenoids, allelochemicals, weeds, natural killers

1. Introduction

Weed control defined as any method trying to stop weeds, especially noxious or
injurious weeds from competing with desired plants. The evolution of weed control
began many years ago when humans felt that it was necessary to remove and
dispose of weeds in order to reduce their competition with the planted crops and
thereby increase the yield qualitatively and quantitatively. Weed control involves
processes where weed infestations are reduced, but not necessarily eliminated. In
weed control, the degrees of control can be described by the state of weed reduc-
tion ranging from poor to excellent. The degrees of control depending on the types
of weeds involved and the effectiveness of the control method adopted. It should be
noted that in weed control, the weeds are generally not completely killed, however,
their growth is somewhat contained while the crop continues a normal yield. Weed
control is aimed at only reducing the weeds present by employing some form of
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control measures. On the contrary, weed management is a systematic approach
where the whole land use planning is carried out in advance to minimize the very
invasion of weeds in aggressive forms and give crop plants a strong competitive
advantage over the weeds. Weed control methods can be grouped into the culture,
physical, biological and chemical [1]. Human efforts of controlling weeds began
with the use of cultural practices such as tillage, planting, crop rotation, fertilizer
application, irrigation, etc., that are adapted to create favorable conditions for the
crop. If properly used, the practices can help in suppressing weeds. On the other
hand, culture methods alone, cannot control weeds; it can only help to reduce the
weed population. Culture methods therefore, can be effectively used in combina-
tion with other methods. Every method of weed control has its own advantages
and disadvantages. No single method is successful under all weed situations. Most
often, a combination of these methods gives effective and economic control than
a single method. These methods of controlling weeds were later developed in the
form of mechanical weed control such as hand pulling, hand hoeing, and plant-
ing in rows to facilitate machinery use, but again these methods did not attain the
desired benefits [2].

Later, a new mechanism of weed control was developed through the use of
chemical inputs. Chemical weed control began on a small scale. Since the 19th
century, a combination of salt and ash powder was used to control weed plants
which grow on either side of the railway. The use of synthetic herbicides, however,
begun in the 1940s with the development of some organic herbicides, specifically
the 2,4-D. This herbicide is considered as a growth regulator used in high doses to
control broadleaf weeds [3]. Then, chemical weed control was widely used as a
form of weed control and achieved a dominant role in the crop management, more
efficient, economical and low costs as compared to other methods and contributed
strongly to the increase in the agricultural yields and reduce losses due to weeds
[4, 5]. As aresult of using chemical weed control, the traditional method of weed
control such as cultivation and hand weeding has been greatly been decreased
[6]. A new method to control weeds was created by producing different types of
synthetic herbicides according to the mode of action of these compounds against
weed plants. By 1990s, the number of compounds that have been used in herbicides
in many different formulas reached to more than 180 compounds [7]. According to
areport of [8], the total value of the global’s agrochemical market was between 31
and 35 billion US$ and of the products, herbicides accounted for 48% followed by
fungicides at 22%. Nowadays, chemical weed control becomes as an integral part of
the complex world of technical inputs required for modern agricultural production
and have been accepted as a standard tool of the trade by farmers throughout the
world despite the negative effects of synthetic herbicides on the ecosystem [1].

2. Negative impacts of the synthetic herbicides on human health
and ecosystems

Although synthetic herbicides are considered the best and effective methods
to be used as weed control, the risk is very high if it is used indiscriminately. The
types, quantity and frequency of applications of the synthetic herbicides can bring
about various harmful effects to the environment and its ecosystems and in fact a
threat to human health. The uses of synthetic pesticides including herbicides have
directly and indirectly brought about several adverse effects to the soil surface,
groundwater and organisms as well as in the atmosphere. The above changes have
negative ramifications for the community and disrupting the ecological balance,
hence risking human life.
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2.1 Human health

