
mdpi.com/journal/plants

Special Issue Reprint

Plant Essential Oil with 
Biological Activity II 

Edited by 

Hazem Salaheldin Elshafie, Ippolito Camele and Adriano Sofo



Plant Essential Oil with Biological
Activity II





Plant Essential Oil with Biological
Activity II

Editors

Hazem Salaheldin Elshafie

Ippolito Camele

Adriano Sofo

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editors

Hazem Salaheldin Elshafie

University of Basilicata

Potenza

Italy

Ippolito Camele

University of Basilicata

Potenza

Italy

Adriano Sofo

University of Basilicata

Matera

Italy

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Plants

(ISSN 2223-7747) (available at: https://www.mdpi.com/journal/plants/special issues/Essential Oil

2).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0379-8 (Hbk)

ISBN 978-3-7258-0380-4 (PDF)

doi.org/10.3390/books978-3-7258-0380-4

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Hazem S. Elshafie and Ippolito Camele

Plant Essential Oil with Biological Activity (II)
Reprinted from: Plants 2023, 12, 3616, doi:10.3390/plants12203616 . . . . . . . . . . . . . . . . . . 1

Melissa Salinas, James Calva, Luis Cartuche, Eduardo Valarezo and Chabaco Armijos

Chemical Composition, Enantiomeric Distribution and Anticholinesterase and Antioxidant
Activity of the Essential Oil of Diplosthephium juniperinum
Reprinted from: Plants 2022, 11, 1188, doi:10.3390/plants11091188 . . . . . . . . . . . . . . . . . . 5

Mariam I. Gamal El-Din, Fadia S. Youssef, Ahmed E. Altyar and Mohamed L. Ashour

GC/MS Analyses of the Essential Oils Obtained from Different Jatropha Species, Their
Discrimination Using Chemometric Analysis and Assessment of Their Antibacterial and
Anti-Biofilm Activities
Reprinted from: Plants 2022, 11, 1268, doi:10.3390/plants11091268 . . . . . . . . . . . . . . . . . . 17

Arbi Guetat, Abdelrahman T. Abdelwahab, Yassine Yahia, Wafa Rhimi,

A. Khuzaim Alzahrani, Abdennacer Boulila, et al.

Deverra triradiata Hochst. ex Boiss. from the Northern Region of Saudi Arabia: Essential Oil
Profiling, Plant Extracts and Biological Activities
Reprinted from: Plants 2022, 11, 1543, doi:10.3390/plants11121543 . . . . . . . . . . . . . . . . . . 35

Luis Cartuche, James Calva, Eduardo Valarezo, Nayeli Chuchuca and Vladimir Morocho

Chemical and Biological Activity Profiling of Hedyosmum strigosum Todzia Essential Oil, an
Aromatic Native Shrub from Southern Ecuador
Reprinted from: Plants 2022, 11, 2832, doi:10.3390/plants11212832 . . . . . . . . . . . . . . . . . . 51

Abd El-Nasser G. El Gendy, Ahmed F. Essa, Ahmed A. El-Rashedy, Abdelbaset M. Elgamal,

Doaa D. Khalaf, Emad M. Hassan, et al.

Antiviral Potentialities of Chemical Characterized Essential Oils of Acacia nilotica Bark and Fruits
against Hepatitis A and Herpes Simplex Viruses: In Vitro, In Silico, and Molecular
Dynamics Studies
Reprinted from: Plants 2022, 11, 2889, doi:10.3390/plants11212889 . . . . . . . . . . . . . . . . . . 62

Alex S. Borges, Carla M. S. Bastos, Debora M. Dantas, Cı́cera G. B. Milfont,

Guilherme M. H. Brito, Luı́s Pereira-de-Morais, et al.

Effect of Lippia alba (Mill.) N.E. Brown Essential Oil on the Human Umbilical Artery
Reprinted from: Plants 2022, 11, 3002, doi:10.3390/plants11213002 . . . . . . . . . . . . . . . . . . 80

Lupe Carolina Espinoza, Eduardo Valarezo, Marı́a José Fábrega,
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Nenad L. Vukovic, Przemysław Łukasz Kowalczewski, et al.

Biological Activity of Cupressus sempervirens Essential Oil
Reprinted from: Plants 2023, 12, 1097, doi:10.3390/plants12051097 . . . . . . . . . . . . . . . . . . 206

Elena P. Dylenova, Svetlana V. Zhigzhitzhapova, Elena A. Emelyanova, Zhargal A. Tykheev,

Daba G. Chimitov, Danaya B. Goncharova and Vasiliy V. Taraskin

Chemical Diversity of Artemisia rutifolia Essential Oil, Antimicrobial and Antiradical Activity
Reprinted from: Plants 2023, 12, 1289, doi:10.3390/plants12061289 . . . . . . . . . . . . . . . . . . 228

Paola Zinno, Barbara Guantario, Gabriele Lombardi, Giulia Ranaldi, Alberto Finamore,

Sofia Allegra, et al.

Chemical Composition and Biological Activities of Essential Oils from Origanum vulgare
Genotypes Belonging to the Carvacrol and Thymol Chemotypes
Reprinted from: Plants 2023, 12, 1344, doi:10.3390/plants12061344 . . . . . . . . . . . . . . . . . . 241

Taoufiq Benali, Ahmed Lemhadri, Kaoutar Harboul, Houda Chtibi, Abdelmajid Khabbach,

Si Mohamed Jadouali, et al.

Chemical Profiling and Biological Properties of Essential Oils of Lavandula stoechas L. Collected
from Three Moroccan Sites: In Vitro and In Silico Investigations
Reprinted from: Plants 2023, 12, 1413, doi:10.3390/plants12061413 . . . . . . . . . . . . . . . . . . 265

vi



About the Editors

Hazem Salaheldin Elshafie

Hazem Salaheldin Elshafie is a Researcher at the University of Basilicata, School of Agricultural,

Forestry, Food and Environmental Sciences (SAFE), Via dell’Ateneo Lucano 10, 85100 Potenza (PZ),

Italy. He received qualification as an Assistant Professor in “Microbiology” from the Supreme Council

of Egyptian Universities, Cairo, Egypt, in 2019. He also received qualification as a second-level

University Professor in “Plant Pathology” from the National Scientific Qualification, Ministry of

Education, Ministry of University and Research, in 2021. He obtained a PhD in 2012 from Basilicata

University, Italy; a Master of Science in 2009 from the Mediterranean Agronomic Institute of Bari,

Italy; and a Bachelor of Science in 2004 from the Faculty of Science, Zagazig University, Egypt. Hazem

Salaheldin Elshafie is an Associate Editor of Frontiers in Microbiology and a Topic Editor of Plants, MDPI.

Ippolito Camele

In 1983, Ippolito Camele graduated from the University of Naples “Federico II” with a degree

(Laurea) in agricultural sciences. He spent two years as a graduate student at the Institute of Plant

Pathology at the University of Naples under the guidance of Prof. A. Ragozzino, carrying out

studies in Plant virology. He was a researcher (May 1988 – March 2002) at the Institute of Plant

and Forest Pathology, University of Basilicata. Since the 1st of March 2002, he has been acting as an

associate professor at the same institution. He had worked in “Dipartimento per le Agro-Biotecnologie

dell’ENEA di Roma (Casaccia)” in the field of molecular virology. He served as a visiting scientist

at the University of Bologna, where he largely focused on the research of the molecular detection

and characterization of phytoplasmas. His general scientific interests are as follows: plant disease;

natural products; molecular diagnosis; bioactive substances; microbiology; and biological control.

Since 1993, Prof. Camele has taught various plant pathology courses at the University of Basilicata

and is responsible for several research projects and international collaborations. Ippolito Camele has

coauthored more than 280 publications in national and international journals. Currently, Prof. Camele

serves as an Associate Editor in the Frontiers in Microbiology journal and an Editorial Board Member of

the MDPI journal Plants. In 2017, he obtained the academic title of “Full Professor” in Plant Pathology.

Adriano Sofo

Adriano Sofo is an Associate Professor of Agricultural Chemistry and Plant Biology at the

University of Basilicata. He spent three years (1999–2002) at the University of Basilicata, Italy, with a

Doctorate in Crop Productivity. From 2000 to 2001, he also was a Researcher at the National Agency for

New Technologies, Energy and Sustainable Economic Development (ENEA), Italy. For postdoctoral

training, in 2002, he worked at the Institute of Molecular Biology and Biotechnology, Heraklion, Greece,

within a Marie Curie Fellowship. He then trained as a Postdoctoral Researcher at the University of

Basilicata, where he also worked as an Assistant Professor in Agricultural Chemistry. In 2015, he was

awarded a Fulbright Research Scholar grant to spend at the University of California, Davis. In 2017, he

received a fellowship award from the OECD Co-operative Research Programme at the University of

Waikato, New Zealand. In 2019, he was a visiting professor at Kindai University, Nara, Japan, under a

JSPS Research Scholar Grant. In 2021, he benefited from a DAAD Research Stay at the University of

Bremen, Germany. In 2022, he was awarded a Visiting Faculty Program Fellowship at the Weizmann

Institute of Science, Israel. In 2023, he was a visiting professor at the University of California, Davis.

Since 2022, he has been a member of the EGU’s Biodiversity Task Force. He has been a National

Geographic Explorer since 2023.

vii





Citation: Elshafie, H.S.; Camele, I.

Plant Essential Oil with Biological

Activity (II). Plants 2023, 12, 3616.

https://doi.org/10.3390/

plants12203616

Received: 12 October 2023

Accepted: 17 October 2023

Published: 19 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Editorial

Plant Essential Oil with Biological Activity (II)

Hazem S. Elshafie and Ippolito Camele *

School of Agricultural, Forestry, Food and Environmental Sciences, University of Basilicata, Via dell’Ateneo
Lucano 10, 85100 Potenza, Italy; hazem.elshafie@unibas.it
* Correspondence: ippolito.camele@unibas.it; Tel.: +39-0971-205544; Fax: +39-0971-205503

Abstract: Essential oils (EOs) are concentrated hydrophobic liquids that originate from plants and
contain different bioactive chemicals and volatile substances. Several plant essential oils (PEOs) are
obtained from a variety of medicinal plants and have been utilized in folk medicine and traditional
pharmacopoeia. They have a long history of usage as antibacterial medicines to treat various
human, animal, and plant diseases. The extraction of essential oils frequently involves fractional
distillation with a variety of organic solvents. EOs can be used successfully in the food and cosmetics
industries in addition to their traditional use as antimicrobial agents. This Special Issue covers
various significant PEOs and their individual chemical constituents and biological-pharmaceutical
functions. Further information focused on the chemical characterizations, modes of action, and
biopharmaceutical properties of PEOs. This Special Issue includes seventeen research papers from
different geographical zones.

Keywords: aromatic plants; biochemical characterization; plant disease; pharmaceutical properties;
sustainability

1. Introduction

Several scientific topics related to the biological activity of different plant essential
oils (PEOs) have been published in this Special Issue. With regard to the seventeen papers
that make up the second volume of this Special Issue, “Plant Essential Oil with Biological
Activity II,” they cover several points either from chemical characterization point of view
or even many biopharmaceutical properties and medical applications. The research in this
volume included important essential oils (EOs) from different countries such as: Diplosthep-
hium juniperinum, Hedyosmum strigosum, and Dacryodes peruviana (Ecuador); Psidium guajava
(India); Cupressus sempervirens (Slovakia); Artemisia rutifolia EO (Russia); and Origanum
vulgare (Italy), etc., as discussed below in detail.

2. An Overview of the Most Important Research

2.1. Southern America

In this Special Issue, three research papers about three important essential oils from
Ecuador were published. In particular, a research paper was carried out by Salinas et al. [1]
to biochemically characterize the EO extracted from Diplosthephium juniperinum in Ecuador.
The results of this research showed moderate inhibitory effects regarding the acetyl-
cholinesterase and butyrylcholinesterase enzymes and also low antioxidant activities,
whereas another paper was carried out by Cartuche et al. [2] for studying the biological
activity profiling of Hedyosmum strigosum EO, an aromatic native shrub from southern
Ecuador. The results of this research demonstrated that the main compounds of this EO
were thymol, -phellandrene, thymol acetate, and linalool, accounting for more than 51% of
the EO composition. In addition, H. strigosum EO showed strong antioxidant and antimi-
crobial activities and moderate acetylcholinesterase inhibitory effects. Another study was
carried out by Espinoza et al. [3], who investigated the in vivo anti-inflammatory efficacy
of the copal (Dacryodes peruviana) EO native species from Ecuador. The results showed a

Plants 2023, 12, 3616. https://doi.org/10.3390/plants12203616 https://www.mdpi.com/journal/plants
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moisturizing effect and an alleviation of several events occurring during the inflammatory
process after topical treatment with the EO, such as a decline in skin edema, a reduction in
leukocytic infiltrate, and a decrease in inflammatory cytokines, and hence they concluded
that this EO could be an attractive treatment for skin inflammation.

2.2. Middle East

Several studies have been also carried out on some important EOs from the Middle
East region, especially Egypt and Saudia Arabia, as follows: (i) Eos of Jatropha intigrimma, J.
roseae, and J. gossypifolia (Egypt), which was carried out by Gamal El-Din et al. [4]; (ii) EO of
Devrra triradiata (Saudi Arabia), carried out by Guetat et al. [5]; (iii) EO of Acacia nilotica
(Egypt), carried out by El Gendy et al. [6]; (iv) EO of Thyme vulgaris (Egypt) carried out by
Abd-Ellatif et al. [7]; (v) EOs of six different cultivars of Citrus reticulata (Egypt), carried out
by Fahmy et al. [8]; and (vi) volatile EOs extracted from aerial parts of male and female
ecospecies of Ochradenus arabicus (Saudi Arabia), carried out by Abd-ElGawad et al. [9].

In addition, this Special Issue also contained a study carried out by Khan et al. [10]
on the potential antimicrobial and anticancer properties of seed extracts from Citrullus
colocynthis (Saudia Arabia) by using different organic solvents, such as methanol, hexane,
and chloroform.

This Special Issue also included important research on the comparative metabolic
study of Tamarindus indica (Egypt) from various organs (bark, leaves, seeds, and fruits) and
evaluated their anti-inflammatory effects. This study was carried out by Aly et al. [11] and
concluded that the tested extracts from various organs of T. indica showed considerable
anti-inflammatory and wound-healing activities.

2.3. Western Africa

One research paper has been published also in this volume regarding an EO from
Northwest Africa. The study was carried out by Benali et al. [12], who studied the chemical
profiling and biological properties of EOs extracted from Lavandula stoechas collected from
three Moroccan sites. The chemical GC/MS profiles of the three studied EOs indicated
that their biosyntheses varied depending on the site of growth. The studied EOs have
also explicated promising antibacterial activities against Gram-positive and Gram-negative
bacteria such as Bacillus subtilis and Pseudomonas aeruginosa. These important biological
characteristics of L. stoechas EOs proved that this plant is a valuable source of naturally
occurring bioactive chemicals with therapeutic effects.

2.4. Eastern Asia

Another study in this Special Issue focused on the chemical composition, antimicrobial
effect, and anticancer activity of an EO extracted from Psidium guajava (India). This research
was carried out by Alam et al. [13]. The GC–MS revealed that this EO was composed mainly
from limonene and caryophyllene and concluded that this EO has promising antimicrobial
and anticancer activities and could be a useful source for developing a natural therapeutic
agent for oral infections and oral cancer.

2.5. Eastern Europe

The second volume of this Special Issue also included some important research papers
from Europe. Among them, Galovičová et al. [14] evaluated the antioxidant, antibiofilm,
antimicrobial (in situ and in vitro), insecticidal, and antiproliferative activities of Cupressus
sempervirens EO (Slovakia). They concluded that C. sempervirens could be a suitable natural
alternative as a biocontrol agent against different types of microorganisms, as well as
suitable for controlling biofilms and harmful agricultural pests.

Dylenova et al. [15] studied the chemical diversity of Artemisia rutifolia EO (Russia)
and evaluated its antimicrobial and antiradical activities. Their results showed that this EO
can be classified into Tajik and Buryat-Mongol chemotypes and has strong antimicrobial
activity against Gram-positive bacteria and fungi and high antiradical activity. The authors

2
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of this study concluded that the EO from A. rutifolia in the Russian flora indicates the
prospects of the species as a raw material for the pharmaceutical and cosmetic industry.

2.6. Western Europe

Zinno et al. [16] studied the chemical composition and biological activities of two
Origanum vulgare genotypes widely cultivated in Sicily (Italy). Their results demonstrated
that these studied EOs have high antimicrobial activities, both in vitro and in a food matrix
challenge test. These results suggested their potential use as biocontrol agents against a
wide spectrum of foodborne pathogens.

3. Conclusions

As a result, the studies in this Special Issue demonstrated that several examined PEOs
had positive potential for use in many bio-pharmacological applications, as well as in the
agriculture and food sectors. Many studies in this issue emphasized the potential uses of
a variety of PEOs in the agri-food industry, where they exhibit promising antimicrobial
activities against a wide range of food deterioration microorganisms and prolong shelf-lives
of processed food. Additionally, the investigated EOs and their primary components have
been employed successfully as potential natural substitutes for synthetic drugs against
a number of phytopathogens. Numerous researchers have studied the mechanisms of
biological ability and have linked this potentiality to a distinctive chemical makeup, which
is mainly composed of terpenoids and phenolic chemicals.

Funding: This research received no external funding.
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Abstract: The aim of this study was to extract and identify the chemical compounds of Diplosthephium
juniperinum essential oil (EO) from Ecuador and to assess its anticholinesterase and antioxidant
properties. The EO chemical composition was determined by GC–MS. A total of 74 constituents
of EO were identified, representing 97.27% in DB-5ms and 96.06% in HP-INNOWax of the total
EO. The major constituents (>4.50%) identified were: α-pinene (21.52, 22.04%), geranyl acetate
(10.54, 7.78%), silphiper-fol-5-ene (8.67, 7.38%), α-copaene (8.26, 8.18%), 7-epi-silphiperfol-5-ene
(4.93, 5.95%), and germacrene D (4.91, 6.00%). Enantioselective analysis of the volatile fraction
of D. juniperinum showed: (+)-α-pinene as a pure enantiomer and 5 pairs of enantiomeric com-
pounds. Among them, (−)-β-Pinene and (−)-Germacrene D presented a high enantiomeric excess
of 93.23 and 84.62%, respectively, while (−)-α-Thujene, (−)-Sabinene and (S)-4-Terpineol with a
lower enantiomeric excess of 56.34, 47.84 and 43.11%, respectively. A moderate inhibitory effect was
observed for Acetylcholinesterase (AChE) and Butyrylcholinesterase (BuChE) enzymes with IC50

values of 67.20 ± 7.10 and 89.00 ± 9.90 μg/mL, respectively. A lower antioxidant potential was
observed for the EO measured through DPPH and ABTS radical scavenging assays with SC50 values
of 127.03 and >1000 μg/mL, respectively. To the best of our knowledge, this is the first report of the
chemical composition, enantiomeric distribution and, anticholinesterase and antioxidant potential
of the EO of D. juniperinum. As future perspective, further in-vivo studies could be conducted to
confirm the anticholinesterase potential of the EO.

Keywords: D. juniperinum; essential oil; GC/MS; GC/FID; enantiomers; AChE; BuChE; antioxi-
dant activity

1. Introduction

Asteraceae family is the largest group of vascular plants in the world and is composed
mainly of flowering plants (angiosperms). Also called Compositae, the Asteraceae family
comprises approximately 32,205 species belonging to 1911 plant genera [1], and grouped
into 13 subfamilies [2,3]. Many species of this family are mainly herbaceous plants, however
it can include trees, shrubs and sub-shrubs to vines [4]. Asteraceae occurs on all continents
except Antarctica. On a global scale, the diversity of Asteraceae reported, is distributed as
follows: South America (6316 species), Asia (6016 species), North America (5404 species),
Africa (4631 species), Europe (2283 species), Oceania (1444 species), and the Pacific Islands
(174 species) [5].

Despite its large number of species, a small number of them have been used for human
and animal consumption as weeds (Bidens, Cirsium, Hypochaeris and Sonchus genera) [6,7],
for its toxic and insecticidal properties, in gardening, for ornamental use (Aster, Bellis,
Cosmos, Chrysanthemum, Gazania and Gerbera genera), in the food industry as oil plants

Plants 2022, 11, 1188. https://doi.org/10.3390/plants11091188 https://www.mdpi.com/journal/plants
5



Plants 2022, 11, 1188

(Helianthus annus and Carthamus tinctorius), in the pharmaceutical (secondary metabolites
with important biological activities) [8]. Important medicinal plants such as Matricaria
chamomilla, Artemisia absinthium and Tussilago farfara belongs to this family [9]. Numerous
members of the Asteraceae family are important as aromatic plants, from which essential
oil (EO) can be extracted. These EOs are used in alternative and traditional medicine,
and as ingredients for pharmaceutical and cosmetics industries. The Asteraceae EOs
have a broad spectrum of bioactivity biological owing to the presence of active chemical
compounds [10]. However, in Asteraceae family, as well as, in Boraginaceae and Fabaceae
families, have been reported a series of chemical compound of alkaloid nature that are
toxic for livestock and humans. These natural compounds named pyrrolizidine alkaloids
are natural toxins occurring in Asteraceae family, extracted mainly with organic solvents
from the plant material [11], in contrast to EOs that are a mixture of volatile compounds
of terpene nature, that have a low or minimum toxicity with some exceptions, as safrole
which is a natural compound present in EOs from Piper genus [12] or extracted commonly
from Sassafras genus [13].

Of the 18,500 species of vascular plants registered in Ecuador, orchids are the most
diverse, with 4200 species, followed by Asteraceae with 918 species, which belong to
217 genera, 7 of them endemic [14]. In addition, in Ecuador this family is recognized for the
number of endemic species, with 370 specimens, located in second after orchids. Endemic
Asteraceae are mainly shrubs (195 species) and herbs (97 species). The Ecuadorian Andes
are the center of diversity and endemism in this family, although there are species in the
Amazon, Coast and Galapagos (the four natural regions of Ecuador). Of the endemic
species found in Ecuador, 32 are exclusive to Galapagos [15]. Asteraceae species exhibit a
wide altitude spectrum from near sea level to 5000 m of altitude. In Ecuador the diversity
of this family increases from 2000 to 3000 m a.s.l, registering a maximum between 2900 to
3000 m a.s.l. [9].

Diplostephium is a genus of trees, shrubs, and subshrubs that are part of the flora of the
upper limit of the Andean forests, paramos, jalcas and punas in the neotropical mountains.
Currently this genus is composed of 111 accepted species names [16], distributed from Costa
Rica to Chile in high elevation cloud forests (2500–3000 m), puna habitats (3800–4200 m) and
paramos (3000–4500 m) [17]. In Latin America, 63 species have been reported for Colombia, 39
for Peru, 26 for Ecuador, 10 for Venezuela, three for Chile and one for Bolivia [18]. Diplostephium
juniperinum Cuatrec (Kunth), known as “monte de baño” (bath grass) is an endemic shrub
of Ecuador, distributed in the Andean regions between 2000 to 3400 m a.s.l., especially in the
Andean provinces of Azuay and Loja [14] and is used by indigenous Saraguro (Loja, province) in
postpartum herbal bath [19]. This species has been found only in Ecuador, its natural habitat is
subtropical or tropical moist montane forests. The D. juniperinum plant is a 0.8 m tall shrub which
topped is round. This species has branches densely compacted, bracts green with reddish purple
tinge, disk flowers dull yellow, ray florets white and tipped with pale lavender below [20].

Ecuador is considered a megadiverse country because has many species per unit
surface area. Currently, this country occupies the sixth position worldwide as a biodiversity
hotspot [21]. However, the fact that there are few studies of its aromatic plant species, espe-
cially of the aromatic species of the Asteraceae family, and that study of the D. juniperinum
EO having not been previously reported in the literature have stimulated our interest in
investigating the EO extracted from this species. For that reason, the aim of this research
was to determine the chemical composition, and enantiomeric distribution of the EO of D.
juniperinum, as well as, to assess its antioxidant and anticholinesterase properties and thus,
contribute to the phytochemical characterization of Diplostephium species in Ecuador. In
addition, the search for new natural products or compounds with biological interest is of
relevance for the pharmaceutical and cosmetic industry nowadays.
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2. Results

2.1. Physical Properties

Through hydrodistillation from fresh aerial parts of D. juniperinum, a pale-yellow EO
was obtained, with a low extraction yield of 0.12 ± 0.01% (w/w), a relative density of 0.79 ±
0.02 gr/mL, refractive index [n20] 1.48 ± 0.01 and a specific rotation [α]D

20 = −34.18 ± 0.01◦.

2.2. Chemical Composition

A total of 74 constituents were identified, representing 97.27% in DB-5ms and 96.06%
in HP-INNOWax of the total EO composition. The main constituents (>4.50%) identified
were: α-pinene (21.52, 22.04%) (a), geranyl acetate (10.54, 7.78%) (b), silphiperfol-5-ene
(8.67, 7.38%) (c), α-copaene (8.26, 8.18%) (d), 7-epi-silphiperfol-5-ene (4.93, 5.95%) (e), and
germacrene D (4.91, 6.00%) (f) (Figure 1 and Table 1).

Figure 1. Principal compounds of essential oil of D. juniperinum: (a) α-pinene; (b) geranyl acetate;
(c) silphiperfol-5-ene; (d) α-copaene; (e) 7-epi-silphiperfol-5-ene; (f) germacrene D.

Table 1. Chemical composition of D. juniperinum essential oil.

N◦ Compound
DB-5ms HP-INNOWax

LRI a LRI b Ref. % SD LRI a LRI b Ref. % SD

1 α-Thujene 919 924 [22] 0.17 0.04 - - - - -
2 α-Pinene 926 932 [22] 21.52 3.76 1062 1066 [23] 22.04 4.06
3 Camphene 939 946 [22] 0.54 0.05 1083 1084 [23] 0.59 0.06

4 Thuja-2,4(10)-
diene 943 953 [22] 0.20 0.05 1124 1122 [24] 0.29 0.03

5 Sabinene 964 969 [22] 1.74 0.22 1120 1120 [25] 1.83 0.13
6 β-Pinene 969 974 [22] 3.54 0.42 1109 1108 [25] 3.68 0.52
7 Myrcene 986 988 [22] 0.68 0.14 - - - - -

8 α-
Phellandrene 1004 1002 [22] 0.75 0.07 1161 1163 [25] 1.38 0.16

9 α-Terpinene 1013 1014 [22] 0.34 0.16 1176 1185 [26] 0.28 0.01
10 ρ-Cymene 1020 1020 [22] 0.39 0.48 1273 1270 [25] 1.39 0.17
11 Limonene 1024 1024 [22] 1.97 0.54 1198 1199 [25] 2.07 0.13
12 1,8-Cineole 1028 1026 [22] 0.77 0.18 1208 1206 [25] 0.95 0.01
13 Z-β-Ocimene - - - - - 1236 1236 [25] 0.11 0.02
14 E-β-Ocimene 1043 1044 [22] 2.46 0.26 1254 1253 [23] 2.72 0.33
15 Υ-Terpinene 1052 1054 [22] 0.39 0.11 1244 1244 [25] 0.46 0.01
16 Terpinolene 1079 1086 [22] 0.23 0.14 1284 1290 [27] 0.17 0.01
17 n-Nonanal 1106 1100 [22] 0.22 0.04 - - - - -
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Table 1. Cont.

N◦ Compound
DB-5ms HP-INNOWax

LRI a LRI b Ref. % SD LRI a LRI b Ref. % SD

18 α-
Campholenal 1123 1122 [22] 0.34 0.09 - - - - -

19 trans-
Pinocarveol 1135 1135 [22] 0.31 0.10 - - - - -

20 Borneol 1167 1165 [22] 0.31 0.16 - - - - -
21 Terpinen-4-ol 1176 1174 [22] 0.75 0.16 1609 1600 [27] 0.66 0.01
22 Myrtenal 1189 1195 [22] 0.24 0.07 1623 1631 [24] 0.13 0.01

23 Thymol,
methyl ether 1227 1232 [22] 0.28 0.08 - - - - -

24 Silphiperfol-5-
ene 1331 1326 [22] 8.67 0.40 1464 1495 [27] 7.38 2.45

25 α-Cubebene 1338 1348 [22] 0.15 0.08 1449 1460 [26] 0.23 0.01

26
7-epi-

Silphiperfol-5-
ene

1345 1345 [22] 4.93 0.30 1437 1424 [27] 5.95 0.99

27 Cyclosativene 1354 1369 [22] 0.20 0.00 - - - - -
28 α-Copaene 1365 1374 [22] 8.26 0.55 1479 1483 [23] 8.18 1.40
29 β-Cubebene 1377 1387 [22] 0.99 0.01 1528 1531 [23] 0.34 0.01

30 Geranyl
acetate 1383 1379 [22] 10.54 0.55 1766 1761 [25] 7.78 1.07

31 α-Gurjunene 1392 1409 [22] 1.90 0.16 1514 1520 [23] 2.24 0.12
32 Pinocarvone - - - - - 1563 1559 [28] 0.17 0.04
33 β-Gurjunene - - - - - 1574 1559 [28] 0.58 0.67

34 E-
Caryophyllene 1414 1419 [22] 2.09 0.05 1580 1586 [23] 1.07 1.33

35 β-Copaene 1425 1430 [22] 0.16 0.06 - - - - -
36 Aromadendrene - - - - - 1615 1613 [25] 0.17 0.06

37 cis-Muurola-
3,5-diene 1444 1448 [22] 0.27 0.14 - - - - -

38 α-Humulene 1449 1452 [22] 1.22 0.14 1652 1657 [23] 1.09 0.11

39 allo-
Aromadendrene 1443 1458 [22] 0.19 0.06 1626 1633 [23] 0.37 0.25

40 cis-Cadina-
1(6),4-diene 1469 1461 [22] 0.43 0.10 - - - - -

41 cis-Muurola-
4(14),5-diene 1474 1465 [22] 1.40 0.16 1646 1648 [29] 0.29 0.02

42 cis-Verbenol - - - - - 1661 1663 [30] 0.22 0.09

43 Germacrene
D 1477 1484 [22] 4.91 0.90 1691 1697 [25] 6.00 0.92

44 β-Selinene 1482 1489 [22] 0.96 0.06 1698 1702 [29] 1.04 0.02
45 Υ-Muurolene 1485 1478 [22] 0.51 0.25 1687 1681 [26] 0.11 0.02
46 Viridiflorene - - - - - 1679 1686 [26] 0.27 0.03
47 α-Selinene - - - - - 1704 - - 0.65 0.18
48 α-Muurolene - - - - - 1711 1717 [23] 1.69 0.11
49 Bicyclogermacrene 1490 1500 [22] 1.11 0.67 1716 1723 [25] 1.05 0.13

50 α-
Amorphene 1497 1483 [22] 1.49 0.40 1674 1679 [31] 1.40 0.15

51 Germacrene
A 1500 1508 [22] 0.37 0.21 - - - - -

52 Silphiperfolan-
6-α-ol 1503 1507 [22] 0.17 0.04 - - - - -

53
trans-

Muurola-
4(14),5-diene

1498 1493 [22] 0.68 0.01 - - - - -

54 δ-Cadinene 1517 1522 [22] 3.96 1.05 1745 1750 [29] 4.00 1.04

55
trans-

Cadina1,4-
diene

1528 1533 [22] 0.15 0.04 - - - - -

56 α-Cadinene 1532 1537 [22] 0.13 0.03 - - - - -
57 Germacrene B 1549 1559 [22] 0.23 0.09 1809 1814 [25] 0.16 0.06

58 trans-
Calamenene - - - - - 1821 1821 [29] 0.40 0.13

59 epi-Cubebol - - - - - 1889 1899 [32] 0.18 0.04
60 α-Calacorene - - - - - 1904 1894 [26] 0.13 0.01
61 Palustrol 1563 1567 [22] 0.17 0.04 1918 1915 [23] 0.15 0.02

62 Germacrene
D-4-ol 1572 1574 [22] 0.40 0.16 2055 2044 [23] 0.32 0.05

63
1,5-Epoxy-

salvial(4)14-
ene

- - - - - 1930 1912 [32] 0.12 0.03

64 Caryophyllene
oxide 1575 1582 [22] 0.59 0.09 1971 1967 [23] 0.37 0.07

65 Ledol 1597 1602 [22] 0.45 0.23 2026 2017 [23] 0.60 0.05
66 Cubenol - - - - - 2031 2023 [26] 0.33 0.07

67 Silphiperfol-6-
en-5-one 1613 1624 [22] 0.29 0.21 2100 2131 [24] 0.39 0.16

68 1-epi-Cubenol 1623 1627 [22] 0.16 0.05 2065 2048 [29] 0.23 0.15
69 Spathulenol - - - - - 2155 2144 [27] 0.36 0.02
70 epi-α-Cadinol 1639 1638 [22] 0.15 0.12 2179 2167 [23] 0.19 0.05

71 epi-α-
Muurolol 1642 1640 [22] 0.17 0.10 2195 2196 [27] 0.29 0.07

72 α-Muurolol
(=Torreyol) 1645 1644 [22] 0.25 0.15 2185 2178 [29] 0.17 0.01

73 epi-α-
Bisabolol - - - - - 2210 2218 [25] 0.16 0.05

74 α-Cadinol 1653 1652 [22] 0.43 0.05 2244 2255 [27] 0.50 0.15
Monoterpene hydrocarbons (%) 34.53 35.61
Oxygenated monoterpenes (%) 13.21 9.92

Sesquiterpene hydrocarbons (%) 45.34 44.80
Oxygenated sesquiterpenes (%) 3.24 4.17

Other compounds (%) 0.95 1.39
Total (%) 97.27 96.06

LRI a, Linear retention index calculated; LRI b, Linear retention index from Reference; Ref, References; %
Percentage and SD Standard Deviation, both values were conveyed as means of three determinations.

Sesquiterpene (SH) and monoterpene hydrocarbons (MH) predominated in the chemi-
cal composition of the D. juniperinum EO. The percentages of SH were 45.34% and 44.80%
in DB-5ms andHP-INNOWax, respectively. MH in DB-5ms column represented 34.53%
and in HP-INNOWax 35.61%. Oxygenated monoterpenes represented 13.21% (DB-5ms)
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and 9.92% (HP-INNOWax), followed by oxygenated sesquiterpenes with 3.24% (DB-5ms)
and 4.17% (HP-INNOWax) and finally, other compounds with 0.95% in DB-5ms and 1.39%
in HP-INNOWax.

2.3. Enantiomeric Composition

Enantioselective analysis of the volatile fraction of D. juniperinum showed: (+)-α-
pinene as pure enantiomer and 5 pairs of enantiomeric compounds, among them; (−)-β-
Pinene and (−)-Germacrene D reported a high enantiomeric excess of 93.23 and 84.62%,
respectively, while (−)-α-Thujene, (−)-Sabinene and (S)-4-Terpineol with a lower enan-
tiomeric excess of 56.34, 47.84 and 43.11%, respectively (Table 2).

Table 2. Enantioselective analysis of D. juniperinum essential oil.

