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Scope of the Series

Biochemistry, the study of chemical transformations occurring within living organ-
isms, impacts all of the life sciences, from molecular crystallography and genetics,
to ecology, medicine and population biology. Biochemistry studies macromolecules
- proteins, nucleic acids, carbohydrates and lipids —their building blocks, structures,
functions and interactions. Much of biochemistry is devoted to enzymes, proteins
that catalyze chemical reactions, enzyme structures, mechanisms of action and
their roles within cells. Biochemistry also studies small signaling molecules, co-
enzymes, inhibitors, vitamins and hormones, which play roles in the life process.
Biochemical experimentation, besides coopting the methods of classical chemistry,
e.g., chromatography, adopted new techniques, e.g., X-ray diffraction, electron
microscopy, NMR, radioisotopes, and developed sophisticated microbial genetic
tools, e.g., auxotroph mutants and their revertants, fermentation, etc. More recent-
ly, biochemistry embraced the ‘big data’ omics systems.

Initial biochemical studies have been exclusively analytic: dissecting, purifying

and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehensive,
setting out to integrate and describe fully a particular biological system. The ‘big
data’ metabolomics can define the complement of small molecules, e.g., in a soil or
biofilm sample; proteomics can distinguish all the proteins comprising e.g., serum;
metagenomics can identify all the genes in a complex environment e.g., the bovine
rumen. This Biochemistry Series will address both the current research on biomole-
cules, and the emerging trends with great promise.
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Preface

Terpenes belong to the diverse class of chemical constituents isolated from materi-
als found in nature (plants, fungi, insects, marine organisms, plant pathogens,
animals and endophytes). These metabolites have simple-to-complex structures
derived from Isopentyl diphosphate (IPP), dimethylallyl diphosphate (DMAPP),
mevalonate and deoxyxylulose biosynthetic pathways. Terpenes play a very impor-
tant role in human health and have significant biological activities (anticancer, anti-
microbial, anti-inflammatory, antioxidant, anti-allergic, skin permeation enhancer,
anti-diabetic, immunomodulatory, anti-insecticidal). According to new research,
cineole (a spicy eucalyptus-derived flavoring oil) terpenes are ready to be directly
converted to biofuel as soon as they are produced. This book provides an overview
and highlights recent research in the phytochemical and biological understanding
of terpenes and terpenoids and explains the most essential functions of these kinds
of secondary metabolites isolated from natural sources.
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Chapter1

Introductory Chapter: Terpenes
and Terpenoids

Shagufta Perveen

1. Terpenes and terpenoids

Terpenes are the largest class of secondary metabolites found in nature (plants,
fungus, marine organisms, animals). Terpenes are mainly present as a main con-
stituent of essential oils. It consists of isoprene units (CH,=C(CH;) CH=CH,, CsHy)
which are known as the building block of all types of terpenes, containing five
carbon and eight hydrogen atoms. Monoterpenes have two isoprene units (Cy),
sesquiterpenes have three (C;s), diterpenes have four (Cy), sesterpene have five
(Cys), triterpenes have six (C3) and tetraterpenes have eight isoprene units (Cyo).
Terpenes and terpenoids based chemical constituents are characterized by different
chemical diversity with a wide range of therapeutic effects. This class of metabo-
lites has been an enormous source of novel medicinal agents. Many terpenoids or
terpenoid derivatives are used as traditional drugs with different medicinal values
identified from different natural sources. Artemisia annua (sweet wormwood)

a medicinal plant belongs to the family Asteraceae provided a drug artemisinin
and its related derivatives which used as an antimalarial drug all over the world.
Scientists Professor Tu Youyou was awarded Nobel Prize 2015 in Physiology or
Medicine for her efforts toward the discovery of this important drug. Artemisinin
and its derivatives are mainly sesquiterpenes (fifteen Carbons containing terpenes)
which is known as a magical drug which served as the foundation for antimalarial
treatment. Currently, many research groups have been reported the therapeutic
potential of terpenes and its extract (terpene rich plant extracts) against anticancer,
anti-inflammatory and SARS-CoV-2 and performed many tests and screenings.
Many studies have been done for testing the efficacy of cannabis terpene for the
treatment of this new viral infections [1, 2]. This chapter provides information
about recently published terpenes which showed significant biological activities
have unique skeletons.

2. Hemiterpene

Hemiterpenes are the basic unit of terpenes and its consists of five carbon
atoms (CH,=C(CH;)CH=CH,) or one isoprene unit. It is usually found in different
types of plants especially Coniferous, Willow and Oaks. Many types of hemiter-
penes have isolated from different marine derived fungi (Acremonium persicinum,
Penicillium bialowiezense) which are known as merohemiterpenoid]. Herein, we are
discussing some of the recently published chemical diverse emiterpenes (Table 1,
Figure1).

1 IntechOpen
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Name Source Activity Ref
Securiterpenoside G Securidaca The potential anti-inflammatory activities of [3]
inappendiculata compounds were evaluated through inhibiting

found in China

nitric oxide (NO) overproduction in LPS-
stimulated mouse macrophage RAW264.7 model.
Cell viability was measured by the MTT assay.
None of them showed the obvious cytotoxicity
at the dosage of 50 #uM and significant anti-
inflammatory activities (IC50 145.3, 57.5 uM,
respectively). Dexamethasone was used as
positive control (IC50 2.5 4M).

(+)-Cytorhizophin
A, Cytorhizophin B

Endophytic
fungus Cytospora
rhizophorae
from the

plant Morinda

officinalis

These compounds were evaluated for [4]
antimicrobial activities against the bacteria

Escherichia coli and Staphylococcus aureus.

However, all of them were found to be devoid

of significant activity even at a concentration of

100 pg mL™".

Table 1.

Source and biological activities of some hemiterpenes.

OH
& 0
HO HO,
HQ O\/W'H\O\/eﬂ?,%ﬂ
OH -

Securiterpenoside G

OH g HO

99e

o e
,?\\/O
HO™

Figure 1.
Structure of hemiterpene.

3. Monoterpenes

Cytorhizophins A & B

These types of terpenes consist on ten carbon atom or two isoprene units. Each
type of monoterpenes has a particular aroma for the related plant such as: Citrus,
grapes, rose etc. Many monoterpenes and their isomers have been isolated from
different marine sources. Herein, we are discussing some of the recently published

monoterpenes (Table 2, Figure 2).

Name Source Activity Ref
N-glucopyranosyl Psychotria Vincosamide with a preliminary dose-dependent [5]
vincosamide, leiocarpa activity inhibiting at 50 pg mL™* 99% of DENV
vincosamide Leaves found in infectious particles in the conditioned medium

Brazil

of infected HepG2 culture can be highlighted
among the other isolated alkaloids as a potential
anti-dengue agent.
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Name Source Activity Ref
Callistrilones H & I Callistemon Compounds exhibited moderate inhibitory [6]
rigidus found in activities against HSV- 1 with ICs, values of 10.00
China +2.50 and 12.50 + 1.30 pM, respectively.
Plaxenones A & B South African Plaxenones A and B were evaluated for activity [7]
red seaweed against the metastatic breast carcinoma
Plocamium (MDA-MB-231) cell line and showed moderate
maxillosum antiproliferative effects with ICs, values of 10.78

+1.01and 22.30 + 1.13 uM, respectively.

Melodinines Y1 It showed cytotoxicity toward six cancer cell [8]
lines. The new modification of the isolated
compounds expands the chemical diversity
of this family. Cytotoxicity assays have
demonstrated that compound significantly
inhibited HL-60 cancer cell line, presenting with
a great opportunity to discover promising natural
agents for new antitumor leadings.

Table 2.
Source and biological activities of some monoterpenes.

cl H

Plaxenones A & B

Melodinines Y1

R'='Pr,R?=H Callistrlone H

R'=Et, R?=Me Callistrilone 1

Figure 2.
Structure of monoterpene.

4. Sesquiterpenes

Sesquiterpenes are the class of terpenes with C15 carbon atoms having many
uses like medicine, sanitary, agriculture, cosmetics and foods. These types of
terpenes have many biological activities like, antibacterial, antifungal, antiviral and

3
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ant insecticidal which provokes the researcher to work on the sesquiterpene rich
natural sources. It is usually found in Asteraceae family plants. Herein we are tabu-
lating few important sesquiterpene with their structure and biological information
(Table 3, Figure 3).

Name Source Activity Ref
Minusolide Carpesium It exhibited cytotoxic activities against MDA-MB-231, [9]
G minus A549, and HCT-116 cells with ICs values of 6.1 + 0.2, 8.4 +

0.6, and 3.7 + 0.6 uM, respectively. It induced the apoptosis
of HCT-116 cells via suppression of PARP and promoting

cleavage of PARP.
Penisarins A Endophytic Penisarin B showed significant cytotoxicities against two [10]
&B Penicillium sp. human cancer cell lines, HL-60 and SMMC-7721, with
found in China ICso values of 3.6 + 0.2 and 3.7 + 0.2 pM, respectively.
Cedrol Cedrus atlantica Cedrol-treated mice exhibited no significant differences [11]
Cedarwood oil in body weight and improved TMZ-induced liver damage.

These results imply that cedrol may be a potential novel
agent for combination treatment with TMZ for GBM
therapy that deserves further investigation.

Table 3.
Source and biological activities of some sesquiterpenes.

Minusolide G

Figure 3.
Structure of sesquiterpene.

5. Diterpenes

It consists on C20 carbon atom having four isoprene units. These are very
famous class of compounds as many are using in market for curing cancer

Name Source Activity Ref
Kaemgalangols Edible rhizomes of The antiproliferative activity of compounds [12]
B-D Kaempferia galanga was screened against CCRF-CEM leukemia

found in India cells using a fixed concentration of 30 pM.

Dose response curve of (2R)-ent-2-
hydroxyisopimara-8(14),15-dien showed
ICs values of < 50 pM against CCRF-CEM,
MDAMB-231-pcDNA and HCT116 (p53+/+).
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Name Source Activity Ref
Wickerols A & B Fungus Wickerol A was highly active against two A/ [13,14]
Trichoderma H1N1 viruses, but not active against two A/

atroviride FKI-3849 H;N, viruses or a B-type virus.
from a soil sample

Nukiangendines Abies Nukiangensis Compounds were subjected to an in vitro [15]
A&B found in China bioassay for anti-hepatitis C virus (HCV)
infection activity. Nukiangendine A exhibits a
significant effect at 10 pM with an inhibition
rate of 70.0%, compared to 99.0% for
sofosbuvir (the positive control) at 0.01 pM.

Stachyonic acid Basilicum Stachyonic acids A & B was tested for [16,17]
A&B polystachyon cytotoxicity against human cells, breast and

melanoma along with primary neonatal

foreskin fibroblast cells. Mixture of both

showed limited cytotoxicity toward all cell lines

investigated.

Stachyonic acid A, was found to display potent

inhibitory activity against dengue virus.

Andrographolide Andrographis The study demonstrated anti-SARS-CoV-2 [18]
paniculata from activity of A. paniculata and andrographolide
Thailand using a Calu-3-based anti-SARS-CoV-2 assay.

Potent anti-SAR-CoV-2 activities, together
with the favorable cytotoxicity profiles,
support further development of A. paniculata
extract and especially andrographolide as a
monotherapy or in combination with other
effective drugs against SARS-CoV-2 infection.

Table 4.
Source and biological activities of some diterpenes.

disease such as; Taxol and etc. Herein, we are summarizing few recently pub-
lished diterpenes structures, sources, origin and biological activities (Table 4,
Figure 4).

6. Sesterpenes

Sesterpenes are the small class of terpenoids family which consists on
twenty-five carbon atoms (tricyclic 5-8-5 carbotricyclic core, five isoprene
units). These types of constituents usually found in plants, fungus culture,
insects and marine organism. Sesterterpenes type compounds has complex
structures due to the presence of many ring systems which makes its unique
skeletons. These compounds have significant biological activities such as cyto-
toxic, nematocidal, anti-influenza, enzyme inhibition, anti-inflammatory and
antimicrobial activities. In this chapter we are discussing, some recently pub-
lished sesterterpene, including their structures, source, origin and pharmacol-
ogy (Table 5, Figure 5).

7. Meroterpenes

Meroterpenes are mainly found in marine organisms and abundant in brown
algae and other natural sources like microorganisms and invertebrates (sponges and
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R
R
& 1 f-OH
& 2,12 «-0CH; R=H
3 1-0CH,CHz R=0H
Kaemgalangols B-D Wickerols A & B

COOH

Nukiangendines A & B

HO

Stachyonic acid A& B Andrographolide
Figure 4.
Structure of diterpene.
Name Source Activity Ref
Manoalide Sponge Luffariella manoalide derivatives demonstrated [19]
derivatives variabilis from the cytotoxic activities against several human
South China Sea cancer cell lines with ICs values ranging
from 2 to 10 pM.
Drophiobiolins Dreschslera gigantea Both of the newly identified ophiobolins [20]
A&B s found in China showed significant phytotoxicity.

Drophiobolins A & B exhibited cytotoxicity
against Hela B cells with an ICs; value of
10 pM.

Table 5.
Source and biological activities of some sesterpenes.
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Manoalide sesterpene Drophiobiolins A & B

Figures.
Structure of sesterterpene.

tunicates). These types of compounds have many chemical diversities. Herein, we
are discussing some recently published biological active meroterpenes (Table 6,
Figure 6).

Name Source Activity Ref
Peniclactone C Endophytic Bioassays showed that peniclactone C inhibited nitric [21]
fungus oxide production in lipopolysaccharide-induced RAW
Penicillium sp. 264.7 macrophage cells with an ICs value of 39.03 pM.
GDG]J-285
Gancochlearols Ganoderma Biological results revealed the significantly inhibitory [22]
E-1I cochlear effects of the Gancochlearols E - I on COX-2 activity and

the migration of TNBC cells. In results not only enrich
the structure type of meroterpenoids in Ganoderma,
but also present novel structural template for developing
nonsteroidal anti-inflammatory drug (NSAID) and
anti-cancer drug against metastatic TNBC.

Table 6.
Source and biological activities of some meroterpenes.

Gancochlearols G

OH
,_\ O--{/O
i |
4 W)\/\}\/OH
= H
HO
Gancochlearols H Gancochlearols T

Figure 6.
Structure of meroterpene.
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Name Source Activity Ref
Arenarosides A Polycarpaea Compound displayed promising [23]
arenaria found in antiangiogenesis effects with ICsq values <5 pM
Brazil in the test system used. It exhibited the most
potent inhibitory effects, not only in cancer cell
proliferation but also in angiogenic activities.
Ganoweberianones Fruiting bodies These compounds were evaluated for [24]
A&B of Basidiomycete Ganoweberianone A exhibited significant
Ganoderma antimalarial activity against Plasmodium
weberianum falciparum K1 (multidrug-resistant strain)
with an ICsq value of 0.050 pM.
Longipetalol A Dichapetalum Compound exhibited inhibitory effects on [25]
longipetalum nitric oxide production in lipopolysaccharide-
induced RAW264.7 macrophages.
Periploside A5 Root barks of Periploside showed significant suppressive [26]
Periploca sepium effects on T lymphocyte proliferation with
ICs values ranging from 0.16 to 3.9 uM
and displayed potent inhibitory activity on
B lymphocyte proliferation with ICsy data
at between 0.17 and 5.9 uM. ICsq data of
Periploside A5 were 0.30 #uM and 0.55 uM
for T and B lymphocytes, and with the most
favorite selective index values 176 and 96.9,
respectively.
Table 7.

Source and biological activities of some triterpenes.

HO—

\\Gkg
Ho A\ o
Wo—=2 b |Lang
s !vl\OHuofff: .
HO™Y —0, o
uc-ql-;;,vg"/

Arenarosides A

Ganoweberianones A

H

- O"Tﬂw-—-CHZOH
= @‘
k;/ OH

# o}
Longipetalol A
OMe OMe OAc
, OMe AN OMGA
o” o \l/l\
HO\/LD =
| ole cym | cym Il cym Il
Mao’\;/}lg‘\o
OH
digita |
Periplosides As
Figure 7.

Structure of triterpene.
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8. Tripterpenes

A major class of secondary metabolites are known as triterpenes and it usu-
ally contains thirty carbons consisting of six isoprene units. Different class of
triterpenes are known as lanostanes, euphanes,holostanes, tetranortriterpenoids,
cycloartanes, cucurbitanes, dammaranes, tirucallanes, quassinoids, oleananes,
lupanes, friedelanes, ursanes, hopanes, serratanes, isomalabaricanes which derived
from the squalene biosynthesis (Table 7, Figure 7).
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Chapter2

Terpenes in Essential Oils:
Bioactivity and Applications

Paco Noriega

Abstract

Secondary metabolites from plant organisms have always been excellent options
for the pharmaceutical, cosmetic, and food industries. Essential oils are a type of
metabolites found in vegetables, and their chemical composition is diverse; however,
monoterpenes and sesquiterpenes are inside the most abundant molecules. These
terpenes have a diverse chemical composition that range from a simple molecule with
carbon and hydrogen to more complex molecules with oxygenated organic groups,
such as alcohols, aldehydes, ketones, and ethers. Many of these molecules with 10
and 15 carbon atoms have an especially important biological activity, being important
the antimicrobial, antifungal, antioxidant, anti-inflammatory, insecticide, analgesic,
anticancer, cytotoxic, among others. Some of these substances are potentially toxic,
and hence, they should be handled with caution, especially when they are pure. They
are easily obtained by different methods, and their industrial value grows every
year, with a market of several million dollars. This chapter seeks to provide a better
understanding of this type of bioactive molecules, with an emphasis in those whose
information is remarkable in the scientific literature and whose value for health and
human well-being makes them extremely important.

Keywords: terpenes, essential oils, bioactivity, chemical analysis

1. Introduction

Terpenes are chemical molecules synthesized from isoprene, 2-methyl-1,3
butadiene which are polymerized, thus obtaining one of nature’s most diversified
families of secondary metabolites.

The chemical diversity of terpenes is determined by the polymerization capacity
of isoprene; because of this their classification is linked to the addition of five carbons
to the basic molecular unit. The biosynthesis of the chemical precursors of isoprene,
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) is
produced by two diversified metabolic routes, the mevalonate route (MEV) and the
2C-Methyl-D-erythirol-4-phosphate (MEP) route [1].

DMAPP and IPP are hemiterpenes and are responsible of forming the various
subclasses of compounds that make up the terpenes. Additionally, these isoprene
polymers can be linear or can form rings and adhere to their structure oxygen and
nitrogen atoms. The approximate number of known terpenes is close to 55,000
compounds [2].

Traditionally they are classified as [3]:

Hemiterpenes. These are constituted by five carbon atoms and are the basic units
of the terpenes, the best-known example is 2-methyl-1,3 butadiene or isoprene.
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Monoterpenes. These are constituted by 10 carbon atoms, resulting from the
union of two units of isoprene, which are abundant in essential oils. Some important
substances are: pinene, myrcene, limonene, thujene, etc.

Sesquiterpenes. These are formed by 15 carbon atoms, which are the result of
the junction of three units of isoprene, some examples are: bisabolene, zingiberene,
germacrene, caryophyllene, etc.

Diterpenes. These are formed by 20 carbon atoms or four units of isoprene;
some important compounds are retinol, taxol and phytol.

Triterpenes. Squalene and several phytosterols such as sitosterol stand out
among the terpenes containing 30 carbon atoms or six units of isoprene.

Tetraterpenes. These are constituted by 40 carbon atoms and eight units of
isoprene, many of them are dyes like carotenes, among these the most important are
carotene, lycopene and bixin.

Polyterpenes. These are composed of more than 40 carbon atoms; they are often
found in gums and latex of various plant species.

2. Essential oils

Essential oils are common secondary metabolites in vegetables. From 10 to
200 compounds can be found in an essential oil, and their main characteristic is
their ability to evaporate at room temperature. The chemical variability in an oil
is significant; however, its components can be classified into three large groups
(Figure1).

Terpenes are the majority group, being monoterpenes and sesquiterpenes the
most abundant. These can be present as hydrocarbons, consisting of carbon and
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Figure 1.

Main molecules of essential oils.
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hydrogen, or can have various functional groups such as alcohols, thiols, aldehydes,
ketones, and ethers.

The second group of importance is aromatic compounds, many of them with
an important biological activity such as derivatives of cinnamaldehyde, thymol,
anethole or carvacrol.

There is a third miscellaneous group in a lower proportion that groups various
molecules such as hydrocarbons, aldehydes, ketones, esters, etc. Examples of these
substances are isovaleraldehyde or dodecanal.

Essential oils are usually found in low concentrations in plant organisms,
ranging from 0.1 to 1%. They can exceed this value as is the case of clove oil with up
to 10%, and are present in all plant organs and leaves: Mentha piperita, Origanum
magjovana, Thymus vulgaris; flowers: Rosa damascena, Matricaria chamomilla,
Lavandula officinale; stems: Cinnamomum verum, Ocotea quixos, Santalum dlbum;
roots: Valeriana officinale; fruits: Citrus bergamia; rhizomes: Zingiber officinale,
Curcuma longa; and seeds: Pimpinella anisum, Syzygium aromaticum and Cuminum
cyminum.

The extraction processes are diverse, depending on the part of the plant used; the
simplest and most widespread is the extraction by distillation with steam current,
which does not require expensive equipment. Other methods are mechanical extrac-
tion used mainly to obtain oil from citrus pericarps, extraction using solvents which is
useful when components can be affected by high temperatures and extraction using a
supercritical CO, current, which does not need high temperatures while maintaining
the chemistry of molecules, but it is very expensive to implement.

About 4000 species have been investigated by their ability to produce essential
oils, but only about 30 are marketed massively globally; their main use is intended
for the cosmetic industry and aromatherapy, although several of the compounds
from essences could be valuable to the pharmaceutical industry. There are certainly
still species whose essential oils have not been analyzed in their chemical composi-
tion or in their bioactivity, which could be interesting as a source of new secondary
metabolites.

3. Chemical analysis

Since they are volatile metabolites, their low boiling points make it possible to
have them as steam in a remarkably simple way; for this reason the ideal analysis is
gas chromatography with GC/MS mass spectrometry.

The use of capillary columns has made it possible to have defined separations
in essential oils that exceed 100 compounds, usually chromatographic separation
is made in nonpolar columns with 95% dimethylpolysiloxane, due to the fact that
several components of an essential oil contain polar groups such as hydroxyl (OH);
the realization of these components using columns of intermediate polarity has
been made. Both assays result in a complete chemical inquiry of molecules and are
complementary. The correct structural elucidation is performed by combining
several analyses such as comparison with spectrum databases and the theoretical
and experimental determination of the retention rates of the compounds. For this
purpose, there are databases, being the most used the “Identification of essential oil
components by gas chomatography/mass spectrometry,” with approximately 4000
compounds from essential oils [4].

The GC/MS technique is limited in the fact that it is ineffective in evaluating
stereoisomers, in such cases it is necessary to use chiral columns or techniques such
as nuclear magnetic resonance imaging.
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A more thorough investigation of the chemical identity of the molecules of an
essential oil can be done with an equipment that couples gas chromatography with
spectrophotometric techniques, such as nuclear magnetic resonance imaging and
infrared spectroscopy. It is also possible to analyze NMR or IR spectra in previously
isolated molecules by column or thin layer chromatography [5].

4. Monoterpenes with therapeutic importance

Several monoterpenes have a diverse and useful biological activity for treating
diseases and ailments; some have valuable aromatic characteristics in cosmetics
and perfumery. Those molecules that have relevant information and studies are
analyzed to verify their use as phytotherapeutic elements (Figure 2).

Pinenes. These have alpha and beta isomers; their formula is C1oHyo and they
are common in essential oils from conifers, although they can be found in many
other species such as rosemary and lavender [6-8]; oils with high concentrations
of pinenes generally have antimicrobial activity [8, 9]. Traditionally many plants
containing pinene-rich essential oils are used in respiratory system disease [9].

1-8 cineol (Eucalyptol). Oxygenated monoterpene has a C;oH;sO formula whose
functional group is an ether that is present in many varieties of eucalyptus. Among
its most noteworthy properties are analgesic, anti-inflammatory and antimicrobial
[10]. Plants with eucalyptol-rich essential oils are used for expectorant and decon-
gestant properties of the respiratory system [11].

Limonene. It is a monoterpene whose formula is C;oHyg; it has two optical
isomers R-limonene or D- limonene and S-limonene or L-limonene, which stand
out by the insecticide [12, 13] and antimicrobial properties [14].

Myrcene. It is a monoterpene whose formula is CyoHyg; it is the main component
of Cannabis sativa essential oil [15]. Several studies highlight its analgesic-sedative
[16, 17] and anti-inflammatory activity [18].

Linalool. It is a hydroxylated monoterpene with C1oH;50 formula, its pleas-
ant aroma makes it widely used in perfumery. Its action on the central nervous
system is evidenced by its sedative, anxiolytic, analgesic and anti-inflammatory
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Figure 2.
Monoterpene molecules with therapeutic importance.
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properties [19, 20]. Its antimicrobial and antioxidant properties have been evalu-
ated with good results [21, 22].

Citral. It is an oxygenated monoterpene containing a group of aldehyde; its
formula is C;oH;6O. There are two isomers known as neral (cis isomer) and geranial
(trans isomer) [23], which are abundant in species such as Backhousia citriodora
[24] and Cymbopogon citratus [25]. Its antimicrobial [25] and insect repellent action
is noteworthy [26].

Camphor. It is an oxygenated monoterpene whose functional group is a ketone;
its formula is C1oH;60 and it is present in two optical isomers R and S, which are
abundant in the species Cinnamomum camphora [27]. Traditionally camphor has
been used in traditional Asian medicine, and it is known to have digestive effects,
but its most important use is related to its analgesic and antiseptic effect, being very
popular its inclusion in topical formulations such as liniments and creams [28, 29].

Menthol. It is a hydroxylated monoterpene, with a C1oH,00 formula, which has
seven isomers that are very common in mint varieties such as Peppermint. It is one
of the most used compounds in the food, cosmetic, pharmaceutical industries,
and pesticides, among others. Its aromatic properties are very well known [30];
however, its most noticeable and known effect is that of analgesia at the topical
level [31, 32].

Terpineol. It is a hydroxylated monoterpene with a C;oH;50 formula. It is
known by having five isomers (a, p, v, 8 and 4-terpineol) [33], which are abun-
dant in the essential oil of tea tree (Malaleuca alternifolia) [34]. The outstanding
properties are antihypertensive, anticancer, antioxidant, antimicrobial, antifungal
and sedative [33, 35].

Citronellol. It is a hydroxylated monoterpene with a C;gH,O formula. There
are two enantiomers (+)-citronellol and (—)-citronellol [36]. The first is quite
common in citronella oil, and the second is abundant in rose oil [37], which is used
in perfumery. Its properties are insecticide [38], analgesic and anti-inflammatory
[39], and antioxidant [40].

5. Sesquiterpenes with therapeutic importance

Several molecules with interesting properties can be found in Cys sesquiterpene
(Figure 3). From a therapeutic view, there is evidence that validates its biological
activity, highlighting anti-inflammatory, analgesic and anticancer trials.

Bisabolol. These are isomers, out of which stand (—)-a-Bisabolol, (—)-epi-a-
Bisabolol, (+)-a-Bisabolol and (+)-epi-a-Bisabolol which are abundant in the spe-
cies Matricaria camomilla [41], and in other species such as Salvia runcinata [42].
The most well-known effects in the molecule are analgesic and anti-inflammatory
[43], antimicrobial and antioxidant properties; for this reason, the molecule is
widely used in the cosmetic industry [44].

p-Caryophyllene. It has a C;sH,4 formula. It is one of the most abundant sesqui-
terpenes in essential oils. Various bioactivity studies have been carried out in this
molecule with good results, such as analgesic [45, 46], anti-inflammatory [47] and
anticancer [48].