There is no segment of the population that is completely protectedc exposure
and high risk groups are not only of the people of the developing countries but all
the countries over the world. The hazards of synthetic pesticides are summarized
by their impact through food commodities, surface water, groundwater and soil
contamination and the effects on soil fertility (beneficial soil microorganisms)
and non-target vegetation [9]. According to the report of Williams et al. [10] also
highlighted the complaint of contacts diseases, acute ulcer, heart pain, skin rashes
respiratory condition and eye problem of the people in the survey area. In another
study conducted by Niemann et al. [11] on glyphosate; a common non-selective
systemic herbicide promoted by the manufacturers as a safer herbicide, reported
tracing of its residues in both humans and animal urine. It was then suggested that
the use of glyphosate may have to be re-evaluated to reduce human exposure to the
dangers of synthetic herbicides.

2.2 Ecosystems

Using synthetic herbicides even at recommended rates can lead to negative
impacts on the ecosystems, especially the harmful effects that come from their
residues. On the other hand, the efficiency of these compounds will be slowly
decreased due to the increase in the resistance of the weed plants as a result of the
continuous use of these compounds to control the same weed species. Hence, using
these synthetic herbicides continuously becomes a double-edged sword. As it is well
known, the insecticides are the most toxic to the environment, followed by fun-
gicides and herbicides. But there are some herbicides that can be highly toxic and
much more serious than the insecticides. Such problems that emanated from the
utilization of synthetic herbicides cannot be overlooked regardless of the benefits
accruing of its application [9, 12]. According to Williams et al. [10],the herbicide
applied in agricultural lands can be leached and washed by rain or precipitation
which leading to extending their risks to the wider areas which applied.

The herbicide effects on the soil and the environment were detected and found
to contaminate the groundwater and the source of fresh drinking water even at
recommended levels, causing an acute decrease in the biomass such as microor-
ganisms, plant tissues and soil organic matter [13]. On the other hand, most of
the synthetic herbicides not only affect the target plants, but it can also cause low
growth rates, reproductive problems, changes in appearance or behavior or even
death of non-target plant species, making the use of herbicides more harmful [14].
Furthermore, a wide range of non-targeted plant species are more sensitive to her-
bicides, especially during the reproductive stages of their life cycle. This is further
compounded by the effect of external factors such as wind and rainfall, which can
adversely affect this most important stage of the plant’s life cycle. In this regard,
Boutin et al. [15] mentioned the delays in flowering and reduction in seed produc-
tion observed in a large number of non-target plant species, including climbing and
hedgerow plants, through the spraying of herbicides within the vicinity of their
growing locations.

3. Development of weed resistance to synthetic herbicides
Weed resistance to synthetic herbicides is considered to be the most difficult
problem facing weed chemical control. The resistance comes when some of the

weed species to be resistant to the herbicides naturally. Weed resistance can come in
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different forms. One of the mechanisms is through the production of a new genera-
tion of weeds of different morphological and physiological characteristics with
shorter life cycles that can survive from the application of the systemic herbicides.
Thus, the number of these weeds surviving from the continuous application of
herbicides which will gradually increase. While the other weed species in the same
area will be controlled by applying herbicides [16]. Another way in the develop-
ment of weed resistance comes from the application of contact herbicides, which
are responsible for inhibiting the process of photosynthesis, such as attrition. The
application of such herbicides, especially during unfavorable weather conditions
can contribute to the absorption of a small amount of the active ingredient but inef-
fective to the targeted weeds. Over time, the continuous accumulation of contact
herbicides developed a new generation of weed that is immune to the synthetic
herbicides [17]. In September 2010, Dow AgroSciences’ scientists stated that weeds
which have become resistant to the glyphosate herbicide and the ensuing produc-
tion of genetically modified plants are one of the solutions to resolve issues pertain-
ing to weed competition [7]. Nowadays, there are more than 604 species of weed
plants considered as resistance to synthetic herbicides, most of these weed species
are resistant to herbicides which are responsible for inhibiting acetolactate synthase
(ALS enzyme), photosystem II and acetyl-CoA carboxylase [18, 19]. Figure 1,
showed the number of resistant plant species for several herbicides according to
their modes of action [18].