Enantiomeric
Compounds

LRI a Enantiomeric
Distribution (%)

ee (%) ± SD

(+)-α-Thujene 921 21.83
56.34 ± 0.12(−)-α-Thujene 924 78.17

(+)-α-pinene 930 100 100 ± 0.01
(+)-β-Pinene 958 3.39

93.23 ± 1.92(−)-β-Pinene 966 96.61
(+)-Sabinene 984 26.08

47.84 ± 2.12(−)-Sabinene 995 73.92
(+)-4-Terpineol 1279 71.56

43.11 ± 0.98(−)-4-Terpineol 1288 28.44
(+)-Germacrene D 1468 7.69

84.62 ± 0.13(−)-Germacrene D 1474 92.31
LRI a, Linear retention index calculated; ee (%) ± SD, percentage of excess enantiomeric ± standard deviation
values were conveyed as means of three determinations.

2.4. Anticholinesterase Activity

In this study, we evaluated for the first time the anti-cholinesterase activity of D.
juniperinum EO by measuring the rate of reaction. Results showed a moderate inhibition
effect with IC50 values of 67.20 ± 7.10 and 89.00 ± 9.90 μg/mL against AChE and BuChE,
respectively. Donepezil hydrochloride was used as a positive control and their value of
IC50 is presented in Table 3.

Table 3. AChE and BuChE inhibition of D. juniperinum essential oil.

Sample AChE BuChE

IC50 (μg/mL) ± SD
D. juniperinum 67.20 ± 7.10 89.00 ± 9.90

Donepezil 0.04 ± 0.01 3.60 ± 0.20
IC50, Half maximal inhibition concentration expressed as μg/mL.

2.5. Antioxidant Activity

The results obtained for DPPH and ABTS radical scavenging of the D. juniperinum
EO as presented in Table 4, and expressed as the concentration of the EO that scavenge or
decrease the concentration of the radical at 50% (SC50). Trolox was used as a positive control.

Table 4. Antioxidant activity of D. juniperinum essential oil.

Sample ABTS DPPH

SC50 (μg/mL—μM *) ± SD

D. juniperinum 127.03 ± 0.58 >1000
Trolox * 23.27 ± 1.05 29.99 ± 1.04

SC50, Half scavenging capacity expressed as μg/mL—μM *.
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3. Discussion

Average yields of EO were calculated based on the fresh plant material of the aerial
parts of D. juniperinum was similar with D. antioquense EO with 0.16% and much higher
that the reported in D. rosmarinifolius with a very low yield 0.0045% [33].

D. juniperinum species does not present previous chemical studies of the volatile frac-
tion, however, the EOs obtained from plants of the same genus such as D. antioquense
and D. rosmarinifolius collected in Colombia were analyzed by GC/MS and GC/FID deter-
mining to β-copaene (17.78%), (Z)-para-mentha-2,8-dien-1-ol (14.29%), β-pinene (13.75%),
δ-cadinene (11.42%) and E-caryophyllene (6.54%) as majority constituents of D. antio-
quense, while in D. rosmarinifolius EO were found to E-caryophyllene (16.07%), 1R-α-pinene
(13.79%), δ-cadinene (8.54%), limonene (8.23%), α-caryophyllene (8.15%) and γ-terpineol
(8.11%) [33].

Two monoterpenes identified as main constituents of EO of D. juniperinum, α-pinene
and geranyl acetate were isolated and reported with biological activities in other studies;
α-pinene exhibits antinociceptive [34], anti-inflammatory [35–37], antidepressant [38] and
antioxidant properties [39], while, geranyl acetate has shown significant anti-Candida
potential [40] and antinociceptive properties [41].The rare sesquiterpenes silphiperfol-5-ene
and 7-epi-silphiperfol-5-ene were found in Pteronia genus of the Asteraceae family [27], but
there are no reports of their isolation or biological activity.

Germacrene D, is one of the main components identified in the D. juniperinum EO,
and the enantiomer (−)-germacrene D was found with an e.e. of 92.31 %. Biologically,
this sesquiterpene exerted promising results, potentially influence in the attraction and
oviposition of females of the species Heliothis virescens [42]. Chiral compounds have great
importance for the identification of adulterations due to EOs have different proportions
of each enantiomer [43] and this enantiomeric characterization is also important in the
olfactory profile [44].

Natural acetylcholinesterase inhibitors, such as galantamine, are usually used in
the pharmacological industry as a drug to treat Alzheimer’s disease [45], the search for
future AChE and BuChE inhibitors guarantee the alleviation of symptoms related to the
aforementioned disease and the reduction of mortality rates [46]. Several studies on the
anticholinesterase activity of EOs and almost none on their main components showed that
EOs are complex mixtures and their final activities are due to the combined effects of the
all components [47], therefore, the inhibitory activity of the EO is probably the result of
a complex interaction of its chemical components, producing synergistic or antagonistic
inhibitory responses [48].

Anti-cholinesterase effect of EO from Diplostephium genus, has not been reported,
the monoterpenes are the kind of compounds predominant in them. As mentioned by
Aazza and collaborators [49] the α-pinene, limonene and sabinene, are responsible for the
anticholinesterase effect. Additionally, (+)-α-Pinene as reported by Miyazawa and Yama-
fuji [50], presented an IC50 of 0.40 mM against acetylcholinesterase and, this compound was
identified in the EO of D. juniperinum at a concentration of 21% and enantiomerically pure,
which could explain the moderate effect observed for this EO against AChE and BuChE en-
zymes. Therefore, it is important to know the main constituents of the EOs, their proportion
and chiral composition because they are the ones that give their biological potential.

A literature review on the Diplostephium genus indicates that few studies have been
conducted on its species, one of them is on the ethanolic extract of D. phylicoides, which
shows a high antioxidant activity (IC50 = 13.80 μg/mL) attributed to the presence of
flavonoids in its composition [51].

In other study, α-pinene reported a lower antioxidant effect, with an IC50 of 12.57± 0.18 mg
/mL [52]. Similar results for the EO of D. juniperinum for ABTS and DPPH assays with an
SC50 of ca. 120 μg/mL and >1000 μg/mL were observed. The importance of knowing the
antioxidant properties of EO is due to their implication in counteracting the harmful effects on
biological entities by free radicals or reactive oxygen species [53].

10



Plants 2022, 11, 1188

Several studies have demonstrated that extracts of Astareaceae species have a positive
impact on human health, thanks to their anti-inflammatory, antimicrobial and antioxidant,
and antimicrobial [54]. Recently, species of the Asteraeceae family have been considered as
a sustainable planning tool in cities for their phytoremediation properties as air pollutant
removal, soil protection, shaping landscapes, etc. [55]. Further studies can be conducted to
validate the anticholinesterase effect in in vivo studies, however, the low yield obtained
for this species could difficult such approximation. In order to obtain a better amount
needed for in vivo assays, oil extraction optimization studies could be carried out, including
the study of intrinsic and extrinsic parameters related to the species, such as plant age,
phenological stage, soil type, amount of shade and season of the year when the species is
harvested [56]. This further research could complement the current one.

4. Materials and Methods

4.1. Materials

Methanol and dichloromethane from analytical HPLC grade, anhydrous sodium sul-
phate, 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS), 2,2-diphenyl-1-picrylhy
drazyl (DPPH), Butyrylcholinesterase from equinum serum, Acetylcholinesterase from Elec-
trophorus electricus, phosphate buffered saline, Ellman’s reagent (5,5′-dithiobis(2-nitrobenzoic
acid), Acetylthiocoline iodide, donepezil hydrochloride, were purchased from Sigma-
Aldrich (San Luis, MO, USA).The standard aliphatic hydrocarbons were purchased from
ChemService (West Chester, PA, USA). Helium was purchased from INDURA (Guayaquil,
Ecuador). All chemicals were of analytical grade and used without further purifications.

4.2. Plant Material

Leaves, stems and flowers of D. juniperinum were collected in October 2020 in Las
Antenas sector, at the border between Saraguro and San Lucas, Loja province, at an altitude
of 3210 m a.s.l. and located at 9,593,252 N, 696,030 E coordinates. The plant material
collected under permit MAE-DBN-2016-048 granted by the Ministry of Environment of
Ecuador (MAE), was identified and classified by José Miguel Andrade, botanist at UTPL. A
specimen sample was deposited at the Herbarium of the Universidad Técnica Particular de
Loja (HUTPL) with voucher code PPN-as-057.

4.3. Distillation of the Essential Oil

The EO from fresh aerial parts of D. juniperinum was extracted by steam hydrodistilla-
tion in a Clevenger-type apparatus for approximately 3 h. Three distillations were carried
out with 1300, 1320 and 1410 g of fresh plant material, respectively. After obtaining the EO
it was separated from the aqueous phase and dried with anhydrous sodium sulfate, filtered
and stored in an amber sealed vial at −4 ◦C, until its analytical and biological assays. The
procedure was performed three times [57].

4.4. Physical Properties of Essential Oil

The relative density, refractive index and optical rotation of the EO of D. juniperinum
were determined in triplicate at 20 ◦C. The relative density was determined according to
the AFNOR NF T 75-11 method (equivalent to ISO 279: 1998, using a pycnometer of 1
mL capacity and an analytical balance (Mettler AC 100), the refractive index according
to AFNOR method NF 75-112 (ISO 280:1998) in a refractometer model ABBE (BOECO,
Hamburg, Germany). The specific optical rotation was determined with the ISO 592-1998
standard method in an automatic polarimeter (Hanon P-810) [23].

4.5. Chemical Characterization of Essential Oil
4.5.1. Sample Preparation of EO

Quantitative and qualitative characterization of EO from D. juniperinum required
sample preparation of the volatile fractions. Ten μL of EO was diluted in 990 μL in
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dichloromethane (CH2Cl2) obtaining a 1:100 v/v solution. The samples were used in the
chemical analyses described below [25].

4.5.2. Qualitative and Quantitative Analysis

Qualitative identification was performed using the analytical technique of Gas Chro-
matography coupled to Mass Spectrometry (GC/MS). One μL of each sample was injected
in duplicate in split mode (40:1) at 20 ◦C into an Agilent Technologies model 6890N gas
chromatograph (GC) with an autoinjector model 7683 and a mass spectrometer model
5973 INERT (Santa Clara, CA, USA). The GC equipment operates in electron-ionization
mode at 70 eV, with helium as carrier gas (1.00 mL/min in constant flow), the GC oven
operated with temperature ramp from 60 ◦C to 250 ◦C with a gradient of 3 ◦C/min and
the ion source at 250 ◦C. Additionally, the capillary columns DB-5ms (5%-phenyl-methyl
polysiloxane, 30 m × 0.25 mm i.d., 0.25 μm film thickness;) and HP-INNOWax, (polyethy-
lene glycol, 30 m × 0.25 mm i.d., 0.25 μm film thickness both purchased from J & W
Scientific, Folsom, CA, USA, were used. The procedure was performed for triplicate.

The identification of the aromatic compounds was performed by comparison of the
mass spectra and the linear retention index (LRI) with those reported in literature. The LRI
was determined experimentally according to Van Den Dool and Krats [58], for which it
was necessary to inject a homologous series of C9 to C24 alkanes in the same conditions of
the EO.

Quantitative analysis of the EO of D. juniperinum was performed using a gas chro-
matography coupled to a flame ionization detector (GC/FID). The previously prepared
samples were injected under the same analytical conditions as the qualitative GC/MS
method, and the chromatography columns were the same. The percentage of aromatic
compounds was determined by comparing the GC peaks with the total area of the iden-
tified peaks [59]. A calibration curve was built for each column as previously described
by Gilardoni et al. [60], using isopropyl caproate (0.6, 1.8, 4.3, 8.3, 16.8, and 34.3 mg of
isopropyl caproate in 10 mL of cyclohexane) and n-nonane (7 mg) as calibration standard
and internal standard respectively. The LOD (0.4 μg/mL) and LOQ (1.2 μg/mL) were
stablished. Both calibration curves generated a correlation coefficient of 0.995.

4.5.3. Enantioselective Analysis of Essential Oil

Enantiomeric compounds present in the EO of D. juniperinum were determined by
GC/MS on a capillary column with 2,3-diethyl-6-tert-butyldimethylsilyl-β-cyclodextrin
stationary phase. The injection conditions used were the same in GC/MS. In addition,
enantiomerically pure standards were injected under the same conditions to determine the
elution order of the EO enantiomers [61].

4.6. AChE and BuChE Inhibition Spectrophotometric Analysis

Cholinesterase (ChEs) inhibition of EO was determined for the enzymes (i) acetyl-
cholinesterase (AChE) and (ii) butyrylcholinesterase (BuChE). The procedure was followed
as described by Ellman et al. [62] and Calva et al. [57]. Phosphate buffered saline (pH = 7.4),
DTNB (5,5′-dithiobis-(2-nitrobenzoic acid) ion (1.5 mM) a reagent that reacts with thio-
choline to give the yellow coloration and the EO sample in DMSO (1% v/v) were prepared.
The reaction of DTNB is monitored by measuring its absorption at 412 nm. AChE, from Elec-
trophorus electricus (Sigma-Aldrich, C3389, St. Louis, MO, USA) and BuChE, from horse
serum, (Sigma-Aldrich, SRE020, St. Louis, MO, USA) are dissolved in PBS (pH = 7.4) at
24 mU/mL. Preincubation was carried out for 10 min and acetylcholine iodide (1.5 mM) is
added to initiate the reaction. The reaction is monitored for 30 min at 30 ◦C in a PherastarFS
detection system (BMG Labtech). Inhibitory concentration (IC50) values were calculated
in the online package GNUPLOT (www.ic50.tk, www.gnuplot.info) (accessed on 1 March
2022). Measurements were performed by triplicate. The reference drug inhibitor of ChEs
was Donepezil, for AChE and BuChE with an IC50 value of 100 nM and 8500 nM, respec-
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tively. False positives are not excluded for high concentrations (>100 ug/mL) of amine or
aldehyde compounds [59].

4.7. Antioxidant Spectrophotometric Analysis
4.7.1. DPPH Assay

The DPPH radical scavenging assay was developed according to the metodologhy pro-
posed by Thaipong et al. [63] with slight modifications, using 2,2-diphenyl-1-picrylhydryl
free radical (DPPH-). A working solution was prepared dissolving 24 mg of DPPH in
100 mL methanol and was stabilized in an EPOCH 2 microplate reader (BIOTEK, Winooski,
VT, USA) at 515 nm until an absorbance of 1.1 ± 0.01 was reached. The antiradical reaction
between EO and free radical was performed at different concentrations of EO (1, 0.5 and
0.25 mg/mL). In a 96-microwell plate, 270 μL of DPPH adjusted working solution and
30 μL of EO sample was placed. The reaction was monitored at 515 nm for 60 min at room
temperature. Trolox and methanol were used as positive control and blank control, respec-
tively. The results were expressed as SC50 (scavenging concentration of the radical at 50%)
and calculated according to the corresponding curve fitting of data with GraphPadPrism
v.8.0.1. Measurements were performed in triplicate.

4.7.2. ABTS Assay

The antioxidant power measured against ABTS•+ cation (2,2′-azinobis-3-ethylbenzothiazoline-
6-sulfonic acid) was determined as reported by Arnao et al. [64] and Thaipong et al. [63] with slight
modifications as described. Briefly, the assay started with the preparation of a stock solution of the
radical by reacting equal volumes of ABTS (7.4 μM) and potassium persulfate (2.6 μM) for 12 h
under stirring. The standard solution was prepared by dissolution in methanol to an absorbance
of 1.1 ± 0.02 measured at 734 nm in an EPOCH 2 microplate reader (BIOTEK, Winooski, VT,
USA). The antiradical reaction was evaluated over a time of 1 h in the dark at room temperature
by plating 270 μL of ABTS working adjusted solution and 30 μL of EO from D. juniperinum at
different concentrations (1, 0.5 and 0.25 mg/mL). Trolox and methanol were used as positive control
and blank control, respectively. The results were expressed as SC50 (scavenging concentration
of the radical at 50%) and calculated according to the corresponding curve fitting of data with
GraphPadPrism v.8.0.1. Measurements were performed in triplicate

5. Conclusions

The fresh aerial parts of D. juniperinum afforded, an essential oil in quite a low yield
(0.12% by weight). The EO obtained was composed exclusively of sesquiterpenes and
monoterpenes hydrocarbons, whose major constituents were α-pinene (about 22%) and
geranyl acetate (about 10%). The enantioselective analysis showed (+)-α-pinene as a pure
enantiomer and 5 pairs of enantiomeric compounds. The EO also manifested a moderate
inhibition activity against AChE and BuChE and a lower antioxidant potential was observed
for the EO measured through DPPH and ABTS radical scavenging assays. As future
perspective, further in-vivo studies could be conducted to confirm the anticholinesterase
potential of the EO. In addition, this genus that reported bioactive compounds, could be of
interest for the development of new applications such as in the food industry, as enrichment
of the food matrix to enhance their beneficial properties and also the substitution of
synthetic antioxidants.
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30. Başer, K.H.C.; Demirci, B.; Kirimer, N.E.; Satil, F.; Tümen, G. The essential oils of Thymus migricus and T. fedtschenkoi var. handelii
from Turkey. Flavour Fragr. J. 2002, 17, 41–45. [CrossRef]

31. Maggio, A.; Bruno, M.; Guarino, R.; Senatore, F.; Ilardi, V. Contribution to a Taxonomic Revision of the Sicilian Helichrysum Taxa
by PCA Analysis of Their Essential-Oil Compositions. Chem. Biodivers. 2016, 13, 151–159. [CrossRef] [PubMed]

32. Özek, G.; Bedir, E.; Tabanca, N.; Ali, A.; Khan, I.A.; Duran, A.; Baser, K.; Özek, T. Isolation of eudesmane type sesquiterpene
ketone from Prangos heyniae H. Duman & MF Watson essential oil and mosquitocidal activity of the essential oils. Open Chem.
2018, 16, 453–467. [CrossRef]

33. Carrillo-Hormaza, L.; Mora, C.; Alvarez, R.; Alzate, F.; Osorio, E. Chemical composition and antibacterial activity against
Enterobacter cloacae of essential oils from Asteraceae species growing in the Páramos of Colombia. Ind. Crops. Prod. 2015,
77, 108–115. [CrossRef]

34. Him, A.; Ozbek, H.; Turel, I.; Oner, A.C. Antinociceptive activity of alpha-pinene and fenchone. Pharmacologyonline 2008,
3, 363–369.

35. Kim, D.S.; Lee, H.J.; Jeon, Y.D.; Han, Y.H.; Kee, J.Y.; Kim, H.J.; Shin, H.J.; Kang, J.; Lee, B.S.; Kim, S.J.; et al. Alpha-Pinene Exhibits
Anti-Inflammatory Activity Through the Suppression of MAPKs and the NF-κB Pathway in Mouse Peritoneal Macrophages. Am.
J. Chin. Med. 2015, 43, 731–742. [CrossRef] [PubMed]

36. Martin, S.; Padilla, E.; Ocete, M.A.; Galvez, J.; Jiménez, J.; Zarzuelo, A. Anti-inflammatory activity of the essential oil of Bupleurum
fruticescens. Planta Med. 1993, 59, 533–536. [CrossRef] [PubMed]

37. Zhou, J.Y.; Tang, F.D.; Mao, G.G.; Bian, R.L. Effect of alpha-pinene on nuclear translocation of NF-kappa B in THP-1 cells. Acta
Pharmacol. Sin. 2004, 25, 480–484. [PubMed]

38. Ahmad, A.; Husain, A.; Mujeeb, M.; Khan, S.A.; Najmi, A.K.; Siddique, N.A.; Damanhouri, Z.A.; Anwar, F. A review on
therapeutic potential of Nigella sativa: A miracle herb. Asian Pac. J. Trop. Biomed. 2013, 3, 337–352. [CrossRef]

39. Singh, H.P.; Batish, D.R.; Kaur, S.; Arora, K.; Kohli, R.K. alpha-Pinene inhibits growth and induces oxidative stress in roots. Ann.
Bot. 2006, 98, 1261–1269. [CrossRef] [PubMed]

40. Zore, G.B.; Thakre, A.D.; Rathod, V.; Karuppayil, S.M. Evaluation of anti-Candida potential of geranium oil constituents against
clinical isolates of Candida albicans differentially sensitive to fluconazole: Inhibition of growth, dimorphism and sensitization.
Mycoses 2011, 54, 99–109. [CrossRef] [PubMed]

41. Quintans-Júnior, L.; Moreira, J.C.F.; Pasquali, M.A.B.; Rabie, S.M.S.; Pires, A.S.; Schröder, R.; Rabelo, T.K.; Santos, J.P.A.; Lima,
P.S.S.; Cavalcanti, S.C.H.; et al. Antinociceptive activity and redox profile of the monoterpenes (+)-camphene, p-cymene, and
geranyl acetate in experimental models. ISRN Toxicol. 2013, 2013, 1–11. [CrossRef] [PubMed]

42. Mozuraitis, R.; Stranden, M.; Ramirez, M.I.; Borg-Karlson, A.K.; Mustaparta, H. (-)-Germacrene D increases attraction and
oviposition by the tobacco budworm moth Heliothis virescens. Chem. Senses 2002, 27, 505–510. [CrossRef] [PubMed]

43. Lis-Balcnin, M.; Ochocka, R.J.; Deans, S.G.; Asztemborska, M.; Hart, S. Differences in bioactivity between the enantiomers of
α-pinene. J. Essent. Oil Res. 1999, 11, 393–397. [CrossRef]

44. Brenna, E.; Fuganti, C.; Serra, S. Enantioselective perception of chiral odorants. Tetrahedron Asymmetry 2003, 14, 1–42. [CrossRef]
45. Thomsen, T.; Kewitz, H. Selective inhibition of human acetylcholinesterase by galanthamine in vitro and in vivo. Life Sci. 1990,

46, 1553–1558. [CrossRef]
46. Blanco-Silvente, L.; Castells, X.; Saez, M.; Barceló, M.A.; Garre-Olmo, J.; Vilalta-Franch, J.; Capellà, D. Discontinuation, Efficacy,

and Safety of Cholinesterase Inhibitors for Alzheimer’s Disease: A Meta-Analysis and Meta-Regression of 43 Randomized
Clinical Trials Enrolling 16 106 Patients. Int. J. Neuropsychopharmacol. 2017, 20, 519–528. [CrossRef] [PubMed]
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GC/MS Analyses of the Essential Oils Obtained from Different
Jatropha Species, Their Discrimination Using Chemometric
Analysis and Assessment of Their Antibacterial and
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Abstract: The essential oils of Jatropha intigrimma, J. roseae and J. gossypifolia (Euphorbiaceae) were
analyzed employing GC/MS (Gas Chromatography coupled with Mass Spectrometry) analyses. A
total of 95 volatile constituents were identified from J. intigrimma, J. gossypifolia and J. roseae essential
oils, accounting for 91.61, 90.12, and 86.24%, respectively. Chemometric analysis using principal com-
ponent analysis (PCA) based on the obtained GC data revealed the formation of three discriminant
clusters due to the placement of the three Jatropha species in three different quadrants, highlighting
the dissimilarity between them. Heneicosane, phytol, nonacosane, silphiperfol-6-ene, copaborneol,
hexatriacontane, octadecamethyl-cyclononasiloxane, 9,12,15-Octadecatrienoic acid, methyl ester and
methyl linoleate constitute the key markers for their differentiation. In vitro antibacterial activities
of the essential oils were investigated at doses of 10 mg/mL against the Gram-negative anaerobe
Escherichia coli using the agar well diffusion method and broth microdilution test. J. gossypifolia
essential oil showed the most potent antimicrobial activity, demonstrating the largest inhibition zone
(11.90 mm) and the least minimum inhibitory concentration (2.50 mg/mL), followed by the essential
oil of J. intigrimma. The essential oils were evaluated for their anti-adhesion properties against the
Gram-negative E. coli biofilm using a modified method of biofilm inhibition spectrophotometric assay.
J. intigrimma essential oil showed the most potent biofilm inhibitory activity, demonstrating the least
minimum biofilm inhibitory concentration (MBIC) of 31.25 μg/mL. In silico molecular docking per-
formed within the active center of E. coli adhesion protein FimH showed that heneicosane, followed
by cubebol and methyl linoleate, displayed the best fitting score. Thus, it can be concluded that the
essential oils of J. gossypifolia and J. intigrimma leaves represent promising sources for antibacterial
drugs with antibiofilm potential.

Keywords: antibacterial; antibiofilm; chemometrics; essential oils; euphorbiaceae; GC/MS; Jatropha;
molecular docking; sustainability of natural resources; drug discovery

1. Introduction

Essential oils are natural, volatile components with a complex nature, possessing
mostly fragrant odors manufactured by the plants as secondary metabolites. They are
commonly prepared either by hydro-distillation or steam distillation; meanwhile, they are
highly popular due to their observable biological potential, which is highly attributed to
their different classes of compounds, particularly terpenoids. They are popular for their
antimicrobial, antiviral, anti-inflammatory, analgesic, spasmolytic, anticancer, anti-aging

Plants 2022, 11, 1268. https://doi.org/10.3390/plants11091268 https://www.mdpi.com/journal/plants
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and anesthetic activities, in addition to their wide consumption in the preservation of
foods [1–5].

Microorganisms, a severe hazard attacking human beings, are characterized by the
formation of an architectural colony inside an extracellular matrix of polymeric substances
termed a biofilm. Bacterial biofilms are highly pathogenic and can trigger nosocomial
infections [6,7]. It is worth highlighting that the National Institutes of Health (NIH) declared
that 65% of microbial and 80% of chronic infections are accompanied by biofilm formation,
which in turn occurs through many steps [4]. These steps comprise the attachment of
the bacteria with living or non-living surfaces that are consequently followed by the
production of a micro-colony that in turn forms three-dimensional structures and ends
up, after maturation, with detachment [8]. Bacterial biofilms are highly contributed to the
pronounced resistance of bacteria toward both antibiotics as well as the human immune
system and thus prohibition of biofilm formation is highly adopted as a successful strategy
combating microbial infections and antibiotic resistance [9]. Hence, searching for effective
anti-biofilm agents, particularly from natural origin, has become mandatory worldwide.

Jatropha is a genus of flowering plants belonging to the Euphorbiaceae that includes
approximately 175 succulent plants, shrubs and trees. Jatropha is an extensively strong and
economical plant genus that natively grows in tropical and subtropical regions propagating
on wasteland. Different species of the genus have been reported for their antimicrobial
activities, as well as their richness in diterpenes [10]. J. intigrimma, J. roseae and J. gossypifolia
are three species that belong to the genus Jatropha. The essential oils of J. intigrimma and
J. gossypifolia leaves were previously analyzed for their chemical composition. In addition,
J. intigrimma and J. gossypifolia leaf oils were reported to possess strong antimicrobial activi-
ties versus Bacillus cereus and Staphylococcus aureus for the former and against Escherichia
coli, Enterococcus faecium, and Staphylococcus aureus for the latter [11,12].

Thus, herein a comparative study was performed for the first time on the leaves of
J. intigrimma, J. roseae and J. gossypifolia essential oils that were qualitatively and quantita-
tively examined for their volatile constituents employing GC/MS (Gas Chromatography
coupled with Mass Spectrometry analyses. The volatile oil yield, the major volatile con-
stituents and their percent in each of the examined oils were estimated. This was conse-
quently followed by their discrimination using chemometric analysis to easily detect the
differences among the different species, which undoubtedly reflects the variation in their
biological behavior. The different essential oils were investigated for their antibacterial
activities against the Gram-negative anaerobe Escherichia coli. In addition, their inhibitory
activities against E. coli biofilm formation were assessed for the first time, as this repre-
sents the major cause of gastroenteritis, urinary tract infections and neonatal meningitis.
The major compounds identified in the bioactive essential oil were further subjected to in
silico studies to confirm the obtained results. Thus, herein we aimed to find new antimi-
crobial agents of natural origin with anti-biofilm potential that could be incorporated in
pharmaceutical dosage form applied topically to eliminate microbial infection.

2. Results

2.1. Chemical Composition of the Essential Oils of J. intigrimma, J. gossypifolia and J. roseae Leaves

A comparative investigation of the volatile constituents of the three Jatropha species,
namely J. intigrimma Jacq., J. gossypifolia L. and J. roseae Radcl.-Sm., was conducted for
the first time in the present study. The chemical compositions of the essential oils of the
fresh leaves of the three species were qualitatively and quantitatively investigated by
GC-MS (Figure 1) and compared with the previous results obtained by investigating the
essential oils of J. intigrimma and J. gossypifolia grown in Nigeria. The yields of J. intigrimma,
J. gossypifolia and J. roseae essential oils were estimated as 0.31 ± 0.11, 0.21 ± 0.09, and
0.19 ± 0.11% (v/w), respectively. A total of 95 volatile constituents were identified from
the GC/MS analyses of J. intigrimma, J. gossypifolia and J. roseae essential oils, accounting for
91.61, 90.12, and 86.24% of their total oil content, respectively. A list of the identified volatile
constituents, the percentage of each volatile component, their experimental retention indices

18
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and the literature retention indices, in an order of increasing retention indices (RIs) on the
Rtx-5MS column, are summarized in Table 1.

Figure 1. GC-chromatograms of the essential oils obtained from (A): J. intigrimma, (B): J. gossypifolia
and (C): J. roseae leaves using the Rtx-5MS column.
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Twenty-two volatile constituents were identified in the oil of J. intigrimma leaves, in
which fatty acid esters represented the most prevailing class, constituting 22.26% of the oil
constituents. In J. intigrimma oil, 9,12,15-octadecatrienoic acid methyl ester (10.77%), methyl
linoleate (5.65%), and hexadecanoic acid methyl ester (3.14) were the most abundant fatty
acid esters identified. Furthermore, hexatriacontane, octadecamethyl cyclononasiloxane,
D-limonene, phytol and β-ionone were present in J. intigrimma oil in considerable quantities,
representing 28.44, 8.42, 5.35, 3.85 and 3.53%, respectively.

Concerning J. gossypifolia oil, 61 volatile components were identified in which copabor-
neol, phytol and eudesma-4(15), 7-dien-1β-ol constituted the major volatile constituents
of the oil, representing 15.70, 10.33 and 7.01% of the oil content, respectively. It is worth
mentioning that sesquiterpene hydrocarbons and oxygenated sesquiterpenes are the pre-
dominant classes in J. gossypifolia oil, accounting for 74.86% of the oil content. Isosativene
(4.08%), α-copaene (5.87%), spathulenol (3.63%), muurola-4,10(14)-dien-1β-ol (4.62%) and
caryophylla-4(12),8(13)-dien-5α-ol (4.82%) were the most abundant sesquiterpenes present.

Meanwhile, 44 constituents were identified in J. roseae oil, where phytol, hexatria-
contane and heneicosane constituted the major volatile constituents, representing 15.25,
14.50 and 12.67% of J. roseae oil, respectively. It is noteworthy that J. roseae oil is rich
in diterpenes and higher alkanes, accounting for 63.48 % of the oil. However, different
sesquiterpene hydrocarbons, oxygenated sesquiterpenes and fatty acids esters can also be
observed in J. roseae oil viz. silphiperfol-6-ene (6.90%), β-ionone (3.09%), α-guaiene (2.00%),
7,10-hexadecadienoic acid, methyl ester (1.36%), 9,12-octadecadienoic acid, methyl ester
(2.47%) and 9,12,15-octadecatrienoic acid, methyl ester (3.18%). A scheme representing the
major compounds present in the three Jatropha species is presented in Figure 2.

2.2. Discrimination of the Three Jatropha Species Using GC Data Coupled with Chemometrics

Chemometric analysis was adopted using an unsupervised pattern recognition tech-
nique represented by principal component analysis (PCA) based on the obtained GC data.
Chemometric analysis constitutes an advanced approach for the better discrimination of
closely related species, relying upon data gathered from different chromatographic and
spectroscopic techniques. Principal component analysis (PCA) was initially performed to
categorize data and to correlate between the examined samples and the used variables [13].
PCA based upon the number as well as the relative peak area of volatile constituents
obtained from GC spectra for different Jatropha species, illustrated in Figure 3, revealed the
formation of three discriminant clusters representing the three species.

PCA score plot for principal components (PCs), which are PC1 versus PC2, illustrated
in Figure 3A accounts for 71% and 29% of the total variance, respectively. This perfectly
results in the placement of the three Jatropha species in three different quadrants, which
in turn highlights the evident dissimilarity between the three species. Both PC1 and PC2
effectively discriminate between J. gossypifolia and J. roseae, where the former lies in the
left lower quadrant showing negative values for both PCs in contrast to the latter that is
positioned in the upper right quadrant revealing positive values for both PCs. Regarding
J. intigrimma that lies in the right lower quadrant in the PCA score plot, only PC1 could
effectively discriminate between it and J. gossypifolia, as J. intigrimma showed positive
values, while J. gossypifolia showed negative values for PC1. However, J. intigrimma and
J. roseae could be discriminated only via PC2, where the former displayed negative values
and the latter showed positive values. By careful analysis of the loading plot illustrated in
Figure 3B, it was clearly obvious that heneicosane, phytol, nonacosane and silphiperfol-
6-ene were the key markers for the discrimination of J. roseae from the other two species,
while copaborneol constitutes the key marker for its differentiation from the other two
species. Regarding J. intigrimma, hexatriacontane, octadecamethyl-cyclononasiloxane,
9,12,15-Octadecatrienoic acid, methyl ester and methyl linoleate represent the key markers.
The results from chemometric analysis coupled with GC data allowed the clustering of
samples, and this undoubtedly leads to better visualization of the differences among the
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essential oils obtained from different Jatropha species and in turn reflected the differences
between their biological behaviors.

Figure 2. Major components identified in the essential oils obtained from J. intigrimma, J. gossypifolia
and J. roseae leaves.
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Figure 3. Score plot (A) and loading plot (B) of GC data collected from J. intigrimma, J. gossypifolia
and J. roseae leaves essential oil analyses using unsupervised chemometric analysis (PCA).

2.3. Evaluation of Antibacterial and Anti-Biofilm Activity
2.3.1. Antibacterial Activities of J. intigrimma, J. gossypifolia and J. roseae Essential Oils

In vitro antibacterial activities of the essential oils obtained from the leaves of the three
Jatropha species, J. intigrimma, J. gossypifolia and J. roseae, were investigated at doses of
10 mg/mL against the Gram-negative anaerobe Escherichia coli. The agar well diffusion
method was adopted for calculating the mean diameter of inhibition zones produced by
the three oil samples in comparison with the standard antimicrobial drug, Gentamicin.
Furthermore, the minimum inhibition concentrations (MIC) values were estimated for the
oil samples using the broth microdilution test. The essential oil obtained from J. gossypifolia
leaves demonstrated the most potent antimicrobial activity against E. coli, demonstrating the
largest inhibition zone (11.90 ± 0.46 mm) and the least minimum inhibitory concentration
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(2.50 mg/mL), followed by the essential oil obtained from J. intigrimma leaves. The latter
exhibited an inhibition zone of 9.57 ± 0.40 mm and an MIC of 5.00 mg/mL. The oil of
J. roseae demonstrated the least inhibition zone (8.93 ± 0.60 mm) but had MIC values equal
to those of J. intigrimma oil of 5.00 mg/mL. The results were compared to the standard
gentamycin that exhibited a mean inhibition zone of 27.09 ± 0.01 mm at a dose of 4 μg/mL
and demonstrated an MIC of 2 μg/mL. This experiment was repeated in triplicate and data
were represented as mean ± S.D.