Chamazulene. With a C;4Hy¢ formula, it is a molecule derived from the sesqui-
terpene matricina, which is one of the few aromatic molecules that have a blue
coloration. It is found in Matricaria camomilla, being its most known property the
anti-inflammatory [49, 50]. Several studies highlight its antioxidant effects [51, 52].

Caryophyllene oxide. It is an oxygenated sesquiterpene with a C;5H,40 formula;
it has properties similar to those of caryophyllene, such as analgesic and anti-
inflammatory [53].
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Figure 3.
Sesquiterpene molecules with therapeutic purposes.

Germacrene. It belongs to the sesquiterpenes family, and it has three double
links in its structure. There are five types of germacrenes: A, B, C, D, E. Recent
studies mention its antioxidant potential [5, 54].

Artemisinic acid. It has a C;5H»,0, formula, and it is one of the most interesting
sesquiterpenes for health due to its antimalarial properties [55]. It is abundant in
the species Artemisia annua, and it is generally found as a sesquiterpenic
lactone [56].

Patchoulene. It is a sesquiterpene with a C;sH,4 formula. It is common to find its
isomers a, B, a, and & in essential oils. It is attributed to various types of bioactivity,
the most relevant being those found in p-patchoulene as anti-inflammatory [57],
antigastritis [58, 59], and cosmetic [60].

Humulene. Also known as a-caryophyllene, its formula is C;sHp. It is named
after the essential oil of the species Humulus lupulus [61]. It has anti-inflammatory
[62, 63] and anticancer properties [64].

Bergamotene. It is a sesquiterpene with a C;sHy, formula. It has four isomers
a-cis, p-cis, a-trans and B-trans. It is found in several citric species such as
Citrus bergamia [65]. One of the properties of this molecule is to act as a phero-
mone [66, 67].

Farnesene. It has a C;sHy, formula. It is a molecule found in several essential oils,
and it is a precursor to many other sesquiterpenes since its open-chain structure and
its 4-double bonds contribute to this action, as well as in the possibility of having
awide variety of isomers between geometrics and stereoisomers. Its cytotoxic and
genotoxic [68], insecticide [69] and neuroprotective effects [70, 71] have been
evaluated.

Eudesmol. Hydroxylated sesquiterpene with a CysHysO formula is a very
interesting molecule by the multiple positive bioactivity assays, highlighting
antimicrobial and antifungal [72], anticancer [73, 74] and antiangiogenic [75].

6. Toxicity

Most of the terpenes present in essential oils have some degree of toxicity, which
is not detected when consuming aromatic species directly because in most cases
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the oil yield is low. Many commonly used essential oil components are potentially
dermal irritating with restrictions on application concentrations [76, 77]. There are
also some terpenes whose toxicity is much more dangerous, such as pulegone which
causes liver damage and seizures [78], and thujone that can cause dementia by
being neurotoxic [79].

7. Conclusion

This brief review has shown the chemical and biological importance of low
molecular weight and volatile terpenes. For this reason, components of secondary
metabolites are known as essential oils. The abundance of these molecules is much
higher than the one presented in this chapter, since the information presented covers
those whose scientific evidence and industrial importance are references in this
family of metabolites. There is still much research to be carried out on the hundreds
of molecules from which there is still little or no information. There are still aromatic
species whose essential oils have not yet been described and that could be a source of
new monoterpenes and sesquiterpenes that are beneficial to humans.
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Chapter 3

Terpene Compounds of New
Tunisian Extra-Virgin Olive Oil:
Effect of Ripening Stage

Bechir Baccouri and Imene Rajhi

Abstract

The volatile profiles of Tunisian virgin olive oils were established by solid phase
micro-extraction (SPME) and gas chromatography (GC), using flame ionisation
and mass spectrometer detectors. Terpenes compounds were identified and charac-
terized. Limonene, the main terpene compound extracted by SPME, characterized
the studied olive oil. Significant differences in the proportions of terpenes constitu-
ents from oils of different maturity index were detected. The results demonstrated
that the accumulation of the terpenes compounds in the studied oils obtained from
different ripeness stage was strictly connected with the ripeness stage.

Keywords: virgin olive oil, headspace-solid-phase microextraction (HS-SPME),
volatile compounds, terpenes

1. Introduction

Virgin olive oil is characterized through its distinctive perfume, which is synthesized
after olive fruits are crushed during industrial oil production. Extra virgin olive oil
(EVOO) is unique for its high monounsaturated fatty acids levels and the existence of
awide range of minor components responsible for their organoleptic characteristics
and health properties [1]. EVOO attract the interest of the scientific community for
its health properties; is an indispensable element of the Mediterranean diet [2]. Its
consumption is correlated with a lower incidence of a number of diseases correlated to
inflammatory processes such as cardiovascular diseases, diabetes, arthritis, Alzheimer
and certain types of cancer [3].

A potential interacting impact of phenolic compounds on EVOO aroma release
and perception has been recently described. Volatile minor components are conse-
quently responsible for the aroma of EVOO whereas phenolics are closely related to
the bitter and pungent sensory notes [4].

Aldehydes and alcohols of six straight-chain carbons (C6), as well as their
corresponding esters, are the most important compounds in EVOO volatile
compounds, also quantitatively or qualitatively. Linolenic (LnA) and Linoleic
(LA) acids are the main substrates for this synthesis. Lastly, terpenes found in the
volatile fraction of EVOO seem not to be important contributors to EVOO aroma
due to their low concentration and high odor threshold [1, 5].

Baccouri et al. [6] revealed that Solid-phase microextraction (SPME) of the
head space (HS) in combination with mass spectrometry (GC-MS) and gas
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chromatography is a very powerful technique that is used quite regularly for the
analysis of aroma compounds in foods. HS-SPME-GG-MS has been applied to
study the volatile of products derived from the olive fruit, such as oil or table
olives [7]. Actually, SPME-GC-MS is the technique of reference to validate the
discriminating power of new e-sensing technologies such as the electronic nose
for olive oil [8-10].

The main triterpenes present in EVOO are two hydroxyl pentacyclic triterpene
acids (oleanolic and maslinic acid) and two dialcohols (uvaol and erythrodiol) [2].
These compounds are mostly found in the epicarp of drupes, therefore, pomace
olive oil extracted from olive pomace after the first press with the use of solvents
or other chemical processes generally contains 10-fold higher concentrations than
EVOO [11].

In in vitro studies, EVOO triterpenes have been described as potent inhibitors
of LDL oxidation [12] and to possess antiatherogenic properties via preventing
LDL-supporting thrombin generation [3]. A role of these compounds in athero-
sclerosis protection has been further suggested in a feed work with apolipoprotein
(apo) E knockout (KO) mice developing a spontaneous atherosclerosis that mimics
most of the features of human atherogenesis [11].

EVOO triterpenes together with hydrocarbons and lignans inhibited cell pro-
liferation and DNA synthesis in Caco-2 colon cancer cell cultures induced through
oleic acid, as oleic acid in deficiency of growth factors was capable to induce Caco-2
propagation [13]. In addition, pentacyclic triterpenes from olives established an
antiproliferative, and proapoptotic action on on HT-29 colon cancer cells and
MCF-7 human breast cancer cells [14].

2. Material and methods
2.1 Sampling

This work was carried out on the study of Effect of ripening period on Terpene
compounds of new Tunisian extra-virgin olive oil obtained through controlled
crossings on Meski variety. Preliminary work evaluating the oil fatty acid composi-
tion of the oil of 50 hybrids showed the performance of these cultivars (9d) among
the studied descendants. This new cultivars have an improved oil composition
compared to that of Chemlali, the most abundant variety in Tunisia. Samples,
obtained from homogeneous olive have picked by hand at a known ripening degree
during the crop season 2018/2019. Healthy fruits, without any infection or physi-
cal damage, were processed. The olives were washed, deleafed and crushed with
a hammer crusher, and the paste mixed at 25 °C for 30 min, centrifuged without
addition of warm water and then transferred into dark glass bottles.

2.2 Analysis of volatile compounds: HS-SPME analysis

Before use, the fibre was conditioned; the fibre used for the extraction of the
volatile components was divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS) 50/30 mm.

5 g olive oil was placed in a 20 ml vial closed by PTFE/silicone septum. Before
extraction, the stabilization of the headspace in the vial was accomplished by
equilibration for 60 min at 25 °C. The extraction was carried out at room tempera-
ture, with magnetic stirring (900 trs/min). To determine the optimal adsorption
time of the fibre with the sample headspace, the fibre DVB/CAR/PDMS was
exposed for time periods of 10, 30, 60, 90 and 120 min [5].
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The injections were performed using a SPME autosampler. The fibre was ther-
mally desorbed into a GC and left in the injection port for 4 min. The injector was
set at 250 °C and operated in the splitless mode for 2 min unless otherwise stated.
The fibre was reconditioned for 5 min in a washing port at 250 °C and blank runs
were done periodically during the study [5].

2.3 GC-MS analyses

Each oil was analysed by GC-MS using an Agilent 6890N/5973N system, with
fused-silica capillary columns HP-1 (50 m X 0.20 mm; film thickness: 0.5 mm). The
identification of the constituents was based on comparison of the retention times
with those of authentic samples. Several structures were also confirmed by standard
compounds injection. All chemicals were purchased from Fluka or Sigma-Aldrich
(Saint Quentin Fallavier, France).

3. Result and discussion

Sesquiterpene hydrocarbons were a major class of compounds identified in the
EVOOs samples. Monoterpenes and sesquiterpenes are the lower molecular weight
representatives of the terpenoid compounds; they are produced by two and three
isoprene units, respectively.

Studied EVOOs made during ripeness process were exposed. Ten sesquiterpenes
(Table 1), acyclic, monocyclic, bicyclic and tricyclic, were studieded. The variables
which were more decisive to discriminate among ripeness stages were sesquiterpenes
and aldehydes, such as limonene, a-agarofuran, a-muurolene, trans-a-bergamotene,
a-farnesene, a-copaene, -selinene, p-elemene, p-dihydroagarofuran, p-caryophyllene,
(Z)-B-farnesene, 5-cadinene, (E,E)- (E)-p-ocimene, (Z)-3-hexenal and nonanal. This
finding is in very good agreement with previous studies on other varieties [2, 8].

Several terpene hydrocarbons (mono- and sesquiterpenes) were often detected,
and they totally accounted for 2.9-13.5% of the whole volatiles (Table1). (E,E)-
a-farnesene (0.1-0.7%), a mono-unsaturated sesquiterpene, was the main one.
Besides (E,E)- a-farnesene, other important sesquiterpenes were cyclosativene and
a-muurolene, a tetra-unsaturated sesquiterpene that has already been detected in
Spanish oils, mainly in those obtained from olives of the Hojiblanca variety [15].

Sesquiterpene hydrocarbons, tended to increase during the maturation process.
The highest value (1.3%) was registered in EVOOs obtained from fruits at MI = 6,
and the lowest (0.1%) in EVOOs from fruits at MI = 2.

During maturation process, a-copaene remained almost constant during the two
maturation stages followed the general trend described above, varying from 0.2%
(MI = 2) to 0.4% (MI = 6). further sesquiterpene, such as p-slinene, y-muurolene,
cyclosativene, a-ylangene and a-cubebene, appeared in small amounts only at the
highest MI value (Table1).

Monoterpene hydrocarbons, represented by limonene, p-cymene and (E)-f-
ocimene, showed a constant increment of its levels during the three maturation
stages. Limonene showed a constant increment of its levels passing from 2.2 to 9.4%.

This strong dependence on maturity process, makes terpenes good candidates
suitable for the discrimination of oils with different ripeness index. Vichi et al. [15]
demonstrated that the amounts of a-muurolene, a-copaeneand and a-farnesene
may be used to construct a decisional tree that successfully classifies Western-
Liguria extra-virgin olive oils from further Mediterranean oils. Vichi et al. [15]
confirmed also for the first time that the enhance of sesquiterpene is Maturation-
dependent in olive, and consequently that ripening must be taken carefully into
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Constituents RI 9d Im2 9d Im4 9d Im6
p-cymene 028 0,2 1,7 2,6
limonene 032 2,2 39 9,4
(E)-B-ocimene 052 0,2 0,2 0,2
a-cubebene 352 0,1
cyclosativene 370 0.2
a-ylangene 371 0,1
a-copaene 377 0,2 0,2 0,4
B-selinene 487 0,2
a-muurolene 499 0,2
(E,E)-a-farnesene 507 0,1 0,2 0,5
Monoterpene hydrocarbons 2,6 4,3 12,2
Sesquiterpene hydrocarbons 0,3 04 1,5
Total terpene hydrocarbons 2,9 4,7 13,7
erythrodiol 0,5 0,8 2,2
uvaol 0,1 0,4 0,9
erythrodiol +uvaol 0,57 1,2 3,14
Table 1.

Terpene composition of the studied olive oil at different stage of maturity.

account when analyzing terpenes [16]. Our results are in agreement with the study
of Vichi et al. [15]. These hydrocarbons may be used as markers to distinguish
EVOO of different geographical origins [10].

The volatile fraction of the oil from Sfax (South of Tunisia) was characterized
by the pre-eminence of a-copaene (24.5%) that may be used as markers to
differentiate EVOO of different sites. The other main compounds detected
were (E,E)- o -farnesene (6.8%), a -muurolene (4.8%), cyclosativene (3.0%),
aromadendrene (1.8%) and longicyclene (1.7%).

A comparison with literature data on the chemical composition of olive oils is
complicated because of the big variability of the volatile profiles. In fact, it has
been reported that the concentrations of compounds depend on the enzymatic
activity though external parameters (soil, climate, harvesting and extraction con-
ditions) may alter the inherent olive oil sensory profile. The variation in levels of
C6 aldehydes and alcohols for oil samples from different soils implies that pedo-
logic conditions may influence the activity of alcohol dehydrogenase (ADH).

The triterpenic dialcohols (erythrodiol and uvaol), which are also part of the
unsaponifiable fraction of the olive oil, are usually analysed together with the sterol
fraction [1]. The erythrodiol and uvaol content of the studied olive oils varied
according to maturity, ranging from 0.5 to 2.22% and from 0.1 to 0.92%, respec-
tively (Table 1). The sum of erythrodiol and uvaol in all ripeness index was below
the established limit of 4.5% for the “extra virgin” olive oil category. These results
are consistent with the findings of other authors [15].

4, Conclusions

In conclusion, results demonstrated that the studied olive oils presents a elevated
level of variability in terms of the volatile fraction. This aroma variability and the
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high genetic diversity of the cultivar germplasm collection suggest that it is possible
both to identify old olive cultivars that give rise to oils with a high organoleptic
quality and to select optimal parents for olive breeding programs with the aim of
finding new cultivars with improved oil aroma. The application of SPME to the
analysis of virgin olive oil headspace allowed the detection of significant differences
in the proportion of volatile constituents from oils of different maturity index. The
results indicate that the ripeness time influence the quali-quantitative production of
volatiles. These results permit to use the volatile composition as an indicator of each
maturity stage.
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Abstract

Sacha inchi oil is a product obtained from oilseed (Plukenetia volubilis L.) and
is an excellent source of bioactive compounds, especially in polyunsaturated fatty
acids, tocopherols, and sterols. These compounds are causally related to their
positive impact on human health. In this study summarizes some monoterpenes,
sesquiterpenes, and triterpenes reported in Sacha inchi oil seeds and reviews
their sensory properties. The terpenoids that characterize Sacha inchi seed oil
are: o-pinene, sabinene, limonene, aristolene, cycloartenol, 24-methylene cyclo-
artenol, lanosterol, B-sitosterol, stigmasterol, campesterol and phytol. The sensory
properties of this oil are due to a set of volatile compounds including terpenoids,
the odor descriptors of monoterpenes, sesquiterpenes and diterpenes are: flower,
pine, turpentine, pepper, wood, lemon, orange, and sweet. These compounds were
characterized by gas chromatography with different detectors.

Keywords: sacha inchi seed oil, terpenoids, sensory properties,
chromatographic analysis

1. Introduction

The Sacha inchi (Plukenetia volubilis L.) plant is a crop that has expanded
rapidly in recent decades. This endemic crop of the South American Amazon is
found mainly in Peru, Colombia, Ecuador, and Brazil. Other geographical regions
of the world where Sacha inchi cultivation has flourished include China, Thailand,
Vietnam, and Malaysia [1-4]. Its oleaginous plant has become a crop of economic
importance for the food, pharmaceutical and cosmetic industries. Exports in Peru
have grown notably for the year 2017, especially for its main products such as oil,
roasted seed, and powder, having as main destinations, South Korea, United States,
Japan, Canada and France [5].

Kodahl [6] mentioned that Sacha inchi seed has an unusual chemical com-
position as it contains remarkably high amounts of polyunsaturated fatty acids.
According to the NTP [7] indicates that the requirements for the polyunsaturated
fatty acids (PUFAs) profile is as follows: a-linolenic acid (®-3, greater than 42%),
linoleic acid (-6, greater than 32%) and polyunsaturated fatty acids (greater than
80%) of the total lipid fraction. Other main representatives of the unsaponifiable
fraction are tocopherols, which are distributed in the oil as follows: a-tocopherol
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(60-70 mg/kg), B-tocopherol (18-29 mg/kg), y-tocopherol (1108-1367 mg/kg),
d-tocopherol (641-856 mg/kg), and sterols fraction of commercial oils was
1130-3635 mg/kg, and the main sterols were p-sitosterol, stigmasterol, campesterol
and A5-avenasterol [8, 9]. Other compounds of interest are phenolic compounds
(the main classes of phenols found in sacha inchi seed oil (SISO) are phenyl alcohol,
isocoumarin, flavonoid, secoiridoid, and lignan) [10], volatile organic compounds
(while the classes of VOCs identified in commercial oil were aldehydes, hydrocarbons,
alcohols, ketone, furan, and carboxylic acid), and terpenoids [11].

Terpenoids are a large family of chemical compounds which can be found in
a large number of plants, many of which have characteristic odors, flavors, and
colors, and are main components of essential oils (especially monoterpenes and
sesquiterpenes) [12]. Terpenoids can be structurally decomposed into two or more
isoprene units or 2-methyl-1,3-butadiene and classified as monoterpenes (C10H16),
sesquiterpenes (C15H24), diterpenes (C20H32), triterpenes (C30H48), and tet-
raterpenes or carotenes (C40H64) [13]. In vegetable oils, several terpenoids have
been identified, these compounds provide aromatic properties (monoterpenoids:
myrcene, citral, linalool, thymol, menthol, carvone, eucalyptol, a- and p-pinene,
etc.), and are natural fat-soluble pigments (tetraterpenoids: lycopene, y-carotene,
B-carotene, lutein, zeaxanthin, etc.) [14], this last group of chemical species are
responsible for transmitting the chromatic characteristics in vegetable oils. A list of
oils from conventional and non-conventional plant sources where terpenoids have

Terpenoids Class Effects Reference
a-Pinene Monoterpene Cytogenetic, gastroprotective, anxiolytic, [27]
cytoprotective, anticonvulsant, and
neuroprotective
Sabinene Monoterpene Antioxidant, antibacterial and antifungal [29,30]
Limonene Monoterpene Gastroprotective, anti-inflammatory, bradycardic, [31-33]
antiarrhythmic, antitumor, antiviral, and
antibacterial
Aristolene Sesquiterpene Antifungal, antioxidant, and anticancer [34, 35]
Cycloartenol Triterpene Anticancer, and antidiabetic [36, 37]
24-Methylene Triterpene Antidiabetic [37]
cycloartenol
Lanosterol Triterpene Cytotoxic and immunomodulatory [38, 39]
B-Sitosterol Sterol Anticancer, lipid-lowering, anti-inflammatory, [40-43]
and antioxidant
Stigmasterol Sterol Lipid-lowering, antiasthmatic, [41, 44]
immunomodulatory, antioxidant, and
anti-inflammatory
Campesterol Sterol Anti-inflammatory, and cytotoxic [45]
Phytol Diterpene Antitumoral, antimutagenic, antimicrobial, [46, 47]
anxiolytic, metabolism-modulating, cytotoxic,
antioxidant, autophagy- and apoptosis-inducing,
antinociceptive, anti-inflammatory, immune-
modulating, antidiabetic, anti-atherogenic,
lipid-lowering, antispasmodic, antiepileptic,
antidepressant and immunoadjuvant
Table 1.

Summary of terpenoids of Sacha inchi seed o0il and biological effects.
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been identified: soybean, olive, rapeseed, sunflowerseed, flaxseed, sesame, pump-
kin, pistachio, almond, hazelnut, safflower, hempseed, sacha inchi oils [15-20].
Traditionally, plant-based terpenoids have been used by humans in the food
(terpenoids as natural flavorings compounds, preservatives for dairy products,
stability of edibles oils flavored with essential oils) [21-23], pharmaceutical (produc-
tion of pharmaceutical terpenoids for the treatment of human diseases) [24, 25],
and chemical industries (natural additives for food or fragrances in perfumery)
[26]. Various studies have shown the efficacy of terpenoids due to their biological
and medical properties [25, 27, 28]. Table 1 summarizes most of the effects, however
some of heightened interest are mentioned in this section.
This document summarizes some monoterpenes, sesquiterpenes, and triter-
penes reported in Sacha inchi oil seeds and reviews their sensory properties.

2. Overview of terpenoids biosynthesis in Sacha inchi seed oil

The biosynthesis of these compounds occurs via the methylerythritol phosphate
pathway (MEP) or mevalonate (MVA) pathway involves several reactions to isopen-
tenyl diphosphate production from acetyl CoA. The isopentenyl diphosphate (IPP)
combines with dimethyl-allyl diphosphate (DMAPP) to that subsequently converted
to geranyl pyrophosphate (GPP) by enzymatic catalysis of isopentenyl diphosphate
isomerase. Geranyl pyrophosphate is the substrate to produce monoterpenoids. The
enzymatic reaction is mediated by monoterpene synthases [48]. The monoterpenes
found in SISO were a-pinene, sabinene and limonene (Figure 1). a-Pinene (C10H16)
is the main bicyclic monoterpene found in this oil, it is also widely distributed in
nature. The sesquiterpenes are formed by the condensation of IPP with GPP to yield
farnesyl pyrophosphate (FPP) [50]. The GPP to FPP reaction is mediated by farnesyl
pyrophosphate synthase. The only sesquiterpene found in SISO is the aristolene
(C15H24) [20]. On the other hand, this biochemical pathway may be used for
triterpene (some triterpenes were found in SISO, namely cycloartenol, 24-methylene
cycloartenol and lanosterol isomers) and probably sterols (individual sterols found
in SISO, namely B-sitosterol, stigmasterol, campesterol, A5-avenasterol, A5,24- stig-
mastadienol, A7-stigmastenol, A7-avenasterol, etc.) [8, 9, 51], and brassinosteroids
biosynthesis, whereas geranylgeranyl pyrophosphate (GGPP) is utilized for the
biosynthesis of photosynthetic pigments such as carotenoids, chlorophylls and
diterpenes (phytol) (Figure1) [9, 52, 53].

3. Terpenoids in Sacha inchi seed oil

In the scientific literature there are few reports on the volatile composition of
sacha inchi oil [20, 49]. The terpenoid fractions in the Sacha inchi oil is observed
in Table 2. The identification of the classes of terpenoids found in Sacha inchi seed
oil and commercial Sacha inchi oil were monoterpenes, sesquiterpenes, diterpenes,
triterpenes and sterols. The first terpenoids identified in this oil were sterols:
B-sitosterol > stigmasterol > campesterol > A5-avenasterol [51]. The sterol composi-
tion of these main compounds is around ~96%. The sterol content in the Sacha inchi
seed oil was reported as 2472 mg/kg. While the sterol contents in commercial oils
ranging from 1130 to 3635 mg/kg [8, 9].

The sterol content in Sacha inchi seed oil is represented by the content of
B-sitosterol, stigmasterol and campesterol (Table 2). The B-sitosterol, followed
by stigmasterol or campesterol and other minor sterols (triterpenes) such as
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Bigsynthetic pathway of terpenoids and chemical compounds found in Sacha inchi seed oil. The diagram

was modified according to Feng et al. [49]. Isopentenyl diphosphate (IPP), dimethyl-allyl diphosphate
(DMAPP), geranyl pyrophosphate synthase (GPPS), farnesyl pyrophosphate synthase (FPPS), geranylgeranyl
pyrophosphate synthase (GGPPS).

fucosterol, and A5-avenasterol are the most representative in vegetable oils. In
addition, 50% to 80% of the plant sterols intake comes from oils, spreads, but-
ters, breads, cereals, grains, pastes, and vegetables [55]. On the other hand, other
triterpenoids such as cycloartenol, 24-Methylene cycloartenol, and lanosterol were
detected in commercial Sacha inchi oil, the contents ranged from 0.10 to 47.44%,
2.59 t0 24.15%, 0.80 to 11.79%, respectively. A sole example of diterpene such as
phytol were found in the range of 0.10 to 43.51% [9]. The monoterpenoids and
sesquiterpene in the sacha inchi oil were o-pinene, sabinene, limonene and aristo-
lene these compounds were also identified by Monroy-Soto et al. [11]. In addition,
it has been reported that this class of terpenoids are considered potentiators. In
this context, the minimum inhibitory concentration of some monoterpenoids
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Terpenoids Sacha inchi seed oil Commercial Sacha inchi oil
a-Pinene (nug/kg) (3.35-1179.24) ugrkg
Sabinene (ug/kg) (0.87-416.51) pg/kg
Limonene (ug/kg) (0.93-187.83) ug/kg
Aristolene (pg/kg) (3.99-34.82) ug/kg
Cycloartenol (%) (2.59-34.54) %
24-Methylene cycloartenol (%) (0.80-11.79) %
Lanosterol (%) (0.10-4744) %
B-Sitosterol (%) 1274 mg/100 g (21.45-68.91) %
Stigmasterol (%) 58.7mg/100 g (10.4-27.4) %
Campesterol (%) 153 mg/100 g (5.1-18.9) %
A5-Avenasterol (%) (0.10-7.78) %
Phytol (%) (0.10-43.51) %

References, for Sacha inchi seed oil: Chirinos et al. [54]. For commercial Sacha inchi oil: Chasquibol et al. [8];
Ramos-Escudero et al. [9].

Table 2.
Summary of terpenoids identified in Sacha inchi oil.

(o-pinene and limonene) on bacteria such as Escherichia coli, Salmonella enterica
and Staphylococcus aureus have been reported previously [56]. Furthermore, these
monoterpenoids have shown a potent antioxidant activity, especially a-pinene
followed by limonene, both presented a 50% inhibitory concentration values (ICsj)
equal to 12.57 and 13.35 mg/mL, respectively. In this regard, terpenoids have huge
potential as natural food preservatives for use in the food industry [57].

The storage food products are subject to changes in the chemical composi-
tion and as a result the formation of undesirable volatile compounds. Therefore,
terpenoids as natural preservatives can be used to slow down food spoilage. Some
monoterpenoids such as limonene can be used as substitutes for synthetic antioxi-
dants (TBHQ, BHA, BHT) and improves oxidative stability in edible oils [58]. Wang
etal. [58] have mentioned that monoterpenoids can be used as a reference for the
food manufacturing, lifestyle, and nutrition in the future.