In this regard, Sekutowski [20] and Weber and Golebiowska [21] reported that
there are 10 species of weeds that pose the biggest threat to crops by causing yield
losses. The weeds include the most important herbicide-resistant species which
are characterized by multiple resistances such as rigid rye-grass (Lolium rigidum
Gaud.), wild oat (Avena fatua L.) and redroot pigweed (Amaranthus vetroflexus).
As a result of weed resistance, many types of synthetic herbicide are re-evaluated
as useless. Hence, a lot of conventional herbicides have been identified as resistance
and ineffective against common weeds. For example, there are 116 useless con-
ventional herbicides identified in Europe, where the highest number of herbicides
is found in France (30 types) followed by Spain (26 types), United Kingdom (24
types), Belgium (18 types) and Germany (18 types) [22].

aso Synthetic Auxins

300 ACCase Inhibitors
ALS Inhibitors
250 Ps Il Inhibitors
EPSP Synthase Inhibitors

Number of Resistant Biotypes
[ 1]
=

0 " - -
= -
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Figure 1.
Number of resistant plant species for several herbicides according to their modes of action [18].
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Therefore, due to the similarity of the active ingredient in most of the herbi-
cides that belong to the same group, there is no major new site-of-action herbicide
has been introduced into the marketplace in the last two decades [23]. Conditions
for the registration of synthetic herbicides also become strict and complicated.
This is considered the greatest loss in the herbicides production sector. For
example, the number of new herbicides active substances in Europe declined
to 336 in 2009 from 945 in 1999 [23]. In fact, chemical herbicides development
efforts worldwide whose market used to be monopolized by glyphosate-based
herbicide have diminished since 1996 as a result of the glyphosate-resistant which
is considered the most widely used pesticide in the world [24]. Therefore, the
trend today is toward the use of natural alternative compounds, but still pos-
sess their herbicidal potential and safety versus the currently used synthetic and
non-ecofriendly materials, wherein the plant defense tactic characterized by plant
secondary metabolites, come to the forefront as promising solutions to replace the
conventional herbicides.

4. Allelopathic compounds

The word allelopathy comes from the Greek words “Allelon” meaning “each
other” and “Pathos” refers “to suffering”. This allelopathic phenomenon whereby
a plant response in defense of the neighboring plants, insects, microorganism and
animals results in the production of natural chemicals called allelochemicals or
phytochemicals [25, 26]. Allelopathy phenomenon is defined by Kato-Noguchi [27]
as an important defense mechanism of the plant which results in the manufacturing
of secondary metabolites. This term is also defined by the International Allelopathy
Society in 1996th as a science that study any process involving secondary metabo-
lites produced by plants, micro-organisms, viruses, and fungi that influence growth
and development of agricultural and biological systems, excluding animals [28].
Usually, the allelochemical compounds released from donor plants caused negative
effects on organisms found within the surrounding environment. However, some of
the recent researchers reported the effects of the allelochemical produced by plants
belonging to the plant family (Fabaceae) can be positive to the surrounding envi-
ronment. As for an instance, the allelochemicals residues produced by these plant
types such as legumes help to fix nitrogen from the air thus enriching the soil [29].
Most of the plants including weeds release allelochemical compounds as defense
mechanisms. These compounds can be released from donor plant parts into the
environment by leaching, volatilization, exudate from living plant tissue or by the
decomposition of plant residues as shown in Figure 2. Hence, it was responsible for
inhibiting the germination and growth of neighboring organisms [30]. One of the
major advantages of allelopathy involves the release of plant biochemical com-
pounds into the environment that inhibits germination or suppresses the growth of
the surrounding vegetation. Another form of allelopathic potential can be tapped
from trees that produce biochemical compounds for its survival and hence its
reproduction. An example of such plants is eucalyptus; these types of plants can
be used in agricultural production as cover crops to control weeds [31]. Lately, the
allelopathic phenomenon has gained prominent attention and has been successfully
employed in field crop production toward the improvement of crop productivity
and for the protection of the environment through eco-friendly control of weeds,
pests and crop diseases [32, 33].