2.3.2. Antibiofilm Activities of J. intigrimma, J. gossypifolia and J. roseae Essential Oils

The essential oils of the different Jatropha species were further evaluated for their
potential anti-adhesion properties against the Gram-negative E. coli biofilm. A modified
method of biofilm inhibition spectrophotometric assay was adopted for the determination
of the inhibitory activity of essential oils against the formation of E. coli biofilm and for
the calculation of the minimum concentration required for complete inhibition of visible
biofilm cell growth (MBIC). The essential oil of J. intigrimma demonstrated the most potent
biofilm inhibitory activity, demonstrating the least minimum biofilm inhibitory concen-
tration (MBIC) of 31.25 μg/mL. However, the essential oils of J. roseae and J. gossypifolia
demonstrated less potent antibiofilm activities, demonstrating minimum biofilm inhibitory
activities (MBIC) of 250 and above 1000 μg/mL, respectively, as displayed in Table 2.

Table 2. Mean biofilm inhibitory activity (μg/mL) of J. intigrimma, J. gossypifolia and J. roseae
essential oils against Escherichia coli determined by modified method of biofilm inhibition
spectrophotometric assay.

Sample Conc. (μg/mL)
Mean Biofilm Inhibitory Activity %

J. intigrimma J. gossypifolia J. roseae

7.81 52.14 ± 1.3 0 0
15.63 76.38 ± 2.5 0 16.31 ± 1.9
31.25 100 ± 0 0 38.82 ± 1.3
62.5 100 ± 0 0 62.25 ± 2.5
125 100 ± 0 5.08 ± 2.1 76.35 ± 0.72
250 100 ± 0 17.36 ± 1.5 100 ± 0
500 100 ± 0 28.14 ± 1.2 100 ± 0

1000 100 ± 0 39.25 ± 0.58 100 ± 0

MIC 31.25 >1000 250
Data are presented as means ± S.D. n = 3.

2.4. Molecular Docking Studies of Adhesion Proteins with Major Constituents in Jatropha
Essential Oils

In silico molecular docking of the major compounds identified from Jatropha essential
oils was performed within the active site of the adhesion proteins associated with E. coli
that enable the bacterium to attach to the surfaces and consequently form its invasive
biofilm as FimH (PDB ID 1TR7; 2.10 Å) downloaded from the protein data bank. The
docking experiments were carried out using Discovery Studio 4.5 (Accelrys Inc., San Diego,
CA, USA) using the C-Docker protocol. The results displayed in Table 3 revealed that
heneicosane, followed by cubebol and methyl linoleate, displayed the best fitting score
within the active center of E. coli adhesion protein FimH with free binding energies equal to
−30.68, −8.92 and −4.55 Kcal/mole, respectively. Heneicosane forms two alkyl and π-alkyl
bonds with Ile52 and Tyr48, in addition to the formation of Van der Waals interactions with
many amino acid residues at the active center (Figure 4A). However, cubebol forms one
conventional H-bond with Asp140, in addition to two alkyl and π-alkyl bonds with Ile13
and Phe142 together with Van der Waals bonds at the active site (Figure 4B). Regarding
methyl linoleate, it forms two conventional H-bonds with Asn135 and Phe1, one alkyl bond
with Ile52, in addition to three C-H bonds with Asp54 and Asn46, together with many Van
der Waals interactions, as shown in Figure 4C.
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Table 3. Free binding energies (kcal/mol) of major compounds in the active site of E. coli adhesion
protein FimH using in silico studies.

Compound
Adhesion Protein

FimH (1TR7)
Number of Formed
Hydrogen Bonds

Number of Formed Alkyl
and π-Alkyl Bonds

D-Limonene 21.10 - 3; Ile52, Ile13
Isosativene 52.27 - 3; Ile52, Ile13, Tyr48
α-Copaene 4.05 - 7; Ile52, Ile13, Tyr137, Tyr48

Silphiperfol-6-ene 52.27 9; Ile52, Ile13, Tyr137, Phe142
α-Guaiene 44.19 - 5; Ile52, Ile13, Phe142, Tyr48

β-Caryophyllene 17.04 - 4; Ile52, Ile13, Tyr48
Germacrene D 8.63 - 3; Phe142, Ile13, Tyr48

β-Ionone 10.36 1; Phe1 1; Ile13
Cubebol −8.92 1; Asp140 2; Phe142, Ile13

δ-Cadinene 44.02 - 4; Ile52, Ile13, Tyr137
Caryophyllene oxide 0.82 1; Phe1 4; Phe142, Ile13, Tyr137

Spathulenol 47.82 1; Phe1 7; Ile52, Ile13, Tyr137, Tyr48, Phe142
Copaborneol 49.78 1; Asp140 4; Ile52, Ile13, Tyr137, Tyr48

Muurola-4,10(14)-dien-1β-ol 29.16 1; Asp140 6; Phe142, Ile13, Tyr137, Tyr48
Eudesma-4(15),7-dien-1β-ol 27.03 1; Phe1 6; Phe142, Ile13, Ile52, Tyr48

Caryophylla-4(12),8(13)-dien-5α-ol 12.29 2; Asp54, Phe1 3; Phe142, Ile13,
Methyl linoleate −4.55 2; Asn135, Phe1 1; Ile52

7,10-Hexadecadienoic acid,
methyl ester −6.70 1; Phe1 1; Ile52

Geranyl linalool 42.39 1; Phe1 2; Tyr48, Tyr137
9,12,15-Octadecatrienoic acid,

methyl ester 8.86 2; Asp47, Phe1 1; Ile52

Heneicosane −30.68 - 2; Ile52, Tyr48
Nonacosane FD - -

Tetrateracontane FD - -
Hexatriacontane FD - -

Positive values indicate unfavorable interaction. FD: fail to dock.
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Figure 4. 2D and 3D binding modes of heneicosane (A), cubebol (B) and methyl linoleate
(C) within the active center of E. coli adhesion protein FimH using in silico studies employing
the C-docker protocol.

3. Discussion

This study represents the first report investigating the volatile constituents of J. rosea
leaf oil. In addition, a comparative investigation of the volatile constituents of the three
Jatropha species, J. intigrimma, J. gossypifolia and J. roseae, was conducted. A previous study
on J. intigrimma leaves obtained from Nigeria reported β-ionone as one of the major volatile
constituents of the oil, which was also identified in our study in a lower concentration.
However, the other major constituents reported by Eshilokun et al., pentadecanal and
1,8-cineole, were absent in the present study [12]. Previous literature by Aboaba et al.
on J. gossypifolia leaves grown in Nigeria reported the predominance of sesquiterpenes
accounting for 74.3% of the oil content, which is almost relative to our study [14]. Mean-
while, fatty acids were reported by Ababa et al. in J. gossypifolia oil despite their scarcity in
our J. gossypifolia oil. The major constituents reported by Aboaba et al., germacrene and
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hexahydrofarnesyl acetone, were identified in the present study but in negligible quantities.
Another study in different regions of Nigeria [11] reported the predominance of phytol
(33.4%) and linalool (9.81%) in J. gossypifolia oil, which were identified in the current study
in different percentages.

The chemical composition variability among the essential oils of Jatropha species
grown in Egypt and those in different regions of Nigeria or elsewhere are attributable
to multiple exogenous and endogenous factors, such as seasonal variation, geographical
region affecting soil, precipitation and light exposure, extraction method, and the age of the
plant and its different chemotypes [15]. Additionally, chemometric analysis was adopted
using an unsupervised pattern recognition technique represented by principal component
analysis (PCA) based on the obtained GC data. PCA based upon the number, as well as the
relative peak area, of volatile constituents obtained from GC spectra for different Jatropha
species revealed the formation of three discriminant clusters due to the placement of the
three Jatropha species in three different quadrants, which in turn highlights the evident
dissimilarity between the three species evidenced by the score plot. By careful analysis of
the loading plot, it was obvious that heneicosane, phytol, nonacosane and silphiperfol-6-ene,
copaborneol, hexatriacontane, octadecamethyl-cyclononasiloxane, 9,12,15-Octadecatrienoic
acid, methyl ester and methyl linoleate constituted the key markers for the differentiation
of the three species.

Essential oils have long been known for their antimicrobial potential that made them
crucial in different fields, including the food industry, preservation and medication [16].
To the best of our knowledge, few reports have addressed the antimicrobial activities of
essential oils of different Jatropha species. Our current study presented the first report
on the antimicrobial activities of J. intigrimma and J. roseae essential oils against E. coli
Gram-negative bacterium and compared them with the activity of J. gossypifolia essential oil.
The results of the in vitro antibacterial activities of the essential oils exhibited the superior
potency of J. gossypifolia essential oil, followed by J. intigrimma essential oil, against the
Gram-negative anaerobe E. coli. Results were in accordance with the previous literature
reporting the bacteriostatic activity of J. gossypifolia leaf oil against the Gram-negative
bacterium E. coli at a dose of 0.10 mg/mL [11]. It is worth mentioning that phytol, a
major constituent of J. gossypifolia leaf oil constituting 10.33 % of the oil content, was
previously reported for its potent antimicrobial activity against Escherichia coli, exhibiting
growth inhibition at a minimum concentration (MIC) of 62.5 μg/mL [17,18]. Moreover,
caryophylline oxide, identified in J. gossypifolia leaf oil, was reported to possess moderate
inhibitory activity against Gram-negative E. coli with an estimated MIC of 60 ppm [19].

Bacterial biofilms are colonies of microorganisms lying in a matrix of polysaccharides
attached to surfaces. They represent physical barriers that inhibit the penetration of
antimicrobials to their target sites. Hence, bacterial biofilms represent rational biological
risks in drinking water, food, and clinical and industrial environments [20]. Nowadays,
increased interest has been directed toward investigating the different mechanisms of
inhibiting bacterial biofilm formation and growth. Because attachment represents the
initial step in almost all types of biofilm formation, the antiadhesive properties of natural
products have recently become a prime interest of study in an aim for the early prevention
of microbial biofilm and inhibiting the formation of micro colonies [21]. Furthermore,
inhibiting the cell attachment of microbial biofilms has been found to be more readily
achieved than preventing the growth of already established biofilms [22]. Hence, the three
Jatropha oils were investigated for their inhibitory activities against E. coli adhesion. This
study represents the first report of the antibiofilm activities of the essential oils of the three
Jatropha species. The results demonstrated the superior antibiofilm activity of the essential
oil of J. intigrimma leaves compared to the other two Jatropha oils. In addition, in silico
molecular docking of the major compounds identified from Jatropha essential oils was
performed within the active site of one of the adhesion proteins associated with E. coli that
enables the bacterium to attach to the surfaces and consequently forms its invasive biofilm,
FimH. The docking experiments revealed that heneicosane, followed by cubebol and methyl
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linoleate, displayed the best fitting score within the active center of E. coli adhesion protein
FimH with free binding energies equal to −30.68, −8.92 and −4.55 Kcal/mole, respectively.

Previous literature has reported the anti-biofilm activities of different fatty acids and
their methyl esters [23,24]. In addition, the monoterpene D-Limonene, an essential compo-
nent of J. intigrimma essential oil, has been reported to possess strong anti-biofilm activity
against the heterotrophic, Gram-negative, rod-shaped bacterium Aeromonas hydrophila iso-
lated from fish [25]. The anti-adhesive properties and the capabilities of inhibiting the
initial biofilm formation can be explained by the possibility of interference with the attrac-
tion forces that support the bacterial film with the affected surface or by interrupting the
access of vital nutrients for bacterial growth and adhesion [26]. Thus, the antibiofilm of the
essential oil could be attributed to the synergistic action of the existing compounds.

4. Materials and Methods

4.1. Plant Material

The fresh leaves of the three Jatropha species: J. intigrimma Jacq., J. gossypifolia L. and
J. roseae Radcl.-Sm. (Euphorbiaceae) were collected from plants grown in Mazhar Botanical
Garden, Giza, Egypt, on August 2020. The plants were kindly identified and authenticated
by Eng. Terase Labib, Consultant of Plant Taxonomy at the Ministry of Agriculture and
El-Orman Botanical Garden, Giza, Egypt. Voucher specimens of the authenticated plant
with codes BMC-JI-MLA, BMC-JG-MLA and BMC-JR-MLA were kept at the Department
of Pharmaceutical Sciences, Pharmacy Program, Batterjee Medical College.

4.2. Chemicals, Reagents and Strains

Dimethyl sulfoxide (DMSO), crystal violet and trypan blue dye were obtained from
Sigma (St. Louis, MO, USA). Crystal violet stain was prepared as 1% using 0.5% (w/v)
crystal violet and 50% methanol that were adjusted to volume using distilled water and
subsequently filtered through a Whatman No.1 filter paper. The studied bacterial strain was
Escherichia coli, ATCC 25922, obtained from the American type culture collection (ATCC).

4.3. Preparation of Essential Oils

The fresh leaves of the three Jatropha species were separately hydro-distillated for
6 h utilizing a Clevenger-type apparatus. The obtained essential oils were dried over
anhydrous sodium sulfate and gathered in separate and sealed vials that were maintained
at −30 ◦C until further analyses. The yield was calculated as % v/w after being determined
in triplicate, where calculation was performed based on the initial plant weight.

4.4. Metabolic Profiling of the Essential Oils Obtained from J. intigrimma, J. gossypifolia and J.
roseae Using GC/MS Analysis

Gas chromatography coupled with Mass Spectrometry (GC/MS) analyses were done
on Shimadzu GCMS-QP 2010 (Shimadzu Corporation, Koyoto, Japan) accompanied by
Rtx-5MS (30 m × 0.25 mm i.d. × 0.25 μm film thickness) capillary column (Restek, PA,
USA) and attached to a Shimadzu mass spectrometer. An initial set of temperature of the
column at 50 ◦C for 3 min was done that was gradually elevated from 50 ◦C to 300 ◦C
at a rate of 5 ◦C/min, followed by isothermal maintenance for 10 min at 300 ◦C. The
injector temperature was maintained at 280 ◦C, while the interface and the ion source
temperature were kept at 220 and 280 ◦C, respectively. The flow rate of helium, which
was used as a carrier gas, was 1.37 mL/min. One microliter was injected from the diluted
sample with a concentration of 1% v/v through a split mode using a split ratio of 15:1.
The mass spectrum was recorded using an EI mode of 70 eV in the range of m/z 35 to
500. Compound quantitation relied upon the normalization method, taking the reading
of three chromatographic runs. Identification of compounds was achieved depending on
the retention indices of the detected compounds with regard to a homologous series of
n-alkanes (C8–C28) that were injected under the same conditions and via comparison mass
spectra of the detected compounds with those recorded in the Wiley library database as

30



Plants 2022, 11, 1268

well as the National Institute of Standards and Technology (NIST) and together with the
literature [1,27–29].

4.5. Discrimination of the Three Jatropha Species Using GC Data Coupled with Chemometrics

Chemometric analysis using principal component analysis (PCA) as an unsuper-
vised pattern recognition technique was done based on the obtained GC using CAMO’s
Unscrambler® X 10.4 software (Computer-Aided Modeling, As, Norway) as previously
described [3,5]. This was done in an effort to allow the clustering of samples, which un-
doubtedly leads to better visualization of the differences among the essential oils obtained
from different Jatropha species.

4.6. Evaluation of Antibacterial and Anti-Biofilm Activity
4.6.1. Susceptibility Test Using the Agar Well Diffusion Method

Susceptibility tests were performed according to NCCLS recommendations (National
Committee for Clinical Laboratory Standards) [30]. Screening tests concerning the inhibi-
tion zone were performed employing the well diffusion assay previously conducted by
Hindler et al. [31]. Preparation of the inoculum suspension was performed from cultures
grown overnight on an agar plate that were concomitantly inoculated into Mueller–Hinton
broth. A sterile swab was adopted for the inoculation of Mueller–Hinton agar plates (fungi
using malt agar plates) after being immersed in the inoculum suspension. The examined
samples at different concentrations (2.5, 5 and 10 mg/mL) were solubilized in dimethyl
sulfoxide (DMSO) and the inhibition zones were determined around each well after 24 h at
37 ◦C where the control was prepared using DMSO.

4.6.2. Determination of the Minimum Inhibitory Concentration (MIC) Using the Broth
Microdilution Method

The minimum inhibitory concentration (MIC) was determined as previously recom-
mended by the Clinical and Laboratory Standards Institute (CLSI). Briefly, the dilution of a
stock solution composed of 10% of the examined oil in the brain heart infusion broth (BHI)
in two-fold serial dilutions was performed to obtain 0.02 to 25 mg/mL concentrations at
a total volume of 100 mL per well in 96-well microtiter plates. One-hundred milliliters
of each tested strain adopting a concentration of 1 × 106 CFU/mL were added to each
well, followed by their incubation at 37 ◦C in appropriate conditions. The medium was
used as the non-treated control, while 10% DMSO was employed as the negative control,
whereas 0.1% (w/v) CHX was the positive control. MIC is the lowest concentration that
completely prohibited growth when compared to the non-treated control. All experiments
were repeated three times in duplicate.

4.6.3. Evaluation of Anti-Biofilm Activity

The volatile oil samples obtained from hydro-distillation of the three Jatropha species
were evaluated for their inhibitory activity against biofilm formation of the Gram-negative
anaerobe Escherichia coli. Biofilm inhibition assay was performed in 96-well plates adopting
the modified method of biofilm inhibition spectrophotometric assay [32]. Briefly, 100 μL of
an Escherichia coli cell suspension was added to a 96-well titer plate together with different
concentrations of samples (1000, 500, 250, 125, 62.5, 31.25, 15.63 and 7.81 μg/mL); in
addition, DMSO was added and incubated for 24 h at 37 ◦C. After incubation, the liquid
suspension was removed, and 100 μL of 1% w/v aqueous solution of crystal violet was
added. Removal of the excess crystal violet was achieved after 30 min of staining at room
temperature followed by washing the wells thoroughly and the addition of 95% ethanol
and incubation for 15 min. The reaction mixture was read spectrophotometrically at
a wavelength of 570 nm using a microplate reader (TECAN, Inc.) after being shaken
gently. The percent of inhibition of biofilm formation was determined according to the
following equation:

% inhibition = OD in control − OD in treatment × 100 OD in control.
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The relation between biofilm formation inhibitory % and drug concentration is plotted
to obtain the inhibitory curve after treatment with the specified compound. MBIC was the
concentration required to completely inhibit biofilm formation.

4.7. Molecular Docking Studies of Adhesion Proteins with Major Constituents in Jatropha
Essential Oils

Molecular docking analysis was performed on the major constituents existing in
Jatropha essential oils regarding adhesion proteins associated with E. coli that enable the
bacterium to attach to the surfaces and consequently form its invasive biofilm as FimH
(PDB ID 1TR7; 2.10 Å) [33]. This protein was downloaded from the protein data bank and
docking experiments were carried out using Discovery Studio 4.5 (Accelrys Inc., San Diego,
CA, USA) using the C-Docker protocol as previously reported [5,34–36], where binding
energies (ΔG) were calculated from the following equation:

ΔGbinding = Ecomplex − (Eprotein + E ligand) Where;
ΔGbinding: The ligand–protein interaction binding energy,
Ecomplex: The potential energy for the complex of protein bound with the ligand,
Eprotein: The potential energy of protein alone and
Eligand: The potential energy for the ligand alone.

5. Conclusions

In conclusion, the essential oil obtained from J. intigrimma, J. gossypifolia and J. roseae
leaves revealed considerable variation, as revealed by GC analyses. This variation becomes
clearly obvious when coupled with chemometric analysis that results in the placement of
the three Jatropha species in three different quadrants, which in turn highlights the evident
dissimilarity between the three species. Moreover, the essential oils of J. gossypifolia and
J. intigrimma leaves represent promising sources for a new generation of antibacterial drugs.
Their distinctive antibacterial and antibiofilm activities are probably attributed to their
major bioactive chemical constituents, as well as the possible synergistic effect among
them. To further confirm the obtained results, in silico molecular docking of the major
compounds identified from Jatropha essential oils was performed within the active center
of E. coli adhesion protein FimH and results showed that heneicosane followed by cubebol
and methyl linoleate displayed the best fitting score. Thus, additional in vivo studies and
bioavailability studies are highly recommended to ascertain the obtained results.
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Abstract: Devrra triradiata Hochst. ex Boiss is an occasional plant species in the Northern region
of Saudi Arabia. The shrub is favored on sandy desert wadis, gypsaceous substrate, and sandy
gravel desert. In folk medicine, the plant is used for many purposes; to relieve stomach pains,
against intestinal parasites, and for the regulation of menstruation. The present study describes the
chemical composition of the essential oils (EOs) of different plant parts of D. triradiata. In vivo and
in vitro biological activities of plant extracts and essential oils were also studied. Phenylpropanoids,
elemicin (flowers: 100%), dillapiole (Stems: 82.33%; and seeds: 82.61%), and apiol (roots: 72.16%)
were identified as the major compounds. The highest antioxidant activity was recorded for the EOs of
roots and stems (IC50 = 0.282 μg/mL and 0.706 μg/mL, respectively). For plant extracts, ethyl acetate
showed the highest antioxidant activities (IC50 = 2.47 and 3.18 μg/mL). EOs showed high antifungal
activity against yeasts with low azole susceptibilities (i.e., Malassezia spp. and Candida krusei). The
MIC values of EOs ranged between 3.4 mg/mL and 56.4 mg/mL. The obtained results also showed
phytotoxic potential of plant extracts both on the germination features of Triticum aestivum seeds and
the vegetative growth of seedlings.

Keywords: essential oils; plant extracts; Deverra triradiata; Saudi Arabia; biological activities

1. Introduction

The Apiaceae family (Umbelliferae), known under the name of the carrot or parsley
family, is one of the most important families of flowering plants. This family encompasses
aromatic plants of economic importance employed in foodstuffs, beverages, perfumery,
pharmaceuticals, and cosmetics [1]. Species of this family include lianas, herbs, shrubs,
or trees [2]. This family is nearly cosmopolitan, being diverse from tropical to temperate
regions [3] and consisting of some 455 genera and more than 3700 species widely distributed
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across temperate regions, especially in Central Asia [4,5]. South-west Asia is an area of
considerable diversity and endemism in this family [6].

In Saudi Arabia, the flora is one of the richest in biodiversity in the Arabian Peninsula
and comprises very important genetic resources of crop and medicinal plants [7]. The flora
of the country consists of more than 140 families, 835 genera, and 2250 species. It was
estimated that the flora of Saudi Arabia is diverse and has a great number of medicinal
species, which is expected to exceed 1200 (over 50%) [7] and about 471 species (20%)
according to Aati et al. [8]. Among others, Asteraceae, Fabaceae, Lamiaceae, and Apiaceae
are the most common families in the flora of Saudi Arabia [7,9,10]. Collenette [7] reported
that Apiaceae is represented by about 24 genera and more than 45 species in the flora.
However, Pimenov and Lenov [6] signaled that the family is present with 26 genera and
52 species.

In the Northern Region of the country (125,000 sq.km), two genera of the Apiaceae
family are common: The genus Deverra with two species (Deverra tortuosa and Deverra trira-
diata) and the genus Ducrosia with two species (Ducrosia anethifolia and Ducrosia flabellifolia).
These species are widespread in the Al Widyian region (Wadis), especially the Wadi Arar’s
tributaries. Taxa belonging to the genus Deverra in Saudi Arabia are poorly studied [10].
To the best of our knowledge, phytochemical investigation of D. triradiata (ex- Pituranthos
triradiatus (Boiss.) Asch. & Schweinf) in Saudi Arabia is completely absent. The species is
an occasional shrub in the Northern region of Saudi Arabia along stony plains and wadis
(Al Widyian region). Once compared to D. tortuosa, D. triradiata is occasional and less
frequent, and the two taxa are found in sympatric association. The species is favored on
sandy desert wadis, gypsaceous substrate, and sandy gravel desert of Iraq, Egypt, Sinai,
and Arabia [11]. The plant is in the bloom stage during the summer season from July until
November (personal observation) [11].

The botanical description is reported by Chrtek et al. [12] and confirmed by Boulos [13]:
D. triradiata Hochst. ex Borns is a perennial yellow-green plant, reaching 35–100 cm in
height. The species is a glabrous shrub with erect stems, juncaceous, sparsely alternately
branched, and stout branches. Cauline leaves are strongly reduced to short ovate-triangular
sheaths, sometimes with remains of lamina. Umbels (2,3, or 6 flowers) are with glabrous
unequal long rays. Bracts are early caducous; pedicels are unequal (2 mm long) and whitish
shortly hairy; bracteoles are caducous. Fruits are narrowly ovoid or oblong (with 3 to 5 mm
long) and densely hairy, hairs (±0.5 mm long) and the mericarp are three times longer
than broad.

In Saudi Arabia, the species is known under the vernacular name of “Haza” or
“Sousse”. According to Halim et al. [14], the plant is used locally by the Bedouin population
against stomach pain, intestinal parasites, haematuria, blood cough, and in the regulation
of menstruation. Guetat (2022) [15], reported that the species is described to be a plant of
interest in the restoration of sandy coastal areas [16]. According the same author [15], the
ethnopharmacologial uses of the plant indicated that D. triradiata is used to relieve stomach
pains, against intestinal parasites, and the regulation of menstruation [14,17–20]. A strong
photodermatitis induced by the twigs of plants during the collection and furanocoumarins
of the plant were reported to be the cause [15,17–20]. Bergapten is a linear furocoumarins,
also known as 5-methoxypsoralen, with a wide range of pharmacological effects, includ-
ing neuroprotection, organ protection, anticancer, anti-inflammatory, antimicrobial, and
antidiabetes effects [21]. Furthermore, the compound was isolated many times (Ashkenazy
and his collaborators) from D. triradiata [15]. In the last few decades, multidrug-resistant
(MDR) organisms have increasingly become a serious issue in clinical practices and the
emergence of drug resistance in pathogens is becoming progressively more common [22].
The term antimicrobial resistance (AMR) is used and referring to the development of resis-
tance by parasites, protozoa fungi, viruses, and MDR bacteria. Many fungi are parasites
for plants, animals, human, and other fungi. Plant pathogenic fungi are able to cause
extensive damage and losses to agriculture and forestry and can cause serious diseases in
humans, including aspergillosis, candidosis, coccidioidomycosis, etc. [23]. The emergence
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of antifungal resistance (AFR) has urged researchers to explore therapeutic alternatives,
one of which includes the use of natural plant products such as EOs.

Studies focusing on essential oil profiling and bioactivities of phytochemicals from
the species are sparse. This study bridges this gap as it seeks (i) to profile the essential
oils of roots, seeds, stems, and flowers of Saudi Arabian D. triradiata and (ii) to study the
antioxidant, antifungal, and allelopathic activities of EOs and plant extracts.

2. Material and Methods

2.1. Plant Material

In September 2018, D. triradiata Hochst. ex Boiss. was collected from the wild. The site
of the collection is situated about 50 km to the East of Arar city (Northern region of Saudi
Arabia) in Wadi Aboulkour (30◦ 44′ 9.816”; 41◦ 27′ 8.928”), a tributary of Wady Arar. The
plant specimen was identified in the Department of Biology, College of Sciences, Northern
Border University. A voucher specimen was deposited (Dtr891) in the herbarium of the
College of Sciences.

2.2. Isolation of Essential Oil and Crude Collection

Using Clevenger-type apparatus, the essential oils (EOs) were extracted from plant
materials (100 g) and dried at laboratory room temperature (25 ◦C). Flowers, stems, roots,
and seeds were used for EOs extraction by hydrodistillation for 4 h. Anhydrous sodium
sulfate was used for drying the obtained EOs. Oil yield was estimated based on the 100 g
dry weight of plant material and stored in dark vials (4 ◦C) for further analysis.

For crude collection, powder of different plant parts (100 g) was macerated (7 days)
in a glass container with organic solvents (petroleum ether, EtOAc, and MeOH) at room
temperature (RT: 25 ◦C). Plant material was deposited in extraction thimbles and covered by
an organic solvent (500 mL). One week later, plant extracts were filtered through Whatman
paper and the obtained crudes were leaded. Petroleum ether lead to a crude extract of
800 mg and 4.43 g, respectively, for roots and aerial parts, ethyl acetate lead to a crude
extract of 300 mg and 1.75 g, respectively, for roots and aerial parts, and finally, methanol
lead to a crude extract of 1.93 g and 8.52 g, respectively, for roots and aerial parts.

2.3. Chemicals

All solvents and chemicals are of analytical grade. DPPH (2,2-diphenyl-2-picrylhydrazyl)
and ABTS (2,2-azino-bis-(3-ethylbenzothiazoline-6-sulphonic acid)) were obtained from
Sigma Aldrich, (Burlington, MA, USA).

2.4. Gas Chromatography

For GC analyses, a 0.2 μL sample of essential oil (diluted in dichloromethane: 1:100)
was used. The analyses were carried out using Agilent gas chromatography (HP7890 GC).
The apparatus was equipped with a flame ionization detector (FID) and an HP-5 fused
silica column (30 m × 0.32 mm, 0.25 μm film thickness). As a carrier gas, nitrogen was used
for the analysis of EOs samples. The injector and detector temperatures were 210 ◦C and
230 ◦C, respectively. The column oven temperature varied from 60 ◦C to 220 ◦C, with an
increasing rate of 3 ◦C/min.

2.5. GC-MS Analyses

Analyses of EOs samples (0.2 μL) were performed on an Agilent mass spectrometer
(Model HP 5975 C). The apparatus was coupled with an Agilent gas chromatograph
HP-5MS capillary column (30 m × 250 μm coated with 5% phenyl methyl silicone, 95%
dimethylpolysiloxane, and 0.25 μm film thickness). Helium was used as a carrier gas, and
the flow rate was fixed to 0.8 mL/min. The oven temperature was initially programmed to
vary from 60 to 220 ◦C with an increasing rate of 4 ◦C/min, and the transfer line temperature
was 230 ◦C.
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2.6. Identification of Components

The profiling of EOs components was performed according to the retention index (RI).
The Mass Spectroscopy library (NIST/Wiley) and available literature [24] were referred to
for recorded mass spectra. Two Databases were used for the identification of the EOs com-
ponents synonyms (Database\NIST05a.L Minimum Quality: 90; Database\Wiley7Nist05.L).
Common names are cited according to PubChem (https://pubchem.ncbi.nlm.nih.gov: last
accessed date on 25 May 2022) and NISTBOOK (https://webbook.nist: last accessed date
on 25 May 2022).

2.7. Antioxidant Activities
2.7.1. DPPH Radical Scavenging Assays

The used method was described by Guetat et al. [10], as described previously by Brand
et al. [25], with slight modifications. Plant extracts and EOs samples extracts were prepared
in methanol. Subsequently, 60 μL of oil/extracts (at different concentrations) were added
to 2940 μL of the methanolic DPPH solution (100 μM). The mixture was conserved in the
dark for 30 min and a spectrophotometer (V-630 UV-Vis Spectrophotometer from Jasco)
was used to perform the analysis at 517 nm against the blank sample. As a negative control,
methanol solution was used, and DPPH solution was referred to as a positive control. The
radical-scavenging activity was calculated using the following equation:

DPPHScA (%) = [(AB-AA)/AB] × 100 (1)

where DPPHScA is the percentage of DPPH inhibition; AB and AA are, respectively, the
optical density (OD) values of the positive control and the OD of the test sample. IC50
values were presented as results, where IC50 means the concentration of the antioxidant
sufficient to scavenge 50% of DPPH present in the test solution. The experiment was
replicated three times and IC50 values were reported as means ±SD.

2.7.2. ABTS Radical Cation Decolorization Assay

The method used was described by Guetat et al. [10] and Dorman and Hiltunen [26];
the total radical-scavenging capacity was evaluated by the ability of the sample to scavenge
the ABTS radical (ABTS•+). The ABTS•+ solution was prepared by mixing 7 mM ABTS
and 2.45 mM K2S2O8, and the mixture was stored in darkness at RT for 12 h [10,27,28].
ABTS•+solution was diluted in order to obtain an absorbance of 0.7 ± 0.01 at 734 nm. 60 μL
of diluted oil and the extract was added to 2940 μL ABTS•+ solution and the absorbance at
734 nm was then measured. The blank consisted of 60 μL of the solvent added to 2940 μL
of the ABTS•+ solution. The absorbance was recorded at RT 10 min after the addition of
the antioxidant. The experiment was performed in triplicate.

2.8. Minimal Inhibitory Concentration (MIC) and Minimal Fungicidal (MFC) Concentration

In the present study, Table 1 shows the used yeast strains (5 Candida spp. strains and
6 Malassezia spp. Strains). A non-selective isolation medium (Sabouraud Dextrose Agar:
SAB) was used for Candida spp. isolation and cultivation. However, Dixon Agar (DXA)
was used for Malassezia spp. strains. Formerly, fungal strains were suspended in 5 mL of
sterile saline and vortexed for 15 s. Saline solution (0.85% NaCl) was added until obtaining
0.5 and 2.04 values in the McFarland scale, respectively, for Candida spp. and Malassezia spp.
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Table 1. The used yeast strains in the present study.

Species Collection Code Origins

Candida krusei ATCC 6258 American Type Culture Collection
Candida parapsilosis ATCC 22019 American Type Culture Collection
Candida parapsilosis ATCC 22020 American Type Culture Collection
Candida albicans6 CD1378 Cloaca of laying hens

Candida Guilliermondi CD1379 Cloaca of laying hens

Malassezia pachydermatis CD90 Dogs with otitis
Malassezia pachydermatis CD 112 Dogs with dermatitis
Malassezia pachydermatis CD 113 Dogs with dermatitis

Malassezia furfur CBS1978 CBS-KNAW Collections
Malassezia furfur CD1029 Human skin
Malassezia furfur CD1006 Human blood

For Candida spp., EOs (3, 6 μL, 12, 24, and 48 μL/mL) were prepared in RPMI
1640 medium (pH 7). However, for Malassezia spp., natural products (EOs with the same
concentrations used for Candida spp.) were prepared in SAB + 1% Tween 80. Aliquots of
EOs samples (100 μL) and selected Candida and Malassezia species (100 μL) were bestowed
into 96-well plates (Orange Scientific, Braine-l’Alleud). As a control, samples of EOs and
yeast-free strains were also conferred. The 96-well plates were incubated at 37 ◦C for 48 h
to 72 h. The MIC values were determined after the visualization of the resultant plate. MIC
corresponds to the lower concentration of the antifungal agent in which no visible growth
of the fungus was observed, compared to the control (strains grown without oil). The
number of viable cells was assessed by the determination of the number of colonies forming
units (CFUs) through several dilutions. The MFC values were defined as the antifungal
agent concentration in which no CFUs were counted. The experiment was repeated in
triplicate in three independent replications.

2.9. D. triradiata and Phytotoxic Potential of the Plant Extracts

The allelopathic activity of the roots and aerial parts extracts of D. triradiata was
evaluated against wheat (Triticum aestivum L.) seeds germination and seedlings growth.
Before starting the germination experiments, seeds were sterilized with 0.3% NaOCl for
5 min. Five replicates (100 seeds) were prepared for each concentration of the plant extracts.
To examine the allelopathic effect of the extracts, various concentrations (0.2, 0.4, 0.6, 0.8,
and 1 mg/mL) were prepared in organic solvents (petroleum ether, ethyl acetate, and
methanol). Prior to the germination experiment, plant extract (5 mL) was added to Petri
dishes (9 cm) lined with a filter paper Whatman No. 1 and air-dried at laboratory room
temperature (25 ◦C) for 24 h. Then, 5 mL of distilled water was added to each Petri dish.
The negative control consists of germinated seeds using distilled water and without plant
extracts. The Petri dishes were wrapped with Parafilm tape and incubated in the darkness
at 25 ◦C for 1 week [10]. Hypocotyl lengths, root lengths, fresh seedlings weight, and dry
biomass weights per Petri dish were determined to evaluate the allelopathic activity of the
plant extracts. The inhibitory or stimulatory effects were calculated using the following
equation [28]:

PytPot D. triradiata (%) = [(PEE-CE)/CE] × 100 (2)

where PEE: the effect of plant extract and CE: the null effect of the negative control.