4. Terpenoids and sensory properties in Sacha inchi seed oil

Terpenoids are compounds responsible for the smell of most plants. Phytol,
a-pinene, sabinene, limonene, and aristolene have been found in Sacha inchi oil
(Table 3). These compounds provide some odor notes such as flower, pine, tur-
pentine, pepper, wood, lemon, orange, and sweet. The content of monoterpenoids
and sesquiterpenoids in Sacha inchi oil, fraction constituted about 9.0% of total
volatile fraction. Ramos-Escudero et al. [20] have mentioned that these compounds
are responsible for the floral aroma in this oil. However, the sensory characteristics
of Sacha inchi oil not only correspond to the sensory notes of the terpenoids, but
to a combination of sensory attributes such as herbal, green, nutty, seeds, butter,
rancid, fruity, floral, and woody [20, 59]. Different volatile compounds including
terpenoids have been identified in vegetable oils and each compound has differ-
ent characteristics of key odorants. For example, in virgin sunflower oil the most
preferred attributes were sweet and wood/vegetable resin, the latter possibly due
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Terpenoids MF/MW Structure Percepts
Phytol CyoH400 HO Sy o flower
296.54 g/mol a
CHy
CH;
o-Pinene CyoHis CH 3 pine, turpentine
136.23 g/mol H3 C
H,C
Sabinene CioHie H 3C pepper, turpentine,
136.23 g/mol CH2 wood
H,;C

Limonene CyoHss ch lemon, orange
136.23 g/mol
# Y CHj
H,C

Aristolene CysHoy flower, sweet
204.35 g/mol
CH,
CHy CH3
H4C

Table 3.
Terpenoids, structures, and percepts of in Sacha inchi seed oil.

to the presence of terpenes such as linalool and o- and B-pinene. Furthermore, the
sensory profile of Niger seed oil showed positive attributes such as dried fruit, spicy
and bitter, which could be related to the presence of some terpenes, specifically
limonene and phellandrene. On the other hand, the sensory notes of pine perceived
in the pine nut (Pinus pinea) oil were described under the wood/plant resin attri-
bute, which could be attributable to the high contents of a-pinene as well as other
terpenes such as B-pinene, f-myrcene and o- and y-terpinene present in its volatile
composition [15].

5. Comparison of terpenoid contents in other vegetable oils

Information about the volatile composition, including some terpenoids in
vegetable oils can be found in published reports. Aguilar-Herndndez et al. [60]
reported the profile of terpenoids including monoterpenes and sesquiterpenes
in lemon peel oil. In this oil around 23 terpenoids have been found, the most
relevant being limonene, y-terpinene, sabinene, o-pinene, B-pinene, o-thujene,
terpinolene, a-terpineol, neral, geranial, and trans- a- bergamotene. Ivanova-
Petropulos et al. [17] reported a higher content of terpenoids in sunflower seed oil
and pumpkin seed oil. The most common monoterpenoids and sesquiterpenoids
in both oils were: a-thujene, o-pinene, a-fenchene, camphene, verbenene, sabi-
nene, 2-p-pinene, a-phellandrene, o-terpinene, DL-limonene, B-phellandrene,
1,8-cineole, 0-cymene, p-cymene, y-terpinene, o-terpinolene, o-campholenal,
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trans-pinocarveol, borneol, 4-terpineol, 3-pinanone, 2-pinen-10-ol, myrte-

nal, verbenone, a-cubebene, camphor, a-copaene, f-elemene, f-bourbonene,
B-selinene, 2-norpinene, aristolen, y-cadinene, calarene, a-amorphene,
B-bisabolene, §-cadinene. While the main terpenoids in the following oils were:
flaxseed (a-pinene, camphene, verbenene, 2-B-pinene, 3-carene, a-terpinene,
DL-limonene, 1,8-cineole, y-terpinene, and o-terpinolene), rapeseed (p-cymene),
and sesame seed (2-norpinene). Other vegetable oils have different terpene
profiles [18, 19] (Table 4).

6. Application of chromatographic techniques in Sacha inchi seed oil

There are few reports about the chemical characterization of the terpenoids in
the Sacha inchi oil (Table 5). The separation of the different analytes from the sterol
fraction was conducted using the following columns: SAC™-5/Merck (Phase: 5%
diphenyl/95% dimethyl polysiloxane), HP-5/Agilent J&W (Phase: 5% phenyl-meth-
ylpolysiloxane), and SPB-5/Merck (5% diphenyl/95% dimethyl polysiloxane). While
the separation of volatile compounds was carried out using columns with high polar
(DB-WAX/Agilent J&W, and TRB-WAX/Teknokroma/ 100% polyethylene glycol)
and nonpolar (DB-5/Agilent J&W/5% phenyl-methylpolysiloxane) stationary phases.

Monroy-Soto et al. [11] evaluated the volatile composition of Colombian com-
mercial Sacha inchi oil using headspace-solid phase microextraction coupled
GC-MS-O. Ramos-Escudero et al. [20] analyzed the Peruvian commercial Sacha
inchi by HS-SPME/GC-MS, through which 16 volatile compounds (among them
limonene, a-pinene, and sabinene) may have a significant influence upon perceived
flavor and odor.

Analytes Column Technique Methods Extraction Reference
Sterol SAC™-5 GC-FID C S [61, 62]
(30mx 0.25mm ID)
Sterol HP-5 GC-FID/MS C,A P [9]
(30 mx 0.32 mm ID)
Sterol SPB-5 GC-FID C P [8, 63]
(30 mx 0.32 mm ID)
Terpenes DB-WAX HS-SPME-GC- C P [11]
(30 mx 0.25 mm ID) MS-O
DB5
(30 mx 0.25 mm ID)
Terpenes ATR-WAX HS-SPME/ C A P [20]
(60 mx 0.25 mm ID) GC-MS

List of abbreviations: GC-FID, Gas chromatography-flame ionization detector; GC-MS, Gas chromatography—
mass spectrometry; HS-SPME, Headspace-solid phase microextraction; GC-MS-O, Gas Chromatography—Mass
Spectrometry-Olfactometry. A, authentication; C, characterization; B, cold pressed; S, solvent.

Table 5.
Characterizgation and authentication of Sacha inchi oil.

7. Conclusions
Sacha inchi oil is a product of economic importance that has been character-

ized according to its chemical composition. At present several classes of chemical
compounds have been identified and quantified, and more recently the volatile
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composition. The volatile organic compounds correspond to notes generated by
alcohols, aldehydes, ketones, and terpenoids. The classes of terpenoids found in
Sacha inchi oil were monoterpenes, sesquiterpenes, diterpenes, and triterpenes.
These compounds provide different sensory properties in the oil. Furthermore, the
characterization is conducted mainly by gas chromatography (GC) coupled to flame
ionization detector (FID) and mass spectrometry (MS) detection.
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Chapter 5

Potential Antioxidant Activity of
Terpenes

Bechir Baccouri and Imen Rajhi

Abstract

Terpenes play a key part in the metabolic processes of a wide variety of animals,
plants and microorganisms in which they are produced. In nature, terpenoids serve
a variety of purposes including defense, signaling and as key agents in metabolic
processes. Terpenes have been used in perfumery, cosmetics and medicine for thou-
sands of years and are still extracted from natural sources for these uses. Terpenes
antioxidant activities may sometimes explain their capacity to adjust inflammation,
immunological effects and neural signal transmission. They offer pertinent protec-
tion under oxidative stress situations including renal, liver, cancer, cardiovascular
diseases, neurodegenerative and diabetes as well as in ageing mechanisms.

Keywords: terpenes, terpenoids, antioxydant, ROS, health

1. Introduction

Terpenes occur widely in nature. They are a large and varied class of hydrocar-
bons that are produced by varied plants and some animals. Thus, terpenes defend
plants against pathogens like bacteria, fungus and can attract pollinating insects or
repel herbivores [1]. Numerous plants produce volatile terpenes in order to attract
specific insects for pollination or otherwise to expel certain animals using these
plants as food [1].

They are also abundantly found in fruits and flowers. In plants, they function
as infochemicals, attractants or repellents, as they are responsible for the typical
perfume of many plants [2]. Last, but not least, terpenes play an important role as
signal compounds and growth regulators (phytohormones) of plants, as shown
by some studies [1]. Thousands of terpenes have been found across the plantae,
but only a small percentage of all terpenes have been known. Terpenes are biosyn-
thetically derived from isoprene units with the molecular formula C5HS8 [1]. The
basic formula of all terpenes is (C5H8)n, where n is the number of linked isoprene
units [1].

Terpenes presented over 25,000 well defined compounds isolated from all
biological kingdoms [3]. The numerous terpene synthases in plants are primarily
responsible for terpene diversity; some of them produce different products from a
single substrate [4].

The nomenclature of terpenes is based on the number of isoprene structures
that they contain. Accordingly, these compounds are classified as sesquiterpenes,
monoterpenes, diterpenes, triterpenes, tetraterpenes, and polyterpenes [5].
Monoterpenes, sesquiterpenes, and diterpenes are considered secondary metabo-
lites as they are not essential for viability [5].
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Including neurodegenerative diseases (Alzheimer’s and Parkinson’s diseases),
cancet, cardiovascular diseases, liver diseases, diabetes, and other diseases; oxida-
tive stress is involved in the pathological development of many diseases. Antioxidant
therapy, via direct and indirect mechanisms, has become one of the main and
promising strategies to face oxidative stress-induced cellular damage [1, 6]. Studies
have shown that both natural terpenes and their synthetic derivatives enjoy diverse
pharmacological properties, including antioxidant, antifungal, anti-inflammatory,
antiviral, anticancer, antibacterial, antinociceptive, antiarrhythmic, antispasmodic,
antiaggregating, local anesthetic and antihistaminic activities [6, 7]. These interest-
ing characteristics were used in pharmaceuticals and cosmetic industries. In this
context, the search for antioxidant compounds among natural terpene products has
significantly increased in the last recent years. As shown throughout this chapter,
terpenes can function as antioxidant compounds through modulating the endog-
enous antioxidant system and direct ROS scavenging pathway.

2. Oxidative stress

Reactive oxygen species (ROS) comprise a series of chemical molecules derived
from molecular oxygen whose reactivity is much greater than that of this element in its
basal state [8]. Intracellular ROS can oxydize lipids, proteins and DNA thus damaging
many cellular components and even causing genetic damage and cell death, mainly
by apoptosis [1, 8, 9]. These species include oxygen ions as atomic oxygen (O), ozone
(O3) and singlet oxygen (10,) free radicals such as superoxide radical (O, -), hydroxyl
radical (OH ), the alkoxy radical (RO ¢) and peroxyl radical (ROO *), and peroxides
such as hydrogen peroxide (H,0,) and peroxynitrite (ONOO-) [1, 8].

Molecules such as, ascorbic acid (vitamin C), o tocoferol (vitamin E), bilirubin,
selenium and glutathione, between many others, proceed as ROS scavengers, pre-
venting oxidative cellular damage [10, 11]. Among these, glutathione, the antioxi-
dant compound, plays an important role in protecting vital functions [8, 11].

In addition to nonenzymatic compounds, during the antioxidant enzymes action
including superoxyde dismutase (SOD), catalase (CAT), glutathione peroxydase
(GPx) and heme oxygenase-1 (HO-1), ROS can be detoxyfied or converted into
nontoxic forms [8]. Catalase, located principally in peroxisomes, efficiently converts
hydrogen peroxide to water and oxygen [12]. The efficiency of this enzyme is such
that one CAT molecule is able to turn 6 million of hydrogen peroxide molecules into
water and oxygen per minute. In addition, this enzyme cannot be saturated at any
hydrogen peroxide concentration [13]. Superoxyde dismutase produces molecular
oxygen and hydrogen peroxide through dismutation of superoxide anion and this
reaction is over 4 times faster than the non-enzymatic reaction [12]. GPx reduces
hydroperoxides using glutathione (GSH) as substrate. The resulting GSSG is reduced
back to GSH by the action of GR. The gene expression of all of these antioxidant
proteins is regulated by nuclear factor erythroid-2 (Nrf2), through its binding to a
specific DNA sequence called antioxidant response element (ARE) [14].

Nevertheless, under various pathological conditions, this endogenous cellular
antioxyant defense system cannot remove excessive amounts of ROS, resulting in an
oxidant-antioxidant imbalance called oxidative stress [1].

3. Terpenes antioxidants potential

The main triterpenes present in EVOO are two hydroxyl pentacyclic triterpene
acids (oleanolic and maslinic acid) and two dialcohols (uvaol and erythrodiol)

54



Potential Antioxidant Activity of Terpenes
DOI: http://dx.doi.org/10.5772/intechopen.96638

(Figure 1), whose concentrations oscillate between 8.90 and 112.36 mg kg'1 [15].
Terpenes compounds are mostly found in the epicarp, then, pomace olive oil gener-
ally contains 10-fold elevated concentrations than EVOO [15].

In the incessant search for new bioactive natural products against oxidation and
inflammation, terpenes are emerging as a rich source of these compounds. Some
monoterpenes possess both anti-inflammatory and antioxidant properties [16, 17].
(+)-limonene, and 1,8-cineole demonstrated strong antioxidant, anti-inflammatory
and anticancer properties in assays using DPPH method, pleural cell migration,
and U251, UACC-62, MCF-7, NCI-ADR/RES, OVCAR-3 human cancer cell lines,
respectively [16, 17].

Menthol is present in the aroma oil of numerous species of mint plants, such as
cornmint oil from M. arvensis (wild mint) and peppermint oil derived from Mentha
piperita (peppermint). Menthol and 1,8-Cineole ([11] had antioxidant characteris-
tics in the ABTS-radical caption scavenging assay [18]. Cornmint and peppermint
oils contain 70 and 50%, respectively, of menthol. Menthol can be extracted from
other essential oils, such as citronella, eucalyptus and Indian turpentine oils.

Previous works have demonstrated that the antioxidant and prooxidant behaviour
of a particular terpene depend most of all on it amount: at high concentrations,
terpenes can act as a prooxidant compounds whereas at low concentrations, they can
act as antioxidant compounds [19].

Ruberto and Baratta [20] studied the antioxidant activity of monoterpene and
sesquiterpene compounds found abundantly in essential oils Two lipid model systems
were used: one for evaluating the formation of thiobarbituric acid reactive species
(TBARS)), utilizing egg yolk as lipid oxydable substrate and the other one for evaluat-
ing the peroxides that are formed during linoleic acid oxydation in a micellar system.
Among monoterpene hydrocarbons, such as terpinolene, o-terpinene, y-terpinene
and sabinene were the most active [19]. Among oxygenated monoterpenes the order
of antioxidant activity effectiveness was monoterpene phenols (thymol and carvacrol
> allylic alcoholes (nerol), perillyl alcohol, geraniol and cisverbenol > monoter-
penes aldehydes and ketones. Concerning the sesquiterpene group [1], the radical

L

\/-[ COOH HO,,.__I,M'M.I/‘ ’\ﬂ ]\/ J COCH

Oleanolic acid Maslinic acid

Erythrodiol

Figure 1.
Chemical structure of EVOO triterpenes.
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scavenging properties of the hydrocarbons-type were quite low and lower than that
of the monoterpene hydrocarbons cluster, but between the oxygenated type, mainly
allylic alcohols (i.e. farnesol, guaiol, (+)-8- (15)-cedren-9-ol showed good scavenging
properties, similar to those of oxygenated monoterpenes [1, 19].

Several terpenes display also a protective effect against the oxidative stress
induced by heavy metals. Pretreatments with the triterpene arjunolic acid recovered
almost completely from reduced antioxidant protection (SOD, CAT, GR, GPx GST,
GSH) and increased oxidative damage (lipid peroxydation and protein carbonyl
content), mainly via radical scavenging, in murine brain treated with arsenic.
El-Missiry and Shalaby [21] indicated that treatments with the f3-carotene (tetra-
terpene) protected against cadmium oxidative stress in brain with an associated
increase in SOD, GST and non-enzymatic (GSH) antioxidant status [1], a decline in
LDH activity and lipid peroxydation and an rise of ATPase activity [1, 22].

The oxidative pathway is also one of the described mechanisms to clarify gluta-
mate toxicity. This excitatory neurotransmitter depletes intracellular GSH, produces
ROS and augments lipid peroxydation levels. Koo et al. [23] identified the diterpene
15- methoxypinusolidic acid, obtained from the leaves of Biota orientalis L., as
protective neuroagent with antioxidant activity in primary cultured cortical rat
cells. Moreover, the monoterpenes from Scrophularia buergeriana Miq. were capable
to ameliorate the antioxidant defense system in primary cultures of rat cerebral
cortical cells in glutamate-mediated oxidative stress conditions [1].

Kim et al. [22] focused on the search for antioxidant compounds that delay
or prevent oxidant/antioxidant imbalances and its harmful consequences, since
oxidative stress is associated with Parkinson’s disease pathology. The monoterpene
catalpol, isolated from the roots of Rehmannia glutinosa, has demonstrated to
protect cultured mesencephalic neurons against MPP+-induced toxicity by prevent-
ing the inhibition of the mitochondrial complex I, and thus avoiding mitochondrial
dysfunction, and by diminishing the level of MDA content and increasing the
activity of the antioxidant enzymes (SOD and GPx) [22]. The exogenous neurotox-
ins 1-methyl-4- phenylpyridinium (MPP+) and 6-hydroxydopamine (6-OHDA) are
frequently used in experimental Parkinson models since these chemical compounds
induce selectively oxidative stress in nigrostriatal dopaminergic neurons [24].

Its beneficial effects may be partly due to ROS scavenging and enhancement
of endogenous antioxidants. Concerning fungi-derived terpenes, the labdane
diterpenes, obtained from the fruiting body of the parasitic fungus Antrodia
camphorate [24]. On the other hand, the carotene astaxanthin resulted to be a potent
mitochondria-targeted antioxidant in dopaminergic SH-SYSY cells treated with
6-OHDA [25].

Naval and Gémez-Serranillos [26] reviewed the neuroprotective activity of
ginseng constituents, based on their antioxidant activities. Herein, we highlight
some examples. In vitro studies concerning the neuroprotective activity of the
isolated ginsenosides Rbl, Rb2, Rc, Rd., Re and Rgl under hydrogen peroxide-
induced oxidative stress in astrocytes revealed that the triterpene compound Re was
the most effective among all tested ones since this compound could decrease cell
death, improve SOD, GR and GPx activities and inhibit ROS production [27]. In
addition, oxidative stress markers such as high ROS and MDA levels, low amounts
of GHS and decreased antioxidant enzyme (SOD, CATand GPx) activity have been
detected during oxygen-glucose privation and reoxygenation processes on hip-
pocampal neurons. The ginsenoside Rd. lets return all these oxidant parameters to
basal levels [27, 28].

Pretreatments with arjunolic acid isolated from the bark of Terminalia arjuna
(Roxb.). Wight and Arn. prevented cardiac tissues from arsenic-induced oxidative
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stress by restoring antioxidant status and inhibiting lipid peroxydation and protein
carbonyl accumulation. There is evidence supporting a link between oxidative
stress and cardiovascular tissue injury. Some studies have been conducted on the
cardioprotective impacts of terpenes in response to cardiovascular pathological
situations oxidative stress-related including hypertension and atherosclerosis,
among others [29].

Moreover, antihypertensive beneficial effects through antioxidant actions have
been also observed for astaxanthin. In another study, the endothelial function of
resistance of arteries was improved in those experimental animals that had been
during eight weeks on an astaxanthinenriched diet. Astaxanthin decreased NADPH
enhanced O2-- production by direct ROS scavenging and improved NO bioavail-
ability [30].

As it has been previously demonstrated, excessive cigarette smoking and alcohol
drinking are both risk factors for triggering atherosclerosis. In a randomized
double-bind placebo-controlled study undertaken in over 100 habitual cigarette
smokers and alcohol consumers, men 22-57-aged, the possible protective effect of
lycopene against heart disease was evaluated in these oxidative stress conditions
(smoke and alcohol) [30].

Additionally, Bansal et al. [31] confirmed that the carotenoid lycopene acts as
a myocardial protective agent for the prevention of oxidative stress caused after
ischemia reperfusion in the heart of rats through lipid peroxydation reduction
and antioxiydant capacity enhancement [31]. Through antioxidant mechanisms,
particularly scavenging of oxygen free radicals, prevention of lipid peroxydation
and upregulation of the Bcl-2/Bax ratio, the diterpene tanshinone IIA also exhibited
a protective role on cardiomyocytes against ischemic injury [32].

ROS formation and subsequent oxidative stress events are one of the mecha-
nisms of liver injury with hepatotoxic chemicals injury [32]. Several terpenes have
shown hepatoprotective activity against this toxic chemical compound [27]. The
kaurane diterpenes kahweol and cafestol, found in coffee beans, inhibited the
production of superoxide anion radicals, reduced the level of the lipid peroxyda-
tion product malondialdehyde (MDA) and prevented the depletion of intracellular
glutathione (GSH) injury [27, 32]. The labdane diterpenes neoandrographolide
and andrographiside isolated from the plant species Andrographis paniculata
(Burm.f.).

Moroever, in vivo studies demonstrated an increase in the concentration of
reduced glutathione (GSH) in the liver of those rats after chronic alcohol consump-
tion but fed with a diet containing the carotenoid {3-carotene [33].

Several environmental pollutants are able to induce oxidative stress, liver being
the organ mostly affected [30]. Also, the f3-carotene (tetraterpene), behaving as an
antioxidant, protected from liver damage associated with oxidative stress caused by
bile acid or as a side effect of chemotherapy with methotrexate [34].

Among the monoterpene class, catalpol may hold promising protective actions
against encephalopathy under hyperglycemic conditions [22].

Moreover, the protective effect of terpenes as antioxidants against excessive
ROS production, it is worth to indicate the role of these compounds as chemopro-
tective agents against tumor cells. Many papers have demonstrated that terpenes
could have a very efficient activity in different cancer types [1]. Anticancer
therapy of terpenes targeting the apoptotic pathway rather than the antioxidant
pathway [1, 35].

The protective effect of carotenoids was attributed to its capacity to inhibit lipid
peroxydation, restore GSH levels and improve the activities of the enzymes super-
oxide dismutase, catalase and glutathione S-transferase (Figure 2) [36].
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Figure 2.
Interaction of zeaxanthin With ROS.

4, Conclusions

Concerning the number of iz vivo and in vitro studies that have evaluated the
terpenes antioxidant activities it is relatively little when compared to the enormous
number of identified Terpenes in nature. They have a ample biological activi-
ties including anti-inflammatory, anticancer, antimicrobial, antioxidant etc..
Several other as yet undiscovered compounds can exist with immense antioxidant
potentials.
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Chapter 6

Algal Terpenoids: A Potential
Source of Antioxidants for Cancer

Therapy

Umme Tamanna Ferdous and Zetty Novhana Balia Yusof

Abstract

In cancer treatment, increase in drug resistance and decrease in new
chemotherapeutic drugs have become a pressing problem. Hence, searching
for novel anticancer agents with less toxicity and high sensitivity is expanding
gradually. Many preclinical and clinical studies indicate that natural antioxidants
can help combating carcinogenicity and reduce the adverse effects on cancer
therapy, when used alone or as adjuvant in chemotherapy. Consequently, marine
algae pave the way for exploring more potential antioxidant compounds which
have pharmaceutical importance. Algal terpenoids comprise a large group of
bioactive compounds that have excellent antioxidative property and can be used
as source of antioxidant in cancer therapy. This chapter summarizes the potential
role of terpenoids from algal sources in inhibiting cancer cells, blocking cell cycle,
hindering angiogenesis and metastasis as well as in inducing apoptosis.

Keywords: algal terpenoids, antioxidant, cancer, chemotherapy, marine algae

1. Introduction

Though cancer is the prime reason for the premature death and responsible for
more than nine million death globally in 2018, cancer treatments are still facing
challenges in terms of their potency and safety [1]. Over fifty percent of the existing
cancer drugs are from natural origin, therefore, exploration of cancer therapeu-
tics from natural reservoir has been escalated currently [2]. In accordance with
this natural anti-cancer drug discovery, natural antioxidants can be considered
as an alternative source of cancer therapeutics. Many antioxidants, for instance,
vitamins, carotenoids, genistein, curcumin, resveratrol, gingerol etc. exhibited
promising outcomes in preclinical and clinical studies [3]. Currently, researchers
are looking for more novel phytochemicals that can be further used as cancer drug
discovery.

Terpenoids are the broadest class of diverse phytochemicals which are widely
available in marine algae. These secondary metabolites have excellent antioxidative
property and exerted in vitro as well as in vivo anticancer activity [4]. Algal terpe-
noids mainly comprised of mono-, di-, tri-, tetra-, mero- and sesquiterpenoids.
Tetraterpenoid which is mostly carotenoid, is widely studied algal terpenoid.
Carotenoids isolated from macro- and microalgae have been used widely in health-
related industries and they have been reported to display strong anticancer activity
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against different cancer cells [5]. Besides these tetraterpenoids, other terpenes and
terpenoids have also significant anticancer property. This chapter focus on the
usage of antioxidants in cancer therapy, presenting the anticancer property of algal
terpenoids with their mechanism of action in cancer cells.

2. Role of antioxidant in cancer therapy

Antioxidants are molecules which can detoxify the reactive species (reactive
oxygen species (ROS), reactive nitrogen species (RNS), reactive sulfur species
(RSS), reactive carbonyl species (RCS) and reactive selenium species (RSeS)), that
are generated through body’s normal metabolism or can be obtained from environ-
ment [6]. These reactive species give rise to oxidative stress which is of two types,
oxidative eustress and oxidative distress. Oxidative eustress is considered as good
stress, which under basal intensity, maintains redox homeostasis, responsible for
controlled cell growth and reversible oxidative modification which ensure normal
physiology. On the other hand, oxidative distress is known as bad stress, that in
higher intensity, damage biomolecules and consequently disrupt redox signaling
and give rise to different diseases, e.g. cancer [7].

Antioxidants protect cellular damage from free radicles through their organized
defense mechanism (Figure 1), where they either inhibit new free radicle formation
or scavenge the formed free radicles. They can also repair the damaged DNA and
biomolecules [8]. In cancer cells, ROS level is excessively high which helps in pro-
tumorigenic cell signaling while prolonging the cell death. Some chemotherapeutic
agents also can induce production of high amount of ROS, which is often considered
as one of the main reasons for chemotherapeutic treatment side effects. However,
antioxidants, when used in therapeutic dose in adjuvant chemotherapy, can hinder
this high production of ROS and thus, potentiate the efficacy of cancer treatments,
reduce the adverse effects of the therapy and improves the overall health status of
the cancer patients. Antioxidants can inhibit cancer proliferation, angiogenesis
and metastasis [9]. Dietary antioxidants supplements are frequently in cancer
treatment. About 20-80% of the cancer patients use antioxidant supplements
after cancer diagnosis [10]. The efficacy of using antioxidants in adjuvant chemo-
therapy has been assessed in many clinical trials. The clinical studies of antioxidant
administration, especially vitamin, glutathione, melatonin, Coenzyme Q10, during
chemotherapy have been revealed the reduction of chemotherapy induced toxicity
and improvement of patient health [11].
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Figure 1.
Three lines of defense system of antioxidant in cell.
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3. Algal terpenoids as prospective candidate in cancer therapy

Seaweed are more studied, in terms of their terpenoid profile, compared to
marine microalgae. Though the anticancer activity of tetraterpenoids from marine
microalgae has been reported broadly, brown macroalgae are good source of
carotenoids. Anticancer activity of carotenoids (zeaxanthin, lutein, f-carotene,
violaxanthin) was reported in Malaysian green and brown macroalgae [12].

3.1 Monoterpenoids

Monoterpenoids, found in different plant parts, like in bark, root, seeds
or leaves, have antioxidant and anticancer activity. For instance, carvacrol,
thymol, linalool as well as eugenol are good antioxidant and at the same time,
exert antitumor activity against liver, prostate and breast cancer cells [13, 14].
Limonene and perillyl alcohol were subjected to phase I clinical trials in cancer
patients [15].

Plocamium cartilagineum, ared alga, produces halogenated monoterpenes like
furoplocamioid C, prefuroplocamioid, pirene and cyclohexane which have selec-
tive cytotoxicity against human melanoma, human and murine colon cancer cells
as well as HeLa cells [16]. Similarly, Plocamium sp. from Namibia possesses halo-
genated monoterpene that have better antioxidant property than that of standard
antioxidant [17]. Sargassum ringgoldianum, Korean brown seaweed, showed anti-
oxidative activity through monoterpene lactone, that also gave protection against
H,0,-induced damage in Vero cells [18].