The motivation for the use of the allelochemical compound in weed control is
attributed to its phytotoxic effects similar to the phytotoxic effects of the synthetic
herbicides in inhibiting seed germination and reducing seedling growth. The
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Figure 3.
Direct and indivect allelopathic mechanisms of donor plant to the targeted plants [19].

inhibition process includes several action sites such as cell division, nutrient uptake,
photosynthesis and specific enzymatic functions [34]. The benefit of using allelop-
athy will not be just from being an attractive alternative to conventional herbicides,
but also in the possibility of applying at places where the use of synthetic herbicides
is illegal such as in organic farming. Thus, the use of allelochemical compounds
could be adopted to reduce damage resulting from weed competition of the areas
where the use of synthetic herbicides is not allowed [35]. Plants produce secondary
metabolites exhibited a few ecological advantages such as pollinator attractants,
determinants of vegetation patterning, provide protection against predators and
other enemies and more importantly in mediating plant-plant interactions known
as allelopathy [36]. The responsible chemical compounds for demonstrating allelo-
pathic influences are called allelochemicals or biochemicals compounds produced as
offshoots from the primary metabolic pathways of plants [37].

Allelochemicals have been defined as compounds derived as metabolic by-
products of that certain plant which, when introduced into the environment can
cause growth inhibition as a result of different malfunctions inside targeted plants
such as respiration, cell division, water and nutrient uptake. The symptoms of the
“allelopathic effects” include leaf wilting and yellowing, or death of part or all of a
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plant [3]. Allelochemical compounds, therefore, can act directly and indirectly when
releasing from donor to the receiver plant as described in Figure 3 which showed
the direct and indirect allelopathic mechanisms of donor plant to the targeted plants
[19]. The direct action of allelochemicals similar to the action of conventional her-
bicides hence may lead to being a new approach in herbicides technique to discover
and select the most effective allelopathic plants which are the commonly used as
natural herbicides [24]. The allelopathic potential on targeted or receiver plants are
shown in different ways, such as the reduction in both the length and mass of radicle
and roots, extension shoot and coleoptile, swelling or necrosis of root tips, destruc-
tion of cell wall, curling of the root axis, lack of root hairs, decrease in the number
of seminal roots, reduced in plant dry weight accumulation, leaf discoloration and
lower in reproductive capacity [25, 33, 38]. Allelopathic inhibition is complex and
can involve the interaction of different classes of allelochemicals such as phenolics,
flavonoids, terpenoids, alkaloids, steroids, carbohydrates and amino acids [37, 39].

The allelopathic mechanisms of allelochemical compounds on targeted plants
that have been identified by Li et al. [40] can be summarized as below:

1. Changes in membrane permeability and inhibition of plant nutrient uptake.
2. Inhibition of cell division, elongation, and submicroscopic structure.
3.Effects on plant photosynthesis and respiration.

4. Effects on various enzymatic functions and activities.

5.Effects on the synthesis of plant endogenous hormones.

6. Effects on protein synthesis.

Allelochemical compounds have been classified into 10 categories depending
on the structures and properties of these compounds according to [22, 40] namely
the flavonoids, terpenoids, alkaloids, phenolics, tannins, coumarins, cinnamic acid
and its derivatives, simple lactones, water-soluble organic acids and long-chain
fatty acids. A wide range of these biochemicals are synthesized through the shiki-
mate pathway or the isoprenoid pathway which are responsible for the essential oil
production [41].