2.10. Statistical Analysis

All results of biological activities (antioxidant, antifungal, and allelopathic) were
expressed as mean values ±SD, and the experiments were replicated three times. ANOVA
procedure was used to assess the quantitative differences. Duncan’s multiple range test
was referred to test the significance (p < 0.05) of the mean difference.
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3. Results and Discussion

3.1. EOs Profiling

The obtained EOs from stems, seeds, and flowers were a light yellow to green color.
EOs yields of these plant parts varied from 0.53, 0.42, and 0.36% (g EOs/100 g of dry plant
material), respectively, for stems, seeds, and flowers. However, the oil of the roots was
more viscous, colored dark golden and with the lowest yield (0.045% g of EOs/100 g of
dry plant material). Nine phytochemicals representing 100% of the total oil were identified
as constituents of the EOs by combined GC and GC/MS analyses (Table 2). The aromatic
phenylpropanoid elemicin was identified as the unique compound of flowers’ EOs (100%).
However, this compound is present in the EOs of seeds with a low percentage (3.12%),
and it is totally absent in the EOs of stems and roots (Table 2). Compared with the mass
spectral data from literature [24,29], elemicin was found to be the unique pure compound
isolated from the EOs of the flowers of D. triradiada. The compound has a molecular weight
of 208.1 g/mol, and the mass spectrum (electron ionization) led to different fragments
(Figure 1, Annex). The mass spectra of elemicin (Figure 1) showed a molecular ion peak
with m/z 208 [C11H13O3] + (base peak), the molecular ion was fragmented by losing CH3
radical to produce [C11H13O3] + ion at m/z 193 and this was followed by the most highest
peak at m/z 177, 133, and 77, respectively. The fragmentation pattern was in agreement
with that reported by Ekundayo et al. [29].

Table 2. Chemical composition of four parts of D. triradiata Hochst. ex Boiss essential oil from the
Northern region of Saudi Arabia.

Compounds RI Roots Seeds Stems Flowers

1 Myristicin 1517 ND 2.03 3.14 ND
2 Seychellene 1458 ND ND 1.01 ND
3 Dillapiol 1633 ND 82.61 82.33 ND

4 N-[3-(5-methyl-1,3-benzoxazol-2-
yl)phenyl]formamide 1672 22.13 11.11 13.52 ND

5 Elemicin 1558 ND 3.12 ND 100
6 (E)-α-elemene 1469 0.84 ND ND ND
7 Apiol 1682 72.16 ND ND ND

8 7,8,9,10-tetrahydro-anthra[1,2-
b]furanne - 4.68

9 Germacrene B 1562 1.13
Total 99.81% 100% 100% 100%

RI: Retention index relative to n alkanes (C8–C24) calculated on HP-5 capillary column. ND: not detected.

Alkenylbenzene, elemicin was described in a relatively low percentage in Deverra
tortuosa (7.3%) [10]. Elemicin (3,4,5-trimethoxyallylbenzene), a fraction of nutmeg oil, is an
active natural alkenylbenzene found in many medicinal plants, including several Apiaceae
taxa such as Petroselinum sativum, Ferula heuffelii, Petroselinum crispum, etc. [30]. According
to the same authors [30], elemicin shows extensive pharmacological effects, including
antimicrobial, antioxidants, and anti-acetylcholinesterase [30].

For the EOs of seeds and stems, dillapiol was identified as a major component
(82.61 and 82.33%), and apiol was the major compound for the roots’ EOs with 72.16%
(Table 2). The essential oils of D. traradiata have not been studied before, and to the best of
our knowledge, this is the first report profiling the EOs of the species. Among the few taxa
belonging to the genus Deverra DC (ex Pituranthos Viv.), D. tortuosa is a well-documented
and studied species. Previous studies reported the EOs of D. tortuosa in Saudi Arabia [10],
Tunisia [31,32], and Egypt [33–35]. The authors [10,31–33] reported a similar yield of EOs
extracted from different parts of D. tortuosa not exceeding 0.63 [10]. The chemotype of EOs
described herein is different from those described in the literature once compared to closely
related species (D. tortuosa). Moreover, elemicin, apiol and dillapiol were found to be the
major components of D. triradiata’s EOs. However, D. tortuosa’s EOs was described as a
chemotype of apiol for all plant parts in Saudi Arabia [10] as a chemotype of sabinene,
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α-pinen, limonen, and terpinen-4-ol in Tunisia [29] and as a chemotype of terpinen-4-ol in
Egypt [33] and a chemotype of dillapiole, elemicin, and myristicin [34].

Figure 1. Mass spectra of elemicin as the unique pure compound isolated from flowers’ EOs of
D. triradiata.
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3.2. Antioxidant Activities as Assessed by EOs’ ABTS System and Plant Extracts’ DPPH System

Table 3A,B show the ABTS values of EOs’ IC50 and DPPH values of plant extracts
(aerial parts and roots). The values of IC50 (ABTS assay system) for EOs are presented
in Table 3A. The roots’ EOs and those of stems showed the best antioxidant activity
(IC50 = 0.282 μg/mL and 0.708 μg/mL, respectively). By comparing the obtained IC50
values of D. triradiata EOs with that of authentic ascorbic acid (0.413), it was found that
the potential antioxidant activity of the EOs is high and not significantly different from
the standard. However, the EOs of flowers presented showed a relatively low antioxidant
activity (5.42 μg/mL) and were significantly different from ascorbic acid as a standard with
the IC50 value of 0.413 μg/mL.

Table 3. Antioxidant activity evaluated by ABTS for the EOs (A) and DPPH test assays of plant
extracts of D. triradiata samples (B).

(A) ABTS IC50 (μg/mL)

3A. Samples
Concentration

(μg/mL)

EOs

Flowers 5.42 a (±1.13)

Stems 0.706 b (±0.14)

Roots 0.282 c (±0.01)

Ascorbic acid 0.413 b,c (±0.018)

(B) DPPH IC50 (μg/μL)

Plant extracts

Samples
Concentration

(μg/mL)

Arial parts

Petroleum ether extract 4.52 a (±0.95)

Ethyl acetate extract 2.47 c (±0.2)

Methanol extract 2.73 b,c (±0.32)

Roots

Petroleum ether extract 3.70 a,b (±0.26)

Ethyl acetate extract 3.18 b,c (±0.73)

Methanol extract 4.36 a (±0.1)

Ascorbic acid 5.41 a (±0.58)
Values are presented as mean ±SD (n = 3). Values followed by the same letter are not significantly different
(p > 0.05).

For the aerial parts’ extract samples, the results are presented in Table 3B. It is remark-
able that in all plant extracts and for three extraction systems (petroleum ether, ethyl acetate,
and methanol), IC50 values were less than 5 μg/mL. The highest antioxidant activities
(DPPH assay system) were observed for the ethyl acetate extracts both for aerial parts and
roots (2.47 and 3.18 μg/mL, respectively). The methanol extract of roots and petroleum
ether aerial part extract showed the lower values of DPPH scavenging (4.36 μg/mL and
4.52 μg/mL, respectively). IC50 values of plant extracts were found to be with high an-
tioxidant potential and are significantly different from ascorbic acid (p > 0.05). Moreover,
the IC50 values of plant extract concentrations were found to be lower by 1.25 to 2 times
compared to ascorbic acid concentration for the DPPH system assay (4.36/5.41 = 1.25 times
and 2.47/5.41 = 2.19 times).

Our data on antioxidant activity showed values varying between 0.282 and 5.42 μg/mL
for the EOs and concentrations ranging between 2.47 and 4.52 μg/mL for plant extracts.
Compared to previous published work, antioxidant activity of hydroalcholic extract of Ferula
gummosa [36] were reported to be moderate, at 579 μg/mL. Plant extracts from Ferula lutea
showed that the strongest antioxidant activity was obtained for the ethyl acetate extract
(IC50 = 12.8 μg/mL). However, a recent study focusing on D. tortuosa reported relatively
comparable results with antioxidant activities for the flowers’ EOS (IC50 = 0.175 μg/mL) [10].
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According to the same authors, the samples of stems and roots exhibit lower antioxidant ac-
tivity (IC50 = 0.201 μg/mL and 0.182 μg/mL, respectively). Methanol extracts of D. tortuosa
exhibited the highest antioxidant activities (IC50 = 0.064 μg/mL) [10].

This is the first report describing the antioxidant activity of D. triradiata. However,
the species was described to induce photosensitization [18] and photodermatitis [19]. As
a personal observation, we report that the collected plant material of the studied species
caused irritations, such as lines on the upper layer of the hand’s skin during collection.

3.3. D. triradiata’s EOs Activities against Selected Strains from Malassezia spp. and Candida ssp

The MIC values of 4 EOs (Roots, seeds, stems, and flowers) varied between 3 μL/mL
and 48 μL/mL (Table 4 and Figure 2). M. pachydermatis (CBS 1978) seems to be the most
sensitive fungal strain for the 4 EOs with an MIC value of 3 μL/mL. However, 3 Candida
strains (C. albicans 6, C. parapsilosis: ACTT 22020 and C. parapsilosis: CD 1378) were found
to be with the lowest inhibitory effect against the tested EOs (especially EOs of roots and
seeds).

Table 4. Minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC)
(μg/mL) of D. triradiata EOS compared to Itraconazole (μg/mL) as a positive control.

Roots Seeds Stems Flower Itraconazole

Fungal Strains MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC

C. guilliermondi
(ACTT 6258)

13.6 mg/mL
(12 μL/mL)

13.6 mg/mL
(12 μL/mL)

14.1
mg/mL

(12 μL/mL)

28.2 mg/mL
(24 μL/mL)

6.95 mg/mL
(6 μL/mL)

6.95 mg/mL
(6 μL/mL)

7.15 mg/mL
(6 μL/mL)

14.3 mg/mL
(12

μL/mL)
32 64

C. albicans 6
(ACTT 22019)

54.4 mg/mL
(48 μL/mL)

>54.4 mg/mL
(48 μL/mL)

56.4
mg/mL

(48 μL/mL)

56.4 mg/mL
(48 μL/mL)

6.95 mg/mL
(6 μL/mL)

13.8 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL) > 64 > 64

C. parapsilosis
(ACTT 22020)

54.4 mg/mL
(48 μL/mL)

>
54.4 mg/mL
(48 μL/mL)

56.4
mg/mL

(48μL/mL)

56.4 mg/mL
(48 μL/mL)

6.95 mg/mL
(6 μL/mL)

13.8 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL) 0.32 0.64

C. parapsilosis17
(CD 1378)

54.4 mg/mL
(48 μL/mL)

>
54.4 mg/mL
(48 μL/mL)

56.4
mg/mL

(48 μL/mL)

56.4 mg/mL
(48 μL/mL)

6.95 mg/mL
(6 μL/mL)

13.8 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL)

14.3 mg/mL
(12 μL/mL) 0.32 0.64

C. krusei
(CD 1379)

54.4 mg/mL
(48 μL/mL)

>
54.4 mg/mL
(48 μL/mL)

56.4
mg/mL

(48 μL/mL)

56.4 mg/mL
(48 μL/mL)

13.8 mg/mL
(12 μL/mL)

13.8 mg/mL
(12 μL/mL)

7.15 mg/mL
(6 μL/mL)

7.15 mg/mL
(6 μL/mL) 0.64 > 0.64

Candida ssp. 46.24 mg/mL
(± 17.20)

>
46.24 mg/mL

(17.20 ±)

47.94 mg/mL
(±17.84)

48.76 mg/mL
(± 11.54)

8.32 mg/mL
(± 2.89)

12.43 mg/mL
(± 2.89)

11.44 mg/mL
(± 3.69)

12.87 mg/mL
(± 3.01)

> 19.54
(± 26.78)

> 25.98
(± 32.72)

M. furfur
(CD 90)

13.6 mg/mL
(12

μL/mL)

27.2
mg/mL

(24 μL/mL)

14.10 mg/mL
(12 μL/mL)

14.10 mg/mL
(12 μL/mL)

3.4
mg/mL

(3 μL/mL)

6.95 mg/mL
(6 μL/mL)

7.15 mg/mL
(6 μL/mL)

14.3 mg/mL
(12 μL/mL) 0.32 0.32

M. furfur
(CD 112)

6.8
mg/mL

(6 μL/mL)

13.6
mg/mL
(12 μL)

14.10 mg/mL
(12 μL/mL)

14.10 mg/mL
(12 μL/mL)

6.95 mg/mL
(6 μL/mL)

13.8 mg/mL
(12 μL/mL)

7.15 mg/mL
(6 μL/mL)

14.3 mg/mL
(12 μL/mL) 0.32 0.32

M. furfur(CD
113)

6.8
mg/mL

(6 μL/mL)

13.6
mg/mL

(12 μL/mL)

14.10 mg/mL
(12 μL)

14.10 mg/mL
(12 μL/mL)

6.95 mg/mL
(6 μL/mL)

13.8 mg/mL
(12 μL/mL)

7.15 mg/mL
(6 μL/mL)

14.3 mg/mL
(12 μL/mL) 0.32 0.32

M.
pachydermatis

(CBS 1978)

3.4
mg/mL

(3 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.52
mg/mL

(3 μL/mL)

3.52 mg/mL
(3 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.57 mg/mL
(3 μL)

3.57 mg/mL
(3 μL/mL) 0.32 0.32

M.
pachydermatis

(CD 1029)

13.6 mg/mL
(12 μL/mL)

27.2
mg/mL

(24 μL/mL)

3.52
mg/mL

(3 μL/mL)

7.05 mg/mL
(6 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.57 mg/mL
(3 μL/mL)

3.57 mg/mL
(3 μL/mL) 0.32 0.32

M.
pachydermatis

(CD 1006)

3.4
mg/mL

(3 μL/mL)

3.4
mg/mL

(3 μL/mL)

3.52
mg/mL

(3 μL/mL)

7.05 mg/mL
(6 μL/mL)

3.4
mg/mL

(3 μL/mL)

6.95 mg/mL
(6 μL/mL)

3.57 mg/mL
(3 μL/mL)

3.57 mg/mL
(3 μL/mL) 0.32 0.32

Malassezia ssp. 7.93 mg/mL
(±4.43)

14.73 mg/mL
(±10.18)

8.81
mg/mL
(±5.53)

9.99 mg/mL
(±4.47)

4.58 mg/mL
(±1.75)

8.05 mg/mL
(±4.51)

5.36 mg/mL
(±1.87)

8.94 mg/mL
(±5.6)

0.32
(±0.00)

0.32
(±0.00)
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Figure 2. MIC values (ppm) of antifungal activity of the EOs of D. triradiata: roots (a), seeds (b),
stems (c) and flowers (d) against selected strains from two fungus genera Malassezia (6 species) and
Candida (5 species).

D. triradiata’s EOs showed higher inhibitory activities against pathogenic Malassezia
isolates compared to Candida ssp (Figure 2a–d). For Malassezia strains, the MIC values
of EOs varied between 10.2 and 163.2 ppm for the Roots’ EOs, 10.56 and 169.2 for the
seeds’ EOs, 10.2 and 41.7 for the stems’ EOs, and the MIC values of the flowers’ EOs varied
from 10.71 to 171.6 ppm. Furthermore, the MIC values of Candida species ranged between
163.2 and 2611.2 ppm for Roots’ EOs, 169.2 and 2707.2 for the seeds’ EOs, 41.7 and 165.6 for
the stems’ EOs, and 45 to 171.6 for the flowers’ EOs.

The mean MIC values of the two genera are reported in Figure 3. The genus Malassezia
showed a mean MIC values less than 100 ppm for the 4 tested EOs (only 20.65 ppm for
Stems’ EOs). However, the mean MIC values, for candida genus, exceeded 2000 ppm re-
spectively for Roots’ EOs and Seeds’ EOs; the mean MIC values were 66.48 and 146.28 ppm,
respectively, for Stems’ EOs and Flowers’ EOs. The oil extracted from the stem was found
to be the most potent EOs, with a mean MIC values less than 70 ppm for the two genera.
However, pathogenic Malassezia and Candida isolates seemed to be less sensitive against the
oils extracted from the roots and seeds. The chemical profiling of the 4 parts of the plant
species (Table 2) showed that the EOs of seeds and stems were reported as a chemotype of
dillapiole. This finding could support the effect of minor compounds (mainly seychellene)
in the fraction of EOs extracted from the stem which could affect fungal pathogens in syn-
ergism with the major components. Moreover, seychellene was reported as a non-selective
candidate for inhibitor cyclooxygenase on pre-osteoblast cells [37].
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Figure 3. Mean MIC values of antifungal activity of the EOS from D. triradiata at genera level against
selected strains from two fungus genera Malassezia and Candida.

Globally, M. pachydermatis was the most sensitive yeast to the tested EOs (MIC values
ranged from 10.2 and 10.71 ppm). However, C. parapsilosis, C. albicans 6, and C. krusei strains
seemed to be the less sensitive, and the highest MIC values were recognized for these
three strains (7.15–56.4 mg/mL). The MFC values (Table 4 and Figure 4a–d); Figure 4a–d
related to the 11 studied fungal strains corroborated entirely the MIC values for all strains
belonging to the 2 genera.

Figure 4. MFC values (ppm) of antifungal activity of the EOs of D. triradiata: roots (a), seeds (b),
stems (c), and flowers (d) against selected strains from two fungus genera Malassezia (6 species) and
Candida (5 species).
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The review of the inhibitory potential of EOs on Malassezia and candida species
by various plants has revealed the antifungal activity of this valuable natural products
extracted from different plant taxa [38,39]. Our data corroborate this finding and the studied
EOs exhibited inhibitory potential towards Candida and Malassezia spp. reference strains.
However, the authors [38,39] reported the range of 1000 μg/mL and 2 μL/mL as thresholds
to define an EOs as an antifungal inhibitor. Our results showed (in the case of excluding
the concentration exceeding 1000 μg/mL) that the tested EOs of stems and flowers of
the studied plant species displayed inhibitory potential towards fungal pathogens with
concentrations varying between 10.2 to 171.6 ppm and 3 to 12 μL/mL.

Figure 3 showed that EOs possessed fungicidal activity against the tested pathogens
belonging to Candida and Malassezia. The lowest MFC values were recorded against 3 strains
of M. pachydermatis, and EOs of stems and flowers seem to be the most potent (Figure 4c,d).
The finding of the MFC data corroborate those obtained for MIC and Candida ssp and
were found to be less sensitive, especially towards EOs of roots and seeds. As shown by
Figure 3a,b, the highest MFC values (2707.2, 2227.2, and 2611.2 ppm) were recorded against
4 Candida strains (C. albicans 6, 2 strains of C. parapsilosis, and C. krusei).

The MFC/MIC ratio was calculated to determine whether thymol has a fungistatic
(MFC/MIC ≥ 4) or fungicidal activity (MFC/MIC < 4) [39–41]. The MFC/MIC ratio for
four studied samples of EOs showed values ranging from to 1 to 2.08. This ratio was
equal to 1 for 26 fungal strains out of 44 studied cases (11 fungal strains tested for each
of the 4 analysed EOs). In general, the MFC values were found to be lower than the
MIC values suggesting that the tested essential oils have fungicidal effects. Our results of
MFC described for D. triradiata corroborate previous studies focusing on similar fungal
strains [10,40–43]. Guetat et al. (2018) [10] reported that the MFC values of EOs of D. totuosa
varied between 3 and 24 μL/mL, and Candida ssp were found to be less sensitive towards
the two tested EOs (extracted from flowers and stems. The relationship between the
effectiveness of the studied EOs and the antifungal activity was not discussed by the
author [10] and the described chemotype, both for stems and flowers, was reported to be
dominated by apiol as a major component. Dongmo et al. [44] reported that the EOs of four
Cameroonian spices showed MFC values ranging between 256 and 4096 μL/mL.

3.4. Allelopathic Activity of D. triradiata Plant Extracts

The allelopathic effects of the root and aerial parts extracts are summarized in Table S1
(Supplementary Materials). The allelopathic influence on T. aestivum L. seeds germination
and seedlings growth varied according to the plant extracts and concentration. The ger-
mination percentage varied between 65 and 88.23% (values not reported in Table S1). A
significant promoting and inhibitory effect on the germination was found (Table S1). The
general tendency of the experiment showed that root extracts and aerial part extracts with
an inhibitory effect were found to promote germination. The D. triradiata ethyl acetate
extract of aerial parts showed high phytotoxic effects against T. aestivum L. seeds, with an
inhibition of seed germination of 17.26% at 0.2 mg/mL. However, the highest induction
value of seed germination of the root extracts was exhibited by ethyl acetate extract (12.32%
at 0.6 mg/mL).

The variance analysis performed on the allelopathic effects revealed significant differ-
ences among concentrations (p < 0.05). The effect of the aerial parts’ extracts on the radicle
growth varied from 22.73 as an induction factor (at 0.6 mg/mL; ethyl acetate) to −73.4%
as inhibition (at 1 mg/mL, petroleum ether). For the root extracts, this character (radicle
length) was induced by methanol extract (34.97% at 0.6 mg/mL). However, the radicle
length was inhibited by ethyl acetate extract (−9.57% at 0.8 mg/mL).

The hypocotyl length was remarkably induced in the presence of different D. triradiata
extracts at different concentrations (excepting petroleum ether extract of aerial parts at
1 mg/mL). The highest percentages of promoting were recorded in methanol extracts (from
44.23% at 0.6 mg/mL to 48.86% at 0.4 mg/mL). For the root extracts, the hypocotyl length
was highly induced by methanol extracts (57.59% at 1 mg/mL). In this way petroleum
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ether root extracts also showed high values of hypocotyl length promoting (from 9.61 to
39.31%). The biomass production was considerably induced in the presence of different
plant extracts at different concentrations, and the dry weight of the seedlings treated from
different samples was highly increased. Globally the root extract increased more remarkably
by the dry mass production. For petroleum ether at 1 mg/mL, the highest percentage
of dry mass increasing was 66.6% for root extracts and 42.14% for aerial part extracts.
The allelopathic effect is related to the plant extract composition and the target species
D. triradiata extracts was efficient to promote and inhibit the seed germination and the
seedling growth of T. aestivum. The phytotoxic effect can be mainly due to toxic compounds
present in the plant extracts. Secondary plant metabolites such as terpenoids, steroids,
phenols, coumarins, flavonoids, tannins, alkaloids, and cyanogenic glycosides, and their
degradation products have been known to be involved in allelopathic phenomena [45].

Apiaceae plants are known to accumulate flavonoids mainly in the form of flavonols
and flavones [5,46]. The allelochemicals present in D. triradiata extracts could, among
others, refer to flavonoid metabolites. The action of allelochemicals can affect the respiration,
photosynthesis, enzyme activity, water relations, stomatal opening, hormone levels, mineral
availability, cell division and elongation, and structure and permeability of cell membranes
and walls [46–48]. In addition, the allelopathic potential of D. triradiata species is not
cited in the literature, however, our results corroborate those obtained by Guetat et al. [10]
on D. tortuosa and by Znati et al. [35] on Ferula lutea. The authors [10] reported that the
plant extracts of D. tortuosa from Saudi Arabia exhibited high phytotoxic effects against
T. aestivum L. seeds and seedlings. Moreover, the highest germination inhibition (56%) was
induced by petroleum ether extracts. The inhibition of the radicle growth was reported to
reach 100% (petroleum ether extracts at 1 mg/mL). These findings about the allelopathic
potentialities of D. tortuosa were supported by Fayed et al. [49]. The authors reported that
the EOs showed a substantial allelopathic activity against the weed Chenopodium murale.
Furthermore, the shoot growth, root growth, and germination was reduced (at higher
dose: 100 μL/L) by 84.19, 74.45, and 53.57%, respectively. In addition, the authors ascribed
that the EOs of D. tortuosa attained IC50 values of 94.96, 46.52, and 46.52 μL/L against
germination, shoot, and root growth of C. murale [49].

4. Conclusions

In summary, this study on D. triradiata from Saudi Arabia showed that EOs and
plant extracts have a variation in their chemical composition. Despite the low chemical
diversity of extracted EOs from seeds, roots, stems, and flowers (only nine compounds),
the chemicals in the EOs exhibited high biological activity potentials. The highest yield
in the essential oils was recorded in stems. Among the tested plant extract samples, the
highest antioxidant activity was observed in methanol extracts. Furthermore, the plant
extracts also inhibited the shoot and root growth of Triticum aestivum seedlings. Moreover,
EOs displayed a high inhibitory activity against selected fungal strains (Malassezia spp.
and Candida species). Hence, natural products extracted from D. triradiata could be used
as a natural herbicide as well as a good source for preventing yeast growth. Our results
highlight the value-adding of this Saudi Arabian plant species, which can be a safe and
renewable source of biological active compounds for multiple utilizations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11121543/s1, Table S1: Allelopathic effects of the plant extracts of
D. triradiata samples at different concentrations on Triticum aestivum L. seedlings.
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Abstract: The present study aimed to determine the chemical composition, enantiomeric distribution
and the biological profile of Hedyosmum strigosum essential oil (EO). The antioxidant properties and
anticholinesterase effect were measured by spectroscopic methods and antimicrobial potency assessed
against 8 bacteria and two fungi. H. strigosum is a native shrub, particularly found in Ecuador and
Colombia at 2000 to 3500 m a.s.l. Chemical composition was determined by GC-MS and GC-FID. A
total of 44 compounds were detected, representing more than 92% of the EO composition. The main
compounds were thymol (24.35, 22.48%), α-phellandrene (12.15, 13.93%), thymol acetate (6.59, 9.39%)
and linalool (8.73, 5.82%), accounting for more than 51% of the EO. The enantioselective analysis
revealed the presence of 5 pure enantiomers and 3 more as a racemic mixture. The EO exerted a
strong antioxidant capacity, determined by ABTS assay, with a SC50 of 25.53 μg/mL and a strong and
specific antimicrobial effect against Campylobacter jejuni with a MIC value of 125 μg/mL. A moderate
acetylcholinesterase inhibitory effect was also observed with an IC50 value of 137.6 μg/mL. To the
best of our knowledge this is the first report of the chemical composition and biological profile of
H. strigosum EO.

Keywords: enantiomeric distribution; chemical profiling; acetylcholinesterase; essential oil; thymol;
α-thujene; α-pinene

1. Introduction

Chloranthaceae is the smallest family of vascular plants and it is the only family in the
Chloranthales order. This family is composed mainly of lowering plants (angiosperms) and
is considered one of the most primitive of its type [1]. The Chloranthaceae family consists
of herbs, shrubs and trees, the species are characterized by the presence of secretory cells
in the stems and leaves [2]. The family comprises 80 species belonging to the Ascarina
(12 accepted species), Chloranthus (20 accepted species), Hedyosmum (44 accepted species)
and Sarcandra genera (4 accepted species) [3]. Species of Chloranthaceae are naturally
occurring in tropical and subtropical areas of Southeast Asia, Pacific Islands, New Zealand,
Madagascar, Central and South America, and the West Indies [4]. In Ecuador, the Chloran-
thaceae family is represented only by the genus Hedyosmum [5].

Pharmacological investigations have revealed that the extracts of Chloranthaceae
species are highly bioactive. Phytochemical studies showed the presence of terpenoids,
flavonoids, coumarins, organic acids, amides, and sterols can be obtained from plants of
this family [4]. Some species of the family Chloranthaceae have been used as folk medicine,
especially in eastern Asia. A common use of these species includes: invigorating blood
circulation and eliminating blood-stasis. The sarcandrae herb (Sarcandra glabra) is a folk
medicine with a long history in China, widely used for its medicinal properties and it has
been has been recorded in the Pharmacopoeia of the People’s Republic of China [6].

Plants 2022, 11, 2832. https://doi.org/10.3390/plants11212832 https://www.mdpi.com/journal/plants
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The genus Hedyosmum consists of 44 species of shrubs or trees, with branches hinged
at the height of the nodes or bulging. Its leaves are opposite, petiolate, simple, toothed and
with pinnate veins [7]. Most of the species of this genus are aromatic, for this reason, the
genus name finds its origin in the Greek words, hedy (pleasant) and osmum (smell) [8]. This
genus is represented mainly in America, and only one species is registered in Southeast
Asia [9]. Hedyosmum species are widespread in low and high mountain rain forests at
altitudes of 500 to 3000 m a.s.l. [10]. The species of this genus are distributed mainly in the
mountains from the state of Veracruz (Mexico) to Brazil (through southern Mexico, Central
America and the Andes of South America) [11–13].

In Ecuador, this genus is represented by at least 15 species and H. anisodorum, H. cua-
trecazanum, H. cumbalense, H. goudotianum, H. luteynii, H. purpurascens, H. racemosum,
H. scabrum, H. spectabile, H. sprucei, H. strigosum, and H. translucidum are mainly found
in Andean forests and subparamos areas. H. purpurascens is the only endemic species
occurring in the high Andean forest in the south of the country. All the reported species for
Ecuador grown mainly in cloud forests between 600 and 3000 m a.s.l. [14,15].

Previous studies have reported non-volatile and volatile secondary metabolites (essen-
tial oil) in species of the genus Hedyosmum. Among the identified non-volatile compounds
are flavonoids, hydroxycinnamic acid derivatives, neolignans, sesquiterpenes and sestert-
erpenes. The essential oils (EO) have been extracted from leaves, flowers, and fruits from
plants of this genus [12,13,16]. Traditional uses assigned to Hedyosmum genus include the
use as sources of firewood, construction materials and food (fruits). The leaves of some
species are used in infusion as a medicinal preparations or aromatic beverages [7]. The
pharmacological effects associated with species of this genus include analgesic, anxiolytic,
antibacterial, anticancer, antidepressant, antinociceptive, antiplasmodial neuroprotective
and sedative properties [17]. Some members of this genus have been reported to possess
antispasmodic and digestive effects, and also, they were reported for the treatment of
kidney problems and anxious stomach. In addition, folk medicine report traditional uses
such as, headaches, snake bites, rheumatic joint pain, fever, and cold symptoms [2,18].

Hedyosmum strigosum Todzia (class: Equisetopsida C. Agardh; subclass: Magnoliidae
Novák ex Takht.; superorder: Austrobaileyanae Doweld ex M.W. Chase & Reveal; order:
Chloranthales R. Br.; family: Chloranthaceae R. Br. ex Sims; genus: Hedyosmum Sw.) is
a native shrub or tree of Ecuador, also found in Colombia. In Ecuador, this species is
distributed in the Andean and Amazon region between 2000 to 3500 m a.s.l., especially in
the northern andean provinces of Cotopaxi, Imbabura, Napo, Pichincha and Tungurahua,
and the eastern province of Sucumbíos [5]. The plant is popularly known as “Quinillo” or
“Olloco,” and traditionally, the infusion of the leaves is drunk as an aromatic beverage, its
fruits are food for birds, its branches and stems are used as fuel, and the stem is timber and
is used for the construction of fences [18].

In south America, Ecuador is considered a megadiverse country because has many
species per unit surface area. Currently, this country occupies the sixth position worldwide
as a biodiversity hotspot [19]. However, there are few studies of its plant species, especially
of the aromatic species of the Hedyosmum genus. The importance of the family and the
genus, and the fact that only four species of this genus have been studied in Ecuador
(H. luteynii [14], H. racemosum [2], H. scabrum [17] and H. sprucei [13]) encouraged us to
determine a complete chemical profile of H. strigosum and validate its biological properties.
To the best of our knowledge, this is the first report made for this specie, for that reason, the
aim of this research was to determine the chemical composition, enantiomeric distribution,
antimicrobial, antioxidant and anticholinesterase effect of the H. strigosum essential oil.

2. Results

The EO from Hedyosmum strigosum obtained by hydrodistillation exhibited a pale-
yellow color and a yield of 0.66% (4.62 g from 700 g of plant material). The relative density
was 0.9823 ± 0.004 g/mL, refractive index of 1.4893 ± 0.001 and a specific rotation of α20

D of
+21.21 ± 0.035 (c 10.25, CH2Cl2).
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2.1. Chemical Composition

According to the GC-MS analysis, a total of 44 compounds were identified, represent-
ing 97.74% for DB5-MS and 92.27% for HP-Innowax, of the total oil composition. The main
chemical identified compounds were thymol (24.35, 22.48%), α-phellandrene (12.15, 13.93%),
thymol acetate (6.59, 9.39%), linalool (8.73, 5.82%) accounting for more than 51% of the
chemical composition. Oxygenated monoterpenes were the main chemical groups with
46.96% and 43.33%, followed by hidrocarbonated monterpenes (31.13 and 28.52%) respec-
tively (Table 1).

Table 1. Chemical compounds present in the essential oil of the leaves of H. strigosum.

N◦ Compounds
DB-5 ms HP-INNOWax

LRI a LRI b % LRI a LRI b % CF

1 α-Thujene 923 924 0.17 ± 0.02 - - - C10H16
2 α-Pinene 930 932 4.02 ± 0.02 1025 1028 3.92 ± 0.37 C10H16
3 Camphene 945 946 0.61 ± 0.01 1070 1075 0.51 ± 0.05 C10H16
4 Sabinene 968 969 0.95 ± 0.01 1113 1119 1.23 ± 0.14 C10H16
5 β-Pinene 973 974 1.43 ± 0.02 1125 1122 0.81 ± 0.09 C10H16
6 Myrcene 986 988 0.95 ± 0.04 - - - C10H16
7 α-Phellandrene 1003 1002 12.15 ± 0.16 1168 1160 13.93 ± 1.09 C10H16
8 α-Terpinene 1013 1014 0.13 ± 0.01 1184 1186 0.21 ± 0.10 C10H16
9 p-Cymene <ρ-> 1020 1020 3.88 ± 0.10 1277 1260 2.31 ± 0.35 C10H16

10 Limonene 1025 1024 3.70 ± 0.09 1204 1204 3.06 ± 0.39 C10H16
11 β-Phellandrene 1026 1025 2.03 ± 0.06 1212 1218 1.15 ± 0.32 C10H16
12 1,8-Cineole 1028 1026 4.7 ± 0.12 1215 1220 4.15 ± 0.45 C10H18O
13 (Z)-β-Ocimene 1032 1032 tr 1241 1233 0.58 ± 0.08 C10H16
14 (E)-β-Ocimene 1043 1044 0.32 ± 0.01 1258 1260 0.29 ± 0.04 C10H16
15 Terpinolene 1080 1086 0.11 ± 0.02 1286 1288 0.19 ± 0.02 C10H16
16 p-Cymenene 1086 1089 0.67 ± 0.02 1445 1438 0.33 ± 0.27 C10H14
17 Filifolone - - - 1448 1445 0.55 ± 0.20 C10H14O
18 Linalool 1098 1095 8.73 ± 0.12 1571 1556 5.82 ± 0.19 C10H18O
19 Chrysanthenone 1117 1124 1.29 ± 0.13 1515 1489 5.02 ± 0.77 C10H14O
20 (Z)-p-Menth-2-en-1-ol 1121 1118 1.28 ± 0.02 1618 1638 0.41 ± 0.04 C10H18O
21 (E)-p-Menth-2-en-1-ol 1139 1136 0.47 ± 0.02 1587 1571 0.27 ± 0.05 C10H18O
22 Camphor 1142 1141 1.67 ± 0.04 1521 1522 1.85 ± 0.10 C10H16O
23 Pinocarvone 1157 1160 2.13 ± 0.05 1575 1580 1.19 ± 0.16 C10H14O
24 (Z)-Pinocamphone 1171 1172 0.40 ± 0.03 1550 1555 0.26 ± 0.09 C10H16O
25 (Z)-Piperitol 1191 1195 0.63 ± 0.03 1766 1758 0.34 ± 0.01 C10H18O
26 Thymol, methyl ether 1226 1232 1.50 ± 0.01 1603 1586 0.19 ± 0.03 C11H16O
27 Neral 1235 1235 0.69 ± 0.01 - - - C10H16O
28 Geranial 1265 1264 0.62 ± 0.01 1749 1733 1.06 ± 0.08 C10H16O
29 Thymol 1289 1289 24.35 ± 0.27 2221 2189 22.48 ± 2.84 C10H14O
30 Thymol acetate 1341 1349 6.59 ± 0.23 1870 1840 9.39 ± 1.12 C12H16O2
31 Methyl eugenol 1396 1403 4.15 ± 0.04 2039 2023 0.81 ± 0.14 C11H14O2
32 α-Cedrene 1407 1410 0.23 ± 0.02 - - - C15H24
33 β-Cedren 1410 1419 0.39 ± 0.01 - - - C15H24
34 Germacrene D 1472 1480 3.17 ± 0.11 1700 1710 5.70 ± 0.44 C15H24
35 Bicyclogermacrene 1487 1500 0.84 ± 0.20 1725 1706 1.04 ± 0.11 C15H24
36 (E)-Methyl isoeugenol 1490 1491 0.04 ± 0.01 2196 2185 0.20 ± 0.02 C11H14O2
37 δ-Amorphene 1510 1511 0.32 ± 0.02 - - - C15H24
38 Elemol 1542 1548 0.36 ± 0.12 2099 2090 0.67 ± 0.07 C15H26O
39 (E)-Nerolidol 1557 1561 0.88 ± 0.02 2063 2050 1.04 ± 0.11 C15H26O
40 Spathulenol 1568 1577 0.79 ± 0.04 2139 2140 0.32 ± 0.04 C15H24O
41 (E)-Isoeugenol acetate 1601 1614 0.39 ± 0.15 - - - C12H14O3
42 α-Eudesmol - - - 2235 2233 0.25 ± 0.08 C15H26O
43 β-Eudesmol - - - 2243 2240 0.52 ± 0.15 C15H26O
44 α-Cadinol - - - 2249 2225 0.22 ± 0.02 C15H26O
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Table 1. Cont.