3.2 Diterpenoids

A new diterpenoid has been isolated from green alga Gracilaria Salicornia, which
displays antioxidant activity equivalent to a-tocopherol [19]. Brown alga Bifurcaria
bifurcate has been reported to produce diterpenes, namely eleganolone and elega-
nonal which have better antioxidant activity in comparison to standard antioxidant,
as well as exert neuroprotective effect on neuroblastoma [20]. Likewise, diterpenes
from brown seaweed Dictyota dichotoma has good antioxidant capacity and shows
cytotoxicity to liver and breast cancer cell lines [21]. Rodrigues et al., isolated a new
diterpene sphaerodactylomelol from Sphaerococcus coronopifolius which blocked
proliferation of human liver cancer cells at an ICs, of 280 pM, while killed the cancer
cells at ICsq of 720 pM [22].

However, diterpenoids can induce apoptosis in cancer cells through downregu-
lating Bcl2 and regulatory pathways like, JAK2/STAT3, PI3K/Akt and NF-kB. They
can arrest cell cycle at G1 and G2-M checkpoint. Besides, diterpenoids can also
inhibit metastasis and angiogenesis by hindering PI3K/Akt/mTOR and VEGFR-2
signaling pathways [23].

3.3 Triterpenoids

Triterpenoid (benzene dicarboxylic acid, diisooctyl ester) from the dichloro-
methane extract of Sargassum wightii displayed excellent radical scavenging and
reducing activity [24]. Similarly, triterpenoids from the methanolic extracts of
Sargassum sp. and Eucheuma cottonii could be responsible for their strong anti-
oxidant activity [25]. Methanolic extract of Gracilaria salicornia, isolated from
Persian Gulf, has inhibited human colon cancer cells at an ICs; of 58.6 pg/mL and
also has good antioxidant property. Phytochemical analysis has been revealed that
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triterpenes are present in ample amount in that extract which could be attributed
for these activities [26]. On the other hand, Indonesian seaweed Eucheuma cot-

tonii contains triterpenoid which exhibited cytotoxicity against lung cancer cells
atan ICsg of 251.73 pg/mL [27]. Padina boergesenii has been reported to produce
triterpenes that have antiangiogenic activity against renal carcinoma [28]. Ethanolic
extract of edible seaweed Kjellmaniella crassifolia has been reported to contain three
terpenoids, namely dihydrocimicifugenol, 3-epicyclomusalenol and cyclosadol with
chemo-preventive property [29]. Anti-cancerous triterpenoids can also be found in
Laurencia maviannensis, L. viridis and L. obtuse [30].

3.4 Tetraterpenoids

Algal tetraterpenoids mainly consist of carotenoids, namely, p-carotene,
lutein, fucoxanthin, astaxanthin, canthaxanthin, zeaxanthin, cryptoxanthin,
violaxanthin, neoxanthin and siphonaxanthin (Figure 2). Theses carotenoids
have both antioxidative and anticancer activity with other pharmaceutical
importance.

3.4.1 Lutein

Lutein from Botryococcus braunii has been reported to exhibit both in vitro
and in vivo antioxidant activity [31].

3.4.2 B-carotene

p-Carotene from Dunaliella salina is responsible for apoptotic cell death in
human prostate carcinoma [32].

3.4.3 Fucoxanthin

Phaeodactylum tricornutum, Odontella aurita, I. galbana, C. calcitrans, D.
salina, C. gracilis, Navicula sp., Thalassiosiva sp., Pavlova lutheri, Cylindrotheca
closterium can produce ample amount of fucoxanthin with antioxidative property
[33-36]. P. tricornutum and C. calcitrans possess fucoxanthin which exhibits
strong anticancer activity [33, 37]. Fucoxanthin, obtained from brown mac-
roalgae Padina tetrastromatica, exhibited cytoprotective effect against oxidative
damage [38].

3.4.4 Zeaxanthin

Zeaxanthin separated from Nannochloropsis oculata, Scenedesmus obliquus,
Porphyridium aerugineum has showed antioxidative property [39, 40]. Zeaxanthin
from Porphyridium purpureuwm induced apoptosis human melanoma. Moreover, ZX
from this P. purpureum potentiates the efficacy of chemotherapeutic drug, vemu-
rafenib towards human melanoma [41].

3.4.5 Violaxanthin

Violaxanthin with antioxidative and anti-inflammatory activities has been
isolated from Chlorella vulgaris, N. oceanica, Dunaniella salina, Tetraselmis spp.,
Isochrysis galbana, Pavlova lutheri, P. salina and Chaetoceros spp. Eustigmatos cf-.
polyphem [42-46]. Violaxanthin from Dunaliella tertiolecta and Chlorella ellipsoidea
inhibited breast and colon carcinoma, respectively [47].
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Chemical structure of some algal tetraterpenoids.
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3.4.6 Neoxanthin

The antioxidative property of neoxanthin was found in Scenedesmus sp.,
Chlorella sp. and Tetraselmis suecica [48, 49].

3.4.7 Astaxanthin
Astaxanthin from H. pluvialis inhibits the oxidative stress inside the cells [50].
3.4.8 p-Cryptoxanthin

p-Cryptoxanthin obtained from Cyanophora paradoxa exerted cytotoxicity
against human skin, breast and lung cancer cells [51].

3.4.9 Siphonaxanthin

Siphonaxanthin from green microalgae Codium fragile exhibited apoptosis
in human leukemia cells through TRAIL induction with the augmentation of
GADDA45a and DRS5 expression and reduced Bcl-2 and thus, showed more effective
anticancer property compared to FX [52].

3.5 Sesquiterpenoids

Sesquiterpenoids have also high antioxidative and anticancer properties. Green
seaweed Ulva fasciata, isolated from south Indian rocky shore, produced five
sesquiterpenoids with radical scavenging activity and among them, 3,4,5,5-tet-
ramethyl-4-(30-oxopentyl)-2-cyclohexen-1-one was revealed as one of the most
potent radical scavengers [53]. Isozonarol, a sesquiterpenoid, has been identified
from Dictyopteris undulata that can scavenge DPPH with an ECsy of 71 pM which is
similar to a-tocopherol [54].

Sesquiterpenoids from Laurencia composita Yamada, namely compositacin D
and G, as well as cycloelatanene A and B inhibited the growth of lung cancer cells
at ICsp values ranging from 48.6 to 85.2 uM [55]. Laurencia spp. are good sources
of anti-cancer sesquiterpenoids [56]. For instance, Laurencia okamurai produced
laurinterol which inhibited melanoma cells by causing apoptosis via p53-dependent
pathway and caspase activation [57]. Likewise, teuhetenone from Laurencia obtuse
has been reported to display anticancer property against breast cancer cell line with
an ICsp of 22 pM which is more effective in inhibiting breast cancer cells compared
to chemotherapeutic drug, cisplatin (59 pM) [58]. Another major sesquiterpene,
caulerpenyne was separated from Caulerpa taxifolia, that hindered human neuro-
blastoma cells (ICsy = 10 pM), while blocked cell cycle at G2/M phase [59].

3.6 Meroterpenoids

Cystoseira usneoides, brown macroalgae, is a rich source of meroterpenoids. Eight
meroterpenoids have been isolated from this seaweed which have anti-colon and
anti-lung cancer activity. These meroterpenoids can hinder growth and migration
of colon cancer cells by suppressing ERK/JNK/AKT pathways, as well as can arrest
cells at G2/M phase [60]. Similarly, these meroterpenoids displayed anticancer
effect against lung carcinoma, while blocks lung cancer cells at G2/M and S phases
[61]. Another brown seaweed Stypopodium flabelliforme produced meroterpenoids,
namely epitaondiol, epitaondiol monoacetate and stypotriol triacetate which
exhibited anticancer property against human colon and brain carcinoma [62].
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Sargassum muticum can produce tetraprenyltoluquinol meroterpenoid that
has antioxidant activity and can give protection against oxidative damage [63].
Likewise, highly oxygenated meroterpenoids with antioxidant property have been
found from Kappaphycus alvarezii, a red macroalgae [64]. Hypnea musciformis has
meroterpenoid like 2- (tetrahydro-5-(4-hydroxyphenyl)-4-pentylfuran-3-yl)-
ethyl-4-hydroxy benzoate which shows antioxidative properties comparable to
gallic acid [65]. Meroterpenoids from ethanolic extract of Sargassum serratifolium
have the capability to protect liver from the oxidative damage generated from pro-
oxidant tert-butyl hydroperoxide [66].

4, Conclusion

The investigation on the anticancer properties of algal terpenoids is still in its
infancy, albeit the anticancer efficacy of these phytochemicals is quite persuasive.
Marine algae contain a wide array of promising terpenes and terpenoids that can
strongly inhibit the proliferation of cancer cells. Extensive research on these algal
terpenoids regarding their mechanism of action in the cancer cells and more clinical
studies will open the door to develop novel drugs for treating cancer.
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Abstract

Curcuma comosa (Zingiberaceae) is widely grown in tropical and subtropical
areas of Asia, like Thailand, Indonesia, Malaysia, and Myanmar. In Myanmar, the
rhizome of Curcuma comosa is called Sa-nwin-ga, and local people had used it as a
traditional medicine for stomach ache, diabetes mellitus, and hypertension.

This species produces secondary metabolites of phenolic and nonphenolic groups.
Phenolic groups like diarylheptanoids and flavonoids. While nonphenolics are
terpenoids, especially sesqui- and monoterpenes. In this chapter, the group of
sesquiterpene compounds from Curcuma comosa starts from the isolation technique,
followed by the elucidation of the molecular structure, and their activity tests have
been discussed.

Keywords: Curcuma comosa, Myanmar, sesquiterpenes, Zingiberaceae, Sa-nwin-ga

1. Introduction

Terpenes are formally derived from the carbon backbone of isoprene and based
on the polymers of the active building blocks head-to-tail and tail-to-tail. Virtually
all parts of the plant, especially flowers, leaves, fruits, and roots, contain different
quantities of terpenes and terpenoids which are separated by means of methods
such as distillation, extraction and other techniques. More than 30,000 terpenes
and terpenoids are known to date. Their role in nature is still unknown and
undergoes further research. Essential oils play an important role in defense and
signaling as a product of plant secondary metabolism. Today, herbs and spices have
an important role to play in disease prevention. In vitro trials have shown that
terpenes can inhibit or sometimes induce pathways that regulating cell division, cell
proliferation and detoxification [1]. Curcuma comosa (Zingiberaceae), widely
grown in tropical and subtropical area of Asia, like Thailand, Indonesia, Malaysia,
and Taunggyi (Shan State of Myanmar). It is popularly known for its beneficial
effect in human health, being traditionally used in folk medicine in Asian countries,
including Myanmar, Malaysia, Indonesia, and Thailand. In Taunggyi, the rhizome
of Curcuma comosa is called Sa-nwin-ga and local people had used as a traditional
medicine for stomach ache, diabetes mellitus and hypertension. In Thailand, the
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rhizome of Curcuma comosa is called Waamchak mod luuk and had been used
for the treatment of reproductive disorders in women, and for relief of
unpleasant menopausal symptoms among postmenopausal women. Phytochemical
investigations of this plant led to the isolation of several compounds. Two major
groups of structures reported constituents include sesquiterpenes and
diarylheptanoids [2, 3].

2. Classification of terpenes

Terpenes are typically classified according to the number of biogenetically
derived isoprene units (Figure 1). (i) Hemiterpenes: They are made up of Cs unit
or 1 residues of isoprene. (ii) Monoterpenes: They are made up of Cyo unit or 2
residues of isoprene. (iii) Sesquiterpenes: They are made up of C;s unit or 3
residues of isoprene. (iv) Diterpenes: They are made up of Cypunit or 4 residues
of isoprene. (v) Sesterterpenes: They are made up of C,s unit or 5 residues of
isoprene. (vi) Triterpenes: They are made up of C3q unit or 6 residues of
isoprene. (vii) Tetraterpenes: They are made up of C4¢ unit or 8 residues of
isoprene [4, 5].

2.1 Sesquiterpenes

Sesquiterpenes can be classified into five sub-groups (Figure 2): (i) germacrane-
type sesquiterpenes, (ii) guaiane-type sesquiterpenes, (iii) bisaborane-type
sesquiterpenes, (iv) carabrane-type sesquiterpenes, and (v) eudesmane-type
sesquiterpenes [6].

“Ta

tail
A
f
head (ii)

P PPN

(iii)
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Figure 1.
Classification of terpenes [4].
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Sesquiterpenes (1-48) from Curcuma comosa [6, 18-20].
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3. Sample collection and preparation

Plant material may be obtained from fresh or dried plant parts such as leaves,
barks, stem barks, roots, rhizomes, fruits, and flowers. The plant materials were
dried at room temperature. These were cut into small pieces. The air-dried samples
were kept in a covered glass container to protect them from humidity and light
prior to extraction.

3.1 Extraction

Plant materials are an immensely complicated system containing a broad range
of natural compounds. The most relevant techniques can effortlessly be used for
especially selective and reliable extraction of specific components found in complex
matrices. These techniques comprise maceration, percolation, decoction, reflux
extraction, soxhlet extraction, pressurized liquid extraction, ultrasonic extraction,
(sonication), microwave-assisted extraction (MAE), accelerated solvent extraction
(ASE), supercritical fluid extraction (SFE), pulsed electric field extraction, enzyme
assisted extraction, hydro distillation, and steam distillation. The point of the
method for extraction is to optimize the number of goal compounds and to realize
most biological activity [7, 8].

3.2 Examination of the crude extract

Analytical TLC was used to examine the composition of the unrefined extracts.
The visualizations were assisted either by the UV detection of the TLC or by
anisaldehyde dipping, accompanied by warming at 100°C. The TLC has been
changed more than once by altering solvent processes to achieve the best
separation [9].

3.3 Fractionation

Fractionation is the method of classification by physical or chemical character-
istics of a specific sample of an analyte or group of analytes. Raw extracts can
contain thousands of compounds in a complicated mix. It would not be possible to
produce a single compound from crude extract with a single separation procedure.
It is therefore also important to divide the crude extract into different fractions that
contain a similar group of polarities or molecular compounds [10].

3.4 Isolation and purification

Solvent extraction and partition accompanied by column chromatography (CC),
vacuum-liquid chromatography (VLC), thin-layer chromatography (TLC), high-
performance liquid chromatography (HPLC), and gas chromatography—mass spec-
trometry (GCMS) are the prevalent separation techniques for sesquiterpenes.
Resembling extraction, the most significant factor to be considered before choosing
an isolation protocol is the nature of the goal compound(s) present in the crude
extracts or fractions. Chromatography is a technique that allows qualitative and
quantitative analysis to separate, identify and purify the mixture of a compound.
Chromatography is based on the concept under which the mixed molecules depos-
ited on or in the solid and fluid stationary phases are separated with the aid of a
mobile phase. The stationary phase normally employed is silica gel with the mobile
the solvent(s) of choice to fractionate or extract bioactive compounds [11-13].
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3.5 Structure elucidation

A mixture of physical (melting point, CD and alpha-D) and spectroscopic (UV,
IR, 1D-, 2D- NMR, and HR-MS) techniques have typically used to characterize the
structures of the isolated pure sesquiterpenes. UV-Vis spectroscopy is widely used
in analytical chemistry for the measurement of various analyze, such as strongly
multiple bonds or aromatic conjugation within molecules, bioprocess, and fermen-
tation of food production. Fourier-transform infrared (FTIR) spectroscopy is an
effective method to classify the functional groups found in the sesquiterpenes
compound. Nuclear magnetic resonance (NMR) may be the capable spectroscopy
that gives complete data on atomic structure and is well appropriate for the identi-
fication of simple molecules. NMR spectroscopy is primarily partitioned into one
dimensional (1ID-NMR) and two-dimensional techniques (2D-NMR). The 1H-NMR
and >C-NMR one-dimension techniques provide information about the numbers
and types of protons and carbon atoms in the sesquiterpenes compound. There are
five 2D-NMR techniques commonly used to determine the sesquiterpenes struc-
ture, double quantum filtered correlated spectroscopy (DQF-COSY), nuclear
Overhauser enhancement spectroscopy (NOESY), heteronuclear multiple-bond
correlation (HMBC), heteronuclear single-quantum correlation spectroscopy
(HSQC) /heteronuclear multiple-quantum coherence (HMQC), rotating frame
Overhauser enhancement spectroscopy (ROESY), and total correlation spectros-
copy (TOCSY) [13-16].

4. Sesquiterpenes from C. comosa

Xu et al., isolated six new sesquiterpenes (1-6) from the EtOAc soluble portion
of the methanol rhizomes extract of C. comosa by using silica gel column
chromatography, octa decyl silica (ODS) column chromatography, and
high-performance-liquid-chromatography (HPLC) [17]. Qu et al,, also isolated 26
known compounds (7-32) from the EtOAc soluble layer of the methanol rhizomes
extract of C. comosa by using silica gel column chromatography, octa decyl silica
(ODS) column chromatography, and high-performance-liquid-chromatography
(HPLC) [18]. Khine isolated 25 sesquiterpenes (7, 15, 24-28, and 30-47) from the
hexane extract and z-butanol fraction of C. comosa by using different chromato-
graphic techniques [6]. In our previous work, 3 known sesquiterpenes (25, 36, and
48) were isolated from the MeOH soluble fraction of C. comosa by using vacuum-
liquid chromatography and successive repeated column chromatography [19]. The
physical and spectroscopic data of the isolated compounds are depicted in Table 1.

5. Biological activities

Several studies have reported that Curcuma comosa have been successfully used
for various diseases Table 2.

6. Conclusion
Work on natural products has recently experienced rapid expansion due to

improvement in isolation techniques and the design of synthesis methods and also
for the identification of a wide range of biological properties of these compounds. In
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Compound

Physical and spectral data

(+)-Comosol (1) [17]

A colorless oil; [a]5 +34.7° (¢ = 0.2, CHCls); IR (cm™?): 3420, 2936,
1655, 1541, 754. 'H NMR (600 MHz, CDCL;) y: 0.80, 1.79 (each 3H,
s H;-14, 13), 1.16, 1.99 (1H each, both m, H,-10), 1.59, 1.82 (1H
each, both m, H,-3), 1.73 (1H, br d, J = ca. 12 Hz, H-6), [1.88 (1H,
dd, ] = 13.0, 11.7 Hz), 2.53 (1H, br d, J = ca. 13 Hz), H,-7], [1.94 (1H,
dd like, J = 13.7 Hz), 2.67 (1H, br d, ] = ca. 14 Hz), H,-9], 2.10, 2.32
(1H each, both m, H,-4), 3.39 (1H, dd, J = 11.6, 4.1 Hz, H-2), 4.16
(2H, s, H,-12), 4.57, 4.82 (1H each, both br s, H,-15). *C NMR
(150 MHz, CDCl3) 8¢: 40.5 (C-1), 79.1 (C-2), 31.4 (C-3), 34.1 (C-4),
148.8 (C-5), 48.1 (C-6), 28.1 (C-7), 136.5 (C-8), 25.0 (C-9), 38.3
(C-10), 125.4 (C-11), 63.4 (C-12), 16.4 (C-13), 9.8 (C-14), 107.0
(C15). EI-MS m/z: 236 [M'] (6), 218 [M -H,0]* (100). HR-EI-MS
m/z: 236.1771 (Calcd for Cy5H,40,: 236.1776).

(=)-Comosol (2) [17]

A colorless oil; [(x]ZDZ —34.7° (¢ = 0.2, CHClL3); IR (cm™%): 3420, 2936,
1655, 1541, 754. '"H NMR (600 MHz, CDCl5) 8;: 0.80, 1.79 (3H each,
both s, H3-14, 13), 1.16, 1.99 (1H each, both m, H,-10), 1.59, 1.82
(1H each, both m, H,-3), 1.73 (1H, br d, J = ca. 12 Hz, H-6), [1.88
(1H, dd, J = 13.0, 11.7 Hz), 2.53 (1H, br d, J = ca. 13 Hz), H2-7], [1.94
(1H, dd like, J = 13.7 Hz), 2.67 (1H, br d, J = ca. 14 Hz), H,-9], 2.10,
2.32 (1H each, both m, H,-4), 3.39 (1H, dd, J = 11.6, 4.1 Hz, H-2),
4.16 (2H, s, H,-12), 4.57, 4.82 (1H each, both br s, H,-15). *C NMR
(150 MHz, CDCl;) 8¢: 40.5 (C-1), 79.1 (C-2), 31.4 (C-3), 34.1 (C-4),
148.8 (C-5), 48.1 (C-6), 28.1 (C-7), 136.5 (C-8), 25.0 (C-9), 38.3 (C-
10), 125.4 (C-11), 63.4 (C-12), 16.4 (C-13), 9.8 (C-14), 107.0 (C-
15). EI-MS m/z: 236 [M*] (6), 218 [M - H20]* (100). HR-EI-MS m/z:
236.1771 (Caled for CysH,40,: 236.1776).

Comosone I (3) [17]

A colorless oil; [(x]f)S +15.4° (¢ = 0.80, MeOH). UV A, (MeOH) nm
(log €): 221 (3.78). IR (cm ™ *): 3420, 2936, 1655, 1541, 754. "H NMR
(600 MHz, CDCl3) 8y 1.22, 1.74 (1H each, both m, H,-2), 1.34, 1.65,
1.92, 1.92 (3H each, all s, H3-14, 15, 12, 13), 1.92 (2H, m, H,-3), 1.96
(1H, m, H-1), 2.35 (1H, dd, J = 18.3, 1.6 Hz, H-9b), 2.50 (1H, d,

J = 18.3 Hz, H-9a), 3.74, 5.33 (1H each, both br s, H-6, 5). 13C NMR
(150 MHz, CDCls) 8¢: 43.9 (C-1), 23.5 (C-2), 29.6 (C-3), 134.8 (C-
4), 121.6 (C-5), 36.0 (C-6), 134.3 (C-7), 203.4 (C-8), 51.5 (C-9),
72.9 (C-10), 141.6 (C-11), 22.4 (C-12) 22.5 (C-13), 27.6 (C-14), 23.7
(C-15). EI-MS m/z: 234 (M*) (28), 216 (M - H,0)"* (30), 43 (M -
191) (100). HR-EI-MS m/z: 234.1616 (Calcd for C15H5,0,:
234.1620).

Comosone II (4) [17]

A colorless oil; [ +10.1° (¢ = 0.70, MeOH). UV Ay (MeOH) nm
(log €): 237 (3.77). IR (cm™): 1665, 1651, 1515, 1439, 1379, 754. 'H
NMR (600 MHz, CDCl;) 8: 1.58, 1.87, 1.93, 2.06 (3H each, all s, Hs-
15, 13, 14, 12), 1.82 (2H, m, H,-3), 1.83, 2.20 (1H each, both m, H,-
2),2.75 (1H, m, H-1), 3.76 (1H, br s, H-6), 4.92 (1H, br s, H-5), 5.90
(1H, s, H-9). *C NMR (150 MHz, CDCl;) 8¢: 38.3 (C-1), 25.3 (C-2),
26.0 (C-3), 135.1 (C-4), 122.0 (C-5), 39.8 (C-6), 1333.5 (C-7), 191.8
(C-8), 130.8 (C-9), 158.6 (C-10), 141.8 (C-11), 23.0 (C-12), 21.9 (C-
13), 20.8 (C-14), 23.5 (C-15). EI-MS m/z: 216 (M*) (100). HR-EI-
MS m/z: 216.1509 (Calcd for CisH,o0: 216.1514).

Comosone III (5) [17]

A colorless oil; [(x]ZD4 +23.9° (¢ = 0.5, MeOH). IR (cm™%): 1713, 1092.
'H NMR (600 MHz, CDCl3) 8: 0.79 (1H, ddd, J = 8.1, 5.4, 5.4 Hz,
H-1), 1.13 (1H, t like, J = ca. 5 Hz, H-5), 1.18, 1.21, 1.39, 2.17 (3H
each, all s, H3-12, 14, 13, 15), 1.64, 1.76 (1H each, both m, H,-2), 2.56
(2H, t, ] = 7.6 Hz, H,-3), 2.68, 2.77 (1H each, both d, J = 19.9 Hz, H,-
9), 3.43 (3H, s, OCH;-6), 3.88 (1H, d, ] = 4.1 Hz, H-6). *C NMR
(150 MHz, CDCl3) 8¢: 25.9 (C-1), 23.09 (C-2), 43.3 (C-3), 208.0
(C-4), 30.4 (C-5), 79.3 (C-6), 69.9 (C-7), 204.9 (C-8), 47.2 (C-9),
18.8 (C-10), 62.6 (C-11), 19.4 (C-12), 20.8 (C-13), 19.3 (C-14), 30.0

82



Sesquiterpene from Myanmar Medicinal Plant (Curcuma comosa)
DOI: http://dx.doi.org/10.5772/intechopen.93794

Compound

Physical and spectral data

(C-15), 57.7 (C-16). EI-MS m/z: 280 [M'] (2), 265[M - Me]* (3), 139
[M - 141]* (100). HR-EI-MS m/z: 280.1676 (Calcd for C1H4O.:
280.1674).

Dimethoxycurcumenone (6)
[17]

A colorless oil; [oc]zD5 —10.1° (¢ = 1.4, MeOH). UV Ay (MeOH) nm
(log €): 255 (3.59). IR (cm™1): 1682, 1601, 1458, 1375, 1055, 853. 'H
NMR (600 MHz, CDCl3) 8;5: 0.47, 0.66 (1H each, both m, H-1, 5),
1.13,1.23, 1.79, 2.10 (3H each, all s, H5-14, 15, 13, 12), 1.34, 1.65 (2H
each, both m, H,-2, 3), 2.51, 2.56 (1H each, both d, J = 15.6 Hz,
H2-9), 2.83 (2H, br s, H,-6), 3.15, 3.15 (3H each, both s, OCH;-4).
3C NMR (150 MHz, CDCls) 8¢: 24.7 (C-1), 23.9 (C-2), 36.7(C-3),
101.3 (C-4), 24.1 (C-5), 28.0 (C-6), 128.2 (C-7), 201.7 (C-8), 49.0
(C-9), 20.0 (C-10), 147.0 (C-11), 23.4 (C-12), 23.4 (C-13), 19.1 (C-
14), 20.9 (C-15), 48.0 (C-16), 48.0 (C-17). EI-MS m/z: 280 [M*]
(3), 85 [M - 195]* (100). HR-EI-MS m/z: 280.2046 (Calcd for
C17H,505: 280.2038).

Zederone (7) [20, 21]

Colorless plates; melting point: 153 ~ 154°C; [cx]zDo +220° (¢ = 0.10,
CHCL3). UV Apax (MeOH) nm (log £): 232 (5010), 285 (2450). IR
(cm™?) 1662. 'H NMR (400 MHz, CDCl3) 8y: 1.56 (3H, br.s, H3-15),
1.30 (3H, s, H3-14), 2.07 (3H, s, H5-13), 7.04 (1H, br.s, H-12), 3.66,
3.70 (2H, m, H,-9), 3.77 (1H, s, H-5), 1.24, 2.27 (2H, m, H,-3), 2.24,
2.46 (2H, m, H,-2), 5.46 (1H, d, J = 11.8 Hz, H-1). *C NMR

(100 MHz, CDCl;) 8¢: 131.2 (C-1), 24.7 (C-2), 38.0 (C-3), 64.0 (C-
4), 66.6 (C-5), 192.2 (C-6), 123.2 (C-7), 157.2 (C-8), 41.9 (C-9),
131.1 (C-10), 122.2 (C-11), 138.1 (C-12), 10.3 (C-13), 15.2 (C-14),
15.8 (C-15). MS m/z: 246 (M*, 18%), 188 (15), 175 (100), 161, 119
(50), 43 (27). HR-TOF-MS m/z: 247.0889 (C15H;505).