5. Essential oils

Essential oil is a concentrated volatile liquids consisting of different types of
secondary plant metabolites but mainly composed of terpenoids and phenolics.
Technically, essential oils are defined as odiferous bodies by oily nature obtained
from plants by different ways, such as cold and hot pressing, distillation and extrac-
tion using organic solvents [42].

Essential oils produced from specific types of plants can be used for different
purposes. Most of the essential oil usage is influenced by donor or producer plants
and their surroundings such as scent to attract certain animals and insects, aiding
in pollination, protection or as repellent agents, energy reserve, wound healing
and prevent water evaporation. Essential oils can be obtained from different
parts of plants such as the leaves, flowers, fruit, seeds, roots, rhizomes, bark and
wood [43].
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Biosynthetically, essential oil components composed of two groups. The
first group is the terpenoids, which is considered the main group; mostly, of the
monoterpenoids, sesquiterpenoids. The second group is non-terpenoids, which
may contain aromatic compounds such as phenylpropanoids, short-chain aliphatic
structures, nitrogenated and sulfuric substances [42]. Essential oils can be isolated
from plants by several processes such as expressed oils, steam distillation, solvent
extraction, fractional distillation and percolation and carbon dioxide extrac-
tion. The process of steam distillation is the most widely accepted method for the
extracting of essential oils on a large scale.

The steam distillation process considered lower risk as compared with another
process due to absence chemical compounds such as solvents and the thermal
degradation as temperature generally not above 100°C [42]. Considering the
multiple properties demonstrated with essential oils, such as pharmaceutical
applications, antioxidant, food and cosmetic uses [44, 45]. Nowadays, essential
oils are becoming increasingly important as a safer alternative to synthetic
chemical products [46]. Essential oils also showed a broad spectrum of advan-
tages against the pest, plant pathogenic and fungi ranging from bactericidal,
fungicidal, insecticidal, antifeedant or repellent, oviposition deterrent, and
growth regulatory and antivector activities [47, 48]. The application of essential
oils and their constituents mainly; terpenoids for weed and pest management is
currently being explored and is viewed as an important source of lead molecules
in agriculture [49, 50].

Recently, the effectiveness of essential oils has been investigated on some weed
species, demonstrating the ability to inhibit germination and the development of
seedlings. The reasons that encouraged the use essential oils as alternative com-
pounds to conventional herbicides are due to a less harmful effect on the environ-
ment and almost as effective as the synthetic herbicides. Furthermore, there are no
contradictions and obstacles to be used as bioherbicides in all aspects of agricul-
ture, specifically in organic farming as compared to the use of synthetic pesticides,
which has attracted a lot of interest in the safety and health of the consumers [35].

6. Terpenoids

Terpenoids or terpenes are the most structurally varied classes and they are the
largest family of compounds of plant products. Previous studies estimated the exit-
ing of more than 23,000 of known terpenoid compounds, including carotenoids,
tocopherol, phytol, steroids and hormones [51]. Terpenoids play an important and
essential role in a broad range of biological functions like respiration, chain electron
transport, cell wall and membrane biosynthesis. Also, terpenoids are involved
extensively in the fields of pharmaceuticals, cosmetics, colorants, disinfectants,
scents, flavorings and agrichemicals [52]. Biosynthetically, terpene compounds are
classified as unsaturated hydrocarbons and basically synthesized from the isoprene
unit which has the molecular formula (CH,—~C(CH;)-CH—CH,). The molecular
formulae of terpenoids are multiples of that, (C5H8) and where (n) is the number
of linked isoprene units called the isoprene rule or the C5 rule; Figure 4 shows the
chemical structure of the isoprene unit.