N◦ Compounds
DB-5 ms HP-INNOWax

LRI a LRI b % LRI a LRI b % CF

ALM 31.13 28.52
OXM 46.96 43.40

HS 4.95 6.74
OS 2.03 3.02

Others 12.67 10.59
Total 97.74 92.27

Percentage (%) is expressed as mean ± SD (standard deviation); LRIa: Calculated Linear Retention Index; LRIb:
Linear Retention Index read in bibliography; tr: trace (<0.03). CF: Condensed formula. ALM. Aliphatic monoter-
pene hydrocarbons, OXM. Oxygenated monoterpenes, sesquiterpene hydrocarbons, Oxigenated sesquiterpenes.

2.2. Enantiomeric Analysis

The results obtained for the enantiomeric analysis from H. strigosum essential oil are
depicted in Table 2.

Table 2. Enantiomeric analysis from H. strigosum essential oil.

LRI a Component
Enantiomeric

Distribution (%)
e.e. (%)

934 (1R,5S)-(–)-α-thujene 100 100
941 (1S,5S)-(–)-α-pinene 100 100
955 (1R,4S)-(–)-camphene 100 100
983 (1R,5R)-(+)-β-pinene 33.9

12.3985 (1S,5S)-(–)-β-pinene 56.1
989 (1S,5S)-(+)-sabinene 100 100

1006 (R)-(–)-α-
phellandrene 33.7

32.7

1011 (S)-(+)-α-
phellandrene 66.3

1050 (S)-(–)-limonene 100 100
1194 (R)-(–)-linalool 44.1

11.91198 (S)-(+)-linalool 55.9
LRI a: Linear Calculated Retention Index; e.e: enantiomeric excess.

2.3. Antimicrobial Activity

According to the results displayed in Table 3, the most relevant outcome was obtained
for Campylobacter jejuni, and the two dermatophytes with a MIC value of 125 μg/mL.
The remaining microorganisms exhibited weak or null inhibitory effects at concentrations
higher than 1000 μg/mL.

Table 3. Minimum inhibitory concentration calculated for H. strigosum essential oil against ten human
pathogenic microorganisms.

Microorganism

H. strigosum EO Antimicrobial Agent

MIC μg/mL

Gram negative bacteria
Escherichia coli 2000.00 1.56

Pseudomonas aeruginosa NA <0.39
Salmonella enterica 4000.00 <0.39

Campylobacter jejuni 125.00
Gram positive bacteria
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Table 3. Cont.

Microorganism

H. strigosum EO Antimicrobial Agent

MIC μg/mL

Gram negative bacteria
Listeria monocytogenes NA 1.56
Enterococcus faecalis 4000.00 0.78
Enterococcus faecium 2000.00 <0.39
Staphylococcus aureus 1000.00 <0.39

Fungi
Trychophyton rubrum 125.00 <0.12

Trichophyton interdigitale 125.00 <0.12
NA. non active at the maximum dose tested of 4000 μg/mL

2.4. Antioxidant Capacity

The results obtained for the antioxidant capacity of the EO from H. strigosum are
depicted in Table 4. Trolox was used as reference control with its corresponding IC50 value.

Table 4. Half scavenging capacity of H. strigosum, EO.

EO ABTS DPPH

Hedyosmum strigosum SC50 (μg/mL—μM *) ± SD
25.53 ± 0.48 1313.73 ± 18.13

Trolox * 24.72 ±1.03 28.97 ± 1.24
* Half scavenging capacity of Trolox is expressed in micromolar units.

2.5. Anticholinesterase Activity

This is the first study of the inhibitory potency of H. strigosum, EO, against acetyl-
cholinesterase, measured by the modified Ellman’s method. Results showed a moderate
inhibitory effect with an IC50 value of 137.6 ± 1.02 μg/mL (Figure 1). Donepezil hydrochlo-
ride was used as positive control with an IC50 of 13.6 ± 1.02 μM.

Figure 1. Inhibitory effect plot of H. strigosum, EO, against Acetylcholinesterase. Data represent the
media of three replicas and three different experiments analyzed by non-linear regression method.

3. Discussion

There are no previous reports about the extraction of EO from H. strigosum, however,
a study from a related species, H. luteynii, from Chimborazo-Ecuador, reported a very low
yield of the EO of ca. 0.07% by using the same extraction method [14]. In contrast, by
means of microwave radiation-assisted hydrodistillation from H. translucidum, the EO yield
obtained was 1.2% [20], approximately twice the yield obtained in our study.

According to Radice et al. [8] the main chemical compounds occurring in essen-
tial oils from representative species of the genus Hedyosmum (≥10%) corresponds to
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estragole (55.8%, leaves, H. scabrum), (E,E)-α-farnesene (32%, leaves, H. costaricense),
germacrene D (32%, aerial parts, H. costaricense), α-pinene (24%, aerial parts, H. an-
gustifolium), β-pinene ((23.5%, aerial parts, H. angustifolium), 1,8-cineole (20.5%, leaves,
male plant, H. scabrum), linalool (16.5%, leaves, female plant, H. scabrum), sabinene
(15.8%, leaves, male plant, H, bomplandianum), β-caryophyllene (15.5%, fresh aerial part, H.
sprucei), pinocarvone (14.2%, leaves, male plant, H. scabrum), D-germacrene-4-ol (12.6%,
leaves, male plant, H. scabrum), δ-3-Carene (12.1%, aerial part, H.scabrum), α-phellandrene
(11.4%, leaves, H. arborscens), α-eudesmol (11.4%, leaves, H, translucidum), (E)-β-ocimene
(10.8%, leaves, H, bomplandianum), bicyclogermacrene (10.6%, leaves, H. arborescens), α-
bisabolene (10.3%, leaves, H. bomplandianum) and α-terpineol (10.2%, leaves, H. brasiliense).

There are no reports about the antimicrobial activity of H. strigosum, however, H.
brasiliense, a related species, showed a good profile of inhibition against several pathogenic
bacteria such as Bacillus subtillis, Staphylococcus aureus, Staphylococcus saprofiticus and der-
matophytic fungi such as Microsporus canis, Trichophyton rubrum and Trichophyton mentagro-
phytes with MIC values ranging from 0.31 to 0.12% v/v (3.12 to 1.25 mg/mL ca.) [9]. There
are no extended criteria to value the potency of MIC values, however, Van Vuuren and
Holl [21] suggested a detailed classification for extracts and essential oils and found that a
MIC value between 101 to 500 μg/mL can be considered as a strong activity and according
to our report, the activity for C. jejuni and the two dermatophytes lies between this range.

The H. strigosum EO as shown in Table 4, reveals a strong scavenging effect for ABTS
radical, meanwhile a weak or null scavenging capacity for DPPH radical. This can be due
to the mechanistic differences of both assays. ABTS cation radical is stabilized by electron
transfer mechanism from antioxidants present in samples and for DPPH assays, this radical
can be mainly stabilized by hydrogen atom transfer mechanism [22]. The occurrence of
the aliphatic monoterpene α-phellandrene in concentrations higher to 28% in the species
H. racemosum, another Ecuadorian related species, and its null antioxidant activity [2]
could suggest at least in our research that, the antioxidant capacity could be related to the
main compound, thymol, which demonstrated a strong antioxidant effect as described
by Torres-Martínez et al. [23] against ABTS assay with a scavenging effect higher than
96% at a 0.1 mg/mL dose. However, according to Beena et al., thymol exerted a moderate
antioxidant effect in the DPPH assay with a SC50 value of 167.57 μg/mL [24] which can
agree with our results.

Enantiomeric analysis showed the presence of 5 pure enantiomers and 3 pairs found
as a racemic mixture, other equally interesting studies showed enantiomeric compositions
of EO from the Hedyosmun genus, such as; H. scabrum (Ruiz & Pavon) leaves collected
in Ecuador and Bolivia, and H. angustifolium collected in Bolivia the presence of similar
enantiomers such as β-pinene, sabinene, limonene and linalool [17,25].

Regarding to the anticholinesterase effect, the H. strigosum EO exerted a moderate
inhibitory potency with an IC50 value of 137.6 μg/mL, much higher than the reported
effect of H. barisiliense EO which exhibited an inhibition percentage of 69.82% at a dose
of 1 mg/mL. Many species of Hedyosmum genus have been explored for their antibacterial
or antioxidant potential and their chemical profile but little or nothing is said about their
inhibitory potential against acetylcholinesterase, however, information related to chemical
entities isolated from the EO of this genus and their inhibitory potential can be found in
literature, such as thymol which is the characteristic occurring compound in Thymus vulgaris
but, it was found as the majority compound in our EO. As reported by Jukic et al. [26],
thymol presented an IC50 of 0.74 mg/mL and linalool was inactive at a dose higher than
1 mg/mL, surprisingly, carvacrol, the structural isomer of thymol, exerted a ten times
higher potency with an IC50 of 0.063 mg/mL against acetylcholinesterase, suggesting that
the hydroxyl functionality in -orto position, like occurring in carvacrol, plays an important
role for the AChE inhibitory effect.

Despite its low concentration in the EO of H. strigosum, terpenes like terpinolene,
terpinen-4-ol and E-caryophyllene (< to 1%) can be collaborating for the moderate AChE
inhibitory effect observed. As reported by Bonesi et al., terpinolene presented an IC50 of
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156.4 μg/mL [27], meanwhile, terpinen-4-ol and E-caryophyllene exhibited a moderate effect
with inhibition percentages of 21.4% at 1.2 mM and 32% at 0.06 mM doses, respectively.
There is no report about the AchE inhibitory effect of α-phellandrene, the second major
compound occurring for H. strigosum EO, however, in the same study of Bonesi, the
AChE inhibitory effect of β-phelandrene is reported with an IC50 value of 120.2 μg/mL.
highlighting the importance of terpenes containing EO and their AChE inhibitory capacity.

4. Materials and Methods

4.1. Plant Material

The aerial parts of Hedyosmum strigosum were collecteced in Villonaco hill, Loja,
province at 2720 m a.s.l. at 3◦59′42.62′′ S and 79◦16′02.60′′ W coordinates. The identi-
fied specimen was located at the herbarium of the Universidad Técnica Particular de Loja
with voucher code HUTPL14299. The aerial parts were cleaned and dried at 34 ◦C for
6 days until the plant material was used for distillation.

4.2. Essential Oil Distillation

The aerial plant material was submitted to hydrodistillation in a Clevenger-type
apparatus for a period of 3 h. Anhydrous sodium sulfate was added to the flask containing
the EO with moisture to remove it and then, the EO properly labeled was stored at −4 ◦C
until was used in the biological and chemical assays.

4.3. Physical Properties Determination

Three physical properties were determined for the EO. Relative density (RD20), accord-
ing to the AFNOR NFT75-111 standard, with an 1 mL pycnometer and an analytical balance
(Mettler AC100 model), refractive index (RD20), according to the ANFOR NF 75-112 25
standard in an ABBE refractometer (Boeco, Germany) and specific rotation [∝20

514], according
to the ISO 592-1998 standard in a Hanon P 810 automatic polarimeter, were carried out. All
measurements were performed by triplicate.

4.4. Chemical Profiling
4.4.1. GC-MS

Chemical analysis of H. strigosum EO was carried out using a gas chromatography-
mass spectrometry (GC-MS) model Trace1310 gas chromatograph, coupled to a simple
quadrupole mass spectrometry detector model ISQ 7000 (Thermo Fisher Scientific, Walthan,
MA, USA). The mass spectrometer was operated in SCAN mode (scan range 35–350 m/z),
with the electron ionization (EI)source 70 eV.

A non-polar column, based on 5%-phenyl-methylpolysiloxane, DB-5 ms (30 m long,
0.25 mm internal diameter, and 0.25 μm film thickness), was used for the qualitative
and quantitative analysis of EO. The thermal program was as follow: initial temperature
60 ◦C for 5 min, followed by a gradient of 2 ◦C/min until 100 ◦C, then at 3 ◦C/min until
150 ◦C, and at 5 ◦C/min until 200 ◦C. Finally, a new gradient of 15 ◦C/min until 250 ◦C
was applied. The final temperature was maintained for 5 min. GC purity grade helium
5.0 grade ultra-pure, was used as carrier gas, set at the constant flow of 1 mL/min [28].

4.4.2. GC-FID

Quantitative analysis was performed on an Agilent Gas Chromatograph (6890 series)
with a flame ionization detector (CG-FID) the chromatographic conditions were the same as
in the GC-MS analysis. The average percentage of each component EO was calculated from
the area of the corresponding CG-FID peak with respect to the total area of peaks without
applying any correction factor. The values and standard deviations were calculated from
the results of the three injections [29].
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4.4.3. Enantioselective Analysis

Enantioselective analysis was carried out through an enantioselective from Mega,
MI, Italy capillary column, based on 2,3-diethyl-6-tert-butyldimethylsilyl-β-cyclodextrin
(25 m × 250 μm internal diameter × 0.25 μm phase thickness). GC method was as follows:
initial temperature was 60 ◦C for 2 min, followed at 2 ◦C/min until 220 ◦C, that was
maintained for 2 min. The homologous series of n-alkanes (C9–C25) was also injected, in
order to calculate the linear retention indices. The enantiomers were identified determined
by injection of enantiomerically pure standards [30].

4.5. Antimicrobial Activity

The antimicrobial activity and Minimal inhibitory concentration values were deter-
mined by means of the broth microdilution technique with four gram positive bacteria
(Enterococcus faecalis ATCC® 19433, Enterococcus faecium ATCC® 27270, Staphylococcus aureus
ATCC® 25923, Listeria monocytogenes ATCC® 19115), four gram negative bateria (Escherichia
coli (O157:H7) ATCC® 43888, Pseudomonas aeruginosa ATCC® 10145, Salmonella enterica
serovar Thypimurium ATCC® 14028) and two fungi (Trichophyton rubrum ATCC® 28188,
Trichophyton interdigitale ATCC® 9533) as microbial assay models. Two-fold serial dilution
method was used to achieve concentrations ranging from 4000 to 31,25 μg/mL and a
final inoculum concentration of 5 × 105 cfu/mL for bacteria, 2.5 × 105 cfu/mL for yeast
and 5 × 104 spores/mL for sporulated fungi were used. Meller Hinton II (MH II) for
bacteria and Sabouraud broth for fungi as assay media were used. The method followed
was previously described for our research group. The culture of Campylobacter jejuni, was
activated by adding horse serum at 5% in Tioglycolate medium and incubated at anaerobic
conditions provided by a Campygen sachet (Thermo, scientific) at 37 ◦C for 48 h. The broth
microdilution test was performed in MH II supplemented with 5% horse serum (Thermo)
at the same conditions previously described as oil sample dilution and bacterial inoculum,
and anaerobic conditions as described fully by our research group [31].

Antimicrobial commercial agents were used as positive control as follows: Ampicilin
1 mg/mL solution for S.aureus, E. faecalis and E. faecium. Ciprofloxacin 1 mg/mL solution
for P.aeruginosa, S. enterica, E. coli. and L. monocytogenes, finally, Itraconazol 1 mg/mL for
the two fungi.

4.6. Antioxidant Capacity
4.6.1. The 2,2-Diphenyl-1-Picril Hydrazyl Radical Scavenging Assay

The procedure was adapted from the methodology suggested by Thaipong et al. [32]
and fully developed for our research group in previous reported jobs [31]. Briefly, a stable
solution of DPPH in MeOH was prepared at a concentration of 625 μM. Working solution
was prepared by adjusting an aliquot of the stable solution in methanol until an absorbance
of 1.1 ± 0.02 was reached. An EPOCH microplate reader was used for absorbance reading
at 515 nm and 96 microplates were used for the test. 270 μL of the working solution were
allowed to react with 30 μL of the sample solution for 1 h at room temperature in darkness.
The same procedure was followed for the blanks and positive control (Trolox). A solution
representing 100% of the DPPH radical was prepared with 270 μL of working solution
and 30 μL of MeOH. Sample solutions of essential oil were prepared by dissolving 10 mg
of EO in MeOH. Three more 10 × dilutions were included to calculate the SC50 (half
scavenging capacity).

4.6.2. The 2,2-Azino-Bis (3-Ethylbenzothiazoline-6-Sulfonic acid) Radical Scavenging Assay

The procedure was adapted from the methodology described by Thaipong et al., [32]
and Arnao et al. [33] and fully developed for our research group in previous reported
jobs [32] Briefly, a stable solution of ABTS* radical was prepared by reacting in darkness
for 24 h, equal volumes of a 7.4 μM aqueous ABTS solution and 2.6 μM potassium perox-
ydisulfate. Working solution was prepared by adjusting an aliquot of the stable solution
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in methanol until an absorbance of 1.1 ± 0.02 was reached. An EPOCH microplate reader
was used for absorbance reading at 734 nm and 96 microplates were used for the test. The
same procedure as described for DPPH was followed for ABTS assay.

Half Scavenging capacity defined as the concentration of the EO required to scavenge
50% of the radical was calculated from the corresponding curve fitting of data (Radical
scavenging percentage vs. EO concentrations). Radical scavenging percentages were
calculated according to Equation (1):

% RS =

(
1 −

(
As
Ac

))
× 100 (1)

where,
Ac. Absorbance of the 100% radical adjusted solution.
As. Absorbance of the radical adjusted solution with the sample at different concentrations.

4.7. Anticholinesterase Assay

Acetylcholinesterase inhibitory effect of the essential oil was measured with a variation
of the method described originally by Ellman et al. and reported in our previous jobs [28,33]
and more recently in Andrade et al., [34]. Briefly, 20 μL of a 15 mM solution of acetylth-
iocoline in PBS pH 7.4 were placed along with 40 μL of Tris buffer pH 8.0 (containing
0.1 M NaCl and 0.02 M of MgCl2.6H2O), 100 μL of Ellman’s reagent solution in Tris buffer
(DNTB, 3 mM) and 20 μL of EO sample solution. The reaction was placed in an EPOCH
2 microplate reader and preincubated for 3 min at 25 ◦C. Finally, the addition of 20 μL of
the enzyme solution (0.5 U/mL) started the reaction. The amount of product released was
monitored at 405 nm for 60 min. EO sample solutions were made by dissolving 10 mg
of EO in MeOH. Three more 10 × factor dilutions and two intermediate log based doses
were included to obtain final concentrations of 1000, 500, 100, 50 and 10 μg/mL and the
experiments were performed by triplicate.

IC50 value was calculated from the corresponding curve fitting of data obtained from
the calculated rate of reactions with Graph pad Prism 8.0.1 (San Diego, CA. USA) Donepezil
hydrochloride was used as positive control.

5. Conclusions

The chemical composition and enantiomeric distribution of the EO of H. strigosum,
as well as, a biological activity profile, were determined for the first time. This research
contributes to our knowledge about the native aromatic species from Ecuador, particularly
of the Hedyosum genus which is the only genus of the Chlorantaceae family, represented
in Ecuador. The importance of aromatic species is well supported with this study where,
an important antibacterial and antifungal effect was observed. Also, the antioxidant and
anticholinesterase effect observed for this species encourage us to continue exploring our
native flora, searching for novel candidates for the pharmaceutical or cosmetic industry.

Author Contributions: Conceptualization, V.M., J.C., E.V. and L.C.; methodology, J.C., L.C. and N.C.;
formal analysis, L.C., J.C. and N.C.; investigation, L.C., J.C., N.C.; data curation, J.C. V.M. and E.V.;
writing—original draft preparation, L.C. and J.C.; writing—review and editing, V.M.; supervision,
V.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We are grateful to the Universidad Técnica Particular de Loja (UTPL) for sup-
porting this investigation and open access publication.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Eklund, H.; Doyle, J.A.; Herendeen, P.S. Morphological Phylogenetic Analysis of Living and Fossil Chloranthaceae. Int. J. Plant
Sci. 2004, 165, 107–151. [CrossRef]

59



Plants 2022, 11, 2832

2. Valarezo, E.; Morocho, V.; Cartuche, L.; Chamba-Granda, F.; Correa-Conza, M.; Jaramillo-Fierro, X.; Meneses, M.A. Variability of
the chemical composition and bioactivity between the essential oils isolated from male and female specimens of Hedyosmum
racemosum (Ruiz & Pav.) G. Don. Molecules 2021, 26, 4613. [CrossRef] [PubMed]

3. The Plant List. Chloranthaceae. Available online: http://www.theplantlist.org/ (accessed on 8 July 2022).
4. Cao, C.-M.; Peng, Y.; Shi, Q.-W.; Xiao, P.-G. Chemical Constituents and Bioactivities of Plants of Chloranthaceae. Chem. Biodivers.

2008, 5, 219–238. [CrossRef]
5. Jørgesen, P.M.; León-Yáñez, S. Catalogue of the Vascular Plants of Ecuador. Available online: http://legacy.tropicos.org/

ProjectAdvSearch.aspx?projectid=2 (accessed on 11 July 2022).
6. State Pharmacopoeia Commission of the PRC. Pharmacopoeia of The People’s Republic of China: Volume I; People’s Medical Publishing

House: Beijing, China, 2005; p. 946.
7. Todzia, C.A.; Keating, R.C. Leaf Architecture of the Chloranthaceae. In Annals of the Missouri Botanical Garden; Missouri Botanical

Garden Press: St. Louis, MO, USA, 1991; Volume 78, pp. 476–496. [CrossRef]
8. Radice, M.; Tasambay, A.; Pérez, A.; Diéguez-Santana, K.; Sacchetti, G.; Buso, P.; Buzzi, R.; Vertuani, S.; Manfredini, S.;

Baldisserotto, A. Ethnopharmacology, phytochemistry and pharmacology of the genus Hedyosmum (Chlorantaceae): A review. J.
Ethnopharmacol. 2019, 244, 111932. [CrossRef]

9. Kirchner, K.; Wisniewski, A., Jr.; Cruz, A.B.; Biavatti, M.W.; Netz, D.J.A. Chemical composition and antimicrobial activity of
Hedyosmum brasiliense Miq., Chloranthaceae, essential oil. Rev. Bras. Farmacogn. 2010, 20, 692–699. [CrossRef]

10. Bercion, S.; Couppe de K/Martin, M.-A.; Baltaze, J.-P.; Bourgeois, P. A new α-methylene γ-lactone sesquiterpene from Hedyosmum
arborescens. Fitoterapia 2005, 76, 620–624. [CrossRef] [PubMed]

11. Sandoya, V.; Saura-Mas, S.; Granzow-de la Cerda, I.; Arellano, G.; Macía, M.J.; Tello, J.S.; Lloret, F. Contribution of species
abundance and frequency to aboveground forest biomass along an Andean elevation gradient. For. Ecol. Manag. 2021, 479, 118549.
[CrossRef]

12. Zhang, M.; Liu, D.; Fan, G.; Wang, R.; Lu, X.; Gu, Y.-C.; Shi, Q.-W. Constituents from Chloranthaceae plants and their biological
activities. Heterocycl. Commun. 2016, 22, 175–220. [CrossRef]

13. Guerrini, A.; Sacchetti, G.; Grandini, A.; Spagnoletti, A.; Asanza, M.; Scalvenzi, L. Cytotoxic effect and TLC bioautography-
guided approach to detect health properties of amazonian Hedyosmum sprucei essential oil. Evid. Based Complement. Altern. Med.
2016, 2016, 1638342. [CrossRef]

14. Torres-Rodríguez, S.H.; Tovar-Torres, M.C.; García, V.J.; Lucena, M.E.; Araujo Baptista, L. Composición química del aceite esencial
de las hojas de Hedyosmum luteynii Todzia (Chloranthaceae). Rev. Peru. De Biol. 2018, 25, 173–178. [CrossRef]

15. León-Yánez, S.; Valencia, R.; Pitmam, N.; Endara, L.; Ulloa Ulloa, C.; Navarrete, H. Libro Rojo de Plantas Endémicas del Ecuador.
Available online: https://bioweb.bio/floraweb/librorojo/home (accessed on 12 August 2022).

16. Murakami, C.; Cordeiro, I.; Scotti, M.T.; Moreno, P.R.H.; Young, M.C.M. Chemical Composition, Antifungal and Antioxidant
Activities of Hedyosmum brasiliense Mart. ex Miq. (Chloranthaceae) Essential Oils. Medicines 2017, 4, 55. [CrossRef] [PubMed]

17. Herrera, C.; Morocho, V.; Vidari, G.; Bicchi, C.; Gilardoni, G. Phytochemical investigation of male and female Hedyosmum scabrum
(Ruiz & Pav.) Solms leaves from Ecuador. Chem. Biodivers. 2018, 15, e1700423. [CrossRef]

18. De la Torre, L.; Navarrete, H.; Muriel, P.; Macía, M.J.; Balslev, H. Enciclopedia de las Plantas Útiles del Ecuador; Herbario QCA
de la Escuela de Ciencias Biológicas de la Pontificia Universidad Católica del Ecuador/Herbario AAU del Departamento de
Ciencias Biológicas de la Universidad de Aarhus. ISBN 978-9978-77-135-8: 2008.

19. Mestanza-Ramón, C.; Henkanaththegedara, S.M.; Vásconez-Duchicela, P.; Vargas-Tierras, Y.; Sánchez-Capa, M.; Constante Mejía,
D.; Jimenez Gutierrez, M.; Charco Guamán, M.; Mestanza Ramón, P. In-situ and ex-situ biodiversity conservation in Ecuador: A
review of policies, actions and challenges. Diversity 2020, 12, 315. [CrossRef]

20. Zamora-Burbano, A.M.; Arturo-Perdomo, D.E. Composición química del aceite esencial de hojas de Hedyosmum translucidum
Cuatrec., Chloranthaceae (Granizo). Boletín Latinoam. Y Del Caribe De Plantas Med. Y Aromáticas 2016, 15, 192–198.

21. Van Vuuren, S.; Holl, D. Antimicrobial natural product research: A review from a South African perspective for the years
2009–2016. J. Ethnopharmacol. 2017, 17, 236–252. [CrossRef] [PubMed]

22. Danet, A.F. Recent Advances in Antioxidant Capacity Assays. In Antioxidants-Benefits, Sources, Mechanisms of Action; IntechOpen:
London, UK, 2021. [CrossRef]

23. Torres-Martínez, R.; García-Rodríguez, Y.; Rios-Chavez, P.; Saavedra-Molina, A.; López-Meza, J.; Ochoa-Zarzosa, A.; Salgado-
Garciglia, R. Antioxidant Activity of the Essential Oil and its Major Terpenes of Satureja macrostema (Moc. and Sessé ex Benth.)
Briq. Pharmacogn. Mag. 2018, 13, S875–S880. [CrossRef] [PubMed]

24. Beena, M.; Kumar, D.; Rawat, D.S. Synthesis and antioxidant activity of thymol and carvacrol based Schiff bases. Bioorg. Med.
Chem. Lett. 2013, 23, 641–645. [CrossRef]

25. Lorenzo, D.; Loayza, I.; Dellacassa, E. Composition of the essential oils from leaves of two Hedyosmum spp. from Bolivia. Flavour.
Fragran. J. 2003, 18, 32–35. [CrossRef]

26. Jukic, M.; Politeo, O.; Maksimovic, M.; Milos, M.; Milos, M. In Vitro acetylcholinesterase inhibitory properties of thymol, carvacrol
and their derivatives thymoquinone and thymohydroquinone. Phytother. Res. 2007, 21, 259–261. [CrossRef]

27. Bonesi, M.; Menichini, F.; Tundis, R.; Loizzo, M.R.; Conforti, F.; Passalacqua, N.G.; Statti, G.A.; Menichini, F. Acetylcholinesterase
and butyrylcholinesterase inhibitory activity of Pinus species essential oils and their constituents. J. Enzyme Inhib. Med. Chem.
2010, 25, 622–628. [CrossRef]

60



Plants 2022, 11, 2832

28. Calva, J.; Cartuche, L.; González, S.; Montesinos, J.V.; Morocho, V. Chemical composition, enantiomeric analysis and anti-
cholinesterase activity of Lepechinia betonicifolia essential oil from Ecuador. Pharm. Biol. 2022, 60, 206–211. [CrossRef]

29. Burneo, J.I.; Benítez, A.; Calva, J.; Velastegui, P.; Morocho, V. Soil and leaf nutrients drivers on the chemical composition of the
essential oil of Siparuna muricata (Ruiz & Pav.) A. DC. from Ecuador. Molecules 2021, 26, 2949. [PubMed]

30. Jaramillo, D.; Calva, J.; Bec, N.; Larroque, C.; Vidari, G.; Armijos, C. Chemical characterization and biological activity of the
essential oil from Araucaria brasiliensis collected in Ecuador. Molecules 2022, 27, 3793. [CrossRef] [PubMed]

31. Valarezo, E.; Ludeña, J.; Echeverria-Coronel, E.; Cartuche, L.; Meneses, M.A.; Calva, J.; Morocho, V. Enantiomeric composition,
antioxidant capacity and anticholinesterase activity of essential oil from leaves of Chirimoya (Annona cherimola Mill.). Plants
2022, 11, 367. [CrossRef]

32. Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallos, L.; Hawkins-Byrne, D. Comparison of ABTS, DPPH, FRAP, and
ORAC assays for estimating antioxidant activity from guava fruit extracts. J. Food Compos. Anal. 2006, 19, 669–675. [CrossRef]

33. Arnao, M.B.; Cano, A.; Acosta, M. The hydrophilic and lipophilic contribution to total antioxidant activity. Food
Chem. 2001, 73, 239–244. [CrossRef]

34. Andrade, J.M.; Pachar, P.; Trujillo, L.; Cartuche, L. Suillin: A mixed-type acetylcholinesterase inhibitor from Suillus luteus which is
used by Saraguros indigenous, southern Ecuador. PLoS ONE 2022, 17, e0268292. [CrossRef]

61



Citation: El Gendy, A.E.-N.G.; Essa,

A.F.; El-Rashedy, A.A.; Elgamal, A.M.;

Khalaf, D.D.; Hassan, E.M.;

Abd-ElGawad, A.M.; Elgorban, A.M.;

Zaghloul, N.S.; Alamery, S.F.; et al.

Antiviral Potentialities of Chemical

Characterized Essential Oils of Acacia

nilotica Bark and Fruits against

Hepatitis A and Herpes Simplex

Viruses: In Vitro, In Silico, and

Molecular Dynamics Studies. Plants

2022, 11, 2889. https://doi.org/

10.3390/plants11212889

Academic Editors: Hazem Salaheldin

Elshafie, Ippolito Camele and

Adriano Sofo

Received: 3 September 2022

Accepted: 23 October 2022

Published: 28 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Antiviral Potentialities of Chemical Characterized Essential
Oils of Acacia nilotica Bark and Fruits against Hepatitis A and
Herpes Simplex Viruses: In Vitro, In Silico, and Molecular
Dynamics Studies

Abd El-Nasser G. El Gendy 1, Ahmed F. Essa 2, Ahmed A. El-Rashedy 3, Abdelbaset M. Elgamal 4,

Doaa D. Khalaf 5, Emad M. Hassan 1, Ahmed M. Abd-ElGawad 6,*, Abdallah M. Elgorban 7, Nouf S. Zaghloul 8,

Salman F. Alamery 9 and Abdelsamed I. Elshamy 2,*

1 Medicinal and Aromatic Plants Research Department, National Research Centre, Dokki, Giza 12622, Egypt
2 Department of Natural Compounds Chemistry, National Research Centre, Dokki, Giza 12622, Egypt
3 Natural and Microbial Products Department, National Research Centre, Dokki, Giza 12622, Egypt
4 Department of Chemistry of Microbial and Natural Products, National Research Centre, Dokki,

Giza 12622, Egypt
5 Department of Microbiology and Immunology, National Research Centre, Dokki, Giza 12622, Egypt
6 Department of Botany, Faculty of Science, Mansoura University, Mansoura 35516, Egypt
7 Department of Botany and Microbiology, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia
8 Bristol Centre for Functional Nanomaterials, HH Wills Physics Laboratory, Tyndall Avenue,

Bristol BS8 1FD, UK
9 Biochemistry Department, College of Science, King Saud University, P.O. Box 2455,

Riyadh 11451, Saudi Arabia
* Correspondence: dgawad84@mans.edu.eg (A.M.A.-E.); elshamynrc@yahoo.com (A.I.E.)