Zederone epoxide (8) [22]

White amorphous powder;[o]5 +38.3° (¢ = 0.3, MeOH). "H NMR
(500 MHz, CDCl;) &: 7.08 (1H, br. s, H-12), 3.78 (1H, s, H-5), 3.68
(1H, d, ] = 17.0 Hz, H-9a), 2.93 (1H, br. d, ] = 10.0 Hz, H-1), 2.82 (d,
J = 17.0 Hz, H-9b); 2.41 (1H, br. d, J = 11.0 Hz, H-3a), 2.21 (1H, br d,
J =14.0 Hz, H-2a), 2.16 (3H, s, H3-13), 1.52 (1H, m, H-2b), 1.47 (1H,
m, H-3b), 1.32 (3H, s, H3-14), 1.15 (3H, s, H3-15). *C NMR

(125 MHz, CDCLy): 189.8 (C-6), 156.1 (C-8), 138.4 (C-12), 123.4 (C-
11), 122.6 (C-7), 69.0 (C-1), 63.6 (C-4), 63.2 (C-5), 57.9 (C-10), 39.5
(C-9), 36.1 (C-3), 23.8 (C-2), 16.8 (C-14), 15.3 (C-15), 10.5 (C-13).
EI-MS: 262 (18.2, Mp), 43 (100,C5H;).

Furanodienone (9) [23, 24]

Colorless prisms; melting point 87 ~ 88°C. UV Ay (EtOH) nm (g):
241 (9150), 269 (6800). IR (cm™) 1664, 1608, 1231, 1013, 755. *H
NMR (400 MHz, CDCls) 8y: 5.15 (1H, dd, J = 11.4, 4.1 Hz, H-1), 2.16
(1H, td, ] = 12.4, 3.5 Hz, H-20), 2.30 (1H, td, J = 12.4, 4.1 Hz, H-2p),
1.85 (1H, td, J = 11.4, 4.1 Hz, H-3«), 2.44 (1H, ddd, ] = 11.4, 6.9,

3.4 Hz, H-3p), 5.78 (1H, br's, H-5), 3.66 (1H, br d, ] = 14.5 Hz, H-90),
3.70 (1H, br d, J = 14.5 Hz, H-9B), 7.05 (1H, br s, H-12), 2.11 (3H, s,
H,-13), 1.97 (3H, s, H5-14), 1.28 (3H, s, H5-15). 3C NMR (100 MHz,
CDCl3) 8¢: 130.5 (C-1), 26.4 (C-2), 40.6 (C-3), 145.8 (C-4), 132.4 (C-
5), 190.0 (C-6), 123.9 (C-7), 156.5 (C-8), 41.7 (C-9), 135.4 (C-10),
122.0 (C-11), 138.0 (C-12), 9.5 (C-13), 18.9 (C-14), 15.7 (C-15). MS
m/z: 230 (M*, 47%), 150 (50), 122 (100), 94 (26), 81 (48).

Isofuranodienone (10) [24, 25]

Needles; melting point: 70-71°C; .[a], £0°145° (¢ = 10.0). UV Aoy
(EtOH) nm (g): 223 (4.17), 248 (3.95). IR (KBr) cm ™% 1667. 'H
NMR (CDCls, 400 MHz), 84: 5.25 (1H, br t, J = 8.6 Hz, H-1), 1.78
(1H, m, H-2a), 2.09 (1H, m, H-2p), 2.20 (1H, m, H-3«), 2.25 (1H,
m, H-3p), 5.84 (1H, br s, H-5), 3.03 (1H, d, J = 14.5 Hz, H-9«), 3.57
(1H, d, J = 14.5 Hz, H-9p), 7.05 (3H, br s, H-12), 2.16 (3H, br s, H,-
13), 1.73 (3H, s, H3-14), 1.63 (3H, s, H3-15). *C NMR (CDCls,

100 MHz), 8¢: 123.9 (C-1), 26.1 (C-2), 36.3 (C-3), 141.1 (C-4), 129.0
(C-5), 193.8 (C-6), 123.9 (C-7), 161.5 (C-8), 32.8 (C-9), 134.0

83



Terpenes and Terpenoids-Recent Advances

Compound

Physical and spectral data

(C-10), 122.1 (C-11), 138.4 (C-12), 9.5 (C-13), 22.6 (C-14), 19.1
(C-15). MS m/z: 230 [M*], 122 (100%).

1(10)Z,4Z-furanodiene-6-one No data
(11)
Glechomanolide (12) No data

Dehydrocurdione (13) [26, 27]

Colorless needles; melting point 40-42°C.[a]§ +145° (¢ = 1.1,
MeOH): [6]503 +13,671. UV Anax (EtOH) nm (¢): 207 (1.16). IR
(CHCl;) cm ™% 1742, 2934, 1680, 1453, 1375. '"H NMR (400 MHz,
CDCl3) 8i: 5.13 (1H, t, J = 8.24 Hz, H-1), 2.10 (2H, m, H,-2), 2.0
(2H, m, H,-3), 2.38 (1H, m, H-4), 3.21/3.29 (each 1H, dd,

J = 16.48 Hz, H,-6), 3.06/3.23 (each 1H, dd, J = 11.44 Hz, H,-9), 1.76
(3H, s, H5-12), 1.73 (3H, s, H;3-13), 1.01 (3H, d, ] = 6.88 Hz, H;-14),
1.3 (3H, s, H3-15). **C NMR (100 MHz, CDCl;) &¢: 133.0 (C-1), 26.4
(C-2), 34.2(C-3), 46.4(C-4), 211.1(C-5), 43.4(C-6), 129.3(C-7),
207.2(C-8), 57.0(C-9), 129.9(C-10), 137.0(C-11), 21.0(C-12), 22.1
(C-13), 18.4(C-14), 16.3(C-15). MS m/z: 234 (M*) (C15sH»0,).

Neocurdione (14) [27]

Colorless needles; melting point 45-47°C (hexane). .[(x]ZD3 —-190°

(¢ =2.1, CHCI3): CD (c = 0.022, MeOH): [0]5; —29,230. UV Apax
(EtOH) nm (g): 203 (3.73). IR (KBr) cm: 1696, 1682, 1395, 1282.
'H NMR (CDCl3): 0.92 (3H, d, ] = 6.6 Hz, H5-14), 0.98 (3H, d,

J = 6.8 Hz, H3-12 or —13), 1.03 (3H, d, ] = 6.8 Hz, H3-13 or —12), 1.67
(3H, s, H5-15), 5.18 (1H, br t, ] = 7.0 Hz, H-1). *C NMR (CDCls) 8:
131.1 (C-1), 25.5 (C-2), 32.8 (C-3), 45.8 (C-4), 210.2 (C-5), 42.4 (C-
6), 52.6 (C-7), 212.5 (C-8), 55.3 (C-9), 129.1 (C-10), 30.9 (C-11),
20.2 (C-12), 21.1 (C-13), 18.2 (C-14), 18.2 (C-15). MS m/z: 236.1763
[M *] (Caled for CysH,40, 236.1777).

Curdione (15) [23, 27, 28]

Colorless prisms; melting point 53-54°C (MeOH).[oc]zD3 +214° (c = 1.6,
MeOH). CD (c = 0.0033, CHCL) [0]599 +26,655. IR (KBr) cm ™
1690, 1460, 1420, 1170, 1060. 'H NMR (CDCl;, 400 MHz), &: 5.14
(1H, br s, H-1), 2.08-2.13 (2H, m, H,-2), 1.56 (1H, m, H-3«),
2.08-2.13 (1H, m, H-3p), 2.30 (1H, brs, H-4), 2.37 (1H, dd, ] = 16.4,
1.5 Hz, H-6a1), 2.65 (1H, m, H-6p), 2.88 (1H, ddd, J = 16.4, 8.5,

7.8 Hz, H-7), 2.91 (1H, d, J = 10.7 Hz, H-9«), 3.04 (1H, d,

J =10.7 Hz, H-9), 1.85 (1H, m, H-11), 0.85 (3H, d, J = 6.5 Hz, H;-
12), 0.92 (3H, d, ] = 6.5 Hz, H;3-13), 0.95 (3H, d, J = 6.9 Hz, H;-14),
1.62 (3H, s, H3-15).3C NMR (CDCls, 100 MHz) 8: 131.5 (C-1), 26.3
(C-2), 34.0 (C-3), 46.7 (C-4), 214.6 (C-5), 44.2 (C-6), 53.5 (C-7),
211.1 (C-8), 55.8 (C-9), 129.2 (C-10), 29.9 (C-11), 21.1 (C-12), 19.8
(C-13), 18.5 (C-14), 16.5 (C-15). EI-MS m/z (rel. Int.): 236 (2), 208
(1), 180 (33), 167 (28), 109 (52), 95 (23), 83 (13), 69 (100), 55 (76).
MS m/z 236[M*] C;5H5,0,.

7a-hydroxyneocurdione (16)

No data

7B-hydroxycurdione (17)

No data

Germacrone-1(10),4-diepoxide
(18) [6]

White powder; melting point 84-86°C.[a]p, = +71.17° (c = 0.14,
MeOH). UV (MeOH) A, nm (log €): 256 (4.22), 315 (2.30). IR
(KBr) cm ™. 1678, 1645. '"H NMR (400 MHz, CDCl;) &y;: 1.143 (3H,
s, H3-14), 1.26-1.32 (1H, m, H-3b), 1.444 (3H, s, H5-15), 1.45-1.50
(1H, m, H-2b), 1.794 (3H, s, H;-12), 1.862 (3H, s,H;-13), 2.02-2.08
(1H, m, H-2a), 2.19-2.24 (1H, m, H-3a), 2.260 (1H, dd, J = 14.2/
10.8 Hz, H-6b), 2.644 (1H, d, J = 10.8 Hz, H-9b), 2.652 (1H, dd,

J =10.9/2.2 Hz H-5), 2.855 (1H, dd, ] = 14.2/2.2 Hz, H-6a), 2.918
(1H, d, J = 10.8 Hz, H-1), 3.007 (1H, J = 10.8 Hz, H-9a). EI-MS m/z:
124.9 (100), 122 (80). 3C NMR (500 MHz, CDCl;) 8¢: 61.3 (C-1),
22.8 (C-2), 35.7 (C-3), 60.1 (C-4), 64.0 (C-5), 29.2 (C-6), 134.3
(C-7), 207.2 (C-8), 54.5 (C-9), 58.4 (C-10), 137.8 (C-11), 22.9
(C-12), 20.8 (C-13), 15.5 (C-14), 17.3 (C-15). HR-ESI-MS:
C15sH,,03Na[M + Na]* caled. 273.14611 found 273.14575.
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Germacrone (19) [20, 27]

Colorless prisms; melting point: 53-54°C (MeOH). IR (cm™): 1679,
1665, 1445, 1294, 1135. 'H NMR (400 MHz, CDCls) 8;5: 1.62 (3H, s,
H,-15), 1.43 (3H, s, Hy-14), 1.76 (3H, s, H5-13), 1.73 (1H, s, H-12),
3.42,2.95 (2H, dd, J = 11, 3.68 Hz, H,-9), 2.86 (2H, m, H,-6), 4.71
(1H, d, ] = 11 Hz, H-5), 2.15 (2H, m, H,-3), 2.08, 2.35 (2H, m, H,-2),
4.94 (1H, d, ] = 11.8 Hz, H-1). 3C NMR (100 MHz, CDCly) 5¢: 132.8
(C-1), 24.0 (C-2), 38.1 (C-3), 126.0 (C-4), 125.4 (C-5), 29.3 (C-6),
129.0 (C-7), 208.0 (C-8), 56.0 (C-9), 135.1 (C-10), 137.0 (C-11),
20.0 (C-12), 22.4 (C-13), 15.6 (C-14), 16.8 (C-15). MS m/z: 218 (M
) (C1sHx0).

13-hydroxygermacrone (20)
[29]

Colorless oil (CHCl3); IR (KBr) cm ™% 3452, 1679. *H NMR

(400 MHz, CDCl;) 8y: 4.95 (1H, br. d, J = 10.8 Hz, H-1), 4.63
(1H, dd, J = 10.0, 3.2 Hz, H-5), 4.25 (1H, d, ] = 12.4 Hz, H-13a),
413 (1H, d, J = 12.4 Hz, H-13b), 3.40 (1H, d, J = 10.4 Hz, H-9a),
2.95 (1H, d, ] = 10.4 Hz, H-9b), 2.92 (2H, overapped, H,-6), 2.33
(1H, m, H-2a), 2.14 (1H, m, H-3a), 2.04 (1H, m, H-3b), 1.89

(1H, m, H-2b), 1.78 (3H, s, H3-12), 1.59 (3H, s, H5-15), 1.40

(3H, s, H3- 14). 3C NMR (100 MHz, CDCl;) 8¢: 133.08 (C-1), 24.03
(C-2), 38.02 (C-3), 135.70 (C-4), 124.94 (C-5), 28.55 (C-6), 131.43
(C-7), 207.32 (C-8), 55.48 (C-9), 126.20 (C-10), 139.80 (C-11),
17.73 (C-12), 62.65 (C13), 15.56 (C-14), 16.60 (C-15). EI-MS m/z:
234,

Curzerenone (21) [30, 31]

Yellowish oil. 1H-NMR (400 MHz, CDCl3) &: 7.07 (1H, brs, H-11),
5.81 (1H, brs, H-5), 5.18 (1H, t, J = 7.5 Hz, H-1), 3.72 (2H, AB-
system, J = 15 Hz, H-9a, 9b), 2.20 (3H, d, ] = 1.5 Hz, H3-13), 1.76
(3H, d,] = 1.5 Hz, H5-14), 1.31 (3H, s, H5-15), 1.60-2.48 (4H, m, H,-
2 and H,-3). ®*C-NMR (100 MHz, CDCl;) &: 130.5 (C-1), 26.4 (C-2),
41.6 (C-3), 145.7 (C-4), 132.4 (C-5), 189.7 (C-6), 122.2 (C-7), 156.5
(C-8), 40.6 (C-9), 135.4 (C-10), 138.1 (C-11), 123.7 (C-12), 9.5 (C-
13), 18.9 (C-14), 15.7 (C-15). ESI-MS m/z: 231 [M + H]* (C15H;50,,
M = 230).

Curcolonol (22) [32]

Colorless prisms (acetone); melting point 183-184°C;[a)5 = 0°

(¢ = 2.0, EtOH). IR (cm ™ %): 3420, 2934, 2872, 1723, 1653, 1562, 1426,
1381, 1275, 1126, 1067, 1040, 922, 742. "H NMR (500 MHz,
Acetone-dg) 8y: 3.69 (1H, m, H-1), 1.73 (1H, m, H-2 eq), 1.63 (1H,
m, H-2ax), 1.58 (2H, m, H,-3), 2.61 (1H, s, H-5), 3.03 (d, J = 17 Hz,
H-9 eq), 2.84 (d, ] = 17 Hz, H-9ax), 7.29 (1H, br s, H-11), 2.14 (3H,
d,J = 1.3 Hz, H5-13), 1.40 (3H, s, H3-14), 0.97 (3H, s, H5-15). °C
NMR (50 MHz, Acetone-dg) 8¢: 77.9 (C-1), 28.8 (C-2), 39.3 (C-3),
71.5 (C-4), 62.8 (C-5), 198.4 (C-6), 119.8 (C-7), 167.6 (C-8), 40.3
(C-9), 45.4 (C-10), 140.6 (C-11), 119.6 (C-12), 9.1 (C-13), 25.0
(C-14), 15.0 (C-15). EIMS m/z (rel int) 264 [m] + (13, 249 (29), 246
(15), 231 (5), 228 (5), 213 (12), 163 (100), 135 (35), 122 (37), 107
(31), 94 (14); HR-EI-MS m/z: 264.1354 (caled for CisHy004,
264.1362).

Alismol (23) [33, 34]

Colorless oil; (+)-alismolz[a]§ = +38.8° (¢ = 0.80, CHCls,), (—)-
alismol:[a]3 = —38.6° (¢ = 0.80, CHCl3). 'H NMR (600 MHz,
CDCl3) 8i: 0.99 (3H, d, ] = 6.9 Hz), 1.00 (3H, d, ] = 6.9 Hz), 1.25
(3H, s), 1.72 -1.80 (2H, m), 1.92 (1H, m), 1.99-2.08 (1H, m),
2.02-2.09 (1H, m), 2.19-2.25 (1H, m), 2.25-2.28 (1H, m), 2.03 (2H,
m), 2.51 (1H, m), 4.71 (1H, s), 4.77 (1H, s), 5.55 (1H, s). *C NMR
(400 MHz, CDC13) 8¢: 47.3 (C-1), 24.7 (C-2), 40.2 (C-3), 80.7
(C-4), 55.0 (C-5), 121.3 (C-6), 149.8 (C-7), 30.0 (C-8), 37.1 (C-9),
153.9 (C-10), 37.4 (C-11), 21.5, 21.3 (C-12 and C-13), 24.1 (C-14),
106.5 (C-15). MS: m/z %: 220 [M*](6), 205 (12), 202 (10), 187 (16),
177 (18), 162 (53), 159 (52), 149 (18), 147 (37), 145 (16), 134 (25),
131 (23), 119 (100), 117 (30), 107 (39), 105 (47), 93 (48), 91 (76), 85
(9), 81 (15), 79 (36), 77 (28), 71 (15), 69 (14), 67 (16), 55 (25),53
(16), 43 (87), 41 (38).
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Alismoxide(24) [33, 35]

Colorless crystals, mp 138—141°C;[(x]%)0 =+9.3 (¢ 0.9 CHCL;,). 'H

NMR (400 MHz, CDCl3) 8: 5.44 (1H, br d, ] = 3.0 Hz, H-6), 0.98,
1.0 (3H each, d, J = 6.9 Hz, H;3-12, —13), 1.25, 128 (3H each, s, H3-14,
—15). 3C NMR (100 MHz, CDCly): 8¢: 50.5 (C-1), 21.4 (C-2), 40.3
(C-3), 80.0 (C-4), 50.1 (C-5), 121.3 (C-6), 149.4(C-7), 25.0 (C-8),
425 (C-9), 75.2 (C-10), 37.2 (C-11), 21.1 (C-12), 21.2 (C-13), 22.4
(C-14), 21.3 (C-15). MS: m/z (%): 220 (M* -H,0)(7), 205 (9), 202
(4), 187 (9), 177 (12), 162 (66), 159 (28), 149 (20), 147 (38), 134
(34), 121 (23), 119 (53), 107 (34), 105 (24), 93 (42), 91 (30), 85
(12), 81 (14), 79 (28), 77 (16), 71 (12), 69 (12), 55 (20), 43 (100), 41
(24).

Zedoarondiol (25) [27]

Colorless needles; melting point 134°C (CHC13);[01]2D3 = —44°

(c = 1.0, MeOH). CD (c = 0.03, MeOH): [0],,,— 6468. UV (MeOH)
Amax n (log €): 258 (3.86). IR (cm™): 3420, 1662, 1604. "H NMR
(CDCl3) 8y: 1.18 (3H, s, H3-14 or —15), 1.20 (3H, s, H3-15 or —14),
1.84 (3H, s, H5-12, or —13), 1.94 (3H, s, H5-13 or —12), 2.60 (1H, d,
J =13.0 Hz, H-9p), 2.98 (1H, d, J = 13.0 Hz, H-9a). *C NMR
(CDCl3) 8¢: 55.9 (C-1), 22.9 (C-2), 28.5 (C-3), 79.9 (C-4), 52.0 (C-
5), 39.7 (C-6), 134.6 (C-7), 202.9 (C-8), 59.8 (C-9), 72.7 (C-10),
142.1 (C-11), 21.9 (C-12), 22.2 (C-13), 22.7 (C-14), 20.6 (C-15). MS
m/z: 252 (M"*) (C15H2403).

isozedoarondiol (26) [27]

Colorless needles; melting point 150-156°C.[a]3 = —147.2° (¢ = 0.8,
MeOH). CD (c = 0.003, MeOH): [0],1; —6323. UV (MeOH) Ay nm
(log €): 258 (3.86). IR (cm ™ '): 3420, 1662, 1604. "H NMR (CDCl;)
Su: 1.23 (3H, s, Hy-14), 1.42 (3H, s, H;-15), 1.86 (3H, s, H5-12 or
~13),2.03 (3H, 5, H3-13 or —12), 2.42 (H, d, ] = 16.0 Hz, H-9p), 3.21
(H, d,J = 16.0 Hz, H-9a). 53.4 (C-1), 25.2 (C-2), 27.4 (C-3), 82.4 (C-
4), 51.7 (C-5), 37.0 (C-6), 134.0 (C-7), 203.0 (C-8), 50.2 (C-9), 73.2
(C-10), 143.7 (C-11), 22.1 (C-12), 22.8 (C-13), 25.0 (C-14), 32.2 (C-
15). MS: Anal. Calcd for C45H,403: C, 71.39; H, 9.59. Found: C, 71.65:
H, 9.52.

Procurcumenol (27) [26, 36]

Viscous oil;[a]}y = +218.5° (¢ = 0.15, MeOH). UV (MeOH) A,y nm
(log £):248 (3.90), 275 (3.75). IR (cm™): 3430, 1646. "H NMR

(500 MHz, CDCl3) 8y:: 1.24 (3H, s, H5-14), 1.75 (3H, s, H5-13), 1.78
(3H, s, H5-12), 1.88 (3H, s, H;-15), 2.18 (1H, dd, J = 16.0, 13.0 Hz,
H-6a), 2.38 (1H, ddd, J = 10.5, 10.0 Hz, H-1), 2.61 (1H, br d,

] = 16.0 Hz, H-6p), 5.88 (1H, br s, H-9). *C NMR (100 MHz,
CDCl3) 8¢: 50.5 (C-1), 26.9(C-2), 39.9 (C-3), 80.3 (C-4), 53.9 (C-5),
28.6 (C-6), 136.9 (C-7), 199.2(C-8), 129.2 (C-9), 155.1(C-10), 136.3
(C-11), 21.3 (C-12), 22.4(C-13), 23.4 (C-14), 24.3 (C-15). ESI-MS
m/z: 235 [M + H]*. C1sHy00,. GC MS: RT 29.36 min, 234(M*, 6.08),
158(35), 121(84), 105(100), 93(60), 43(79).

Isoprocurcumenol (28) [26]

Colorless oil; UV (MeOH) Apax nm (log €): 205 (1.83). IR (CHCI3)
cm ™% 3450, 1674, 1610. 'H NMR (400 MHz, CDCls) &: 3.22 (1H, q,
J =14.68 Hz, H-1), 1.21 (2H, m, H,-2), 1.39 (2H, m, H,-3), 1.40 (1H,
m, H-5), 2.81 (2H, d, ] = 14.2 Hz, H,-6), 2.16 (2H, s, H,-9), 1.92 (3H,
s, H3-12), 1.82 (3H, s, H;-13), 1.24 (3H, s, H;3-14), 4.90 (2H, br S,
H,-15). 3C NMR (100 MHz, CDCl;) 8¢: 51.2 (C-1), 24.7(C-2), 28.2
(C-3), 77.4 (C-4), 58.9 (C-5), 39.8 (C-6), 134.5 (C-7), 203.0 (C-8),
53.8 (C-9), 141.3 (C-10), 143.9 (C-11), 21.9 (C-12), 22.8 (C-13), 24.4
(C-14), 111.6 (C-15). C15H»00,. GC mS: RT 29.36 min, 234 (M*,
6.08), 158(35), 121(84), 105(100), 93(60), 43(79).

Aerugidiol (29)

No data

Zedoalactone B (30) [37]

Oil; [a], +177.7° (c = 0.4, MeOH). UV (MeOH) A,y nm (log €): 273
(4.33). IR (KBr) cm ™% 3400, 2970, 2940, 2880, 1740, 1660, 1630.
H NMR (500 MHz, pyridine-ds) 8y: 2.06 (1H, ddd, ] = 8.0, 11.5,
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13.1 Hz, H-2a), 3.10 (1H, ddd, J = 2.0, 9.0, 13.1 Hz, H-2p), 2.15 (1H,
ddd, J = 2.0, 8.0, 11.5 Hz, H-3a), 2.41 (1H, ddd, J = 9.0, 11.5, 11.5 Hz,
H-3p), 3.35 (1H, dd, J = 3.0, 12.8 Hz, H-5), 3.21 (1H, ddd, J = 1.5,
12.8, 17.4 Hz, H-6a), 3.08 (1H, ddd, J = 1.5, 3.0, 17.4 Hz, H-6p), 6.09
(1H, s, H-9), 1.71 (3H, d, J = 1.5, H5-13), 1.75 (3H, br s, H3-14), 1.90
(3H, s, H5-15), 7.12 (s, 1-OH), 6.22 (s, 4-OH), 6.02 (s, 10-OH). *C
NMR (125 MHz, pyridine-ds) 5y: 75.1 (C-1), 35.7(C-2), 41.5(C-3),
79.5(C-4), 50.3 (C-5), 22.0 (C-6), 151.2 (C-7), 148.5 (C-8), 118.8 (C-
9), 82.7 (C-10), 125.8 (C-11), 170.2 (C-12), 8.4 (C-13), 23.7(C-14),
26.1 (C-15). EIMS m/z: [M]* absent, 262 [M - H,0]* (13), 244 [M -
2H,01"* (33), 226 [M - 3H,0]* (100), 211 [ M - 3H,0 — CH3]* (66).
HR-MS, found: [M-H,0]", 262.1195. C;5H;30,4 requires [M - H,0]",
262.1205.

Curcumenone (31) [26]

Colorless oil. IR (CHCl;) cm ™% 1679, 1715. UV (MeOH) Amax nm
(log €): 205(1.28). "H NMR (400 MHz, CDCls) 8y: 0.43 (1H, dt,

J = 4.56,7.32 Hz, H-1), 1.64 (2H, q, ] = 7.32 Hz, H,-2), 2.47 (2H, t,
J =736 Hz, H,-3), 0.67 (1H, q, ] = 4.56 Hz, H-5), 2.8 (2H, m, H»-6),
2.52 (2H, d, J = 15.6 Hz, H,-9), 2.07 (3H, s, H;-12), 1.77 (3H, s, Hs-
13), 2.12 (3H, s, H3-14), 1.10 (3H, s, H;-15). *C NMR (100 MHz,
CDCLy) 8¢:24.1 (C-1), 23.4(C-2), 44.0(C-3), 209.0(C-4), 24.2(C-5),
28.0(C-6), 128.1(C-7), 201.9(C-8), 49.0(C-9), 20.2(C-10), 147.6(C-
11), 23.5(C-12), 23.5(C-13), 30.1(C-14), 19.1(C-15). C15H,,0,. GC
MS: RT 28.9, 234(M*, 13.5), 176(78), 163(29), 161(48), 149 (43), 133
(37), 107(32), 91(29), 68(91), 67(75), 43(100).

Curcumadione (32) [38]

Colorless oil; [a], +63.3° (¢ = 0.15, MeOH). UV A,y (EtOH) nm (g):
207 (1.16). 'H NMR (400 MHz, CDCl;) 8y: 1.07 (3H, d, ] = 6.8 Hz,
H,-15), 1.80, 1.99 (3H each, s, H3-12, —13), 2.14 (3H, s, H5-14), 5.52
(1H, t, ] = 6.6 Hz, H-5). 3C NMR (100 MHz, CDCl;) 8¢: 140.0 (C-
1), 27.8(C-2), 42.6(C-3), 208.1(C-4), 121.1(C-5), 30.2(C-6), 134.7
(C-7), 205.1(C-8), 48.6(C-9), 35.0(C-10), 143.7(C-11), 19.1(C-12),
22.6(C-13), 22.2(C-14), 19.1(C-15). MS m/z: 234.1625 (M*) (calcd
for C15H,,05: 234.1620).