The isoprene units may be joined together head-to-tail to form linear chains or
they may be arranged to form rings. Chains of isoprene units are linked to building
the terpene structure that synthesized sequentially to form hemiterpenes, mono-
terpenoids, sesquiterpenoids, diterpenes, sesterterpenes, triterpenes, and tetrater-
penes depending on the number of isoprene units [53].
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Terpenoids play a defensive role in trees. They are the major component of
essential oils in many trees which are responsible for the aroma of the trees. They
are released into the air by vaporization or leached in small amounts by water. These
compounds caused poor growth of neighboring plants in addition to aggravat-
ing other problems site when released [54]. Among the terpenoids compounds,
Monoterpenoids and sesquiterpenoids are the most available compounds in the
secondary plant metabolites and widely used as antimicrobials and cosmetics.
Monoterpenoids and sesquiterpenoids produce in plants as defensive chemicals
against insects, fungi and surrounding plants [51].

Terpenoids can be classified according to the number of isoprene units in the
molecule. A prefix in the name indicates the number of terpene units needed to
assemble the molecule; Table 1 lists of various classifications of isoprene units as
well as the examples of the compounds associated with the classification. All the
above different secondary plant metabolites are produced through the metabo-
lism of primary metabolites depending on the pathway and the type of primary
metabolites.

CHj,4

C Hs
Hzc// \E//C

Figure 4.
Structure of one isoprene unit.

No. Type of Number of Structure Example
classification isoprene formula
units
1 Hemiterpenes Single CsHg Prenol and isovaleric acid
2 Monoterpenoids Two CioHis Geraniol, limonene, terpineol and
myrcene
3 Sesquiterpenoids Three CisHyy Humulene, caryophyllene, and
farnesol
4 Diterpenoids Four CyoHsy Cafestol, kahweol, cembrene and
taxadiene and phytol
5 Sesterterpenoids Five CysHyo Geranylfarnesol
6 Triterpenoids Six C3oHys Sterols
7 Sesquarterpenoids Seven CssHse Ferrugicadiol and
tetraprenylcurcumene
8 Tetraterpenoids Eight CyoHgs Cyclic lycopene, carotenoids
9 Polyterpenes More than — Natural rubber
eight
Table 1.

Classification of terpenoids based on the number of isoprene units.
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Figures.
General schematic biosynthetic pathways to produce major secondary metabolites including terpenoids [60].

6.1 Biosynthesis of terpenoids

Secondary metabolites including terpenoids are derived essentially from the
modification of primary metabolites by different main pathways; the pathways
responsible for synthesizing the primary metabolites. The secondary metabo-
lite biosynthetic pathways are too numerous and cannot be easily determined.
Nevertheless, there are a few typical pathways involved in the biosynthesis of
major classes of these compounds. The shikimate pathway is considered the major
pathway used by plants as well as different organisms like bacteria and fungi to
synthesize primary metabolites which in turn form the basic building block for a
wide range of phenolic and flavonoid compounds [55, 56]. The shikimate pathway
involving multiple isoprene units (CsHg) linked together in a head-to-tail pattern
can synthesize to terpenoids according to the number of isoprene units incorpo-
rated in the molecular skeleton [57]. Terpenoids can also be synthesized through
an isopentenyl diphosphate pathway, which arose from the intermediate substrate,
particularly, mevalonic acid (MVA) via the mevalonate pathway and a methyleryth-
ritol phosphate/deoxy-D-xylulose 5-phosphate pathway (MEP/DOXP) pathway.
Figure 5 showed the biosynthesis of terpenoids [58, 59].

7. Terpenoids as natural weed killers; mode of action

The term “mode of action” refers to the sequence of herbicides action begin-
ning from absorption by plant tissues until death. Understanding herbicide mode
of action is helpful in knowing what groups of weed killers. Generally, herbicides
classified depending on their mode of action and the toxicity into two groups;
contact and systemic herbicides [56]. Contact herbicides only kill the plant tissue
which comes into contact with the spray solution. While systemic herbicides need
to translocated in plant tissues until reaching the active site for causing the injury.
Contact herbicides quite often the fastest acting by causing acute toxicity but
the whole plant must be sprayed to be effective [60]. Herbicides also can further
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classify according to their selectivity to selective or non-selective herbicides. Non-
selective herbicides can kill most plants while selective herbicides designed to kill
specific types of plants depends on the morphological and physiological differences
between the two major plant groups, grassy or broadleaf. Moreover, herbicides can
be divided into two groups as a result of its application timing; pre and postemer-
gence. Preemergence herbicides normally targeted seeds by preventing the germi-
nation and suppress seedling development. While postemergence herbicides target
weed biomass by reducing or inhibiting the biological processes in plant tissues.