Abstract: Acacia nilotica (synonym: Vachellia nilotica (L.) P.J.H.Hurter and Mabb.) is considered an
important plant of the family Fabaceae that is used in traditional medicine in many countries all over
the world. In this work, the antiviral potentialities of the chemically characterized essential oils (EOs)
obtained from the bark and fruits of A. nilotica were assessed in vitro against HAV, HSV1, and HSV2.
Additionally, the in silico evaluation of the main compounds in both EOs was carried out against
the two proteins, 3C protease of HAV and thymidine kinase (TK) of HSV. The chemical profiling
of the bark EOs revealed the identification of 32 compounds with an abundance of di- (54.60%)
and sesquiterpenes (39.81%). Stachene (48.34%), caryophyllene oxide (19.11%), and spathulenol
(4.74%) represented the main identified constituents of bark EO. However, 26 components from
fruit EO were assigned, with the majority of mono- (63.32%) and sesquiterpenes (34.91%), where
trans-caryophyllene (36.95%), Z-anethole (22.87%), and γ-terpinene (7.35%) represented the majors.
The maximum non-toxic concentration (MNTC) of the bark and fruits EOs was found at 500 and
1000 μg/mL, respectively. Using the MTT assay, the bark EO exhibited moderate antiviral activity
with effects of 47.26% and 35.98% and a selectivity index (SI) of 2.3 and 1.6 against HAV and HSV1,
respectively. However, weak activity was observed via the fruits EO with respective SI values of
3.8, 5.7, and 1.6 against HAV, HSV1, and HSV2. The in silico results exhibited that caryophyllene
oxide and spathulenol (the main bark EO constituents) showed the best affinities (ΔG = −5.62, −5.33,
−6.90, and −6.76 kcal/mol) for 3C protease and TK, respectively. While caryophyllene (the major
fruit EO component) revealed promising binding capabilities against both proteins (ΔG = −5.31,
−6.58 kcal/mol, respectively). The molecular dynamics simulation results revealed that caryophyl-
lene oxide has the most positive van der Waals energy interaction with 3C protease and TK with
significant binding free energies. Although these findings supported the antiviral potentialities of
the EOs, especially bark EO, the in vivo assessment should be tested in the intraoral examination for
these EOs and/or their main constituents.
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1. Introduction

The herpes simplex virus (HSV, family: Herpesviridae) is a pathogenic virus that causes
a wide range of human infections around the world [1,2]. The HSV types, including
(HSV-1 and -2) cause several diseases such as oral cavity infections, eyes, pharynx, and
mucous membrane, especially in immunodeficient patients [3,4]. The current usual anti-
HSV drugs are described to have several side effects and a high prevalence of resistance [5].
This trouble strongly stimulated scientists to seek new therapeutic drugs and agents to
overcome virus resistance with low or no side effects. Natural products, including different
extracts, essential oils (EOs), and metabolites of herbal and medicinal plants, represented
the main strategy for dissolving these issues [6,7].

The hepatitis A virus (HAV) is one of the causes of more than a million infections
around the world every year. This virus is a liver-self-limiting and sometimes life-
threatening disease [8]. HAV infections were primarily caused by foods and water, as
well as direct contact with an infected person [8]. HAV is the most endemic disease in
several developing countries [9].

Several plant extracts and metabolites have been documented to have the ability to
protect and/or treat these types of viruses. Tannins such as chebulinic acid and chebulagic
acid have been shown to have anti-HSV-2 activity nearly 20 times greater than acyclovir,
with greater selectivity [10]. In addition, flavonoid aglycones including chrysin, fisetin, and
galangin as well as prenylated flavonoids such as kuwanon T exhibited 4–3 more potent
activity against HSV-1 than acyclovir [11–13]. Several EOs derived from ginger, thyme,
hyssop, anise, sandalwood, and camomile demonstrated significant potencies against
herpes simplex virus [14,15]. Additionally, geraniol, a metabolite derived from essential
oils, showed a promising anti-HSV-2 activity similar to that of acyclovir [16].

The 3C protease enzyme is one of the main participants in the process of viral genome
replication. This enzyme cleaves the viral polyprotein into capsid and nonstructural
proteins and inhibits IRES-dependent translation, enabling subsequent viral replication [17].
This motivated researchers to target this protein to inhibit the viral activity. In addition,
thymidine kinase, one of the virulence-related proteins in viruses, plays a vital role in
the steps of the phosphorylation process associated with the nucleoside salvage pathway.
Moreover, this protein can convert pro-antiviral nucleoside analogs such as acyclovir and
its congeners to their active forms [18].

The EOs of plants are complicated mixtures of compounds of low molecular weights
that are extracted from different medicinal and aromatic plants via different tools [19]. They
included many metabolites belonging to different chemical classes, including terpenes and
phenylpropanoids, representing the main components along with traces of other aliphatic
and aromatic constituents [19,20]. Many biological properties of EOs have been discovered,
including antimicrobial, cytotoxicity, anti-inflammatory, antipyretic, antiulcer, and antiviral
properties [19].

Acacia plants (family: Leguminosae or Fabaceae) include around 1350 species or
more that are widely distributed in warm and tropical areas. Several Acacia species have
been shown to have pharmaceutical effects, including the treatment and inhibition of
microbial infections, ulcerative colitis, skin and eye infections, wounds, mouthwash, and
others [21–23]. Many compounds were documented from the plants belonging to the Acacia
genus, especially di- and triterpenes, flavonoids, tannins, alkaloids, phenolic acids, and
saponins [21,23]. The EOs were also reported from different Acacia plants, such as the
Nigerian Acacia nilotica (L.) P.J.H.Hurter and Mabb., A. albida (Delile) A.Chev. (synonym:
Faidherbia albida) [24], A. tortilis (synonym: Vachellia tortilis (Forssk.) Galasso and Banfi) [25],
A. mearnsii De Wild. (synonym: A. mearnsii) [26], and A. cyanophylla (synonym: Acacia
saligna (Labill.) H.L.Wendl.) [27].
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Acacia nilotica (common name: Gum Arabic tree) is an important traditional plant
for the treatment of several diseases in several countries around the world [22]. Many
components were isolated and identified from the extracts of the different organs of this
plant comprising the terpenes, tannins, phenolic acids, and flavonoids [21,22,28,29]. Several
reports described the interesting biological potentialities of the different extracts of this
plant, such as the treatment of inflammation, free radicals, leishmanial, diabetes, cancers,
plasmodial, and other infections, along with molluscicidal activity [30–32].

Little studies were carried out concerning the composition and pharmaceutical ap-
plications of A. nilotica EOs [24]. Thus, the current work aimed to (i) characterize the
chemical profile of the EOs derived from the A. nilotica bark and fruits depending upon
GC-MS techniques, (ii) evaluate the antiviral efficiency of these two EOs against the
HSV1, HSV2, and HAV viruses, and (iii) study of the molecular docking of the main com-
pounds in each oil on 3C protease of HAV (PDB ID: 1QA7) and thymidine kinase of HSV
(PDB ID: 1KI3) proteins.

2. Results and Discussion

2.1. The Identification of the Chemical Constituents of Bark and Fruits of A. nilotica EOs

The EOs of the bark and fruits of A. nilotica were separately obtained via three hours
of hydro-distillation over the Clevenger apparatus, where they yielded 0.072% and 0.056%
(v/w) of the oil, respectively. The yield of the EO from bark was found to be more than the
fruits, and both were more varied than those described for the Nigeria ecospecies [24]. The
oils were analyzed via GC-MS (Figure 1).

Figure 1. GC-MS ion chromatograms of bark (A) and fruits (B) of Acacia nilotica EOs.

The compounds’ names, retention times, relative concentrations, and Kovats indexes
are presented in Table 1. The analysis revealed that the terpenes represented the main
constituents of the bark with a relative concentration of 95.25% of the hydrocarbons and oxy-
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genated forms of mono-, sesquit-, and di-terpenes. Furthermore, the terpenes represented
the major components of the fruits EO with a relative concentration of 98.23%, includ-
ing the mono- and sesquiterpene hydrocarbons along with the oxygenated derivatives
of monoterpenes. This preponderance of terpenes agreed with the published data from
the Nigerian A. nilotica [24] and other Acacia species such as A. albida [24], A. tortilis [25],
A. mearnsii [26], and A. cyanophylla [27].

Table 1. Essential oil compositions of EOs of bark and fruits of Acacia nilotica.

No Rt 1 Compound Type
Relative Concentration (%) KI

Bark Fruit Lit. 2 Exp. 3

1 3.89 α-Pinene MH - 0.11 ± 0.01 932 935
2 4.85 β-Pinene MH - 0.35 ± 0.02 974 979
3 6.20 1,8-Cineole OM - 3.52 ± 0.06 1026 1020
4 6.41 γ-Terpinene MH - 7.35 ± 0.08 1054 1059
5 6.63 α-Linalool OM - 1.82 ± 0.04 1095 1091
6 6.94 Camphor OM - 0.36 ± 0.02 1146 1144
7 9.75 Borneol OM - 2.31 ± 0.04 1169 1165
8 10.50 4-Terpineol OM - 1.15 ± 0.03 1177 1175
9 10.77 α-Terpineol OM - 1.16 ± 0.05 1186 1185

10 11.74 Cumin aldehyde OM - 0.49 ± 0.02 1238 1235
11 12.96 Z-Anethole OM - 22.87 ± 0.23 1249 1245
12 13.99 Bornyl acetate OM - 0.23 ± 0.02 1285 1283
13 14.47 2-Caren-10-al OM - 3.51 ± 0.05 1289 1287
14 15.45 α-Terpinyl acetate OM - 0.47 ± 0.02 1316 1314
15 15.82 Myrtenyl acetate OM 0.84 ± 0.03 - 1324 1322
16 16.04 α-Elemene SH - 4.69 ± 0.06 1335 1339
17 16.13 α-Cubebene SH - 0.32 ± 0.01 1351 1346
18 16.54 α-Copaene SH 0.35 ± 0.02 0.23 ± 0.01 1374 1370
19 16.67 β-Elemene SH - 3.72 ± 0.08 1389 1392
20 16.84 Methyl eugenol OM - 0.54 ± 0.02 1403 1401
21 18.18 trans-Caryophyllene SH 0.24 ± 0.01 36.95 ± 0.18 1407 1405
22 18.35 Longifolene SH - 0.41 ± 0.01 1408 1413
23 18.58 Aromadendrene SH - 0.36 ± 0.02 1439 1433
24 19.40 α-Humulene SH 0.27 ± 0.01 4.05 ± 0.06 1452 1455
25 19.85 γ-Muurolene SH - 0.26 ± 0.01 1478 1475
26 19.96 Germacrene-D SH 0.14 ± 0.01 0.46 ± 0.02 1481 1484
27 20.02 α-Amorphene SH 0.51 ± 0.02 - 1483 1486
28 20.12 α-Selinene SH - 0.54 ± 0.01 1498 1495
29 20.21 α-Muurolene SH 2.42 ± 0.04 - 1500 1498
30 20.64 Bicyclogermacrene SH 2.41 ± 0.06 - 1501 1504
31 21.35 δ-Cadinene SH 0.75 ± 0.02 - 1522 1525
32 22.58 α-Calacorene SH 1.18 ± 0.05 - 1545 1543
33 22.19 E-Nerolidol OS 0.16 ± 0.01 - 1531 1535
34 22.76 Spathulenol OS 4.74 ± 0.05 - 1577 1574
35 23.20 Caryophyllene oxide OS 19.11 ± 0.09 - 1582 1585
36 23.45 Globulol OS 1.01 ± 0.02 - 1590 1593
37 23.70 Veridiflorol OS 0.83 ± 0.01 - 1596 1598
38 24.45 Neoclovenoxid OS 0.55 ± 0.01 - 1608 1605
39 24.68 Isospathulenol OS 0.14 ± 0.00 - 1630 1632
40 24.85 tau-Cadinol OS 0.51 ± 0.02 - 1640 1642
42 25.22 Cubenol OS 0.75 ± 0.03 - 1645 1644
43 25.28 Torreyol OS 0.68 ± 0.03 - 1646 1648
44 25.55 α-Cadinol OS 1.35 ± 0.06 - 1654 1657
45 25.68 Khusinol OS 0.44 ± 0.01 - 1658 1659
46 32.58 Cryptomeridiol OS 1.27 ± 0.07 - 1813 1816
47 32.72 Stachene DH 48.34 ± 0.25 - 1931 1934
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Table 1. Cont.

No Rt 1 Compound Type
Relative Concentration (%) KI

Bark Fruit Lit. 2 Exp. 3

48 34.26 Trachyloban DH 2.25 ± 0.07 - 1965 1968
49 34.62 Isokaurene DH 1.01 ± 0.04 - 1997 1999
50 35.31 Kaur-16-ene DH 1.94 ± 0.06 - 2017 2015
51 34.02 Phytol OD 0.76 ± 0.02 - 1942 1940
52 36.42 Sclareol OD 0.14 ± 0.00 - 2223 2221
53 37.11 4,8,13-Duvatriene-1,3-diol OD 0.16 ± 0.00 - 2400 2403
54 38.43 n-Nonacosane Others 2.51 ± 0.06 - 2900 2900
56 45.21 n-Dotriacontane Others 0.98 ± 0.03 - 3200 3200

Monoterpene Hydrocarbons (MH) 0 7.81
Oxygenated Monoterpenes (OM) 0.84 55.51
Sesquiterpene Hydrocarbons (SH) 8.27 34.91
Oxygenated Sesquiterpenes (OS) 31.54 3.52
Diterpene Hydrocarbons (DH) 53.54 0
Oxygenated Diterpenes (OD) 1.06 0

Others 3.49 0

Total 98.74 98.23
1 Retention time (RT), 2 Published Kovats indexes (KIp), 3 Calculated Kovats indexes (KIc).

The chemical characterization of the bark EO revealed that the diterpenes are the major
constituents with a relative concentration of 54.60%, comprising of diterpene hydrocarbons
(53.54%) and traces of oxygenated diterpene (1.06%). With a few exceptions, such as
Euphorbia mauritanica L. [33], Lactuca serriola L. [34], and others [35], the phenomenon of
diterpene abundance was rare in plants EOs. Four diterpene hydrocarbons were assigned
as overall identified diterpenoids, including stachene (48.34%), trachyloban (2.25%), kaur-
16-ene (1.94%), and isokaurene (1.01%). Stachene was reported as a major diterpene
hydrocarbon in a number of plants, including Chamaecyparis pisifera (Siebold and Zucc.)
Endl., Chamaecyparis obtuse (Siebold and Zucc.) Endl., and Thuja orientalis L. [36].

Trachylobane and kaur-16-ene were rarely found in Acacia EOs but were widely
found in the EOs of other plants, such as Croton zambesicus Muell. Arg. [37], Cryptomeria
japonica (L.f.) D.Don [38], Alpinia galanga (L.) Willd. [39], Euphorbia heterophylla L. [40], and
E. mauritanica [33]. Three oxygenated diterpenes, phytol, sclareol, and 4,8,13-duvatriene-
1,3-diol, were identified from the bark. The phytol was documented as the main component
of EO derived from the leaves of Acacia mearnsii [26]. These three compounds are well-
known and commonly reported compounds in the EOs of some plants, such as Calotropis
procera (Aiton) W.T.Aiton [41], Cyperus leavigatus L. [42], and Launaea mucronata (Forssk.)
Muschl. [43]. On the contrary, the GC-MS analysis of the EO derived from the fruits revealed
the complete absence of the diterpenoid constituents. The phenomena of the diterpenes’
disappearance from the EOs of Acacia species is commonly documented [19,24,25,27]; these
data agree with the data of fruit oil but not with the bark oil.

Monoterpenes were found to be the major characterized components of A. nilotica fruits
EO, with a relative concentration of 63.32% of mainly oxygenated compounds (55.51%)
and hydrocarbons (7.81%). The abundance of the monoterpenoids in the fruits EO agreed
with the previous data from Nigerian A. nilotica and other Acacia species [24,26,27,33].
Z-Anethole (22.87%), 2-caren-10-al (3.51%), and borneol (2.31%) were characterized as
the main identified oxygenated monoterpenes, while γ-terpinene (7.35%) was the major
monoterpene hydrocarbons while 1,8-cineol (3.52%) was assigned. All these compounds
were reported in the EOs of Acacia species as traces and/or totally absent [19,24,26,33].
However, the bark EO was found to have traces of monoterpenes in oxygenated forms.

The bark and fruits EOs were found to include the sesquiterpenes with high relative
concentrations (39.81% and 34.91%, respectively). The analysis of the bark EO revealed
the presence of a low concentration of sesquiterpene hydrocarbons (8.27%) and major
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oxygenated sesquiterpenes (31.54%). The α-muurolene (2.42%) and bicyclogermacrene
(2.41%) were identified as the major sesquiterpene hydrocarbons, while caryophyllene
oxide (19.11%) and spathulenol (4.74%) are the main oxygenated sesquiterpenes of the bark
EO. Furthermore, the sesquiterpene hydrocarbons were the only detected sesquiterpenes
in the EO of the fruits with a relative concentration of 34.91% and a complete absence
of oxygenated compounds. From all the assigned sesquiterpene hydrocarbons in fruits
EO, trans-caryophyllene (36.95%), α-elemene (4.69%), α-humulene (4.05%), and β-elemene
(3.72%) represented the main constituents. The majority of the sesquiterpenes were pre-
viously reported from EOs of the Nigerian A. nilotica [24], and other Acacia plants as
A. tortilis [25]. Previous studies of EOs derived from Acacia species revealed the preva-
lence of muurolene, caryophyllene oxide, and spathulenol, where they are determined in
considerable concentrations [24–26].

Ultimately, the other non-terpenoid compounds are represented as traces of the total
mass of the bark EO (3.49%), while they are absent in fruit EO. In bark EO, n-nonacosane
(2.51%) and n-dotriacontane (0.98%) were identified. Hydrocarbons are widely identified
compounds in Acacia plants [25,26]. As observed in these findings, the net results revealed
a significant variation in the quantity and quality as well as the chemical components of the
two plant parts and also in Nigerian A. nilotica [24]. This phenomenon of variation might
be attributed to the variation of the plant organ, genotypes, humidity, climate, weather, and
environmental conditions [41,44].

2.2. In Vitro Antiviral Activity

The antiviral activities of EOs derived from the bark and fruits of A. nilotica were
in vitro screened against HAV, HSV1, and HSV2, and the maximum non-toxic concentration
(MNTC) used for the screening was determined. The results showed that MNTC of EOs of
bark and fruits was 500 and 1000 μg/mL, respectively (Table 2). Using the MTT assay, the
percentages of antiviral effects of bark and fruits EOs were determined by comparing the
viability of cells treated by the virus only with the viability of cells treated by the virus and
MNTC of the samples.

Table 2. Effect of EOs of bark and fruits of Acacia nilotica on hepatitis A (HAV) and herpes simplex
(HSV1 and HSV2).

Acacia
nilotica

MNTC
(μg/mL) a

Antiviral Effect % Selectivity Index (SI)

HAV HSV1 HSV2 HAV HSV1 HSV2

Bark EO 500 ± 6.2 47.26 ± 2.05 35.98 ± 1.31 9.07 ± 0.36 2.3 1.6 ND
Fruits EO 1000 ± 11.4 9.42 ± 0.62 14.26 ± 0.54 3.99 ± 0.15 3.8 5.7 1.6

Acyclovir >387.63 12.24
Amantadine 51.62

a MNTC: the maximum non-toxic concentration; SI = selectivity index (CC50/IC50).

The results revealed that bark EO has moderate antiviral effects against HAV with
an effect of 47.26% alongside a selectivity index (SI) of 2.3, concerning amantadine as a
reference drug with SI at 51.62. In addition, the bark EO demonstrated moderate antiviral
abilities against HSV1 with an effect of 35.98% and SI of 1.6 compared with acyclovir as
a positive control at SI > 387.63. However, this EO exhibited a very weak antiviral effect
against HSV2 with a 9.07% comparison with acyclovir with SI at 12.24.

On the other side, the EO derived from the fruits showed weak potentialities against
the three tested viruses. This oil showed weak anti-HAV with an effect % of 9.42% and
SI of 3.8 compared with amantadine at SI of 51.62. Likewise, this oil also exhibited weak
anti-HSV1 with effect% at 14.26% and SI of 5.7 compared with acyclovir as a standard drug.
In addition, the results revealed that fruits EO has the lowest activity against HSV2 with an
effect% of 3.99% as well as SI at 1.6.
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The chemical components of the EOs and especially the main compounds played as
the main mediators in their pharmaceutical and biological activities [8]. The present results
revealed that the bark EO has moderate to weak antiviral potentialities, especially against
the two viruses, HAV and HSV1. The GC-MS profiling of this oil revealed the abundance
of terpenes, mainly di- and sesqui-terpenes, that were documented to have antiviral effects
against several viruses [45,46]. Diterpenes, as the main components of the bark EO, were
reported to display significant antiviral effects against HAV and HSV [45,47–49].

Plants’ EOs enriched with diterpenes were stated to demonstrate significant antiviral
agents such as the different extracts and EOs of Croton lechleri Müll.Arg. [2]. Mechanistically,
the diterpenes could inhibit the viral replication process by blocking DNA polymerase
activity, as reported with dolastane compounds [49]. Several diterpene skeletons, including
kaurenes, have been shown to have significant anti-HSV, anti-HAV, and other antiviral
properties [45,49]. In addition, the sesquiterpenes acted in a significant role as inhibitors
of several viruses. Astani and his colleagues discovered that caryophyllene oxide has
significant anti-HSV1 activity [47]. Many EOs derived from plants, such as Eryngium
alpinum L., Eryngium amethystinum L. [50], Melaleuca ericifolia Sm., Melaleuc leucadendron
(L.) L., Melaleuc armillaris (Sol. ex Gaertn.) Sm. and Melaleuc styphelioides Sm. [51], have
been shown to have antiviral activities due to the majority of caryophyllene oxide and
spathulenol. The two sesquiterpenoids, α-muurolene and bicyclogermacrene, were also
reported as major components of antiviral active EOs derived from Glechon spathulata Benth.
and Glechon marifolia Benth. [52].

Previous studies hypothesized that the anti-HSV effectiveness greatly depends on
the binding affinity of EO components to the surface of viruses, and this affinity might
be affected by the polarity of compounds [15]. The anti-HSV effects of thymol-related
monoterpenoids were reported to decrease with decreasing polarity [53].

Consequently, the present findings were in full agreement with the previous reports.
The singular and/or synergetic effects of the major components, along with the minors of
the bark EO, might be the main reasons for this anti-HAV and HSV1 efficiency. These results
supported the ability of these compounds to cause abnormalities in the HSV membrane
protein functions and structures that consequently decrease the penetration or binding of
the virus into the cells [54].

On the other hand, the fruits’ EO antiviral effects were in concordance with
Astani et al. [47] who deduced the anti-HSV with β-caryophyllene and Z-anethole as
singular compounds. The increase in the HSV inhibitory effects of the EOs was basically
ascribed to the presence of the polyhydroxylated constituents [54]. With the exception of
the mono-oxygenated monoterpene, Z-anethole, the other oxygenated monoterpenes were
identified as traces that decrease the contribution and effect of each singular compound.
Several plants, including Mentha aquatic L., Mentha pulegium L., Mentha microphylla C. Kock,
Mentha x villosa (Hudson), Micromeria thymifolia (Scop.) Fritsch, and Ziziphora clinopodi-
oides Lam., have demonstrated weak antiviral activity of EOs enriched with oxygenated
monoterpenes [55].

2.3. Molecular Docking Studies

In our attempt to study the mechanistic action of each EO, the molecular operating
environment (MOE) of the main three compounds in each EO toward the two proteins,
HAV 3C protease and HSV TK, were evaluated. The results of in silico studies of the major
compounds identified in both oils could rationalize the in vitro antiviral activities noticed
by them. As shown in Table 3, caryophyllene oxide and spathulenol, the main constituents
of oil of the bark, showed the best affinities (ΔG = −5.62, −5.33 and −6.90, −6.76 kcal/mol)
for 3C protease and TK, respectively (Figures 2 and 3). Additionally, trans-caryophyllene,
as a major constituent of fruit EO, revealed promising binding capabilities against both
proteins (ΔG = −5.31, −6.58 kcal/mol, respectively) (Figures 2 and 3).
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Figure 2. Two-dimensional binding mode of the co-crystallized ligand (A) and validation of docking
study (B), 2D binding mode and 3D binding modes of caryophyllene oxide (C,D), spathulenol (E,F),
and trans-caryophyllene (G,H) in the active site of 3C protease of HAV (PDB ID: 1QA7): overlay of
the experimental (green) and docked conformation (orange).
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Figure 3. Two-dimensional binding mode of the co-crystallized ligand (A) and validation of docking
study (B), 2D binding mode and 3D binding modes of caryophyllene oxide (C,D), spathulenol (E,F),
and trans-caryophyllene (G,H) in the active site of thymidine kinase of HSV (PDB ID: 1KI3): overlay
of the experimental (green) and docked conformation (orange).
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Table 3. Results of docking simulations of the major compounds identified in EOs of both bark and
fruits of Acacia nilotica.

Plant Part EO Name of Phytoligands
ΔG * (kcal/mol)

HAV 3C Protease HSV TK

Bark
Spathulenol −5.23 −6.83

Caryophyllene oxide −5.43 −6.96
Stachene - -

Fruits
γ-Terpinene −4.85 −5.80
Z-Anethole −4.66 −5.20

Trans-caryophyllene −5.26 −6.79

Co-crystallized inhibitor of HAV 3C protease −6.61 ND

Co-crystallized inhibitor of HSV TK 1 ND −7.85
* binding free energy.

Previous studies have shown that the sesquiterpene caryophyllene and its oxides
possess suitable antiviral activities with a high selectivity index [47]. The higher activity of
the bark oil than the fruit oil might be attributed to the synergistic effect of caryophyllene
oxide and spathulenol, as well as the other components. These data go in the same line
with the in vitro results in which the bark EO is more active than the fruits EO.

2.4. Molecular Dynamic and System Stability

A molecular dynamic simulation was carried out to predict the inhibition performance
and interaction of the caryophyllene oxide with the catalytic active site of both 3C protease
of HAV and thymidine kinase of HSV targets as well as their stability throughout the
simulation [56,57]. The validation of system stability is essential to trace disrupted motions
and avoid artifacts that may develop during the simulation. The recorded average RMSD
values for all frames of Apo-HAV and Complex-HAV were 1.53 Å and 1.37 Å, respectively.
In addition, average RMSD values of 1.51 Å and 1.59 Å were observed for Apo-HSV
and Complex-HSV, respectively (Figure 4A,C). In general, These results revealed that
the caryophyllene oxide-bound protein complex system acquired a relatively more stable
conformation than the other studied systems.

Figure 4. (A) RMSD of Cα atoms of the 3C protease of HAV protein backbone atoms. (B) RMSF of
each residue of the 3C protease of HAV protein backbone Cα atoms (C) RMSD of Cα atoms of the
thymidine kinase of HSV protein backbone atoms (D) RMSF of each residue of the thymidine kinase
of HSV protein backbone Cα atoms.
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During MD simulation, assessing protein structural flexibility upon ligand binding
is critical for examining residue behavior and its connection with the ligand. The pro-
tein residue fluctuations were evaluated using the Root-Mean-Square Fluctuation (RMSF)
algorithm to evaluate the effect of inhibitor binding toward the respective targets over
20 ns simulations. The computed average RMSF values were 1.21 and 1.00 for Apo-HAV,
and caryophyllene oxide-bound to protein systems, respectively, while 1.17 Å and 1.02 Å
were recorded for Apo-HSV and Complex-HSV, respectively. Figure 4B,D show the overall
residue fluctuations of individual systems. These values reveal that the caryophyllene
oxide-bound protein complex system has a lower residue fluctuation than the other systems.

Binding Interaction Mechanism Based on Binding Free Energy Calculation

A popular method for determining the free binding energies of small molecules to
biological macromolecules is the molecular mechanics energy technique (MM/GBSA),
which combines the generalized born and surface area continuum solvation, and it may
be more trustworthy than docking scores. The MM-GBSA program in AMBER18 was
used to calculate the binding free energies by extracting snapshots from the trajectories of
the systems. As shown in Table 1, all the reported calculated energy components (except
ΔGsolv) gave negative values, indicating favorable interactions. The results indicated that
binding free energy (ΔGbind) values −19.35 and −32.04 Kcal/mol were obtained for the
interactions of caryophyllene oxide with 3C protease of HAV and thymidine kinase of HSV
receptors, respectively.

A close look at the individual contributions of energy reveals that the more positive
van der Waals energy components drive caryophyllene oxide interactions with 3C protease
of HAV and thymidine kinase of HSV enzyme, resulting in the observed binding free
energies (Table 4).

Table 4. The calculated energy binding for caryophyllene oxide against the 3C protease of HAV and
thymidine kinase of HSV receptors.

Energy Components (kcal/mol)

Complex ΔEvdW ΔEelec ΔGgas ΔGsolv ΔGbind

Caryophyllene oxide -HAV −20.44 ± 0.27 −1.52 ± 0.12 −12.96 ± 0.33 3.60 ± 0.11 −19.35 ± 0.24
Caryophyllene oxide -HSV −34.86 ± 0.081 −2.58 ± 0.07 −37.45 ± 0.11 5.40 ± 0.05 −32.04 ± 0.11

ΔEvdW = van der Waals energy; ΔEele = electrostatic energy; ΔGsolv = solvation free energy; ΔGbind = calculated
total binding free energy.

3. Materials and Methods

3.1. Plant Materials and EOs Extraction

Acacia nilotica bark and fruits were collected in August 2020 from Naje Algamal,
Sohag Governorate, Egypt (26◦33′43.2′′ N 31◦40′39.7′′ E). The specimen is authenticated
and deposited in the herbarium of the National Research Center with specimen codes
NRC-20xYD-AN-20-609.

The collected samples were dried at air temperature (25 ◦C ± 3) for 7 days and then
crushed into a fine powder. The EOs of the air-dried powdered bark and fruits of A. nilotica
(300 g, each) were subjected to hydro-distillation over a Clevenger apparatus for three hours.
The oily layers were separated via n-hexane and then dried using Na2SO4 anhydrous (0.5 g).
Three EO samples from each part were obtained by repeating the extraction process three
times with the same sequence. All oil samples were saved in glass vials at 4 ◦C until further
GC-MS and biological analysis.

3.2. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The GC-MS technique was used for the analysis of the extracted EO samples, as
reported in published studies [33,43]. The analysis was performed at the National Research
Center using the GC-MS apparatus joined with the TRACE GC Ultra-Gas Chromatograph
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and quadrupole mass unit, model Thermo-Scientific™ EC, Waltham, MA, USA. The used
GC-MS column dimension and film thicknesses were 0.32 mm × 30 m and 0.25 μm. The
transporter gas (He) was used with 1 to 10 as the split ratio and 1.0 mL/min as the flow
rate. As usual, the temperature was regulated as follows: 60 ◦C/1 min and elevated to
240 ◦C during 4 ◦C/min. The dilution of all oil samples was performed in 1 μL of n-hexane
by the ratio of 1:10 (v/v) and injected where both of injector and detector were adjusted
at 210 ◦C. The electron ionization (EI) at 70 eV and m/z 40–450 as spectral range were
used for performing the mass spectral data of oil constituents. Finally, the authentication
and identification of the chemical constituents occurred depending upon the Automated
Mass spectral Deconvolution and Identification (AMDIS) software, (version: 1.0.0.13), NIST
library database, Wiley spectral library collection, and retention indices relative to n-alkanes
(C8–C22).

3.3. Antiviral Assays
3.3.1. Determination of the Maximum Non-Toxic Concentration (MNTC)

Solutions of 10 mg of EOs of bark and fruits of A. nilotica were prepared in
10% dimethylsulfoxide (DMSO) and then diluted with Dulbecco’s Modified Eagle Medium
(DMEM) (Lonza, Verviers, Belgium) to the working solutions. For the modified 3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, the VERO-E6 cells
(3 × 105 cells/mL) (Sigma-Aldrich, St. Louis, MO, USA) were seeded in 96-well plates
(100 μL/well) and incubated in 5% CO2 at 37 ◦C. After 24 h of incubation, cells were
subjected to concentrations (31.25, 62.5, 125, 250, 500, and 1000 μg/mL) of EOs of bark
and fruits of A. nilotica in triplicates for another 48 h. Cells were checked for any physical
signs of toxicity, e.g., partial or complete loss of the monolayer, rounding, shrinkage, or cell
granulation. Then, the cell monolayers were washed 3 times with 1 L sterile phosphate
buffer saline (PBS) and treated with 20 μL MTT solution in PBS (5 mg/mL) for each well.
After shaking, the plate was incubated for 4 h in 5% CO2 at 37 ◦C. The formed formazan
crystals in each well were dissolved with 200 μL of 0.04 M HCl in isopropanol. Optical
density was determined at 560 nm after removing the background at 620 nm, where it
should be directly correlated with cell quantity. The maximum non-toxic concentration
(MNTC) of each extract was determined and was used for further biological studies. The
MNTC was calculated from the plot of toxicity percent against sample concentration. The
DMSO was tested as a control, and it did not show any activity.

3.3.2. Antiviral Effect Percent Determination

All viruses, HSV1, HSV2, and HAV, were obtained from the Microbiology Department,
Faculty of Medicine for girls, Al-Azhar University. Vero-E6 cells were distributed in 96-
well tissue culture plates (104/well) and incubated at a humidified 37 ◦C incubator under
5% CO2 conditions. After 24 h, the cells were washed with 1 L of PBS. Equal volumes
(1:1 v/v) of MNTC of tested samples and the virus (HSV1, HSV2, and HAV) suspension were
incubated for one hour. In triplicate, 100 L of viral or sample suspension was propagated
on cells and incubated for 24 h at 37 ◦C in 5% CO2. A total of 20 μL MTT solutions in PBS
(5 mg/mL) was added to each well and incubated for 1–5 h to allow MTT to be metabolized.
As previously mentioned, the resultant was treated, and the optical density was determined.
The antiviral effect percentage was calculated by dividing the viability of cells treated by
the virus only/the viability of cells treated by the virus and the sample. Acyclovir was
used as a reference drug for the viruses (HSV1 and HSV2), while amantadine was used as
a positive control against the HAV virus. The calculation of the SI (selectivity index) values
of the tested EO samples was performed from the equation: SI = CC50/IC50; where: CC50:
50% cytotoxic concentration, and IC50: 50% effective concentration [6,11].

3.4. Molecular Docking Studies

Molecular Operating Environment (MOE Vs. 2015) docking studies were performed on
the catalytic domains of HAV 3C protease (PDB ID: 1QA7) [58] and HSV thymidine kinase
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(PDB ID: 1KI3) [58] and thymidine kinase of HSV (PDB ID: 1KI3) [59]. The crystal structures
of both proteins were retrieved from the protein data bank and processed as previously
described [60], as well as the database file (mdb) of the major identified compounds in
both EOs, stachene, caryophyllene oxide, spathulenol, trans-caryophyllene, Z-anethole,
and γ-terpinene. The docking process was validated by re-docking the co-crystallized
ligands in the binding site, which revealed their binding with crucial sub-pockets (Val
28 and Cys 172 and Gln A125, Arg A176, and Glu A83) in both proteins, respectively, at
acceptable RMSD (Figures 2 and 3). After processing the study in triplicate (as shown in
Table S1), the results of the docking process were presented as the ΔG (kcal/mol) with
RMSD values ≤ 2 Å (Table 2). In addition, the interactions of the lowest energy pose with
the binding pocket were two and three-dimensionally presented in (Figures 2 and 3).

3.5. Molecular Dynamics Stimulation Section
3.5.1. System Preparation

The crystal structures of the 3c proteinase from the hepatitis A virus receptor and the
thymidine kinase from herpes simplex virus type I were retrieved from the protein data
bank with codes 1QA7 [58] and 1KI3 [59], respectively. This structure was then prepared
for molecular dynamics (MD) studies using UCSF Chimera [61]. Using PROPKA, pH was
fixed and optimized to 7.5 (3). Caryophyllene oxide was drawn using ChemBioDraw Ultra
12.1. Altogether, all four prepared systems were subjected to 20 ns MD simulations as
described in the simulation section.