(1S, 10S), (4S, 5S)-Germacrone-
1(10), 4(5)-diepoxide (33) [6]

'H NMR (500 MHz, CDCl;) 8y: 2.92 (1H, d, J = 10.8 Hz, H-1), 2.06,
1.46 (m, H,-2), 2.21, 1.28 (2H, m, H,-3), 2.65 (1H, dd, J = 10.9,

2.2 Hz, H-5), 2.86 (dd, ] = 14.2, 2.2 Hz, H-6a), 2.26 (dd, ] = 14.2,
10.8 Hz, H-6b), 3.01 (d, J = 10.8 Hz, H-9a), 2.64 (d, J = 10.8 Hz, H-
9b), 1.79 (s, H5-12), 1.86 (s, H3-13), 1.14 (s, H5-14), 1.44 (s, H5-15).
13C NMR (500 MHz, CDCl;) 8¢: 61.3 (C-1), 22.8 (C-2), 35.7 (C-3),
60.1 (C-4), 64.0 (C-5),29.2 (C-6), 134.3 (C-7), 207.2 (C-8), 54.5
(C-9), 58.4 (C-10), 137.8 (C-11), 22.9 (C-12), 20.8 (C-13), 15.5 (C-
14), 17.3 (C-15).

3,6,10-trimethyl-7,8,11,11-
atetrahydrocyclodeca[b]furan-
2,5(4H,6H)-dione (34) [6]

[@lp +35.2° (¢ = 0.15, MeOH). 'H NMR (500 MHz, CDCl3) 8: 4.92
(1H, br s, H-1), 2.06, 2.20 (2H, m, H,-2), 1.72, 2.04 (2H, m, H,-3),
2.44 (1H, m, H-4), 3.36 (2H, m, H,-6), 4.92 (1H, br s, H-8), 2.04,
2.94 (m, H,-9), 1.85 (3H, s, H3-13), 1.09 (3H, d, ] = 6.7 Hz, H3-14),
1.82 (3H, s, H5-15). *C NMR (500 MHz, CDCl;) 8¢: 133.4 (C-1),
27.3 (C-2), 35.9 (C-3), 48.0 (C-4), 208.2 (C-5), 41.6 (C-6), 155.2 (C-
7),79.7 (C-8), 46.1 (C-9), 128.9 (C-10), 128.9 (C-11), 173.5 (C-12),
9.2 (C-13), 18.6 (C-14), 16.0 (C-15).

11a-hydroxy-3,6,10-trimethyl-
7,8,11,11a-tetrahydrocyclodeca
[b]furan-2,5(4H,6H)-dione-
methane (35) [6]

'H NMR (500 MHz, CDCl) 8y;: 4.88 (1H, d, J = 10.7 Hz, H-1), 2.00,
220 (2H, m, H,-2), 1.65, 2.10 (2H, m, H,-3), 2.45 1H, (m, H-4), 3.58
(d, ] = 15.4 Hz, H-6a), 3.30 (d, ] = 15.7 Hz, H-6b), 2.93 (1H, d,

J = 13.4 Hz, H-9a), 2.31 (1H, d, ] = 13.4 Hz, H-9b), 1.86 (3H, s, H;-
13), 1.06 (3H, d, ] = 6.8 Hz, H3-14), 1.93 (3H, s, H3-15). *C NMR
(500 MHz, CDCl5) 8¢: 133.8 (C-1), 27.2 (C-2), 36.0 (C-3), 47.8 (C-
4),209.6 (C-5), 40.2 (C-6), 154.6 (C-7), 106.9 (C-8), 49.7 (C-9),
130.5 (C-10), 129.9 (C-11), 172.3 (C-12), 9.2 (C-13), 18.4 (C-14),
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16.5 (C-15). HR-ESI-MS: 287.12547[M + Na]*, calcd. For
CysH,00.4Na 287.1253802.

Curcumenol (36) [19]

Colorless crystals; melting point: 98-100°C. IR (cm™): 3371, 3321,
1695, 1658, 1274. "H NMR (600 MHz, CDCl;) &y: 1.95 (1H, m, H-1),
1.96 2H, (m, H,-2), 1.90 (2H, m, H,-3), 1.93 (1H, m, H-4), 2.11, 2.66
(each, 1H, d, J = 16.9 Hz, H,-6), 5.77 (1H, s, H-9), 1.60 (3H, s, Hs-
12), 1.82 (3H, s, H3-13), 1.03 (3H, d, J = 6.4 Hz, H-14), 1.67 (3H, s,
H-15).2*C NMR (151 MHz, CDCl;) 8¢: 51.3 (C-1), 27.6 (C-2), 31.2
(C-3), 40.4 (C-4), 85.7 (C-5), 37.3 (C-6), 137.4 (C-7), 101.5 (C-8),
125.6 (C-9), 139.2 (C-10), 122.2 (C-11), 22.3 (C-12), 18.9 (C-13),
11.8 (C-14), 20.9 (C-15).

Isocurcumenol (37) [6]

3C NMR (400 MHz, CDCl;) 8¢: 53.0 (C-1), 28.6 (C-2), 31.0 (C-3),
41.9 (C-4), 87.4 (C-5), 39.2 (C-6), 134.1 (C-7), 104.0 (C-8),36.4
(C-9), 145.4 (C-10), 127.2 (C-11), 22.8 (C-12), 19.2 (C-13), 12.7
(C-14), 112.5 (C-15).

1,4-dihydroxy-1,4-dimethyl-7-
(1-methylethylidene)
octahydroazulen-6(1H)-one-
methane (38) [6]

'H NMR (400 MHz, CDCl5) 8;3: 1.16 (s), 1.26 (s), 1.81 (s), 1.89 (s),
1.50-1.80 (m), 2.51 (d, ] = 11.7), 2.83 (d, ] = 15.6), 2.92 (d, J 11.7). °C
NMR (400 MHz, CDCl3) 8¢: 54.7 (C-1), 21.4 (C-2), 28.0 (C-3), 80.4
(C-4), 50.1 (C-5), 39.9 (C-6), 135.8 (C-7), 205.6 (C-8), 57.3 (C-9),
71.5 (C-10), 140.0 (C-11), 22.0 (C-12), 22.9 (C-13), 22.0 (C-14),
30.0 (C-15).

Zedoalactone A (39) [6]

'H NMR (500 MHz, CDCl3) 8y: 2.71 (1H, m, H-1), 1.85 (1H, m, H-
2a), 1.49 (1H, m, H-2b), 1.80 (2H, m, H,-3), 2.00 (1H, ddd, J = 13.3,
6.6, 3.7 Hz, H-5), 2.71 (1H, m, H-6a), 1.85 (1H, m, H-6b), 4.92 (1H,
ddq, J = 6.9, 2.6, 2.0 Hz, H-8), 2.33 (1H, dd, 16.0, 6.9 Hz, H-9a),
2.09 (1H, ddd, J = 16.0, 2.6, 0.7 Hz, H-9b), 1.83 (3H, d, ] = 2.0 Hz,
H;-13), 1.34 (3H, s, H3-14), 1.24 (3H, s, H5-15). *C NMR

(500 MHz, CDCl3) 8¢: 51.5 (C-1), 24.5 (C-2), 37.1 (C-3), 816 (C-4),
50.8 (C-5), 24.9 (C-6), 161.4 (C-7), 80.8 (C-8), 35.7 (C-9),

73.5 (C-10), 122.5 (C-11), 175.5 (C-12), 8.0 (C-13), 25.0 (C-14),
31.8 (C-15).

5,8-dihydroxy-3,5,8-trimethyl-
4a,5,6,7,7a,8,9,9a-
octahydroazuleno[6,5-b]furan-2
(4H)-one (40) [6]

'H NMR (500 MHz, CDCl5) 8;: 1.97 (1H, m, H-1), 1.82 (m, H-2a),
1.70 (m, H-2b), 1.70 (2H, m, H,-3), 1.58 (1H, ddd, J = 13.0, 9.0,
2.8 Hz, H-5), 2.30 (1H, dd, ] = 15.7, 2.8 Hz, H-6a), 2.06 (1H, dd,

J = 14.7 13.3 Hz, H-6b), 5.13 (1H, d, J = 11.2 Hz, H-8), 2.31 (1H, dd,
14.7,2.7 Hz, H-9a), 1.76 (1H, dd, J = 14.7, 11.3 Hz, H-9b), 1.81 (3H,
dd, J = 1.7, 1.7 Hz, H5-13), 1.28 (3H, s, H-14), 1.25 (3H, s, H5-15).
13C NMR (500 MHz, CDCl5) 8¢: 53.2 (C-1), 23.5 (C-2), 41.2 (C-3),
80.4 (C-4), 48.1 (C-5), 29.8 (C-6), 162.4 (C-7), 79.0 (C-8), 46.3
(C-9), 72.6 (C-10), 122.2 (C-11), 174.2 (C-12), 8.7 (C-13), 23.5
(C-14), 24.0 (C-15).

5,8-dihydroxy-3,5,8-trimethyl-
4a,5,6,7,7a,8,9,9a-
octahydroazuleno[6,5-b]-furan-
2(4H)-one (41) [6]

'H NMR (500 MHz, CDCl;) 8y;: 2.86 (1H, dddd, J = 12.3, 7.9, 5.1,
1.4 Hz, H-1), 1.81 (m, H-2a), 1.34 (m, H-2b), 1.72 (2H, m, H,-3),
223 (1H, m, H-5), 2.72 (1H, m, H-6a), 2.23 (1H, m H-6b), 5.28 (1H,
dqd, 11.7, 1.8, 1.7 Hz, H-8), 2.28 (1H, ddd, J = 13.7, 3.4, 1.7 Hz,
H-9a), 1.68 (1H, dd, 13.7, 11.7 Hz, H-9b), 1.79 (3H, dd, 1.8, 1.4 Hz,
H;-13), 1.40 (3H, s, H;-14), 1.32 (3H, s, H3-15). *C NMR

(500 MHz, CsDsN) 8c: 53.1 (C-1), 24.9 (C-2), 37.8 (C-3), 80.7
(C-4), 48.4 (C-5), 24.9 (C-6), 165.4 (C-7), 79.8 (C-8), 41.2 (C-9),
71.2 (C-10), 121.3 (C-11), 174.9 (C-12), 8.8 (C-13), 25.8 (C-14), 32.4
(C-15).

Zedoarolide B (42) [6]

'H NMR (400 MHz, CsDsN) 8 3.38 (1H, ddd, 3.7, 7.6, 7.6 Hz,
H-1), 1.98 (1H, m, H-2a), 1,79 (1H, m, H-2b), 2.08 (1H, m, H-3a),
1.97 (1H, m, H-3b), 2.64 (1H, ddd, J = 3.7, 3.7, 12.8 Hz, H-5), 2.82
(1H, dd, J = 3.7, 12.8 Hz, H-6a), 2.43 (1H, dd, ] = 12.8, 12.8 Hz, H-
6b), 2.86 (1H, Abq, ] = 15.5 Hz, H-9a), 2.80 (1H, Abgq, J = 15.5 Hz,
H-9b), 1.81 (3H, s, H-13), 1.44 (3H, s, H-14), 1.58 (3H, s, H-15).
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13C NMR (400 MHz, CsDsN) 8¢: 53.1 (C-1), 25.3 (C-2), 38.2 (C-3),
80.7 (C-4), 52.4 (C-5), 24.6 (C-6), 161.5 (C-7), 106.9 (C-8), 44.0
(C-9), 72.1 (C-10), 122.7 (C-11), 173.7 (C-12), 8.0 (C-13), 25.6
(C-14), 32.5 (C-15).

4a,8,9,9a-Tetrahydroxy-3,5,8-
trimethyl-4a,5,6,7,7a,8,9,9a-
octahydroazuleno([6,5-b]-furan-
2(4H)-one (43) [6]

'H NMR (400 MHz, CsDsN) 8y: 3.74 (1H, dd, J = 5.0, 3.8 Hz, H-1),
1.77 (2H, m, H,-2), 2.36 (1H, dddd, J = 11.4, 11.4, 10.7, 6.8 Hz, H-
3a), 1.43 (1H, m, H-3a), 2.05 (1H, qd, J = 7.3, 6.8 Hz, H-4), 3.28 (1H,
d, ] = 15.6 Hz, H-6a), 2.87 (1H, dq, ] = 15.6, 1.7, H-6b), 3.99 (1H, s,
H-9), 1.87 (3H, d, ] = 1.7 Hz, H3-13), 0.71 (3H, d, J = 7.3 Hz, H;-14),
1.47 (3H, s, H5-15). *C NMR (400 MHz, CsDsN) 8c: 43.3 (C-1),
25.0 (C-2), 33.2 (C-3), 42.9 (C-4), 92.2 (C-5), 32.2 (C-6), 158.8 (C-
7), 108.6 (C-8), 81.1 (C-9), 82.0 (C-10), 126.9 (C-11), 172.4 (C-12),
8.7 (C-13), 14.2 (C-14), 19.7 (C-15). MS: m/z 303.12047, [M —

H,0 + Na]*. HR-MS 303.12047 C;5H»,0¢.

7-(1-hydroxy-1-methylethyl)-
1,4-dimethyl-1,2,3,3a,4,5,8,8a-
octahydroazulene-1,4-diol (44)
(6]

'H NMR (400 MHz, CsDsN) &: 3.48 (m, H-1), 1.96 (1H, m, H-2a),
1.78 (1H, m, H-2b), 2.02 (1H, m, H-3a), 1.85 (1H, m, H-3b), 2.41
(dd, J = 12.8, 4.9 Hz, H-5), 2.52 (1H, d, J = 13.9 Hz, H-6a), 2.15 (1H,
dd, ] = 13.9, 12.8 Hz, H-6b), 6.16 (1H, br dd, ] = 8.4, 5.2 Hz, H-8),
2.78 (91H, J = 14.2, 5.2 Hz, H-9a), 2.27 (1H, dd, J = 14.2, 8.4 Hz, H-
9b), 1.57 (3H, s, H3-12), 1.57 (3H, s, H3-13), 1.62 (3H, s, H;-14), 1.36
(3H, s, H5-15). 3C NMR (400 MHz, CsDsN) 8¢: 54.2 (C-1), 25.5 (C-
2), 37.5 (C-3), 80.9 (C-4), 49.4 (C-5), 26.2 (C-6), 150.9 (C-7), 118.8
(C-8), 35.4 (C-9), 70.6 (C-10), 72.7 (C-11), 29.2 (C-12), 29.4 (C-13),
26.3 (C-14), 31.6 (C-15).

Gajutsulactone B (45) [6]

'H NMR (300 MHz, CDCl) 8y: 2.88 (ddd, 6.4, 6.4, 9.8 Hz, H-1),
2.06 (1H, m, H-2a), 1.86 (1H, m, H-2b), 1.90 (m, H-3), 2.30 (m, H-
5), 2.50 (d, H-6a), 2.24 (d, H-6b), 5.01 (br s, H-9a), 4.84 (br s, H-
9b), 2.18 (3H, s, H-12), 1.86 (3H, s, H-13), 1.78 (3H, s, H-14), 1.22
(3H, s, H-15). *C NMR (300 MHz, CDCl;) 8¢: 42.4 (C-1), 26.2 (C-
2), 38.0 (C-3), 85.3 (C-4), 45.7 (C-5), 25.7 (C-6), 120.4 (C-7), 167.5
(C-8), 111.9 (C-9), 145.2 (C-10), 151.8 (C-11), 23.3 (C-12), 23.5
(C-13), 25.2 (C-14), 19.9 (C-15).

Bisacumol (46) [6]

13C NMR (300 MHz, CDCl;) 8¢: 144.2 (C-1), 127.2 (C-2), 129.3
(C-3), 135.7 (C-4), 129.3 (C-5), 127.2 (C-6), 36.1 (C-7), 46.1 (C-8),
67.1(C-9), 128.6 (C-10), 135.0 (C-11), 18.4 (C-12), 26.0 (C-13), 23.3
(C-14), 21.3 (C-15).

7-isopropenyl-1,4a-
dimethyldecahydronaphthalene-
1,4-diol (47) [6]

'H NMR (500 MHz, CDCl;) 8y: 3.27 (1H, dd, 12.7, 4.2 Hz, H-1), 1.87
(1H, m, H-2a), 1.62 (1H, m, H-2b), 1.72 (1H, m, H-3a), 1.5 (1H, ddd,
J = 14.1, 14.1, 4.5 Hz, H-3b), 1.07 (1H, dd, 12.4, 2.6 Hz, H-5), 1.68
(1H, m, H-6a), 1.94 (1H, m, H-6b), 1.62 (1H, m, H-8a), 1.45 (1H, m,
H-8b), 1.87 (1H, m, H-9a), 1.11 (1H, dd, J = 13.2, 3.7 Hz, H-9b),1.76
(3H, s, H5-12), 4.74 1H, (H-13, Z), 4.71 (1H, H-13, E), 1.16 (3H, s,
Hs-14), 1.05 (3H, s, H5-15). 3C NMR (500 MHz, CDCl;) &¢: 79.7
(C-1), 26.8 (C-2), 39.4 (C-3), 71.4 (C-4), 50.4 (C-5), 25.6 (C-6),
46.1 (C-7), 26.4 (C-8), 39.3 (C-9), 38.9 (C-10), 150.5 (C-11), 20.7
(C-12), 108.6 (C-13), 30.0 (C-14), 12.6 (C-15).

(1S,48S,5S,10R) -isozedoarondiol
(48) [19]

Yellow oil. IR (cm™): 3394, 1701, 1665, 1612. '"H NMR (600 MHz,
CDCl3) 8y: 2.79 (1H, m, H-1), 1.63 (2H, m, H,-2), 1.73 (2H, m, H,-
3), 2.02(1H, d, ] = 12.9 Hz, H-5), 2.52, 1.91 (each, 1H, d, ] = 13.9 Hz,
H,-6), 2.30 (1H, dd, J = 16.1, 1.2 hz, H-9a), 3.34 (d, ] = 16.1 Hz, H-
9b), 1.97 (3H, s, H5-12), 1.88 (3H, s, H3-13), 1.39 (3H, d, ] = 6.4 Hz,
H-14), 1.19 (3H, s, H-15).*C NMR (151 MHz, methanol-d;) 8c: 51.2
(C-1), 24.6 (C-2), 36.0 (C-3), 81.7 (C-4), 52.6 (C-5), 27.0 (C-6),
134.0 (C-7),204.7 (C-8), 49.9 (C-9), 72.5 (C-10), 143.0 (C-11), 20.9
(C-12), 21.8 (C-13), 23.4 (C-14), 31.3 (C-15).

Table 1.
Physical and spectral data of sesquiterpenes.
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Sample/extract Biological activity References
Hexand and DCM Nematocidal [39]
EtOAc Choleretic [40]
Crude protein Antioxidant [41]
EtOH Antibacterial [42]
Hexane and EtOH Anti-inflammatory [43]
Hexane, EtOAc, and n-butanol Antifungal [6]
Zedoarondiol (25) Cytotoxic [19]
(1S, 10S), (4S, 55)-Germacrone-1(10), 4(5)-diepoxide (33) Cellular viability [6]
Curcumenol (36) Cytotoxic [19]
(1S,4S,5S,10R) -isozedoarondiol (48) Cytotoxic [19]
Table 2.

Biological activities of extracts and compounds from Curcuma comosa.

this chapter, the extraction, isolation, and spectroscopic data of sesquiterpenes from
Curcuma comosa have been discussed.
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Therapeutic Use
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Abstract

Terpenes are a class of chemical compounds with carbon and hydrogen atoms in
their structure. They can be classified into several classes according to the quantity
of isoprene units present in its structure. Terpenes can have their structure modi-
fied by the addition of various chemical radicals. When these molecules are modi-
fied by the addition of atoms other than carbon and hydrogen, they become
terpenoids. Terpenes and terpenoids come from the secondary metabolism of sev-
eral plants. They can be found in the leaves, fruits, stem, flowers, and roots. The
concentration of terpenes and terpenoids in these organs can vary according to
several factors such as the season, collection method, and time of the day. Several
biological activities and physiological actions are attributed to terpenes and terpe-
noids. Studies in the literature demonstrate that these molecules have antioxidant,
anticarcinogenic, anti-inflammatory, antinociceptive, antispasmodic, and
antidiabetogenic activities. Additionally, repellent and gastroprotective activity is
reported. Among the most prominent activities of monoterpenes and
monoterpenoids are those on the cardiovascular system. Reports on literature reveal
the potential effect of monoterpenes and monoterpenoids on systemic blood pres-
sure. Studies show that these substances have a hypotensive and bradycardic effect.
In addition, the inotropic activity, both positive and negative, of these compounds
has been reported. Studies also have shown that some monoterpenes and
monoterpenoids also have a vasorelaxing activity on several vascular beds. These
effects are attributed, in many cases to the blocking of ion channels, such as voltage-
gated calcium channels. It can also be observed that monoterpenes and
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monoterpenoids can have their effects modulated by the action of the vascular
endothelium. In addition, it has been shown that the molecular structure and the
presence of chemical groups influence the potency and efficacy of these compounds
on vascular beds. Here, the effect of several monoterpenes and monoterpenoids on
systemic blood pressure and vascular smooth muscle will be reported.

Keywords: terpenes, terpenoids, arterial pressure, pharmacological effect, toxicity,
perspective of therapeutic use, anti-hypertensive

1. Introduction
1.1 Terpenes and terpenoids

Terpenes and terpenoids are names frequently interchangeably used. Most
frequently terpene is defined as a hydrocarbon with one or several isoprene units.
When terpene molecules are modified by the addition of atoms other than carbon
and hydrogen, they are more appropriately named terpenoids [1].

Terpenes and terpenoids come from the secondary metabolism of several plants.
They can be found in the leaves, fruits, stem, flowers, and roots [2]. They can be
classified into several classes according to several criteria: 1—the quantity of iso-
prene units present in its structure, among which we can mention the monoter-
penes, diterpenes, sesquiterpenes, and others; 2—the number of cyclic components
in their molecular structure, according to which we have the acyclic, monocyclic,
and bicyclic monoterpenes [1, 3, 4].

Studies in the literature demonstrate that the natural (present in essential oils—
EO) monoterpenes and monoterpenoids have one or several biological/pharmaco-
logical activities, among which the most frequently reported are antioxidant,
anticarcinogenic, anti-inflammatory, repellent, gastroprotective, antinociceptive,
antispasmodic, and antidiabetogenic activities [4, 5].

Among the most prominent and therapeutically potentially promising activities
of natural monoterpenes and monoterpenoids are those on the cardiovascular sys-
tem [6]. Reports on literature, here reviewed and discussed, reveal their effect on
heart (rate and inotropism), systemic blood pressure (SBP), and blood vessels
(direct (myogenic) and indirect (endothelium mediated)) [7-10].

These effects are frequently attributed to activity on ion channels, such as
voltage-dependent Ca”* channels (VDCC) [11]. These substances can affect the
contractions mediated by electromechanical excitation-contraction coupling
(EMC; ex.: the KCl-induced contraction) or pharmacomechanical excitation-
contraction coupling (PMC; ex.: the Phenylephrine-induced contraction). In
addition, it has been shown that the molecular structure and the presence of
chemical groups influence the potency (pharmacodynamic potency) and efficacy
(pharmacodynamic efficacy) of these compounds on vascular beds [10]. Here we
will call simply maximum efficacy when, at appropriate concentration, total
blockade of a response is induced (it is: complete blockade of contraction or
Emax = 100%).

Here, we described the effects of monoterpenes and monoterpenoids on SBP and
vascular smooth muscle (VSM). This research was carried out predominantly using
articles present in the Pubmed and Pubchem databases. The search included articles
published between 2000 and 2020. The search included 42 monoterpenes and
monoterpenoids. The words used in the research include “monoterpenes”,
“monoterpenoids” and the name of the compounds associated with “cardiovascu-

» <« »  « » <«

lar”, “vasorelaxant”, “hypotension”, “hypotensive”, “antihypertensive”, “vascular
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smooth muscle”, or “toxicity”. For easiness of posterior consultation, we presented

the information related to a substance under a heading, which was the common
name of the substance and organized the most important information on a table

Substance Pharmacological Dose (mg/kg)/ Ref. LDso Plant source
cardiovascular concentration (uM)
activities
Limonene Hypotensive 20-40 mg/kgA [12] 4.4-5.1g/kg Citrus limon,
.0—rats); Lippia alb
A Vasorelaxant 0416 +28.02uMF  [10] VO ra) PP ana
= c 5.6-6.6 g/kg
2159.1 4+ 203.62 pM !
(v.o—mice)
[13]
a-Pinene Hypotensive 1-20 mg/kg® [14] >2.0 g/kg Eucalyptus
(v.0.—mice) teveticornis,
[15] Citrus lemon
f-Pinene Hypotensive 1-20 mg/kg® [14] >2.0 g/kg Eucalyptus
(v.0.—mice) tereticornis,
[15] Citrus lemon
p-Cymene Vasorelaxant 58+ 1.6 x 10> MC [16] 4.7 glkg Eucalyptus
[\ (v.o—rat); camaldulensis,
= | >5g/kg (v.0 Origanum
—rabbit) acutidens
X )
Citronellol Hypotensive 1-20 mg/kg [14,18, 3.45g/kg (v.o  Cymbopogon
/1 19] —rats) [20] winterianus,
Lippia alb
{L& Vasorelaxant [18] 6.4%x 10 *t01.9M [18] PP aa
-
Geraniol Vasorelaxant [21] 10-300 pM # [21] 3.6 g/kg (v.o.  Cymbopogon
—rats) [22] martinii, C.
\L nardus, C.
] winterianus.
Linalool Hypotensive 1-20 mg/kg [14,23] 2.7g/kg (v.o  Lavandula
- (normotensive —rats) [24]  angustifdlia,
[ animals) Ocimum
A . basilicum, Citrus
Hypotensive 100-200 mg/kg [23, 25] .
. bergamia
(hypertensive
animals)
Vasorelaxant [23] 6.4 x 10°%-6.4 x [23]
103*M
Perillyl alcohol Vasorelaxant[10] 277.7 + 5.46 pM>®, [10] 2.1g/kg (v.o  Dracocephalum
4433 + 66.83 pM° —rats) [26] kotschyi
; Vasorelaxant 1-2 mM* [27]
Carveol Vasorelaxant 662.1 + 32.85 pMB; [10] 3.0 g/kg (v.o. Citrus reticulata,
ey 1333.3 + 225.20 pM© —rats) [28] Anethum
~ graveolens
Menthol Antihypertensive Diet plus 0.5% [29,30] 2.9-6g/kg (v. Mentha genus
menthol o—mice and
ts) [31, 32
Vasorelaxant 100-500 mM# [33] rats) [ ]
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Substance Pharmacological Dose (mg/kg)/ Ref. LDso Plant source
cardiovascular concentration (uM)
activities
a-Terpineol Hypotensive 1-30 mg/kg® [34] 3.0 g/kg (v.o. Eucalyptus
—mi ldulensis,
Vasorelaxant 10 2-10°M [34] mice) [35]  camaldulensis
Croton
Vasorelaxant 300 pg/ml (1.94 mM) [36] nepetaefolius.
Terpinen-4-ol Hypotensive 1-10 mg/kg?, i.v. [7,37] 43g/kg (v.o Alpinia
B —rats) [32]  zerumbet, Croton
Vasorelaxant 421.43 + 23.48 pM”; [9] .
c sonderianus
802.50 + 13.8 uM
Borneol Vasorelaxant 3x107°-3 x107*M® [38,39] 6.5g/kg (v.o Salvia officinalis,
—rats) [40] Cinnamomum
camphora
Carvacrol Hypotensive 100 pg/kg, i.p [41] 0.8 g/kg (v.o  Thymus vulgaris,
Hvpotensi 120 me/ke i (43] —rats) [42]  Origanium
ypotensive ~20 mg/kg i.v. compactum,
Vasorelaxant 78.80 + 11.91 yM®; [44] Lippia sidoides
145.40 + 6.07 pM®
Vasorelaxant 10783 x 107* M [43]
Thymol Vasorelaxant 64.40 + 4.41 pM®; [44]  09g/kg (v.0 Acalypha
106.40 + 11.37 pM© —rats) [44]  phleoides, Lippia
sidoides, L.
origanoides
oM
Anethole Antihypertensive 125-250 mg/kg® [45] <3.0g/kg Pimpinella
Hvpotensi 510 ma/ke. iv.A [47] (v.o—rats) anisum, Croton
ypotensive -10 mg/kg, i.v. [46,17] cehmtneri,
‘ = Vasorelaxant ~ 9.01+2.44 x 1074 MS  [48] Foeniculum
T-f’ vulgare
Estragole Hypotensive 5-10 mg/kg, iv.* [47] 1.8 g/kg (v.0 Croton
—rat 2 Zehntneri,
Vasorelaxant 434+03x10*MC  [48] rats) [32] clminert
Ocimum
T basilicum,
- Artemisia
bew. dracunculus
Eugenol Hypotensive 1-10 mg/kg, i.v.* [49-51] 2.6 g/kg (v.o  Croton zehntneri,
—rats) [17] Ocimum
Vasorelaxant 0.31 4+ 0.05 mM [49] .
gratissimum
= Vasorelaxant 323.3 + 14.0 uMB [11]
N
Cinnamaldehyde Vasorelaxant 334 + 30 pM [52] 222 g/kg (v.o  Cinnamomum
—rats) [17] osmophloeum,

O,

C. zeylanicum
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Substance Pharmacological Dose (mg/kg)/ Ref. LDsg Plant source
cardiovascular concentration (uM)
activities

Citral Vasorelaxant 110.80 pg/ml [53,54] 4.9g/kg (v.o.  Lippia alba e
(727.8 uM)®, 99.34 g/ —rats) [17] Pectis
ml (652.56 pM)C brevipedunculata
Antihypertensive 200 mg/kg, v.o. [55]  2.42g/kg (v. Cymbopogon
Hvpotensi 1040 me/ke. i [55] o.—rats) [56] winterianus;
ypotensive -40 mg/kg, i.v. Cymbopogon
Vasorelaxant 107°-10"'M [55] citrates
Carvone Vasorelaxant 62+26x10*MC [57] 1.6 g/kg (v.o. Mentha spicata,

f\ —rats) [17] Carum carvi

>

Rotundifolone Hypotensive 1-30 mg/kg, i.v. [58] Not available Mentha
i f tundifolia, M.
Vasorelaxant 184 (1.1 mM)® and 185 [58, 59] (for rorum ifolia
(111 mM)© ug/ml mammals) spicata L., and
: & M. x villosa
Vasorelaxant pD2 = 4.0 [60]
1,8-cineole Antihypertensive 0.1 mg/kg, i.p. [61] 2.48g/kg Croton
A~ . . (rat, v.0); nepetaefolius;
& Hypotensive 0.3-10 mg/kg, i.v. [62] >5g/kg (v.o, Alpinia
Vasorelaxant  1.09 mM®, 663.2 pg/ml [62, 63] rabbit) [17]  zerumbet
(4.22 mM)©
Linalyl acetate Antihypertensive ~ 10-100 mg/kg, i.p. [64] 10.0 g/kg Lavandula
. R (v.o—rats);  angustifolia and
/J'-a./‘\.gx T Hypotensive 10-100 mg/kg [64-66] 13.3 g/kg Salvia sclarea
Vasorelaxant 3.6 x 107* M€ [67]  (v.o—mice)
[24]

Ref., Reference. ip, Intraperitoneally. v.o, Orally. i.v., Intravenous.