Study of the injury symptoms of the targeted plant tissues resulting from the
application of herbicides helps to determine how herbicides interact with the
biological and physical systems of the targeted plant. Injury symptoms in targeted
weed species depend on the type of herbicide, the rate of application, stage of
growth, type of exposure, and the plant species receptor involved. All herbicides
work by disrupting one or more than one of the natural mechanisms of the targeted
plant tissues such as the stomatal system through the influence of the guard cells,
photosynthesis by the distraction of chlorophyll pigment and targeting cell mem-
brane and other cellular systems.

Herbicidal mechanisms of the secondary plant metabolites as post-contact
formulations weed killers are strictly fast-acting. They generally disrupt the
cuticular layer of the foliage which resulting in the rapid desiccations or burn-
down of young tissues [35]. Membrane disruption can be considered as one of the
underlying mechanisms of plants’ phytotoxic effects, which result in cell death
and growth inhibition. Secondary metabolites such as terpenoids are less specific
and attack a multitude of proteins by building hydrogen, hydrophobic and ionic
bonds and as a result of this, modulating their 3D structures and in consequence
their bioactivities [61] (Figure 6).

Monoterpenes are considered lipophilic compounds; hence, there is, therefore,
the possibility of plant cell membrane expansion as a result of accumulation
monoterpenes, thereby destroying the membrane structure [62, 63]. Figure 7
showed the interaction of terpenoids with the plant cell membrane [64]. Moreover,
the monoterpenes compounds in essential oils uncoupled the oxidative photophos-
phorylation (transform ADP to form ATP using the energy of sunlight). As a result,
monoterpenes cause a reduction in cellular respiration leading to a perturbation in
the ATP production. Thus, disorders in physiological processes in plants are induced
[33, 65] (Table 2).

2'Absorption : 3 Movement
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Site of
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Figure 6.
Natural weed killers; mode of action [23].
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Figure 7.

Interaction of terpenoids with plant cell membrane [60].

Sesquiterpene  Diterpene

Bio
embrane

Donor plant Involved terpenoid Affected weed species Ref.
compounds
Avrtemisia scoparia p-Cymene Achyranthes aspera, [26]
Caryophyllene Cassia occidentalis
Germacrene D Parthenium hysterophorus
Limonene Echinochloa crus-galli,
a-Pinene Agevatum conyzoides
Nepeta meyeri Nepetalactone Amaranthus vetroflexus [66]
Portulaca oleracea
Bromus danthoniae,
Agropyron cristatum
Lactuca serriola
Bromus tectorum
Bromus intermedius
Chenopodium album
Cynodon dactylon
Convolvulus arvensis
Leptospermum scoparium Digitaria sanguinalis [35]
- Limonene Amaranthus viridis L [67]
Peumus boldus Ascaridole Amaranths hybrids [68]
p-Cymene P, olevacea
1,8-Cineole
Anisomeles indica a-Bisabolol oxide Bidens pilosa [69]
C. occidentalis,
A. viridis
E. crus-galli
Cistus ladanifer Trans-pinocarveol A. hybridus [50]
Viridiflorol Conyza canadensis
Bornyl acetate Parietaria judaica
Ledol
Eucalyptus salubris 1,8-Cineole Solanum elaeagnifolium [70]
a-Pinene
p-Cymene
Predominant
Cupressus sempervirens a-Pinene L. rigidum [71]
a-Cedrol Phalaris canariensis
§-3-Carene Trifolium campestre