3.5.2. Molecular Dynamic (MD) Simulations

The integration of molecular dynamic (MD) simulations into biological systems stud-
ies enables exploring the physical motion of atoms and molecules that cannot be easily
accessed by any other means. The insight extracted from performing this simulation pro-
vides an intricate perspective into the biological systems’ dynamical evolution, such as
conformational changes and molecule association [61]. The MD simulations of all systems
were performed using the GPU version of the PMEMD engine present in the AMBER
18 package [62].

The partial atomic charge of each compound was calculated with ANTECHAMBER’s
General Amber Force Field (GAFF) technique [63]. The Leap module of the AMBER
18 package implicitly solvated each system within an orthorhombic box of TIP3P water
molecules within 10 Å of any box edge. The Leap module was used to neutralize each
system by incorporating Na+ and Cl− counter ions. A 2000-step initial minimization of
each system was carried out in the presence of a 500 kcal/mol applied restraint poten-
tial, followed by a 1000-step full minimization using the conjugate gradient algorithm
without restraints.

During the MD simulation, each system was gradually heated from 0 K to 300 K over
500 ps, ensuring that all systems had the same amount of atoms and volume. The system’s
solutes were subjected to a 10 kcal/mol potential harmonic constraint and a 1 ps collision
frequency. Following that, each system was heated and equilibrated for 500 ps at a constant
temperature of 300 K. To simulate an isobaric-isothermal (NPT) ensemble, the number of
atoms and pressure within each system for each production simulation were kept constant,
with the system’s pressure maintained at 1 bar using the Berendsen barostat [64].

For 20 ns, each system was MD simulated. The SHAKE method was used to con-
strain the hydrogen bond atoms in each simulation. Each simulation used a 2 fs step size
and integrated an SPFP precision model. An isobaric-isothermal ensemble (NPT) with
randomized seeding, constant pressure of 1 bar, a pressure-coupling constant of 2 ps, a tem-
perature of 300 K, and a Langevin thermostat with a collision frequency of 1 ps was used in
the simulations.
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3.5.3. Post-MD Analysis

After saving the trajectories obtained by MD simulations every 1 ps, the trajectories
were analyzed using the AMBER18 suite’s CPPTRAJ [65] module. The Origin data analysis
program and Chimera were used to create all graphs and visualizations.

3.5.4. Thermodynamic Calculation

The Poisson–Boltzmann or generalized born and surface area continuum solvation
(MM/PBSA and MM/GBSA) approach has been found to be useful in the estimation of
ligand-binding affinities [66,67]. The protein–ligand complex molecular simulations used
by MM/GBSA and MM/PBSA compute rigorous statistical-mechanical binding free energy
within a defined force field.

Binding free energy averaged over 500 snapshots extracted from the entire 50 ns
trajectory. The estimation of the change in binding free energy (ΔG) for each molecular
species (complex, ligand, and receptor) can be represented as follows [68]:

ΔGbind = Gcomplex − Greceptor − Gligand (1)

ΔGbind = Egas + Gsol − TS (2)

Egas = Eint + Evdw + Eele (3)

Gsol = GGB + GSA (4)

GSA = γSASA (5)

The terms Egas, Eint, Eele, and Evdw symbolize gas-phase energy, internal energy,
Coulomb energy, and van der Waals energy. The Egas was directly assessed from the
FF14SB force field terms. Solvation free energy (Gsol) was evaluated from the energy
involvement of the polar states (GGB) and non-polar states (G). The non-polar solvation
free energy (GSA) was determined from the solvent accessible surface area (SASA) [69,70]
using a water probe radius of 1.4 Å. In contrast, solving the GB equation assessed the polar
solvation (GGB) contribution. Items S and T symbolize the total entropy of the solute and
temperature, respectively.

3.6. Statistical Analysis

The presented results were obtained from the mean values of three experimental
processes independently performed. CC50 and IC50 values were determined from the curve
of the dose response along with the regression analysis of the triplicates of the values. A
one-way ANOVA followed by multiple Tukey’s tests was applied for the comparison of
the EOs with p < 0.05 significance in the antiviral assay.

4. Conclusions

The analysis of the EOs derived from the bark and fruits of Acacia nilotica revealed high
relative concentrations of terpenoids in both oils. Stachene, caryophyllene oxide, spathu-
lenol, trans-caryophyllene, Z-anethole, and γ-terpinene represented the main constituents.
The EO of the bark exhibited moderate anti-HAV and anti-HSV1, while fruit EO showed
weak effects against HAV, HSV1, and HSV2. Caryophyllene oxide and spathulenol exhib-
ited the best affinities against the 3C protease and TK proteins. The molecular dynamics
simulation proved the significant van der Waals energy of caryophyllene oxide with 3C
protease of HAV and thymidine kinase of HSV enzyme. The present findings revealed
the effects of the main constituents of A. nilotica EO. However, in vivo studies should be
evaluated for these EOs and/or their major compounds, either in combination or singular,
to determine the actual action mechanisms and safety.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11212889/s1, Table S1: Three results of docking simulations
of the major compounds identified in EOs of both bark and fruits of Acacia nilotica.
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Abstract: Lippia alba is popularly known as lemon balm, with its essential oil (EO) cited for displaying
antimicrobial, sedative, and vasorelaxant effects. Yet, its action on isolated human vessels has not been
described in the literature. Thus, we evaluated the vasorelaxant effect of essential oil of L. alba (EOLa)
on human umbilical arteries (HUA) isolated in organ baths. HUA rings were isolated, subjected to
contractions induced by potassium chloride (KCl), serotonin (5-HT), or histamine (HIST) to record the
isometric tension, and then treated with EOLa (30–1000 μg/mL). The EOLa showed a more prominent
inhibitory effect on the pharmacomechanical coupling contraction via HIST with an EC50 value of
277.1 ± 8.5 μg/mL and maximum relaxant effect at 600 μg/mL. The addition of tetraethylammonium
(TEA) or 4-aminopyridine (4-AP) in HUA preparations did not inhibit EOLa total relaxant effect
at 1000 μg/mL. In the presence of gliblenclamide (GLI), the oil relaxed the HUA rings by 90.8%
at maximum concentration. The EOLa was also investigated for its effects on voltage-operated
calcium channels (VOCCs), where the HUA preincubation with this oil at 1000 μg/mL inhibited
BaCl2 (0.1–30 mM)-induced contractions. This study demonstrates for the first time that EOla has a
vasorelaxant effect on HUA and its particular blockade of VOCCs.

Keywords: essential oil; Lippia alba; human umbilical artery; vasorelaxant effect

1. Introduction

Essential oils (EOs) are aromatic complexes extracted from plants that contain a
mixture of volatile organic compounds, which are present in the various organs of plants
(roots, barks, leaves, flowers and fruits). These oils have a variety of pharmacological
applications, as they have important biological properties for the plants themselves, for
human beings and for other animals [1].

The species Lippia alba (Mill.) N.E. Brown belonging to the Verbenaceae family is
found in Central America, South America, Africa, and Asia [2]. It is popularly known as

Plants 2022, 11, 3002. https://doi.org/10.3390/plants11213002 https://www.mdpi.com/journal/plants
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lemon herb balm, Brazilian lemon balm, False-Melissa, Carmelite lemon balm, common
lemon balm tea, field lemon balm and bush matgrass, among others [3,4]. The essential
oil of this species is described as antibacterial [5–7], antifungal [8–11], anxiolytic, anti-
convulsant [12,13], anesthetic [14–16], and smooth muscle relaxant [17–20]. Moreover, in
folk medicine, this species is used to control blood pressure, as a calmant, and to treat
respiratory diseases [21–23].

Searching for natural products that promote vasoactivity makes possible the discovery
of therapeutic agents with a better efficacy and safety profile to treat disorders that cause
hypertensive states. For example, pre-eclampsia is a hypertensive syndrome affecting the
gestational period that increases the vascular umbilical resistance, resulting in a health risk
to both the mother’s and the baby’s life [24,25].

The prevalence of pregnant women with hypertensive syndromes continues to in-
crease, on the other hand, the most prescribed antihypertensive drugs are not recommended
during pregnancy. There are few medications that are prescribed during pregnancy to
control pre-eclampsia and eclampsia. However, the side effects of these are accounted for
increasing the risk of fetal growth restriction and neonatal bradycardia, among other effects
like depression for the mother [26,27].

Studies that prove the vasorelaxant potential of EOLa are only available on rodent
tissue models [17–20]. Moreover, few are the studies that demonstrate the potential activity
of natural products in human umbilical artery smooth musculature [28,29]. The use of
human umbilical cord vessels as a model for screening substances with vasorelaxant
properties is of great relevance for gestational hypertensive disorders, in addition to other
cardiovascular diseases [30,31]. Herein, we show for the first time the vasorelaxant effect of
L. alba essential oil on isolated human umbilical artery.

2. Results

2.1. Effect of the Essential Oil of Lippia alba on Basal Vascular Tone in Human Umbilical Artery

EOLa changed the final basal tone (p < 0.017), being significant at 1000 μg/mL com-
pered to the control (p < 0.001) (Figure 1).

A

Figure 1. Effect of EOLa on basal vascular tone in HUA. (A) “Log-normal” plot for the effect of EOLa
(30–1000 μg/mL) on basal HUA tone. The values are expressed as the mean ± SEM; n = 6 (p < 0.001,
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one-way ANOVA). (B) Original register in LabChart Pro software for relaxant effect of EOLa on
vascular basal tone in HUA.

2.2. Relaxant Effect of EOLa on Contractions Induced by KCl (60 mM), 5-HT (10 μM), and HIST
(10 μM) in HUA

When evaluating the effect of EOLa on electromechanical coupling produced by KCl
at 60 mM (K60), vasorelaxant activity was observed from 100 μg/mL (p < 0.017, one-way
ANOVA) with EC50 at 377.0 ± 4.3 μg/mL (Figure 2).
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Figure 2. Relaxing effect of EOLa and evaluation of K60 electromechanical coupling in HUA.
(A) “Log-normal” plot for EOLa (30–1000 μg/mL) on contractions induced by potassium chloride in
HUA; values are expressed as the mean ± SEM; n = 6 (p < 0.017, one-way ANOVA). (B) Original reg-
istration made by the LabChart Pro software for the relaxing effect of EOLa on the electromechanical
coupling induced by K60 in HUA.

When evaluating the pharmacomechanical pathway, it was observed that the EOLa
promoted total blockage of 5-HT (10 μM)- and HIST (10 μM)-induced contractions in HUA
rings. The blockade proved to be significant starting at a concentration of 200 μg/mL
(p < 0.002, one-way ANOVA), with an EC50 value of 339.8 ± 4.5 μg/mL in experiments us-
ing the 5-HT agonist (Figure 3). When the HIST agonist was used, we observed a significant
EOLa effect starting at a concentration of 200 μg/mL (p < 0.001 one-way ANOVA), with
EC50 277.1 ± 8.5 μg/mL, and total relaxation of the HUA rings at an EOLa concentration
of 600 μg/mL. The control preparations—contracted using HIST—presented significant
degradation; the effect of EOLa is also represented in the bar graph (Figures 4 and 5).
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Figure 3. Relaxant effect of EOLa and evaluation of pharmacomechanical coupling by 5-HT (10 μM)
in HUA. (A) “Log-normal” plot for the effect of EOLa (30–1000 μg/mL) on serotonin-induced contrac-
tions in HUA; values are expressed as the mean ± SEM; n = 6 (p < 0.01, one-way ANOVA). (B) Original
recording in LabChart Pro software for relaxant effect of EOLa on the pharmacomechanical coupling
induced by 5-HT in HUA.
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Figure 4. Relaxant effect of EOLa (30–1000 μg/mL) and evaluation of pharmacomechanical coupling
by HIST (10 μM) in HUA. “Log-normal” plot for the effect of EOLa on contractions induced by
histamine in HUA. Values are expressed as the mean ± SEM; n = 6 (p < 0.01, one-way ANOVA).
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Figure 5. Relaxant effect of EOLa (30–600 μg/mL) and evaluation of pharmacomechanical coupling
by HIST (10 μM) in HUA. Concentration–response bar graph for the effect of EOLa on contractions
induced by histamine in HUA. Values are expressed as the mean ± SEM; n = 6 (p < 0.01, one-
way ANOVA).

2.3. Relaxant Effect of EOLa on High Conductance K+ Channels Activated by Ca2+ (BKCa),
Voltage-Operated K+ Channels (Kv) and ATP-Sensitive K+ Channels (KATP)

EOLa (30–1000 μg/mL) relaxed 100% of the preincubated HUA preparations with TEA.
The EOla initial significant concentration was 200 μg/mL for both TEA concentrations used:
TEA (1 mM)—p < 0.023, one-way ANOVA; EC50 of 471.2 ± 5.8 μg/mL; TEA (10 mM)—
p < 0.017, one-way ANOVA; EC50 of 526.4 ± 4.0 μg/mL (Figure 6). The EC50 values for EOla
obtained in preincubated HUA rings with 4-AP (1 mM) or GLI (10 μM) preparations were
494.0 ± 8.8 μg/mL and 530.8 ± 6.5 μg/mL, respectively. The concentrations statistically
significant started at 200 μg/mL and 400 μg/mL (p < 0.001, one-way ANOVA), respectively.
In the presence of 4-AP, EOLa achieved 100% of relaxation with a higher EC50 value.
However, in the presence of GLI, EOLa performed 90.8% of relaxation, demonstrating some
participation of KATP channels in its vasodilatory response (Figure 7).
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Figure 6. Relaxant effect of EOLa (30–1000 μg/mL) and assessment of the participation of high
conductance K+ channels activated by Ca2+ (BKCa) and voltage-operated K+ channels (Kv) in HUA.
“Log-normal” plot for EOLa effect on contractions evoked by 5-HT (10 μM) in HUA rings preincubated
in TEA (1 mM or 10 mM). Values are expressed as the mean ± SEM; n = 6 (p < 0.05, one-way ANOVA).
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Figure 7. Relaxant effect of EOLa (30–1000 μg/mL) and evaluation of the participation of voltage-
operated K+ channels (Kv) and ATP-sensitive K+ channels (KATP) in HUA. “Log-normal” plot for the
effect of EOLa on stimulated contractions using 5-HT (10 μM) in HUA rings preincubated with 4-AP
(1 mM) or GLI (10 μM). Values are expressed as the mean ± SEM; n = 6 (p < 0.05, one-way ANOVA).

2.4. Effect of EOLa on Voltage-Operated Ca2+ Channels (VOCCs)

Preincubation with EOLa (1000 μg/mL) reduced the contraction response of HUA
rings to BaCl2 (0.1–30 mM). This reduction was similar to that observed in rings preincu-
bated with nifedipine (10 μM), a selective L-type VOCCs (Figure 8). Table 1 presents the
main findings of this study, with EC50 values of the EOLa effect in the presence of each
contractile agonist, as well as K+ channel blockers.

Figure 8. Relaxant effect of EOLa (1000 μg/mL) and assessment of participation of voltage-operated
calcium channels (VOCCs) in HUA. Control: “Log-normal” plot for the contractile effect by cu-
mulative addition of BaCl2 (0.1–30 mM) in HUA preparations. Nifedipine: Graph for inhibitory
effect of nifedipine (10 μM) on induced contraction by cumulative addition of BaCl2 (0.1–30 mM);
positive control. EOLa: Graph for the contraction-blocking effect of EOLa (1000 μg/mL) on accu-
mulative addition of BaCl2 (0.1–30 mM). Values are expressed as the mean ± SEM; n = 6 (p < 0.05,
one-way ANOVA).
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Table 1. Contraction agonists and blocking agents (substances); concentration values capable of
triggering 50% of relaxing response (EC50); values of statistically significant initial concentrations
(SSIC) and total relaxation (%) promoted by the Lippia alba essential oil in the presence of differing
contractile agents and channel blockers.

Substances EC50 of EOLa SSIC, Total Relaxation (%)

Potassium chloride (60 mM) 377.0 ± 4.3 μg/mL 100 μg/mL (p < 0.017), 100%
Serotonin (10 μM) 339.8 ± 4.5 μg/mL 200 μg/mL (p < 0.001), 100%
Histamine (10 μM) 277.1 ± 8.5 μg/mL 200 μg/mL (p < 0.001), 100%

Tetraethylammonium (1 mM) 471.2 ± 5.8 μg/mL 200 μg/mL (p < 0.023), 100%
Tetraethylammonium (10 mM) 526.4 ± 4.0 μg/mL 200 μg/mL (p < 0.017), 100%

Glibenclamide (10 μM) 530.8 ± 6.5 μg/mL 200 μg/mL (p < 0.008), 90,8%
4-Aminopyridine (1 mM) 494.0 ± 8.8 μg/mL 400 μg/mL (p < 0.002), 100%

3. Discussion

Lippia alba is well known for its essential oils, and various concentrations of compounds
have been isolated and identified deriving from different parts of the plant. Terpenes and
its derivatives are the major constituents, generally known for their applications as flavors
and fragrances. The structures of these compounds are variable, and their classification is
based on the number of carbon chains and chemical function presented. The main types of
terpenes found in L. alba are the monoterpenes and sesquiterpenes [2].

This is the first study investigating the effect of EOLa on the contractility of human
umbilical arteries. EOLa under study has as major constituents the monoterpenoid citral
(a mixture of two aldehyde geometric isomers, E-geranial (41.81%) and Z-neral (34.11%)),
the monoterperne 1-limonene (a cyclic unsaturated hydrocarbonate), and the monoter-
penoid carvone (a cyclic unsaturated oxygenated ketone).

Published data with different rat isolated smooth muscles show that EOLa has a re-
laxant effect with possible main mechanism of action by blocking L-type voltage-operated
Ca2+ channels (VOCCs) [17,19,20,32], thus supporting our results. Regarding their various
electrophysiological and pharmacological properties, VOCCs were initially classified as
types L, N, P/Q, R, and T [33]. L-type VOCCs are designated as CaV1.1–1.4, N-type
VOCCs are designated as CaV2.2, the P/Q type is designated as CaV 2.1, and type R is
designated as CaV2.3, which are insensitive to dihydropyridine and activated by high
voltage; lastly, T-type channels CaV3.1–3.3 are activated by low voltage [34,35]. In smooth
muscle cells, L-type VOCCs are the most studied, since they have great importance in con-
traction processes [36,37]. In this study, EOLa presented a response similar to the positive
control nifedipine (10 μM), a selective L-type VOCC blocker. Hence, we believe that these
channels are prominently involved in the relaxant effect of EOLa on the electromechanical
coupling contraction.

Carvalho et al. [17], used EOLa, citral, or 1-limonene on rat trachea demonstrating
that the oil and citral alone had a similar relaxant effect over tracheal smooth muscle
contracted by K60 electromechanical coupling, including with blockade of VOCCs similar
to the positive control nifedipine (1 μM), thus inhibiting contractions by BaCl2, as well as
by acetylcholine on pharmacomechanical coupling. On the other hand, 1-limonene did not
display great relaxant effect, while also not being unable to inhibit contractions evoked
by BaCl2.

Pereira-de-Morais et al. [19], used EOLa, citral, or 1-limonene on rat uterus, observ-
ing that the oil or each of its main terpene constituents produced a relaxant effect on
contractions induced by various contractile agents. For both electromechanical and phar-
macomechanical coupling via oxytocin, serotonin, and acetylcholine, all had the same
efficacy on total contraction inhibition at the same concentration. However, analyzing the
inhibitory concentrations (IC50) used, there was a difference amongst them, with EOLa
having lower IC50 values than citral and 1-limonene, suggesting that the other compounds
that make up a smaller proportion of the composite essential oil may be active, possibly
contributing to the relaxant effect.
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Seres-Bokor et al. [38] suggested an alternative mechanism for the relaxing effect
of citral on rat uterus. A 14 day treatment in vivo with this monoterpenoid induced an
increase of aquaporin channel (AQP5) expression in uterine smooth muscle, reducing
hypertonic stress activation on the transient receptor potential cation channel receptor
type 4 (TRPV4).

Silva et al. [20] used OELa and citral on rat aorta artery, corroborating the findings of
our study, since the effect observed for EOLa was quite significant in the electromechanical
pathway, presenting even greater effect in the thoracic artery (EC50: 83.30 μg/mL) than
in the HUA (EC50: 377.0 ± 4.3 μg/mL). However, these differences can be explained by
the fact that the blood vessels of experimental animals and humans, specifically the HUA,
are distinct from each other in terms of physiology, receptor types, and activity of specific
signaling pathways [39].

Maynard et al. [32] used EOLa on rat mesenteric artery rings, showing an endothelium-
independent vasorelaxant effect on both electromechanical by KCl (80 mM) and pharma-
comechanical coupling by phenylephrine (1 μM), possibly due to an inhibition on the Ca2+

influx through the L-type VOCCs. The EO applied in this study also has the constituent
citral in majority.

Few studies have reported the vasorelaxant activities of plant natural products in
human umbilical vessels. Among them, one that shows Cymbopogon citratus extract, rich
in polyphenols (chlorogenic acid, iso-orientin, and swertiajaponin), is able to inhibit vaso-
constriction induced by the thromboxane A2 receptor agonist U46619 [40]. Another with
octylmethoxycinnamate that activates soluble guanylate cyclase and inhibits VOCCs, sub-
sequently causing vasorelaxation [41]. This mechanism was also observed for genistein on
HUA, a natural phytoestrogen belonging to the isoflavone group [29].

It is known that HUA vascular responsiveness occurs more effectively to contracting
agents than to relaxing agents [42]. Since umbilical blood vessels are not innervated, control
of umbilical blood flow depends on vasoactive substances released locally or already
existing in circulation such serotonin, histamine, oxygen, nitric oxide (NO), thromboxane,
and ions (e.g., calcium and potassium) [43–46]. Furthermore, 5-HT and HIST are the
most potent vasoconstrictors in umbilical human arteries, and increased release of these
mediators, as well as increased sensitivity in HUA to these agents, has already been
related to certain pathological processes disturbing the umbilical cord circulation (e.g.,
preeclampsia) [47,48]. Thus, mechanisms that regulate HUA smooth muscle contractility
are of paramount importance for placental exchange of both gases and nutrients with
the fetus.

The EOLa was able to relax the smooth musculature in HUA with greater potency
on 5-HT-evoked contractions (EC50 = 339.8 μg/mL ± 4.5 μg/mL) than on K60-evoked
contractions (EC50 = 377.0 μg/mL ± 4.3 μg/mL). An even more promising relaxing
effect of EOLa was demonstrated by the histaminergic coupling protocol, with an EC50 of
277.1 ± 8.5 μg/mL. This difference suggests that it also acts on distal targets of intracellular
cascades activated on the pharmacomechanical pathway. Silva et al. [20] demonstrated
that EOLa and citral equally inhibited contraction evoked by phorbol-12,13-dibutyrate—
an activator of intracellular calcium-binding proteins, such as protein-kinase C (PKC),
which are active in contraction of smooth muscle—in rat aorta arteries isolated in zero-
calcium medium.

Potassium channels play a key role in membrane potential regulation and cell excitabil-
ity, with smooth muscle contraction dependent on the equilibrium between increasing K+

ion conductance, leading to hyperpolarization, and decreasing K+ conductance (leading
to depolarization) [49,50]. In smooth muscle, the basal tone can be regulated by several
subtypes of K+ channels. Using TEA (10 mM) as a nonselective K+ channel blocker, in-
cluding blockade of large conductance K+ channels activated by Ca2+ (BKCa), and TEA
(1 mM), as a more sensible blockade on voltage-operated K+ channels (Kv), an increase in
the EC50 values was observed; however, the oil promoted total relaxation at the maximum
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concentration used. A similar effect was seen for the monoterpenoid carveol on human
umbilical arteries [28].

Comparing the relaxing potential of EOla in the presence of 4-AP (a Kv blocker) or GLI
(a blocker for ATP-sensitive K+ channels (KATP)) we observed an expressed increase for
EC50 value when using GLI. In addition, there was a 9.2% decrease in the relaxant potential
of the EOLa at maximum concentration. This indicates the influence of these pathways,
especially KATP, on the relaxant effect of EOLa in human umbilical arteries.

Potassium channels activated by intracellular metabolites such as ATP can hyperpolar-
ize the membrane, inhibiting Ca2+ influx by blocking VOCCs and, consequently, favoring
relaxation of smooth muscle cells. KATP is designed to have the ability to decrease its
activity when the intracellular levels of ATP increase. This activity can also be modulated
by ATP-independent signaling pathways [51]. In a study carried out with labdane-302, a
diterpene isolated from Xylopia langsdorfian A. St.-Hil. & Tul., the involvement of KATP in
promoting its relaxant effect on guinea pig ileum was also verified [52].

The actions of KATP are ambiguous, and its blocking or activation can be beneficial or
harmful depending on the pathology and the channel subunit expressed in the target tissue.
The absence and/or dysfunction of this channel and its subunit SUR2 are implicated in
increased cardiovascular risks and poor prognosis in cases of infarction and stroke, while the
increase in its expression and its adequate function together bring cardio and vasoprotective
effects. In neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, for example,
inhibition of this channel seems to be beneficial, with improvement of the underlying
neuroinflammatory markers of these pathologies [53,54]. There is no consensus on the role
of this channel in HUA contraction/relaxation process, and the clinical importance is still
unknown relating to pregnancy-specific hypertensive diseases [51].

Many EOs are generally recognized as safe [55]. However, the use of herbs and EOs
is still a highly controversial matter, and their use in clinical practice is still restricted
due to their physicochemical properties (e.g., limited bioavailability) and/or their toxicity.
On the other hand, they can often be excellent leads for the development of new drugs.
Modifying and/or isolating the structure of these products is a strategic way to increase
pharmacological action, as well as improve absorption, distribution, metabolism, and
excretion properties, thus decreasing toxicity and side-effects [56]. In this context, basic
research initially evaluates the pharmacological potential of such compounds, favoring
decision making for clinic research aiming for their therapeutic applicability [57].

Investigating bioactive and umbilical cord artery smooth muscle opens perspectives
for potential agents capable of modulating the contractile activity. The vascular smooth
muscle is important for homeostasis, and several pathologies may be related to changes
in vascular tone. These include hypertensive disorders, such as those afflicting pregnant
women, in addition to atherosclerosis, heart failure, and ischemia [20].

We conclude that Lippia alba (Mill.) N.E. Brown essential oil has a vasorelaxant effect
on the contractility of human umbilical artery smooth muscle. EOLa was able to inhibit
contractions induced by physiological contracting agents of HUA, 5-HT and HIST, with
greater potency on the pharmacomechanical coupling via the histaminergic pathway. We
highlight its inhibitory action on L-type VOCCs in electromechanical coupling by K60,
similar to the standard drug nifedipine. Our study also showed that KATP channels play a
discreet mediation in the relaxing effect of EOLa on HUA.

It is worth to mention that, in tissue viability investigations at the end of each ex-
periment, full contractions were again induced by the same agonists, thus indicating that
EOLa has no acute toxic effects on HUA contractility and survival. This same procedure
was conducted by Carvalho et al. [17], Pereira-de-Morais et al. [19], and Silva et al. [20]
using EOLa, citral, and 1-limonenedone on rodent smooth muscle, again corroborating our
results of EOLa on HUA.

In conclusion, our results demonstrate the relaxing effect of EOLa on human umbilical
cord arteries, encouraging further studies to be conducted on HUA using the major con-
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stituents isolated from EOLa, citral, and 1-limonene. Therefore, the hypothesis is that citral
is primarily responsible for the relaxing effect of L. alba essential oil on HUA.

4. Materials and Methods

4.1. Solutions and Drugs

The drugs and reagents used presented analytical purity, being obtained from Sigma
Chemical Corporation (St. Louis, MI, USA) or Merck (Darmstadt, Germany), and they
were maintained under conditions indicated by the manufacturer. To prepare the solu-
tions in this study, the salts used were potassium chloride (KCl), sodium chloride (NaCl),
magnesium sulfate (MgSO4), calcium chloride (CaCl2), glucose (C6H12O6), potassium
phosphate (KH2PO4), sodium carbonate (NaHCO3), barium chloride (BaCl2), ethylene-
diaminetetraacetic acid (EDTA), and 2-[4-(2-hydroxyethyl)piperazin-1-yl]-ethanesulfonic
acid (HEPES). The concentrations were expressed in millimole/liter (mM/L).

The substances serotonin and tetraethylammonium were dissolved in distilled water,
and nifedipine was diluted in ethanol; the solutions obtained were kept at 0–4 ◦C and only
withdrawn at the moment of the experiment.

4.2. Lippia alba (Mill.) N.E. Brown Essential Oil

The oil, 99% pure, was purchased from Dr. Sergio Horta at the experimental farm of
the Federal University of Ceará (UFC). A dried-up sample of L. alba species was deposited
in the Prisco Bezerra Herbarium of UFC under identification code #EAC-08474.

Leaves (1 kg) were collected on the same day and hour, from flowering plants, and
were steam distilled for 1 h for EO acquisition. The chemical constitution was evaluated
in the Natural Products Laboratory by Dr. Afrânio Aragão Craveiro at the Technological
Development Park (PADETEC) of UFC using gas chromatography coupled to mass spec-
trometry (GC–MS, Hewlett-Packard 6971, Harris County, TX, USA). Analysis conditions
were as follows: dimethylpolysiloxane DB-1 fused silica capillary column (30 m × 0.25 mm;
0.1 μm); helium (1 mL/min) as carrier gas; injector temperature, 250 ◦C; detector tempera-
ture, 280 ◦C; column temperature, 35–180 ◦C at 4 ◦C/min and 180–250 ◦C at 10 ◦C/min;
mass spectrometry electronic impact, 70 eV. The compounds were identified using mass
spectral library MS searches and Kovats indices as a preselection aid [58], and visual mass
spectra were compered to data from the literature for confirmation [59–61].

The following major constituents were encountered: citral (75.92%) (a mixture of E-
geranial (41.81%) and Z-neral (34.11%)), 1-limonene (9.85%), and carvone (8.92%) (Table 2).

Table 2. Lippia alba essential oil constituents.

Constituent Content (%)

E-Geranial 41.81
Z-Neral 34.11

Limonene 9.85
Carvone 8.92

Gamma-terpinene 2.05
Benzene-1-methyl-3-(1-methylethyl)

6-methyl-5-hepten-2-one
Alpha-humulene

1.00
0.72
0.58

Linalool
Beta-pinene

0.50
0.47

To analyze its activity on HUA, the EOLa was prepared as a solution, diluted directly
in Krebs Henseleit with 3% Tween 80® [28]. Administration was given hypertonically,
analyzing the volume in each cuvette to obtain the final concentrations used inside of the
organ bath chambers. A response curve was performed for EOLa concentrations of 30, 100,
200, 300, 400, 600, 800, and 1000 μg/mL.
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4.3. Tissue Preparation and Isolation

Collection and processing of samples was approved by the Ethics Committee in
Human Research of the Regional University of Cariri—URCA (nº 3.832.881), and by the
Hospital and Maternity Camilo Ethics Committee. Fragments of approximately 10 cm
of human umbilical cord (portions that would be destined for biological disposal), were
obtained with the consent of healthy, normotensive mothers/donors and without any cord
abnormalities, after childbirth (normal or cesarean). Samples were collected and stored
in Krebs modified solution (composition in mM: NaCl, 125; KCl, 4.8; CaCl2, 1; MgSO4,
1.2; NaHCO3, 25; KH2PO4, 1.2; C6H12O6, 11; HEPES, 25; EDTA, 0.3) refrigerated and
transported to the Excitable Cells Physiopharmacology Laboratory of URCA. The strand
segments were stored in a refrigerator and kept at 4–8 ◦C, being usable for 48 h after
collection [30]. The human umbilical arteries were isolated from its covering tissue, i.e.,
Wharton’s jelly, and cut into 3–4 mm rings.

4.4. Determination of Tension Exerted on the HUA Rings

After removal from Wharton’s jelly and isolation, the HUAs were sectioned into
rings. In thermostated organ bath equipment, measurements were performed using a
stem connected to the force transducer (MLT0420, ADInstruments Bridge Amps, ADIn-
struments, Sydney, Australia) which allowed capturing measurements of the isometric
tension produced by the HUA rings as converted into electrical signals. The transducer
was connected to an amplifier (ADInstruments Bridge Amps), and this to the input of an
analog-to-digital converter board (BCN/Pod port) installed in a computer. The collected
data were converted into strokes and stored in LabChart Pro software (ADInstruments)
files for later analysis.

The rings were individually suspended on stainless-steel hooks inserted into their
lumens and mounted using an isometric tension of 3 g. This assembly was performed in
glass chambers with 10 mL of Krebs Henseleit solution, kept at 37 ◦C, and bubbled with a
carbogenic mixture (95% O2; 5% CO2). After the artery rings were assembled, the solution
was renewed every 15 min.

After a stabilization period of 90 min, all protocols began with two subsequent con-
tractions, produced by addition of 60 mM potassium chloride (K60) in hypertonic mode to
the studied HUA rings, and, after reaching stable values, the maximum response obtained
was considered the maximum contraction of each ring. Then the contraction inducers KCl
(60 mM) or 5-HT (10 μM) or HIST (10 μM) were added to the preparations, followed by
the addition of increasing and cumulative concentrations of EOLa (30, 100, 200, 300, 400,
600, 800, and 1000 μg/mL). For each new EOLa concentration, sufficient time was allowed
for the response to reach a steady state, normally 5 to 15 min. Only experiments with
reproducible contractions were considered viable for the experimental series.

Experimental Series

Series 1: EOLa Effect on the Basal Tone of HUA
To evaluate the effect of EOLa on the basal HUA tone, after verification of tissue

viability, a concentration–effect curve was performed by addition of increasing and cu-
mulative concentrations of EOLa (30–1000 μg/mL) to the HUA preparations to obtain a
concentration–response curve.

Series 2: Effect of EOLa on contractions induced by KCl (60 mM), 5-HT (10 μM), and HIST
(10 μM) in HUA

To investigate the effect of EOLa on the electromechanical coupling of the HUA
rings, after verifying tissue viability, contractions were induced using KCl (60 mM), and
increasing and cumulative concentrations of EOLa (30–1000 μg/mL) were added to the
HUA preparations to obtain a single concentration–response curve.

To evaluate the oil on pharmacomechanical coupling, we used two classical contracting
agents—5-HT (10 μM) and HIST (10 μM)—one for each experiment [39]. After verification
of tissue viability, contraction was induced by one of the agents, and then increasing and

90



Plants 2022, 11, 3002

cumulative concentrations of EOLa (30–1000 μg/mL) were added to the HUA preparations
to obtain a curve of the concentration-response.

At the end of each experiment, washings were performed for 30 consecutive minutes,
and then contractions were again induced by the same agonists to demonstrate tissue
viability throughout the experiment.

Series 3: Effect of EOLa on K+ channels in HUA
To evaluate the participation of K+ channels in this series, three blockers were used—

TEA (1 mM or 10 mM), 4-AP (1 mM), or GLI (10 μM). An experiment was carried out for
each blocking agent and its respective standard action concentration(s) for the subtype of
K+ channel targeted.

TEA at a concentration of 10 mM is a nonselective potassium channel blocker, such
as the high-conductance K+ channels activated by Ca2+ (BKCa). Yet, at a concentration of
1 mM, TEA selectively blocks voltage-operated K+ channels (Kv). In both experiments, at
their respective concentrations, TEA was added and incubated for 30 min. At the end of
the incubation, the HUA rings were subjected to contractions induced by 5-HT (10 μM),
and EOLa in concentrations of 30–1000 μg/mL was added to obtain a concentration-
response curve.