“Range of doses or concentration employed.

BICso for KCl-induced contraction (electromechanical coupling) in presence of endothelium.

CICsp for phenilephrine-induced contraction (pharmacomechanical coupling) in presence of endothelium.

Table 1.
Monoterpenes and monoterpenoids with hypotensive and vasorelaxant effects.

(Table 1). In order to allow some basis for evaluation of the therapeutic potential of
these compounds, we include information on toxicity (LDsg values in mammals;
Table 1).

2. Monoterpenes

Monoterpenes are compounds with two isoprene units in their structure. They
can be subdivided according to the number of cycle components in its structure into
acyclic, monocyclic, and bicyclic [68, 69]. Of the natural monoterpenes studied, we
have not found, in any publications, report of cardiovascular effects for myrcene,
ocimene (acyclic), terpinenes, phellandrenes, terpinolene, thujene (monocyclic)
and, —3-carene, camphene, sabinene (bicyclic), and tricyclene on SBP and VSM.
However, several studies in the literature demonstrate that EO containing these
compounds have interesting cardiovascular effects.
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2.1 Limonene

Limonene (LM) is one of the most common monoterpenes on nature. Studies
have demonstrated that it has low toxicity and have suggested its promising effect
[13]. The LM had a dose-dependent hypotensive effect, associated with bradycardia
in rats (Table 1). LM is also reported to cause delayed ventricular relaxation and
negative inotropism. It has been suggested that these effects are due to an action of
LM on VDCC [12]. In spontaneously hypertensive rats (SHR) with cerebral ische-
mia, LM attenuated the elevation of the blood pressure of the animals [70].

In rat aorta, the LM promoted a marked vasorelaxing effect when administered
in presence of the contractions induced by a solution with a high concentration of
K* or phenylephrine (PHE). The ICso values were dependent on the endothelium
and maximum efficacy was documented for both types of contraction. The potency
in endothelium-intact arteries was greater in EMC than in PMC. LM was also able to
relax the contraction induced by BayK8644, a VDCC activator [71], effect in which
the LM presented the greatest potency, suggesting a possible effect of this mono-
terpene on VDCCs [10].

2.2 Pinene

a- and p-pinene are two isomeric bicyclic monoterpenes [72] which, in awake
rats, induced arterial hypotension and tachycardia. (—)-f-pinene was significantly
more effective than (+)-a-pinene. The authors suggested that the exocyclic double
bond of (—)-B-pinene contributes more to the pharmacological effect than the
endocyclic double bond of (+)-a-pinene. They explained tachycardia as a reflex
response to the hypotension [14].

2.3 p-cimene

P-cymene is a monocyclic monoterpene that in rat’s aorta showed a reversible
vasorelaxant effect, with maximum efficacy and in a concentration-dependent
manner. This effect, independent of the endothelium, indicated a myogenic effect.
Additionally, the participation of K* channels in the vasorelaxant effect of
p-cymene has been suggested [16].

3. Monoterpenoids

Monoterpenoids are compounds found in several plant species (Table 1).
Concerning their chemical functions, they can be: alcohols, phenolics,
phenylpropanoids, aldehydes, ketones, ethers, or esters. For the following natural
monoterpenoids, no studies were found that described effect on SBP and VSM:
lavandulol, fenchol, chrysanthenol and nerol (alcohols); apiol, myristicin and
safrole (phenylpropanoids).

3.1 Alcohols
3.1.1 Citronellol

Citronellol is a low toxicity acyclic monoterpenoid [20]. Regarding hemody-
namic parameters, citronellol (1-20 mg/kg, i.v.) is reported to induce hypotension

associated with tachycardia in non-anesthetized rats [18]. This hypotensive effect
was interpreted to occur probably due to a direct vasorelaxant action of citronellol
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in VSM without the participation of the NO and cyclooxygenase (COX) pathway
[18]. In another study, in anesthetized and awake rats, citronellol (1-20 mg/kg, i.v.)
also had a hypotensive effect, but associated with bradycardia. As a probable cause
of this discrepancy, the chirality of the compound was suggested [19].

In rat mesenteric arteries, citronellol had an endothelium-independent
vasorelaxing effect. On the contraction induced by PHE (ICs ~ 130 pM) and KCl,
the effectiveness reached 100%. This monoterpenoid was able to block the influx of
Ca* and contraction induced by caffeine and this finding led the authors to also
suggest that it acts on influx and the mobilization of Ca®" stores [18, 19].

3.1.2 Geraniol

Geraniol (GER) is an acyclic monoterpenoid with low toxicity (Table 1) [73]. In
diabetic animals, the GER attenuated the cardiac changes caused by diabetes
mellitus (DM). The authors suggested that the mechanism for this effect was the
attenuation of changes caused by DM in contractility and systolic duration by
GER [74].

In the aorta of normoglycemic animals, GER (30-300 pM) had a vasorelaxing
effect on contractions induced by PHE and KCI. This effect was more effective on
EMC, suggesting inhibition of Ca** channels in the plasma membrane of smooth
cell. The authors demonstrated that the NO, COX, and K* channels do not partici-
pate in this vasorelaxant effect. In the aorta of diabetic rats, GER (30-300 pM)
reduced tissue hyperresponsiveness to PHE [21].

3.1.3 Linalool

Linalool (LN) is an acyclic tertiary alcohol. In normotensive animals, LN
(1-20 mg/kg, i.v.) led to hypotension and tachycardia. Hypotension was attenuated
by Nw-Nitro-L-arginine methyl ester (L-NAME) and atropine but not by
indomethacin, thus suggesting that the NO and muscarinic receptor pathways
participate in promoting this effect [14, 23]. In Goldblatt hypertensive animals,

LN (200 mg/kg) caused hypotension, of magnitude similar to nifedipine (NIF),
without altering heart rate (HR) [23]. LN also had a hypotensive effect at a dose of
100 mg/kg in SHR [25].

In the mesenteric bed of normotensive animals, LN showed an endothelium-
independent vasorelaxant effect on PMC and EMC, with maximum efficacy. Addi-
tionally, LN inhibited contractions induced by CaCl, and caffeine, which led the
authors to suggest that the mechanism of action involves the mobilization of Ca®*
from intracellular stores and the influx of Ca®* through the plasma membrane. The
direct relaxing effect of LN on VSM has been suggested to be responsible for the
hypotensive effect of this compound. In the aorta of normotensive rats with endo-
thelium, LN (100 pM) had a relaxing effect on PHE-induced contraction [23, 75].

3.1.4 Perillyl alcohol

Perillyl alcohol (POH) is a monocyclic alcohol. It had a reversible vasorelaxing
effect in rat aorta, dependent on concentration and maximum efficacy on the KCI
(ICsg 277.7 £ 5.46 pM) and PHE-induced (ICsy 443.3 + 66.83 pM) contractions
(Table 1). Among the contractions inhibited by POH, which also inhibited con-
tractions induced by phorbol dibutyrate (PDB) or by BayK8644, the greatest phar-
macological potency was over the contractions induced by KCI and BayK8644,
which suggested that the mechanism of the relaxing effect of POH was inhibition of
VDCCs. However, other mechanisms have not been ruled out [10]. POH (1-2 mM)
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when incubated overnight prevented KCl-, 5-HT-, and U46619-induced
contractions in coronary arteries [27].

3.1.5 Carveol

Carveol (CV) is a monocyclic alcohol found in the mint EO. In rat aorta, the CV
(10-5000 pM) had a vasorelaxing effect, over contractions induced by PHE (ICsg
1333.3 + 225.20 pM) and KCI (ICsqy 662.1 + 32.85 uM), which was reversible and
independent of the vascular endothelium. The CV also inhibited contractions
induced by PDB and BayK8644. Due to the greater potency of CV on contractions
induced by KCl and BayK8644, the mechanism of its relaxing effect was attributed
to a probable inhibitory effect on VDCCs [10].

In the human umbilical artery, the CV (1-5000 pM) reduced the basal tone by
approximately 72% and relaxed contractions induced by 5-HT (ICsq of 175.82 pM)
and KCI (ICso 344.25 uM) [76].

3.1.6 Menthol

Menthol is a monocyclic alcohol. In hypertensive animals, menthol (0.5% die-
tary) attenuated the elevation of vasoconstriction (on PHE- and U46619-induced
contraction), blood pressure, the production of reactive oxygen species (ROS), and
mitochondrial dysfunction. This effect probably occur due to the TRPMS activation
by menthol and involve the calcium signaling-mediated RhoA/Rho kinase pathway
[29, 30].

Menthol showed cutaneous vasorelaxing activity in individuals in
normotensive or in essential hypertension condition, an activity that has been
suggested to involve the endothelium derived hyperpolarizing factor (EDHF) and
NO [33, 77].

3.1.7 a-Terpineol

a-Terpineol (1-30 mg/kg, i.v.), a monocyclic alcohol, induced a reduction in
SBP and tachycardia. These effects were mitigated by L-NAME and suggested to
involve the NO pathway [34].

In mesenteric arteries, a-terpineol induced an endothelium-dependent
vasorelaxant effect on contractions induced by PHE. The vasorelaxant effect of
a-terpineol was not affected by atropine and indomethacin, but by treatment with
L-NAME and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxal in-1-one (ODQ), suggesting the
involvement of the NO/cGMP pathway [34]. In a cannulated mesenteric bed
contracted by perfusion with KCI, a-terpineol (300 pg/ml (1.94 mM)) increased
(by 93%) the mesenteric flow. The vasorelaxant effect of a-terpineol was abolished
by L-NAME, suggesting the participation of NO in this effect [36].

3.1.8 Terpinen-4-ol

Terpinen-4-ol (4TERP) is a monocyclic alcohol. In hypertensive DOCA-salt and
normotensive animals, uninefrectomized or not, 4TERP (1-10 mg/kg, i.v.) induced
a reduction in SBP and bradycardia, with a peak between 20-30 s after administra-
tion. This effect lasted 1-10 minutes for all doses [7, 37].

In VSM of rats, 4TERP showed vasorelaxing effect, reversible and with maxi-
mum effectiveness, on contractions mediated by EMC (ICso 421.43 + 23.48 pM)
and PMC (ICso 802.50 + 13.8 pM). It has been suggested that this effect involves the
NO and COX pathway. 4TERP relaxed, with similar potency, the contractions
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induced by BayK, BaCl,, and K*, presenting ICsq values of 454.2 &+ 28.7,

450.5 £ 71.1, and 421.43 £ 23.48 pM, respectively. This suggest the possible inhib-
itory effect of 4TERP on VDCCs. It has been suggested that 4TERP also acts on
other components of myocytes, such as the IP; pathway and the sensitivity of
contractile proteins to Ca**" [9].

In ventricular myocytes isolated from rats, 4TERP (30 pM) promoted a small
increase (10.6 + 2.6%) of L type Ca®* currents. Above 300 uM the effect was
reversed; 4TERP reduced the amplitude of these currents (ICsq of
1203 £ 0.224 uM). 4TERP increased the Ca®* spark frequency at low concentrations
and decreased the amplitude of Ca®* transients at low and high concentrations [78].
Thus, among the effects of 4TERP on the cardiovascular system, the effect on ion
channels was highlighted as a possible mechanism of action.

3.1.9 Borneol

Borneol is a bicyclic alcohol. In rat aorta, borneol had a vasorelaxing effect on
contraction induced by KCI and PHE. This effect was reduced by L-NAME and
indomethacin, showing the involvement of the NO and COX pathway in its mech-
anism [38]. In another study, in rat aorta, borneol inhibited contraction induced by
CaCl,, BayK8644, and caffeine and the authors suggested probable activities of
this monoterpenoid on VDCCs or intracellular Ca** stocks as components of its
mechanism of action [39].

3.2 Phenolics
3.2.1 Carvacrol

In anesthetized rats, carvacrol (100 pg/kg, i.p.) decreased HR, SBP, systolic
and diastolic pressure [42]. In normotensive non-anesthetized rats, carvacrol
(1-20 mg/kg, i.v.), had a hypotensive and bradycardic effect [43].

On aorta of rats, on contractions induced by KCI and PHE, carvacrol
(1-1000 pM) showed a reversible inhibitory effect, with maximum efficacy,
concentration-dependent and not dependent on the endothelium. In addition, car-
vacrol inhibited contractions in a Ca**-free medium. These data together suggested
the hypothesis that the vasorelaxant mechanism of this monoterpenoid involves
multiple mechanisms: the IP; pathway, the sensitivity of contractile proteins to
Ca?*, and the blocking of VDCCs [44]. In mesenteric arteries, carvacrol (1078 -
3 x 10~* M) had a concentrations-dependent vasorelaxing effect on PHE-,
U46619, and KCl-induced contractions. This effect was endothelium independent
and probably involves VOCCs, receptor operator channels (ROC), and store opera-
tor channels (SOC) channels [43]. Carvacrol also has a vasorelaxing effect on
cerebral parenchymal arteries. In this case, this effect was endothelium-dependent
and promoted through the activation of TRPV3 channels that consequently
activated the low and medium conductance Ca**-activated K* channels [79].

3.2.2 Thymol

Thymol is a carvacrol isomer. In aorta of rats, thymol (1-1000 pM) has a
reversible and concentration-dependent vasorelaxant effect (in contractions
induced by KCl and PHE). The experiments to elucidate the mechanism of action
showed results very similar to those of carvacrol and led to similar conclusions: the
involvement of the IP; pathway, the sensitivity of contractile proteins to Ca**, and
the blocking of VDCCs [44].
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3.3 Phenylpropanoids
3.3.1 Anethole

Anethole (AN) is a phenylpropanoid with very low toxicity, it has been
suggested to have great therapeutic potential [46].

AN (5-10 mg/kg, i.v.) induced, in a concentration-dependent manner, in con-
scious normotensive rats, hypotension and bradycardia (phase 1), followed by
pressoric and bradycardic response (phase 2) [47]. In animals with nicotine-
induced hypertension associated with immobilization stress, AN (125-250 mg/kg, i.
p.) had an anti-hypertensive effect with efficacy similar to physical exercise and
NIF [45].

Soares et al. [48] reported, in relation to concentration, a biphasic effect of AN
on the aortic artery. Between 10~°t0 10~* M, AN induced an increase in basal tone
and PHE-induced contraction in preparations with endothelium. Between 10 * and
1073 the Figure 2b [48] shows this contraction vanishes and full relaxation stab-
lishes (maximum efficacy). It was suggested that the activity on VDCC (activation
(10 to 10~* M) and inhibition (10> to 1072 M)) is the probable mechanism of
this effect [48]. Another study with AN in aortic rings reported only vasorelaxing
effects, with higher potencies (for EMC and PMC, IC50: 50-75 pg/ml (0.34—

0.51 mM))[80]. This discrepancy was not explained.

3.3.2 Estragol

Estragole (ES) is an isomer of AN which, at 5-10 mg/kg, i.v., induced effects on
blood pressure very similar to those of AN (see above) [47, 81]. In the aorta artery
of rats with intact endothelium, the ES also had a similar effect to the AN (pre-
dominantly vasorelaxant), except that the amplification effect of the contraction
was smaller and without statistical significance [48].

3.3.3 Eugenol

Eugenol (EUG) is a phenylpropanoid with a long effect half-life and low toxicity
[82]. EUG is probably the most investigated monoterpenoid with effects on the
cardiovascular system. EUG (1-10 mg/kg, i.v.) caused reduction of SBP and HR, in
dose-dependent manner, in normotensive animals (conscious or anesthetized) and
in hypertensive animals (DOCA-salt model). It was suggested that the hypotensive
effect is due to the direct vasorelaxing activity of the EUG [49, 50].

In blood vessels, EUG has a relaxing, reversible effect, partially dependent on
the endothelium [51, 83]. In rat aorta, with endothelium, this phenylpropanoid
inhibited PHE-induced contraction in normotensive (EUG at 1-100 pM) and
hypertensive animals (EUG at 0.006-6 mM, DOCA-salt model) [48, 75, 84].

The vasorelaxant effect of the EUG was confirmed with flow measurements. In
normotensive animals, EUG induced an increase in flow through the vascular mes-
enteric bed pre-contracted with KCI (ICsg 0.31 + 0.05 mM) or noradrenaline (0.2, 2
or 20 uM) [50, 85].

EUG also has a vasodilatory effect on pressurized cerebral artery of rats (ICsq of
234.2 + 11.3 pM) or pre-contracted with K* (ICsg of 323.3 + 14.0 pM) [11].

The hypotensive and vasorelaxing effect of the EUG is due to multiple mecha-
nisms, the effect of which on ion channels stands out. In VSM cells, the EUG blocks
VDCCs by the channel pore blocking mechanism and by changing the steady state
of channel inactivation [11, 51]. Consistent with this effect, in rat heart muscle, it
was suggested that the negative inotropic effect of EUG (0.1-0.5 mM) is due to the
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blocking of Ca®* channels without, however, altering the activity of the contractile
intracellular machinery [85]. Similar results were also observed in canine myocytes,
where EUG reduced the amplitude and changed the kinetics of the Ca** current of
VDCC L-type channel [86].

Studies have also shown that endothelial TRP channels can participate in the
vasorelaxant effect of EUG (5 mg/kg, i.v). EUG at low concentrations (100 pM) is
able to activate TRPV4 currents in these cells, triggering actions that lead to
vasorelaxation [51].

It is known that among the predominant pathological changes in DM are blood
vessel alterations. Nangle et al. [87] demonstrated that the EUG (200 mg/kg/day,
p.0.) was able to reverse the increase in sensitivity to PHE and the reduction of
ACh-induced relaxation in the renal artery of diabetic rats. This mechanism
probably occurred through NO and EDHF.

As EUG has low toxicity, affects several vascular beds and has an inhibitory
effect on Ca®* channels, it has therapeutic potential in treatment of DM and
Hypertension.

3.4 Aldehydes
3.4.1 Cinnamaldehyde

In rat aorta, cinnamaldehyde has an endothelium-dependent relaxing effect on
contraction induced by KCl, prostaglandin F2 (PGF2), and NE [88]. Endothelium
dependence, however, has been refuted by Xue et al., since the vasorelaxant effect
induced by cinnamaldehyde was not mitigated by pretreatment with L-NAME
or ODQ [89]. In addition, these authors reported that COX, K* channels, and
B-adrenergic receptors are not involved in the vasorelaxant effect of Cinnamaldehyde
[52, 88, 89].

In the coronary artery, cinnamaldehyde has a concentration-dependent and
endothelium-independent relaxing effect of maximum efficacy on contractions
induced by U46619 and KCI [90].

The cinnamaldehyde relaxation mechanism is suggested to occur due to alter-
ations of the sensitivity of contractile proteins to Ca** and, mainly, by inhibiting
VDCGCs, as this monoterpenoid inhibited the contraction induced by BayK 8644 in
the coronary artery [52, 90]. Additionally, cinnamaldehyde has been shown to
reduce L-type Ca®* currents in VSM cells (ICsq of 0.81 & 0.02 mM; maximum
efficacy) [52].

In the aorta and mesenteric artery of diabetic mice, cinnamaldehyde added to
the diet (% 0.02) improved the endothelial response to ACh without changing SBP.
Additionally, cinnamaldehyde prevented the production of ROS and depletion of
NO, with beneficial effect in DM [91, 92]. In DM, cinnamaldehyde (20 mg/kg/day)
also protected against the elevation of diastolic pressure, the increase in respon-
siveness to contracting agents and the hyporesponsiveness to ACh [93].

3.4.2 Citral

Citral is a monoterpenoid considered to be non-toxic and of therapeutic rele-
vance [54, 96]. Citral reversibly inhibited contractions induced by PHE (ICsq
99.34 pg/mL) and KCI (ICso 110.80 pg/mL) in aorta of healthy rats with maximum
efficacy. The authors suggested that this effect occurs due to the blockade of
VDCGCs, since citral inhibited contractions induced by BaCl, and BayK 8644
[53, 54].
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Relaxing effect of citral was observed in the aortic artery of SHR. This
monoterpenoid in concentrations of 0.00624 mM-6.24 mM, induced a relaxing
effect partially dependent on the NO pathway. Additionally, citral blocked the
contraction induced by reposition of Ca®* to nutrient solution, and this suggested
the hypothesis that this compound inhibits Ca®* influx through VDCC channel [95].

3.4.3 Citronellal

Citronellal is a monoterpenoid composed of a racemic mixture of two enantio-
mers present in plants [96]. In normotensive animals, citronellal (10-40 mg/kg)
induced hypotension, bradycardia, and sinoatrial node block. The bradycardic
effect probably involves muscarinic receptors as it has been inhibited by atropine.
In hypertensive animals, citronellal (200 mg/kg) induced a hypotensive effect of
greater duration than that of NIF (1 h of NIF x 3 h in citronellal) [55]. On contrac-
tions induced by PHE and KCl in the superior mesenteric artery of normotensive
rats, citronellal had a endothelium-independent and concentration-dependent
vasorelaxing effect, with maximum efficacy [55].

3.5 Ketone
3.5.1 Carvone

Carvone is a monocyclic monoterpenoid. Heuberger and collaborators [97]
investigated the effects of (—)-carvone and (+)-carvone inhalation on the auto-
nomic nervous system. Inhalation of (—)-carvone caused an increase in HR and
systolic blood pressure; (+)-carvone inhalation increased systolic and diastolic
blood pressure [97]. In rat aorta, carvone had a vasorelaxant effect (Emax = 58.9%)
for both enantiomers. The ICso values for (+)-carvone in contractions induced by
PHE was 0.62 mM [57].

3.5.2 Rotundifolone

Rotundifolone (RT) is a monocyclic monoterpenoid. RT (1-30 mg/kg, i.v.) had a
hypotensive (partial efficacy = 51%) and bradycardic (partial efficacy = 87%) effect
in non-anesthetized rats. The hypotensive effect of RT was attenuated by atropine
and L-NAME, suggesting the participation of muscarinic receptors in this
effect [58].

On isolated aorta from rats, RT inhibited contractions induced by KCl (ICso
184 pg/ml (1.1 mM)) and PHE (ICs 185 pg/ml), with maximum efficacy. As a
mechanism of this effect, a possible blocking of VDCCs and of the release of Ca**
from sarcoplasmatic reticulum by RT was suggested [58, 59]. Others also observed
the vasorelaxing effect of RT in the mesenteric artery of rats contracted with PHE
(pD2 = 4.0, maximum efficacy). As a mechanism for this effect, activity on TRPMS8
channels, activation of large conductance Ca’*-activated K* (BK¢,) channels, and
inactivation of VDCCs were suggested [60, 98, 99].

3.5.3 1,8-cineol

1.8 cineole (CIN), also known as eucalyptol, in anesthetized and conscious
normotensive animals, CIN (0.3-10 mg/kg, i.v.) induced hypotension, with maxi-
mum effect in 20-30 s after administration and duration of 1-5 min. This effect was
independent of the autonomic nervous system, and a probable dependence on
vascular relaxation was suggested [62]. CIN (0.1 mg/kg, i.p.) has been shown to
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attenuate the elevation of systolic blood pressure in hypertensive rats induced by
chronic nicotine exposure [61].

In another study, in the aorta of normotensive rats, CIN inhibited PHE-induced
contraction (ICsq of 663.2 pg/ml (4.29 mM)). This effect was altered by the presence
of L-NAME but was not affected by indomethacin or tetrathylamonium [63].

3.5.4 Linalyl acetate

In hypertensive rats, the linalyl acetate (LA, 10-100 mg/kg, i.p.) attenuated the
increase in systolic and diastolic blood pressure. LA also modulates the expression of
Endothelial NO Synthase (eNOS), preventing its suppression by ROS. This
suggested a possible antihypertensive effect of LA [64, 65]. In rats with hyperten-
sion induced by chronic exposure to nicotine and stress, LA (10-100 mg/kg), had a
hypotensive effect [66].

It was reported that diabetic animals exposed to chronic stress showed a reduc-
tion in endothelial function, changes in SBP and HR. LA (100 mg/kg) was able to
revert these parameters to close to control values [100].

In a rabbit carotid artery, LA induced a relaxing effect on PHE-induced con-
traction, with partial efficacy (E,ax = 88.8%) and ICs 3.6 X 107* M. According to
the authors, the cGMP-NO pathway and phosphorylation of myosin light chain, are
involved in the relaxing effect of this monoterpenoid, since it was attenuated by L-
NAME and ODQ [67]. It was also observed that the LA (300 pM) showed a relaxing
effect of PHE-induced contraction in the aorta of mice exposed to nicotine [101].