Germacrene D

Sinapis arvensis
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Donor plant Involved terpenoid Affected weed species Ref.
compounds
Pinus pinea Limonene a-pinene S. arvensis [72]
pB-Pinene Trifolium campestre
L. rigidum
P, canariensis
N. meyeri Nepetalactone Bromus danthoniae [73]
Lactuca serriola
Eucalyptus globulus 1,8-Cineole Amaranthus blitoide [74]
C. dactylon
Cymbopogon citratus Citral E. crus-galli [64]
Satureja khugestanica Carvacrol Secale cereale [75]
Satureja vechingeri Thymol
Pinus brutia a-Pinene L. sativa [76]
Pinus pinea B-Pinene Lepidium sativum
P, oleracea
Eupatorium adenophorum y-Cadinene Phalaris minor [77]
y-Muurolene
Pelaygonium graveolens Citronellol Silybum mavianum [78]
Geraniol
Artemisia judaica Thujone S. marianum
Chrysanthenone
Carum carvi Carvone Phalaris canariensis [79]
Limonene
Thymus daenensis Thymol A. retroflexus [80]
Carvacrol Avena fatua
Datura stramonium
Lepidium sativum
Eucalyptus citriodora Citronellol A. viridis [67]
Plectranthus amboinicus Carvacrol L. sativa [81]
Thymol Sorghum bicolor
Tagetes minuta Limonene piperitenone Chenopodium murale [82]
a-terpinolene Ph. minor
Piperitone (E)-Tagetone A. viridis
(Z)-Ocimenone
Cupressus macrocarpa Citronellal Digitaria australe [83]
Thujene A. hybridus
Thymol
Pelaygonium radula Cis-Geraniol Digitaria australe
Eudesmol A. hybridus
Melaleuca bracteata Methyl eugenol Panicum virgatum [84]
D. longiflora
Stachytarpheta indica
Aster subulatus
C. citratus Neral P virgatum [85]
Geranial Chloris barbata,
Euphorbia hirta
Stachytarpheta indica
Eucalyptus lehmannii 1,8-Cineole Sinapis arvensis [86]
a-Thujene Diplotaxis harra
a-Pinene Trifolium campestre

Desmazeria rigida
Phalaris canariensis
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Donor plant Involved terpenoid Affected weed species Ref.
compounds

Eucalyptus cinerea 1,8-Cineole S. arvensis [87]
a-Pinene Erica vesicaria
p-Cymene Scorpiurus muricatus

a-Terpineol

Nepeta catavia Nepetalactone Hordeum spontaneum [88]
Taraxacum officinale
Avena fatua
Pinus nigra Germacrene D P, canariensis [89]
8-Cadinene Trifolium campestre
Caryophyllene S. arvensis
Zanthoxylum piperitum Xanthoxyline Amaranthus tricolor [90]
Satureja montana Carvacrol P, oleracea [91]
Thymol Lolium multiflorum
E. crus-galli
Eucalyptus citriodora Citronellal S. arvensis [92]
Citronellol Sonchus oleraceus
Xanthium strumarium
A. fatua
Copaifera duckei Germacrene-D Mimosa pudica L. [93]
Copaifera martii p-Caryophyllene, Senna obtusifolia
Copaifera reticulata a-humulene, 5-elemene,

and §-cadinene

Table 2.
Allelopathic effects of terpenoids compounds in essential oils on seed germination and seedling development on
different weed species 2010—current.

8. Conclusion

In this chapter, we presented a detail overview about roles of terpenoids in
essential oils as a natural weed killer on a wide range of weed species according to
the latest investigations conducted in the current decade. Terpenoids can be use-
ful to control weeds which should be considered as a new approach agricultural
sustainable to reduce weed losses and keeping the environment safe from the risks
of synthetic herbicides. The current review also turns out that monoterpenoids
showed the highest phytotoxicity in comparison to the sesquiterpenoids when these
types considered the dominant compounds found in essential oils.
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