4, Final considerations

Based on these studies, it can be concluded that the vast majority of those
monoterpenes and monoterpenoids investigated and here presented have a hypo-
tensive and vasorelaxant effect. Concerning the hypotensive effect, the studies did
not include medium or long-term treatments; they were all about acute effects. In
terms of results obtained, there was great variation in the repercussion on heart rate:
concomitant tachycardia, in most cases, which was generally interpreted as a reflex
reaction to a hypotensive effect of primary vascular origin; bradycardia or no
change in heart rate in other cases. Concerning the investigation of the hypotensive
effect, in terms of the methodology of administration of monoterpene or
monoterpenoid, there was great variation in the route of administration employed,
intraperitoneal in some cases, intravenous and oral in others, which makes com-
parisons more difficult. Additionally, concerning the perspective of therapeutic use,
this is a relevant issue, since for long lasting treatment, as is the case with essential
hypertension, the oral route of administration is largely preferable, if not
mandatory.

Regarding the vasorelaxant effect, most studies describe a relaxing effect in rat
aortic rings on contractions mediated by EMC and PMC and suggested, as partici-
pant in mechanism of action, based on indirect evidence, the inhibitory effect of
these pharmacological agents on the activation of L type VDCC. Participation of K*
and TRP ionic channels, as well as intracellular mechanisms on monoterpene and
monoterpenoid-induced relaxation of contraction have been little investigated.

From the point of view of the possible therapeutic use of monoterpenes and
monoterpenoids for the treatment of arterial hypertension, it can be concluded that
several studies on the pressure and vascular effects have been carried out. These
studies point to a potential therapeutic use for several of these agents. However, in
general, they were restricted to the initial stages of a preclinical study.
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Chapter 9
Terpenoids: Lycopene in Tomatoes

Dwi Setyorini

Abstract

Terpenoids are compounds that only contain carbon and hydrogen, or carbon,
hydrogen and oxygen that are aromatic, some terpenoids contain carbon atoms
whose number is a multiple of five called isoprene units. There are many terpenoids
in tomatoes, one of which is a tretrapenoid. A type of tetrapenoid, the carotenoids.
Lycopene is a terpenoid found in tomatoes. Lycopene is the most carotenoid group
in tomatoes. Lycopene plays a very important role in maintaining human health,
including its role in the risk of chronic diseases such as cancer, heart disease, and
others. The lycopene content in tomatoes depends on genetic factors, in this case
the tomato variety, the environment where the tomatoes grow and the fruit stor-
age environment, and the age of the tomatoes. The genetic factor of tomato fruit
that greatly affects lycopene content in tomatoes is the color of the fruit. Color is
generally an accurate indicator of lycopene content, with yellow cultivars contain-
ing less lycopene than red cultivars, and two out of three red cultivars contain more
than orange cultivars. Shade tomato plants can increase the lycopene content in
tomatoes. Aside from the lack of light in the tomato plant environment, the humid-
ity and air temperature around the tomato plants also greatly affect the lycopene
content in the fruit.

Keywords: terpenoids, carotenoids, lycopene, genetics and environment

1. Introduction

Terpene is a group of hydrocarbons that are produced by many plants and
animals. In plants, terpenes are contained in the sap and vacuoles of cells.
Hydrocarbons are commonly known as terpenes and oxygen-containing com-
pounds called terpenoids are the most important constituents of essential oils.

In plants, terpene compounds and their modification, terpenoids, are secondary
metabolites. These tarpenes exist in large numbers and in a variety of molecular
frameworks, but can be easily recognized by the regularity of the monomers
formed from isoprene [1, 2]. Apart from being a secondary metabolite, terpenes
are the building blocks of a number of important compounds for living things.
Humanity has used terpenes extracted from plants for various purposes, namely
as fragrances and flavorings, as pharmaceutical agents and as insecticides. Despite
their great commercial value, terpene products have important biological functions
in plants. The terpene metabolites are not only important for plant growth and
development (eg gibberellin phytochromes) but also an important tool in various
plant interactions with the environment [2].

Terpenoids are plant components that have an odor and can be isolated from
plant material by distillation, known as essential oils. Essential oils derived from
flowers were initially known from a simple structure determination with the ratio
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of hydrogen atoms and carbon atoms of a terpenoid compound, which is 8: 5 and
with this ratio it can be said that these compounds are in the terpenoid group.. In
general, terpenoids consist of elements C and H with the general molecular formula
(C5H8) n, the classification usually ranges from the value of n (Table1).

Food carotenoids are generally made of the C40 tetraterpenoid of eight C5 iso-
prenoid units, joined in reverse order down the middle. A symmetrical linear base
framework, which can be cyclically at one or both ends, has a side methyl group
separated by six C atoms at the center and five C atoms elsewhere. Cyclization and
other modifications, such as hydrogenation, dehydrogenation, double bond migra-
tion, shortening or expansion of chains, rearrangement, isomerization, recogni-
tion of oxygen function, or a combination of these processes, yield a myriad of
structures. Its hallmark is the extensive system of conjugated double bonds, which
function as a light-absorbing chromophore responsible for the yellow, orange, or
red color this compound imparts to many foods. Hydrocarbon carotenoids (that s,
carotenoids consisting only of carbon and hydrogen) are collectively called carot-
enoids; which contain oxygen are called xanthophiles. In nature, they exist mainly
in the more stable all-trans isomer form, but the cis isomer appears. The first two
C40 carotenoids formed in the biosynthetic pathway have a 15-cis configuration
in plants. The small amount of other cis carotenoid isomers in natural sources is
increasingly being reported [4].

A terpenoid compound is a compound that contains only carbon and hydrogen,
or carbon, hydrogen and oxygen which are aromatic, some terpenoids contain
carbon atoms which are multiples of five containing only carbon and hydrogen, or
aromatic carbon, hydrogen, and oxygen, some are terpenoids containing carbon
atoms whose number is multiples of five called isoprene units. Terpenoids are
grouped based on the number of isoprene units that compose them, namely mono-
terpenoids, sesquiterpenoids, diterpenoids, triterpenoids, tetraterpenoids, and
polterpenoids. Some of these terpenoid compounds are used as anti-tumor drugs
because of their cytotoxic effects and some have antiviral activity. Terpenoids are
commonly found in plant cells [5]. Terpenoids are chemical compounds made up of
several isoprene units. Most terpenoids have a cyclic structure and have one or more
functional groups. Terpenoids are generally fat soluble and present in the cytoplasm
of plant cells [6].

The terpenoid compounds that contain C40H64 are Pigments and Carotene. For
humans, carotenoids or carotenoids play an important role for health, carotenoids
with provitamin A activity are important for vision. Other carotenoids that affect
human defense function and gap junctional communication (GJC). Moreover, their
antioxidant capacity is responsible for the health-promoting properties of fruits
and vegetables [7]. The chemical diversity of plant terpenoids can be a reflection of
their various biological activities in nature, as natural resources that are widely used

Name Chemical Formulas Source
Monoterpen CioHig Essential oil
Seskuiterpen CisHay Essential oil
Diterpen CyoHs, Pine Resin
Triterpen C3oHys Saponins, Damar
Tetraterpen CyoHgs Pigment, Carotene
Politerpen (CsHg),n 8 Natural Rubber
Table 1.

Classification of terpenoids [3].
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by traditional and modern humans, for example medicines, flavorings, fragrances,
food supplements in the form of sweetening vitamins., and pesticides. The terpe-
noid plant also serves as a volume high feedstock for producing industrial materials.
Due to their many different structures, plant terpenoids a group as compounds
with many different physical and chemical properties. They can be lipophilic

or hydrophilic, volatile or non-volatile, cyclic or acyclic, chiral or achiral. The
chemical diversity of terpenoids comes from the biosynthetic pathway of complex
terpenoids [8].

In classical biochemistry, it plays an important role in determining features of
cellular regulation (eg, possible feedback loops involving allosterism or covalent
modification) and in measuring intermediate fluxes and concentrations to provide
important metabolic context. With this level of understanding, it should be possible
to manipulate transgenic terpenoids directed at biosynthesis to enhance the taste
and color of foodstuffs, increase yields of any commercially important compounds,
and resistance to pests and pathogens. The possibilities, like the form and function
of terpenoid biosynthesis, of orbit are nearly endless [9].

Terpenoids (isoprenoids) encompass more than 40,000 structures and form the
largest class of all known metabolic plants. Several terpenoids with typical physi-
ological functions are common to most of the plant species. Historically, terpenoids
in particular, along with alkaloids and many phenolics, have been referred to as
secondary metabolites. Literature in broad terms, conceptually and empirically,
has an essential ecological function in plant biology. Due to their diverse biologi-
cal activities and their various physical and chemical properties, terpenoid plant
chemicals have been exploited by humans as traditional biomaterials in complex
compounds or in more or less pure compound form since ancient times [8].

2. Lycopene one of the carotenoids

There are many terpenoids in tomatoes, one of which is tretrapenoid. One
type of Tetrapenoid, namely Carotenoids. Carotenoids are important pigments in
plant growth. It has been isolated and identified that more than 750 carotenoids
have been described as biological substances. These carotenoids are synthesized
by plants, algae, fungi, and bacteria, and are also present in animals that eat them
[10]. Apart from being an antioxidant, it turns out that carotenoids can now also be
used as bio-solar cells. Dye sensitive solar cells (DSSC), also called Graetzel cells,
are a new type of solar cell. DSSC becomes more attractive because a variety of dyes
including natural dyes can be used as light harvesting elements. The information
currently available on the natural dyes that have been used at the DSSC is expected
to provide reasonable light harvesting efficiency, sustainability, low cost and easy
waste management. Promising natural compounds are carotenoids, polyphenols,
and chlorophyll [11].

Carotenoids are found in photosynthetic plants and bacteria, where these
compounds have two important functions, namely pigments as accessories in
photosynthesis and photoprotection. The first function is as a place for photosyn-
thesis in plant organs. The second function is a consequence of the structure of the
carotenoid conjugated polyenes, which allow molecules to absorb light and deacti-
vate single oxygen and free radicals. Humans routinely ingest a variety of different
carotenoids, including those that occur naturally in foods (especially fruits and
vegetables) and the addition of food coloring to other foods [12].

Several papers reported carotenoid retention of more than 100% in cooked
foods calculated on the basis of dry weight. This result cannot be considered an
actual improvement; it is unlikely that carotenoids will be biosynthesized during
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cooking. The heat treatment activates the enzymes responsible for carotenoid
biosynthesis and, in fact, stimulates isomerization and oxidative degradation
of carotenoids. This alleged increase could be simply due to carotenoids that are
easier to extract from cooked or processed samples compared to carotenoids
in fresh foods, which are physically protected or combined with other dietary
components. The extraction efficiency of fresh samples must be increased to
match those of cooked samples (such as immersing the sample in water or extract-
ing solvents prior to extraction), and the extraction must be thorough. The
significant increase may also be due to leaching of sizeable dissolved solids, such
as carrots, which concentrate carotenoids per unit weight of food. Calculating the
retention of insoluble solid bases has been proposed in this case. In addition, the
enzymatic oxidation of carotenoids can substantially decrease their concentration
in the raw sample, especially if the sample is left for some time after being cut or
shredded [4].

Lycopene (lycopene), often referred to as a-carotene, is a bright red pigment
carotenoid, found in tomatoes and other red fruits. Lycopene in nature, is in
a thermodynamically stable trans form, dissolves in non-polar solvents and is
found in the 446-506 nm wavelength range [13]. Lycopene is a class of carotenoid
compounds, and carotenoids including terpenoids, so lycopene is also a terpenoid.
Lycopene is found in fruits, giving the fruit their red color. In this study, two
variables were observed, namely the ratio of sample versus solvent 1: 1 and 1: 3, and
temperature variables of 30° C and 50° C. The results were variable levels of 20%
and 75% lycopene. The solvent ratio results in a higher lycopene. One thing that
affects the lab results is the cleanliness of the cuvette as it can cause the absorbance
and transmittance readings to be wrong [14]. Lycopene is the main pigment of
many red meaty fruits and vegetables, such as tomatoes, watermelon, papaya and
red guava, and red or pink grapefruit. {- Carotene is more ubiquitous but usually
present at low levels except in Brazilian passion fruit [15] and in star fruit [16]
where it appears as the main pigment.

3. The role of lycopene in life

Lycopene is included in a family of carotenoid compounds found in fruits, veg-
etables and green plants. In plants, these compounds are part of the plant and are
responsible for the yellow, orange, and red colors in fruits and vegetables. They are
synthesized by plants and microorganisms [17]. Lycopene is not an essential nutri-
ent for humans, but is found in many foods, especially from foods prepared with
tomato sauce. When absorbed from the stomach, lycopene is carried in the blood
by various lipoproteins and accumulates in the liver, adrenal glands, and testes. The
lycopene content of the different tomato and tomato products was determined. In
the following table, we present the lycopene content (mg / 100 g), of the products
we studied. The lycopene content in fresh tomato samples ranged from 12 mg /

100 g. In tomato products, lycopene content has the following values: in tomato
paste, approximately 16 mg / 100 g, in boiled tomato sauce approximately 4 mg /
100 g, tomato sauce 17 mg / 100 g and spaghetti sauce 16 mg/100 g [18].

Lycopene acts as an inhibiting agent, lycopene eliminates carcinogenesis
from the outside (viruses, pollution, radiation, chemicals) with an antioxidant
mechanism so that the oxidative stress that occurs does not cause cellular or genetic
damage to DNA [19]. Serum concentrations of lycopene, a biomarker of dietary
intake rich in tomatoes, may play a role in the early stages of atherogenesis and may
have clinical and public health relevance [20]. Lycopene can also decrease H202
levels which trigger heart cell damage and decrease the activity of Caspase-3 which
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is a key enzyme in cell death in in-vitro testing of HOC2 cardiac cells [21]. Lycopene,
a type of biological carotenoid, shows a constant physical cooling rate with the
highest singlet oxygen (kq = 31 x 109 M-1s-1). Constant physical cooling rate with
p-carotene singlet oxygen (kq = 14 x 109 M-1s-1), B-carotene singlet oxygen cooling
capacity (0.5 pm in plasma), lycopene singlet oxygen cooling capacity (0.7 pm) in
plasma), albumin-bound bilirubin (15 pm in plasma), and a-tocopherol (22 pm in
plasma) were comparably large [22]. Lycopene has been shown in several studies

to be the most powerful antioxidant, ranking as follows: lycopene> a-tocopherol>
a-carotene> B-crypto-xanthin> zeaxanthin = -carotene> lutein. Carotenoid
mixtures are more effective than single compounds. This synergistic effect is most
pronounced when lycopene or lutein is present. The superior mixed protection may
be related to the specific position of different carotenoids on the membrane [23].
Consumption of tomatoes is usually associated with intake of lycopene and other
antioxidants that have health effects. The tomatoes analyzed in this work represent
a typology primarily used for fresh consumption in Mediterranean countries. They
show remarkable differences in antioxidant abilities and carotenoid and glycocaloid
content [24].

Several animal studies have reported a role for lycopene in cancers other than
the prostate. Lycopene inhibited the growth and development of C6 glioma cells
(malignant brain cells) transplanted into mice [25]. Growth inhibition is more
pronounced when given prior to inoculation of glioma cells. Administration of
lycopene has been shown to significantly slow down and reduce the growth and
development of spontaneous breast tumors in mice [17]. This effect is associated
with decreased activity of milk thymidylate synthetase and decreased levels of
serum free fatty acids and prolactin, hormones known to be involved in breast
cancer development by stimulating cell division. The mice given lycopene devel-
oped significantly fewer tumors, and smaller areas of the tumor than mice not
given the supplement. p-Carotene has shown no protection against breast cancer
development.

Lycopene is an antioxidant that can neutralize free radicals. Free radical damage
is one of the main causes of diseases such as heart disease, premature aging, cancer
and cataracts. Lycopene has long been used as a preventative measure to prevent
prostate cancer, consumption of tomato products is often associated with a lower
risk of developing prostate cancer [26]. In vitro studies, showed that lycopene
can also inhibit the growth of lung cancer cells [27]. High levels of lycopene and
vitamin A in women’s blood serum had a 33% lower chance of developing cervical
cancer [28] and lycopene was also able to reduce the development of breast cancer
[29]. Lycopene can also manage and prevent osteoporosis which is common in
women [30].

Lycopene has attracted a lot of attention since 1995, a 6-year study by Harvard
University, nearly than 48,000 people found that those who ate at least 10 serv-
ings of foods containing tomato or tomato sauce per week, had a 45% less chance
of developing cancer prostate [31]. The molecular formula for lycopene is C42H56
with the following formula (Figure1).

- R i - i i =
Lycopene

Figure 1.
Lycopene construction formula [31].
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4. Effect of genetic factors on lycopene content in tomatoes

The lycopene content in tomatoes is greatly influenced by many factors. Both
genetic and environmental factors. The genetic factor of tomatoes that greatly
affects the content in tomatoes is the color of the fruit. Color is generally an accu-
rate indicator of lycopene content, with yellow cultivars containing less lycopene
than red cultivars, and two out of three red cultivars containing more than orange
cultivars. Yellow, orange and red tomatoes can be used as indicators of lycopene
and beta-carotene content in tomatoes, but this is not the case for black tomatoes,
because black tomatoes “Black Cream” have a higher lycopene content than red.
“Celebrity type, however, black tomatoes. “Black Tula“ and “Black Plum” have
lower lycopene content [24, 32].

The lycopene concentration of fruit growing in the field showed a significant
difference based on fruit color. Lycopene concentrations range from 0.14 mg-g bk
on Yellow Pear to 1.63 mg-g bk, in Rome, the equivalent of 1.86 mg-100 g - 1 bs in
Yellow Pear to 16.30 mg —100 g - 1 bs in Rome [33]. The constructs are introduced
into tomato (cv. Moneymarker) through Agrobacterium-mediated transformation
and the primary transformants are brought to maturity in the greenhouse. The
presence of transgene was tested on leaf DNA via PCR and chromosome comple-
ment through leaf nucleus cytometry analysis. Only PCR positive euploid plants
were subjected to further research. These plants showed no significant change in
growth habits or leaf color phenotypes, and produced normal fruit. Among the
transformants, many exhibited a changing color phenotype of the fruit, varying
from parent Moneymarker line red (MM) to bright orange. The transform shows a
red color, after visual inspection, some shows a slightly darker color [32].

Fruit color is very much determined by the ratio of lycopene and beta-carotene
content, where fruit with the same lycopene content but lower beta-carotene
content will make the fruit look red, while fruit that has the same lycopene content
with higher beta-carotene content results in fruit color appearance more orange
[34]. Tomatoes with red color with a higher content of lycopene have better anti-
oxidant activity for the heart than tomatoes with higher levels of beta-carotene and
lutein, but this antioxidant activity is better in the form of fruit juice compounds
than in the form of lycopene, beta-carotene and lutein pure [35].

The antioxidants in cherry tomatoes have a higher lycopene content than round
or cluster tomatoes. Cherry tomatoes contain between 48.9 and 116.7 mg of lyco-
pene per kg of wet weight. Round types ranging from 4.3-47 mg / kg wet weight.
The lowest type of lycopene cluster or cluster is 12.6-35 mg / kg wet weight [24,
34]. However, the color of the fruit always gives a different content of lycopene.
Red fruit will provide a higher content in yellow fruit, but this is also connected to

Figure 2.
Color Varieties Juliet (N1V1) and Golden Sweet (N1V2) of Cherry Tomatos, Golden Shine (N1V3), and
Betavila (N1V4) of Round Tomato.
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the ratio A and B in the fruit. So although cherry tomatoes have a higher lycopene
content, if the fruit color is more yellow or orange than round tomatoes, the lyco-
pene content in cherry tomatoes is less than that of round tomatoes [36, 37]. One
example of a cherry tomato from the Golden Sweet variety which is yellow in color
has a lower content of lycopene compared to the red Betavila variety, although it is
not a cherry tomato (Figure 2).

5. Effect of environmental factors on lycopene content in tomatoes

Apart from genetic factors, there are other factors that affect lycopene levels
in tomatoes. The intensity of sunlight greatly affects plant growth, as well as on
tomato plants. Tomato plants treated with 25% black color gave higher antioxidant
content of lycopene and beta-carotene than plants treated with 40% shade with
pearl, red and yellow colors [38]. The lycopene content of tomatoes grown in
greenhouses was 40% higher than those grown in open land. Shade by the foliage
may be important for maximizing the lycopene content of tomato plants that grow
in warm areas with high solar radiation. Partial fruit shade can be achieved by
selecting cultivars with closed canopies, by changing pruning techniques to leave
the upper lateral shoots, tying this ripening intact and by orienting the crop rows in
a north-south direction [39].

In terms of production parameters, plants with a net shade of 40% had a higher
tomato production than 50% shade and the highest production when given net shade
with pearl and red colors [40]. The sensitivity to shade depends on plant genetics, the
production of tomato varieties in Rempai and Bogor varieties will decrease if planted
by poly-culture/intercropping, while Palupi varieties have higher production when
planted intercropping [41]. The intensity of sunlight greatly affects the temperature
around the plant. Research on lycopene content shows that fruit surface temperature
is a more accurate predictor of fruit lycopene content than air temperature, espe-
cially in situations where the fruit is directly exposed to intense sunlight. The more
direct sunlight is exposed to the fruit, the higher the surface temperature of the fruit,
which leads to a lower lycopene content of the fruit [39]. This also happened in the
study conducted by the author, where 25% shade gave a high enough yield on tomato
production and lycopene content. The increase in tomato fruit production can reach
40% in determinate tomatoes (Betavila variety). The increase in lycopene content
occurred for Juliet tomatoes, with the highest lycopene content at 50% shade and for
Betavila varieties the highest lycopene content with 25% shade [42].

Other environmental factors that can affect the lycopene content of tomatoes
are temperature and humidity. Air temperature below 12° C and temperature above
32° C can reduce the antioxidant content [43]. Fruit stored at 15° C and 25° C had
a higher lycopene content than when stored at 7° C [44]. Tomato fruit harvested
green-ripe and exposed to light for 24 hours of ripening at 25° C in a growth cabi-
net, had a higher concentration of lycopene than light-ripe green fruit for 8 hours
[35]. Tomato plants grown in environmental conditions with a maximum average
air temperature of 40.01° C, with an average maximum air humidity of 73%, have
a lower lycopene content in tomatoes. Meanwhile plants grown in environmental
conditions with an average maximum temperature of 34.52 and 35.85° C with
an average humidity of 77.24% and 82.52% had higher lycopene content in Juliet
tomatoes [42]. This happens because respiration occurs faster in environments
with higher temperatures. This respiration process affects the lycopene content in
the fruit. In this respiration process lycopene is degraded into terpenes so that the
lycopene content is reduced. On the other hand, the water content in tomatoes will
increase with each storage, because one of the results of this process is water [45].
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The results of research on greenhouses in anticipation of climate change, with
the application of a combined high-pressure fog system and CO, enrichment can
be applied to reduce the internal temperature of the greenhouse. This can increase
the level of CO, concentration, humidity, and high ambient temperature, compared
to conventional climate strategies. This can increase photosynthesis and other
metabolic activities, including increased carbohydrate supply, driven by changing
micro-climatic conditions in the greenhouse, thereby accelerating plant growth
and increasing dry matter in leaves. The new technology applied to tomato plants
in greenhouses has no negative impact on the formation of fruit sets per frame.
Climate change with modern greenhouses has decreased in increasing total yield
and fruit size, while the occurrence of flower tip rot in tomatoes has decreased. This
indicates that the quality of the fruit is better than the fruit grown in conventional
climatic conditions. Furthermore, it promotes the biosynthesis of carotenoids and
phenolic compounds in tomatoes which are likely to benefit human health [46].

Fruit age also greatly affects the lycopene content in tomatoes. This can be seen
from the results of previous studies that at the time of harvest it affects the lycopene
content in tomatoes, the fruit harvested on June 11, 2001, has a lower fruit lycopene
content than fruit harvested on July 11, 2001. Fruits harvested on 13 September
2001 contain lycopene was lower than the fruit harvested August 14, 2001 and
August 29 2001 [39]. Physiologically immature fruit has a lower lycopene content
than physiologically ripe fruit, but physiologically overripe fruit also has a lower
lycopene content. The carotenoid content, as well as the antioxidant activity of
lypo-philic, was more influenced by the maturation stage than the cultivar which
was determined to be less although the effect was significant. The glycolipid content
depends on the cultivar stage and maturation [23].

The process of respiration affects the content of lycopene, because during stor-
age the process of respiration occurs which makes lycopene degraded into terpenes
so that the lycopene content decreases. In fact, the water content in tomatoes will
increase with each storage, because one of the results of this process is water [45].
Hydrophilic anti-oxidative activity is typology-dependent, and independent of the
maturation stage. Cherry tomatoes have the highest lipophilic and hydrophilic anti-
oxidant abilities; In addition, its high carotenoids combined with low glycocaloid
content. Therefore it is necessary to conduct research on the factors related to pre
and post harvest conditions that must be taken into account to better understand
their effects on the synthesis and accumulation of components such as carotenoids
and glycocaloids as well as antioxidant abilities. All of these factors contribute to the
determination of tomato quality, particularly in terms of the health-related proper-
ties of this fruit [23].

A larger proportion of water results in a decrease in lycopene content.
Considerable differences can be observed between greenhouse production and
open fields. In the field, climatic factors cannot be controlled and plant stands are
exposed to high temperatures and rainfall. Plants grown in the field show lower
lycopene content than in greenhouses. Significant differences were also observed
between different varieties in terms of lycopene content. An understanding of the
relationship between the factors that influence lycopene levels and the content of
other compounds with antioxidant properties is necessary if the potential benefits
for human health are to taken from tomato consumption [47].

The effect of using various enzyme concentrations on the maximum extraction
of lycopene from all dental tumors. The results of the enzyme-assisted extrac-
tion showed an increase in lycopene yield of 96.3/g / g (144%), in the case of the
cellulase-treated samples. Cellulase acts on cellulose. Lycopene extraction using
cellulases and pectinases from various fractions and tomato waste showed that cel-
lulases and pectinases were effective in increasing the yield of lycopene. For whole
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tomatoes, pectinase was more effective than cellulose, with an increase in lycopene
yield of 108 g / g (224%). For tomato peels used as a source of lycopene, pectinase
was also found to be more effective than cellulose, with an increase in lycopene
yield of 1104 pg / g (206%). Fruit pulper waste showed an increase in lycopene
extraction yield of 119 g / g (23%) for cellulase and 190 g / g (52%) for samples
treated with pectinase. Once again, pectinase was proven to be more effective than
cellulase for lycopene extraction from pulp waste. However, there was an increase
in lycopene yield of 202 g / g (61%) and 156 ug/g (45%) respectively for industrial
waste samples treated with cellulase and pectinase. Therefore, cellulase enzymes
are more effective than pectinases for lycopene extraction from industrial waste.
Of all the fractions and tomato waste studied as a source of lycopene, it turned out
that tomato peels showed the highest increase in lycopene yield using the pectinase
enzyme. The two enzymes used in this study were found to improve lycopene recov-
ery from tomato waste. In conclusion, the amount of valuable lycopene pigment

in tomatoes, which is lost as waste in processing, can be recovered in high yield by
extraction using cellulases and pectinases [48].

Processing of tomato pulp in the presence of 5% lipids led to the following
results and hypotheses. Adding lipids before processing clearly increases the bio-
accessibility of lycopene. However, the type of lipid added is not very important
compared to the applied process conditions. Processing can remove cellular barri-
ers to the accessibility of lycopene in tomato-based products. However, it remains
unclear which barrier (cell wall or chromoplast) is affected by which unit operation
and under what conditions. Therefore, a more detailed study in this context is
suggested. As a practical guideline for increasing the bio-accessibility of lycopene,
intense thermal processing is recommended for large tomato particles while less
intense conditions are sufficient for smaller tomato particles obtained by prior
mechanical processing to damage the cellular structure. Although in vitro digestion
models have proven to be valuable tools for predicting phytochemical bioavail-
ability in foods, further (in vivo) bioavailability studies are needed to confirm the
findings of this study. The results presented can be used as a guide for this in vivo
experiment [49]. So the content of lycopene in fruit is not only influenced by plant
genetics, environmental factors and fruit processing also greatly affect the content
in tomatoes.
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