The experiments with 4-AP and GLI, i.e., selective voltage-operated (Kv) and ATP-
sensitive K+ channel (KATP) blockers, respectively, followed the protocol of the TEA series
as to incubation time, contraction agent, and EOLa concentrations used.

Series 4: Effect of EOLa on voltage-operated Ca2+ channels (VOCCs)
To investigate the involvement of L-type voltage-operated calcium channels, after

verifying the tissue viability, HUA preparations were kept in Krebs Henseleit zero-calcium
solution incubated with EOLa (1000 μg/mL) for 30 min before receiving BaCl2 (0.1–30 mM).
Barium ion (Ba2+) is a selective voltage-operated Ca2+ channel agonist and induces con-
traction depending on concentration. In this series, the control preparations, without the
presence of EOLa, reached maximum contraction at 30 mM of BaCl2.

Nifedipine (10 μM), a dihydropyridine channel blocker, was also included as positive
control and added to HUA preparations, without the presence of EOLa; after 10 min,
a cumulative concentration–response curve was performed by the addition of BaCl2
(0.1–30 mM).

4.5. Statistical Analysis

Data were expressed as the mean ± SEM. Sigma Plot 11.0 software (Systat Software
Inc.; San Jose, CA, USA) was used for statistical analysis and graph production. The results
that were considered statistically significant presented a null hypothesis probability of
less than 5% (p < 0.05). Student’s t-test and analysis of variance (one-way ANOVA) were
followed (when appropriate) by Holm–Sidak and Bonferroni t-tests. The EC50 values
were determined as the substance concentration able to produce 50% of the maximum
effect obtained from the higher concentration used in each protocol. Normal logarithmic
interpolation calculations were performed for each experiment when fitted.

The scale presented in the Y-axis graph sometimes had a broader range than the exact
value used as the standard 100% contraction plateau in the stabilization period. This should
be taken into account when analyzing Figure 1, where the Y-axis displays a top value of
3.0, which can be interpreted as 100% contraction made by the 3 g force upon the HUA
rings. This is simply an adjustment made by the Sigma Plot 11.0 software to produce a
better image for the graph, considering the value of 1 as 100% contraction obtained from
the 3 g force applied to the HUA rings.

5. Conclusions

Lippia alba essential oil presents the vasorelaxant effect on human umbilical arteries,
modulating both electromechanical and pharmacomechanical coupling. EOLa presents
higher action via the pharmacomechanical pathway, as shown by the minor EC50 values
recorded for both protocols using contraction agonists 5-HT and HIST, whereas its effect
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seems to be related mostly to the electromechanical pathway, as seen in its ability to block
voltage-operated calcium channels.
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Abstract: Essential oils are natural aromatic substances that contain complex mixtures of many
volatile compounds frequently used in pharmaceutical and cosmetic industries. Dacryodes peruviana
(Loes.) H.J. Lam is a native species from Ecuador whose anti-inflammatory activity has not been
previously reported, thus the aim of this study was to evaluate the anti-inflammatory activity
of D. peruviana essential oil. To that end, essential oil from D. peruviana fruits was isolated by
hydrodistillation and characterized physically and chemically. The tolerance of the essential oil was
analyzed by cytotoxicity studies using human keratinocytes. The anti-inflammatory activity was
evaluated by an arachidonic acid-induced edema model in mouse ear. The predominant compounds
in D. peruviana essential oil were α-phellandrene, limonene, and α-pinene, with the three compounds
reaching approximately 83% of the total composition. Tolerance studies showed high biocompatibility
of this essential oil with human keratinocytes. In vivo studies demonstrated a moisturizing effect
and an alleviation of several events occurred during the inflammatory process after topical treatment
with D. peruviana essential oil such as decline in skin edema; reduction in leukocytic infiltrate; and
decrease in inflammatory cytokines TNFα, IL-8, IL-17A, and IL-23. Therefore, this essential oil could
be an attractive treatment for skin inflammation.

Keywords: inflammation; essential oil; Dacryodes peruviana; α-phellandrene; limonene

1. Introduction

Acute inflammation occurs as a host immune response to external changes or cellular
injury. Common signs of the inflammatory process are redness, heat, pain, and swelling [1].
The cutaneous immune system contains a diverse profile of inflammatory response me-
diators including antimicrobial peptides, complement proteins, and phagocytes such as
neutrophils and macrophages [2]. This inflammatory process constitutes an essential de-
fense mechanism to protect the integrity of the body against invaders including foreign
substances, microorganisms, or cancer cells [3]. However, an inappropriate or excessive
inflammatory response can mistakenly lead to damage of normal tissues, owing to a high
production of reactive oxygen species, nitric oxide, and pro-inflammatory cytokines, which
can trigger chronic inflammation implicated in the pathogenesis of skin disorders including
psoriasis, dermatitis, and rosacea [3,4].

Plants 2022, 11, 3104. https://doi.org/10.3390/plants11223104 https://www.mdpi.com/journal/plants
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Volatile oils, essential oils (EOs) or simply essences, are the natural aromatic substances
responsible for the fragrances of flowers, leaves, and other plant organs [5]. EOs are also
known as volatile secondary metabolites, volatile compounds, or volatile fractions. EOs
are especially abundant in the families Apiaceae, Asteraceae, Burseraceae, Lamiaceae,
Myrtaceae, and Rutaceae [6]. Various functions are attributed to them in plants, such as
protection against insects and herbivores and adaptation to water stress, and they are of
great importance in pollination, as they constitute elements of chemical communication
owing to their volatility and marked odor [5].

EOs can be extracted from flowers, fruits, leaves, roots, trunk, and other parts of the
plant, and constitute values < 0.01% up to values > 3% of the dry weight of the plant [7]. In
terms of their chemical composition, EOs are generally complex mixtures (from a few to
more than 100 compounds) of highly variable constituents that belong almost exclusively
to the group of terpenes and, to a lesser extent, to the group of aromatic compounds
derived from phenylpropane (cinnamic aldehyde, eugenol, anethole, anisic aldehyde, and
safrole, among others) [8]. The heterogeneity of essential oil (EO) compounds provides
them with different biological properties, such as analgesic, anti-inflammatory, antioxidant,
bactericidal, fungicidal, insecticidal, larvicidal, and repellent action, among others [9].

Dacryodes Vahl is a genus of small or large trees, with indehiscent fruits, with an
oily mesocarp and a cartilaginous and smooth pyrene. The species of this genus are
distributed in the tropical forests of Africa, America, and Asia. The generic name is
from the Greek dakruon meaning “tear, drop”, referring to how resin droplets form on
the bark surface. Dacryodes peruviana (Loes.) H.J. Lam is a native species from Ecuador
known as “copal”, “copal comestible”, and “anime” (Spanish language); “wigonkawe”,
“wiñimonkawe”, “winkayamogeinka”, and “witakeño” (Wao tededo, dialect of the Amazon
region); “kunchay” and “wichilla kupall” (Kichwa language); “ccovi shasha” and “shasha”
(A’ingae language, spoken by the Cofán people); and “kunchai” and “shiríkip” (Shuar
chicham language) [10,11]. This species is widely distributed in the Amazonian and Andean
Ecuadorian regions between 0 and 2500 m a.s.l.; in this country, it can be found especially in
the Amazonian provinces of Morona-Santiago, Napo, Pastaza, and Zamora-Chinchipe [12].

The Dacryodes peruviana plant is a 20–25 m tall tree that produces fruits annually. Copal
fruits are smooth, ovoid-shaped, greenish-red capsules, averaging 3.3 cm long (2 to 4 cm)
and 1.25 cm in diameter, with a thin pericarp about 0.4 cm thick. The fruits open in three
or four valves and contain one to four seeds approximately 1.5 cm long. The fruit is used
as food for birds and monkeys. In the Ecuadorian Amazon, the seeds and the mesocarp
of the fruit are edible, raw, and passed in hot water or on the coals. The resin of this
species is used as mosquito repellent and as incense, as well as to smoke around the
houses to eliminate evil spirits, and is smoked to treat the “mal aire” (mythical disease) [11].
The EO of copal fruits collected in the Ecuadorian Amazon exerted a moderate activity
against Staphylococcus aureus and a repellent activity class 4 against mosquitoes (Diptera:
Culicidae) at concentrations of 3%, 2%, and 1%, and class 3 for a concentration of 0.5%, and
the same EO showed a weak antioxidant activity through the DPPH and ABTS methods [7].

Currently, Ecuador occupies the sixth position worldwide in the number of plant
species per unit surface area, in 0.17% of the planet’s land surface hosts’ some 20,000 species,
which makes this country a biodiversity hotspot [13]. However, the fact that there are
few studies of its aromatic plant species, especially of the aromatic species of the Burs-
eraceae family, and that anti-inflammatory activity of the Dacryodes peruviana EO has
not been previously reported in the literature, have stimulated our interest in investi-
gating the EO extracted from this species. Considering these remarkable findings, the
aim of this research was to evaluate the anti-inflammatory activity of the D. peruviana
fruit EO (D. peruviana EO).
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2. Results

2.1. Essential Oil Isolation

Through hydrodistillation in a Clevenger-type apparatus, 240 mL of EO was obtained
from 5 kg of D. peruviana, which represents a yield of 4.5 ± 0.3% (v/w) or 45 mL/Kg, consid-
ered as high yields, which makes the D. peruviana EO suitable for industrial applications.

2.2. Physical Properties of Essential Oil

The fruits of D. peruviana provided an EO with a density of ρ20 = 0.8456 ± 0.0023 g/cm3,
refractive index of n20 = 1.4751 ± 0.0002, and specific rotation of [α]20 = +12.2 ± 0.7, as
previously published [7].

2.3. Essential Oil Compounds’ Identification

The identification of volatile compounds present in Dacryodes peruviana EO was carried
out by means of GC-FID and GC-MS using capillary nonpolar column DB-5MS. The results
obtained are summarized in Table 1. In D. peruviana EO, twenty-four chemical constituents
were identified, representing 99.78% of the total composition.

Table 1. Chemical composition of Dacryodes peruviana essential oil.

CN Rt Compound RI RIf % SD Type CF MM (Da)

1 5.83 α-Thujene 926 924 1.18 0.05 MH C10H16 136.13
2 6.08 α-Pinene 932 932 8.45 0.63 MH C10H16 136.13
3 6.7 Camphene 947 946 0.16 0.01 MH C10H16 136.13
4 7.6 Sabinene 969 969 0.80 0.07 MH C10H16 136.13
5 7.76 β-Pinene 973 974 3.39 0.05 MH C10H16 136.13
6 8.29 Myrcene 986 988 0.82 0.02 MH C10H16 136.13
7 9.07 α-Phellandrene 1005 1002 52.35 3.14 MH C10H16 136.13
8 9.28 δ-3-Carene 1010 1008 0.08 0.01 MH C10H16 136.13
9 9.4 α-Terpinene 1013 1014 0.31 0.03 MH C10H16 136.13
10 9.73 p-Cymene 1021 1020 5.24 0.56 MH C10H14 134.1
11 9.89 Limonene 1025 1024 22.51 1.68 MH C10H16 136.13
12 11.12 γ-Terpinene 1055 1054 0.12 0.01 MH C10H16 136.13
13 12.23 Terpinolene 1082 1086 2.08 0.17 MH C10H16 136.13
14 14.61 Camphor 1140 1141 0.35 0.03 OM C10H16O 152.12
15 15.84 Terpinen-4-ol 1170 1174 0.17 0.01 OM C10H18O 154.14
16 17.15 γ-Terpineol 1202 1199 0.98 0.08 OM C10H18O 154.14
17 18.54 Ascaridole 1236 1234 0.13 0.01 OM C10H16O2 168.12
18 22.73 δ-Elemene 1338 1335 0.06 0.00 SH C15H24 204.19
19 23.87 α-Copaene 1366 1374 0.08 0.01 SH C15H24 204.19
20 25.88 trans-Caryophyllene 1415 1417 0.21 0.02 SH C15H24 204.19
21 27.36 α-Humulene 1451 1452 tr SH C15H24 204.19
22 28.38 Germacrene D 1476 1480 0.13 0.01 SH C15H24 204.19
23 29.74 δ-Amorphene 1509 1511 0.05 0.00 SH C15H24 204.19
24 29.94 β-Curcumene 1514 1514 0.14 0.01 SH C15H24 204.19

Monoterpene hydrocarbons (MH) 97.48
Oxygenated monoterpenes (OM) 1.63
Sesquiterpene hydrocarbons (SH) 0.67

Total identified 99.78

CN: compound number; Rt: retention time; RI: calculated retention indices; RIf: references retention indices;
SD: standard deviation; CF: chemical formula; MM: monoisotopic mass; tr: traces (<0.5%); MH: monoterpene
hydrocarbons; OM: oxygenated monoterpenes; SH: sesquiterpene hydrocarbons.

It was determined that the vast majority (97.48%) of D. peruviana EO compounds are
monoterpene hydrocarbons (MHs) in nature; furthermore, a low number of oxygenated
monoterpenes (OMs, 1.63%) and sesquiterpene hydrocarbons (SHs, 0.67%) were identified.
The presence of oxygenated sesquiterpene (OS) and diterpenes was not determined. The
principal constituents (>5%) are found to be MH α-phellandrene (CN: 7, CF: C10H16,
MM: 136.13 Da) with 52.35 ± 3.14%, limonene (CN: 11, CF: C10H16, MM: 136.13 Da) with
22.51 ± 1.68%, α-pinene with 8.45 ± 0.63%, and ρ-cymene with 5.24 ± 0.56%.
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2.4. Tolerance Studies: Cytotoxicity Assay

Figure 1 shows the results of the MTT cytotoxicity assay using human keratinocytes
HaCaT cell line. After 24 h of incubation, cell viability greater than 80% was observed
in the assayed dilutions from 1/200 to 1/2000 (v/v in phosphate buffered solution—PBS).
Dilutions from 1/400 showed cell viability close to 100% in relation to the control. Therefore,
these results suggest that D. peruviana EO does not cause toxicity in human keratinocytes.

Figure 1. Percentage of cell viability of the HaCaT keratinocyte cell line exposed to different concen-
trations of D. peruviana EO.

2.5. In Vivo Anti-Inflammatory Efficacy Studies: Arachidonic Acid (AA)-Induced Inflammation
2.5.1. Stratum Corneum Hydration (SCH) and Thickness Evaluation

Anti-inflammatory activity of D. peruviana EO was evaluated using a mouse model
of inflammation induced by topical application of araquidonic acid (AA). After inducing
inflammation, a slight decrease, but without significant statistical differences with respect
to the basal state, was observed in the SCH levels. However, topical treatment with D.
peruviana EO and ibuprofen gel on mice ears induced a significant increase in the skin
hydration, ever higher than the basal state. The thickness of mice ears was markedly greater
after inducing inflammation, whereas the treatment with D. peruviana EO and ibuprofen
gel significantly reduced this parameter to the basal state and consequently alleviated the
skin edema. Figure 2 shows the results for the stratum corneum hydration (SCH) and the
variations in the ear thickness, representing the inflammatory process and the inflammatory
reduction.

 

Figure 2. Stratum corneum hydration (SCH) and skin thickness of the mouse ears. (A) SCH of skin
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treated with D. peruviana EO, (B) SCH of skin treated with reference drug (Ibuprofen gel),
(C) thickness of skin treated with D. peruviana EO, and (D) thickness of skin treated with reference
drug (Ibuprofen gel). Mean ± SD of three replicates. Statistically significant difference: * = p < 0.05,
** = p < 0.01, *** = p < 0.001, ns: no significant.

2.5.2. Histological Analysis

The histomorphological analysis of the mice ears was performed to assess the anti-
inflammatory activity of the D. peruviana EO. Representative images of assayed treatments
are shown in Figure 3.

 
Figure 3. treated with D. peruviana EO, (B) SCH of skin treated with reference drug (Ibuprofen gel),
Micrographs of mouse ear samples (×100 magnification). (A) Negative control, (B) positive control,
(C) reference drug (ibuprofen gel), and (D) treatment with D. peruviana EO. Scale bar = 200 μM. e:
epidermis, d: dermis, ac: auricular cartilage. Arrowhead indicates neutrophilic infiltrates, arrows
show edema, and asterisks indicate stratum corneum loss.

A mild inflammation was observed in ears treated with AA (Figure 3B), characterized
by a slight edema, increased leucocytic infiltrate, and loss of stratum corneum. The treat-
ment with D. peruviana EO (Figure 3D) prevented the appearance of those inflammatory
indicators and showed similar morphology as in negative control (Figure 3A) and treatment
with ibuprofen gel (Figure 3C).

2.5.3. Pro-Inflammatory Cytokines’ Determination

A statistically significant increase in the expression of cytokines TNF-α, IL-8, IL-17A,
and IL-23 was observed in the positive control as result of the inflammation produced by
AA when compared with the negative group. Topical treatment with D. peruviana EO on
the inflamed area significantly reduced the expression of these pro-inflammatory cytokines
to comparable levels to the negative control and with the ibuprofen gel treatment. These
results suggest that D. peruviana EO could be acting in the regulation of inflammatory
processes (Figure 4).
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Figure 4. Expression of pro-inflammatory interleukins obtained by quantitative reverse transcription
polymerase chain reaction (RT-qPCR): (A) tumor necrosis factor-alpha (TNF-α); (B) interleukin-8
(IL-8); (C) interleukin-17A (IL-17A); and (D) interleukin-23 (IL-23). Negative control (control −),
positive (control +), treatment with reference drug (Ibuprofen gel), treatment with D. peruviana EO.
Results are shown as mean ± SD (n = 3). Statistically significant difference: * = p < 0.05, *** = p < 0.001.

3. Discussion

The EO yield of D. peruviana fruit, 45 mL/Kg, is considered as high yield (>10 mL/Kg),
according to the categorization proposed by the CYTED (Science and Technology for
Development) [14]. The excellent yield of this species, added to the fact that the fruits
are used instead of the wood, make the D. peruviana fruit a suitable option for use at
industrial level. The predominant compounds in the chemical composition of D. peruviana
EO were α-phellandrene, limonene (mixture of D- and L-), and α-pinene, with the three
compounds reaching approximately 83% of the total composition. More than 50% (~52%)
of the EO of D. peruviana fruits is constituted by α-phellandrene; this compound with
CAS 99-83-2 is a cyclic monoterpene, which has been found as the main, major, or minor
compound in various EOs [15–17]. α-phellandrene has low toxicity in rats and minimal risk
of irritation sensitization [18]. Some studies have shown that α-phellandrene, limonene
(CAS 138-86-3), and α-pinene (CAS 80-56-8) have some biological properties and activi-
ties such as anticancer, antimicrobial, anti-inflammatory, antidepressive, anti-leishmania,
antioxidant, antihyperalgesic, antinociceptive, insecticidal, gastroprotective, and neuro-
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protective [18–20]. EOs containing α-phellandrene as one of the main compounds present
antiacetylcholinesterase, antidepressive, antioxidant, antimicrobial, antihyperalgesic, and
repellent activity [15,17,21,22].

The tolerance of D. peruviana EO was analyzed by in vitro studies, which are useful
to screen the tolerability of pharmaceutical products prior to the pre-clinical and clinical
assays. Cell lines are widely used for this type of study owing to their easiness to cultivate
and sensitivity to toxic irritation [23]. The results obtained in this study showed that
the analyzed dilutions of D. peruviana EO did not provoke cytotoxic effects on human
keratinocytes after 24 h of incubation, suggesting high biocompatibility of this EO for skin
application.

The anti-inflammatory potential of D. peruviana was studied using an AA-induced
edema model in mouse ear. Inflammatory processes are a complex and biologically natural
pathophysiological response initiated by vascular tissues; it helps the body to defend itself
against pathogens, possible cell damage, and irritant damage. Cutaneous inflammation
increases skin thickness, causes its dryness, promotes infiltration of inflammatory cells, and
stimulates the release of various inflammatory mediators [24]. Increased skin thickness is
one of the first signs manifested during inflammation, which is indicative of several events
including edema, increased vascular permeability, and proliferation of keratinocytes [25].
In this study, topical application of AA caused an increase of 34.15% in the skin thickness
as a result of the inflammatory process, whereas topical treatment with D. peruviana EO
reduced this parameter to the basal state, showing a similar result to the reference anti-
inflammatory drug—ibuprofen gel (Figure 2C,D). Additionally, SCH was determined in
order to analyze the skin barrier function. The results of this evaluation showed only a
slight decrease in SCH after inducing inflammation; however, a moisturizing action was
noticeable in mice treated with D. peruviana EO (Figure 2A). These results were corroborated
by histological analysis that showed the presence of a slight edema, leukocytic infiltrate,
and loss of stratum corneum in the positive control. Conversely, topical treatment with D.
peruviana EO aided in the improvement of these signs (Figure 3).

Inflammation begins with the activation of Phospholipase A2, which degrades lipids
in cell membranes, resulting in the release of arachidonic acid and other inflammatory
mediators such as eicosanoids, serotonin, histamine, and interleukins [26]. Interleukins
consist of a large group of proteins that can cause many reactions in cells and tissues by
binding to high-affinity receptors on cell surfaces. The main function of interleukins is
thus to modulate growth, differentiation, and activation during inflammatory and immune
responses [27]. In the present study, TNF-α, IL-8, IL-17A, and IL-23 were evaluated. TNF-α
is a primary inflammatory factor released in the skin after trauma, injury, or infection
and triggers the expression of other pro-inflammatory cytokines including IL-6, IL-8, and
IL-1β [28]. IL-8 is produced by several types of cells, including monocytes, fibroblasts,
endothelial cells, keratinocytes, and chondrocytes. Previous studies have shown that IL-8
levels increased with stimulus such as irradiation in keratinocyte cultures [29]. IL-17A acts
on epithelial and endothelial cells. The main effects of IL-17A are the release of proinflam-
matory cytokines specifically in allergic processes [30]. Macrophages and dendritic cells
mainly synthesize IL-23 acting on T cells, causing the maintenance of IL-17-producing T
cells, and it increases in the induction of chronic intestinal inflammation, in autoimmune
diseases, cancer, and psoriasis [31]. In this research, the increase in the expression of cy-
tokines TNF-α, IL-8, IL-17A, and IL-23 in mice ears inflamed by topical application was
counteracted by D. peruviana EO treatment, which restored the mRNA values and, con-
sequently, this EO reduced the production of these pro-inflammatory cytokines to values
similar to those of the negative control and ibuprofen gel treatment (Figure 4A–D). The
restorative benefits of D. peruviana in the clinical, histological, and immunological levels
of skin inflammation may be due to the mixture of substances present in this EO, specifi-
cally by α-Phellandrene (52.35%) and D-limonene (22.51%). Specifically, α-Phellandrene
exerts an anti-inflammatory action through different mechanisms, such as the inhibition of
neutrophil migration towards the site of inflammation and the decrease in the production
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of proinflammatory cytokines induced by TNF-α, preventing the release of inflammatory
mediators in the area. It is reported that α-Phellandrene has the potential to be used for the
treatment of inflammatory diseases, such as rheumatoid arthritis, osteoarthritis, and allergic
diseases [32]. Our results are in line with other investigations carried out in EOs, in which a
reduction in the pro-inflammatory cytokins was observed when they tested EOs from Pinus
spp in murine macrophages. α-pinene and α-phellandrene were the major compounds
found in Pinus EOs among 45 compounds identified [33]. On the other hand, previous
studies have reported the role of D-limonene administered subcutaneously in the reduction
in proinflammatory cytokines that produce dermatitis as well as inhaled D-limonene in the
decrease in lung inflammation caused by allergies [34,35]. D-limonene reduces the expres-
sion of TNF-α, IL-1β, and IL-6, and has been suggested as a stimulator of the production of
IL-10, which is a powerful anti-inflammatory cytokine [36,37]. D-limonene demonstrated
anti-inflammatory effects in colitis by decreasing cytokines (NF-κB, TNF-α, IL-1β, and IL-6)
when administered orally in rats [38]. Therefore, these results suggest that D. peruviana EO
acts in different events occurring during inflammatory processes and support its possible
use in the treatment of inflammatory skin diseases.

4. Materials and Methods

4.1. Materials

Alliphatic hydrocarbons standard (code M-TPH6 × 4-1ML and name Diesel Range
Organics Mixture #2-GRO/DR) was provided from CHEM SERVICE (West Chester, PA,
USA). Arachidonic acid sodium salt, dichloromethane (DCM), and sodium sulfate an-
hydrous were purchased from Sigma-Aldrich (San Luis, MO, USA). Components for
histological analysis were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
HaCaT cell line was purchased from Cell Line Services (Eppelheim, Germany). He-
lium (gas carrier) was obtained from INDURA (Quito, Ecuador). Reagents for the MTT
((3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay were obtained from
Invitrogen Alfagene (Carcavelos, Lisbon, Portugal). Reagents used for cell cultures were
purchased from Gibco (Carcavelos, Lisbon, Portugal). Transcutol-P (diethylene glycol
monoethyl ether) was purchased by Gattefossé (Saint-Priest, France). All chemicals were of
analytical grade.

4.2. Plant Material

The Dacryodes peruviana fruits in state of maturation were collected in La Paz parish.
This parish, belonging to the Yacuambi canton, is located north of the Zamora Chinchipe
province, in the Ecuadorian Amazon. The collection coordinates were a latitude of
3◦36′40′′ S and longitude of 78◦39′38′′ W. Copal fruits were harvested between the months
of February and April. The collection conditions were a temperature of 25 ◦C and a pres-
sure of 0.87 atm and the fruits were transported in closed plastic containers at an average
temperature of 20 ◦C. The botanical specimens were identified by Nixon Cumbicus at the
herbarium of the Universidad Técnica Particular de Loja (HUTPL). A voucher specimen is
preserved in the HUTPL.

4.3. Essential Oil Isolation

The fruits were processed fresh, immediately after arriving at the laboratory, between
3 and 4 h after being collected. The postharvest treatment consists of the separation of
foreign material and degraded fruits. The EO of copal fruits was extracted according to the
procedures described by Valarezo, et al. (2020) [7] with some modifications, for which two
consecutive procedures are used, the release and the isolation. The release was carried out
in a patented device called “Device for the release of EO from a plant matrix by crushing by
immersion centrifugal force” Title No. PI-2022-012, for which whole fruits were placed in
the device, with a 1:1 ratio (fruit: water), and crushed for 45 s, until EO was released. This
first step was carried out because the epicarp does not allow the exit of the EO found in the
mesocarp, which is why the epicarp must be broken in adequate conditions to avoid the
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loss or degradation of the EO. In addition, this procedure called release allows to increase
the contact surface between the raw material and the steam (in the distillation phase),
which decreases the extraction times. After release isolation was performed, the isolation
of EO was carried out by hydrodistillation, for which a semi-pilot distiller Clevenger type
of 80 L of capacity was used. The distillation was carried out for 2 h and the EO collected
was dried with anhydrous sodium sulphate and stored in amber sealed vials at 4 ◦C until
being used in the subsequent analysis.

4.4. Determination of Physical Properties of Essential Oil

The physical properties of the EO determined were density, refraction index, and opti-
cal rotation, according to the standard method AFNOR NF T 75-111, AFNOR NF T 75-112,
and ISO 592:1998, respectively. An analytical balance (Mettler AC 100, Mettler Toledo,
Columbus, OH, USA) and a pycnometer were used to determine the density, a refractome-
ter (ABBE, Hamburg, Germany) for the refraction index, and an automatic polarimeter
(AP-81, MRC, Holon, Israel) for optical rotation. All measurements were performed at 20 ◦C.

4.5. Determination of the Chemical Composition of Essential Oil

The compounds present in the EO were determined qualitatively and quantitatively
using a gas chromatograph (GC) (model 6890N series, Agilent Technologies, Santa Clara,
CA, USA) according to the procedures described by Valarezo, et al. (2021) [39], with
minimal modifications to some parameters. In the case of qualitative analyses, the GC was
equipped with a mass spectrometer (type quadrupole) detector (MS) (model Agilent series
5973 inert, Agilent Technologies, Santa Clara, CA, USA) and, for quantitative analyses,
GC was coupled to a flame ionization detector (FID). In both cases, an automatic injector
(Agilent 7683, Agilent Technologies, Santa Clara, CA, USA) in split mode and a nonpolar
column DB-5 ms were used. The samples are prepared with a ratio of 1/100 (v/v) of
EO/DCM and then injected with a split ratio of 1:50. The temperature ramp was 50 ◦C for
3 min, then 2.5 ◦C/min until 210 ◦C, and 3 min at this temperature. The injector temperature
was 210 ◦C and 250 ◦C for both detectors. The retention index (IR) was determined based on
the comparison of retention times of the EO compounds and of the aliphatic hydrocarbons
of standard injection under the same conditions. The compounds were identified based on
a comparison of mass spectrum data and IRs with those published in the literature [40,41].

4.6. Tolerance Studies: Cytotoxicity Assay

Human immortalized keratinocytes (HaCaT) obtained from ATCC were used for
in vitro experiments. They were maintained in Dubelco’s modified Eagle’s medium
(DMEM) supplemented with 10% of fetal bovine serum (FBS), 1% non-essential amino
acids, 100 U/mL of penicillin, and 100 g/mL of streptomycin. To perform the assays, cells
were incubated at 37 ◦C and 5% of CO2 until 80–90% of growth. Methylthiazolydiphenyl-
tetrazolium bromide (MTT) assay was used to evaluate the cytotoxicity effect of D. peruviana
EO on HaCaT cells. For this purpose, 2 × 105 cells/mL were cultured in 96-well plates
(Corning) for 2 days. Then, different dilutions of D. peruviana EO (1/100, 1/400, 1/800,
1/1000 and 1/2000) in PBS (v/v) were incubated for 24 h. Afterwards, keratinocytes were
washed with PBS 1× (Thermofisher) and incubated with MTT reagent at a concentration
of 5 mg/mL (Sigma Aldrich) during 2 h maintaining 37 ◦C and 5% of CO2. The media
was aspirated and MTT purple crystals were dissolved with Dimethyl sulfoxide (DMSO).
Cytotoxicity levels were measured by absorbance at 570 nm using an Infinity Tecan 200 Pro
Microplate Reader. As control, non-treated cells were used. The results were determined as
the percentage of cell viability relative to the control (100% viability).

4.7. Anti-Inflammatory Efficacy Studies: Arachidonic Acid (AA)-Induced Edema Model in Mouse Ear
4.7.1. Study Protocol

In vivo studies were carried out in accordance with the Bioethics Committee of the
University of Barcelona (CEEA/UB ref. 4/16 and Generalitat ref. 8756. Date: 28 January
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2016) using male BALB/c mice (n = 12, 4–5 months old). The inflammatory process was
induced topically by applying 60 μL AA (at a concentration of 5 mg/mL diluted in PBS)
on the right ears. A group of three inflamed animals were used as positive control. A
second group (n = 3) was treated with 60 μL of D. peruviana EO 5% dissolved previously
in Transcutol-P/water (1:1, v/v) after 20 min of AA application (D. peruviana EO group),
whereas a third group (n = 3) was treated with a known anti-inflammatory drug (60 mg of
ibuprofen gel 50 mg/g; reference: 886192.7). Transcutol-P was used to dissolve D. peruviana
EO owing to its high skin biocompatibility. Finally, a group of untreated healthy mice
(n = 3) was used to compare the results (negative group). The animals were sacrificed by
cervical dislocation after 20 min and the right ears were cut in order to perform histological
analysis and to evaluate the expression of pro-inflammatory cytokines.

4.7.2. Stratum Corneum Hydration (SCH) and Thickness Evaluation

SCH and skin thickness of the mice ears were determined before the inflammation
(basal state), after inflammation with AA, and after treatment with D. peruviana EO or
ibuprofen gel. Corneometer CM-825 (Courage & Khazaka Electronics GmbH, Köln, Ger-
many) and a digital thickness gauge of 0–10 mm (Mitutoyo Corp, Kawasaki, Japan) were
used to measure these parameters, respectively.

4.7.3. Histological Analysis

Histological evaluation was carried out by hematoxylin and eosin staining. To that
end, the samples of mice ears were rinsed with PBS (pH 7.4) and stored overnight in 4%
buffered formaldehyde. The tissues were dehydrated, embedded in paraffin wax, cut into
transversal sections of 5 μm, and stained with hematoxylin and eosin. Finally, these samples
were mounted on DPX (Sigma Aldrich, St. Louis, MO, USA) and observed under light
microscope (BX41 microscope and XC50 camera, Olympus Hamburg, Hamburg, Germany).

4.7.4. Pro-Inflammatory Cytokines Determination

TRI-Reagent® (Sigma Aldrich) was used to extract total RNA from small fragments
of mouse ear tissue. Purity and RNA concentration were measured on the NanoDrop
One spectrophotometer (Thermo Scientific, Waltham, MA, USA) by the absorbance ratio
at 260 and 280 nm. RNA was reverse-transcribed using the cDNA Reverse Transcription
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and the ProFlex PCR System (Applied
Biosystems, Waltham, MA, USA). RT-qPCR reactions were carried out on the QuantStudio
7 Flex Real-Time PCR System (Applied Biosystems) using SYBR Green PCR Master Mix
(Applied Biosystems) and cell-type specific primers for IL-17A, IL-8, IL-23, and TNFα
(Table 2). The formula 2−ΔΔCt was used to normalize the expression results. The values
of the housekeeping GAPDH gene were used to standardize the values obtained for the
studied genes.

Table 2. Primer sequences used for the RT-qPCR assay.

Gene Primer Sequence (5′ to 3′) Gene Accession Number

GAPDH
FW: AGCTTGTCAT-
CAACGGGAAG BC023196.2
RV: TTTGATGT-
TAGTGGGGTCTCG

IL-8
FW: GCTGTGACCCTCTCT-
GTGAAG X53798.1
RV: CAAACTC-
CATCTTGTTGTGTC

IL-17A
FW: TTTTCAGCAAGGAAT-
GTGGA NM_010552.3
RV: TTCATTGTGGAGGGCA-
GAC
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Table 2. Cont.

Gene Primer Sequence (5′ to 3′) Gene Accession Number

TNFα
FW: AACTAGTGGT-
GCCAGCCGAT NM_013693.3
RV: CTTCACAGAGCAAT-
GACTCC

GAPDH = glyceraldehyde–3–phosphate dehydrogenase; IL–8 = interleukin-8; IL–17A = interleukin-17A; TNFα =
tumor necrosis factor alpha; FW = forward primer; RV = reverse primer.

4.7.5. Statistical Analyses

These experiments were carried out in triplicate. The results are presented as the mean
± SD. Statistical analyses were performed by one-way ANOVA followed by Tukey’s test
using the GraphPad Prism, v5.0 software (GraphPad Software Inc., San Diego, CA, USA).
p-values less than 0.05 were considered statistically significant.

5. Conclusions

In conclusion, the present research provides evidence of the therapeutic benefits of that
D. peruviana EO thanks to its content rich in terpenes, mainly α-phellandrene and limonene,
in different aspects of skin inflammation including clinical, histological, and immunological.
Its role in the inflammatory process was strongly demonstrated throughout the studies,
showing a significant decline in edema, improvement in biophysical parameters (SCH), and
reduction in leukocytic infiltrate as well as in the expression of proinflammatory cytokines
including TNF-α, IL-8, IL-17A, and IL-23. Therefore, this EO could be used as a promising
therapeutic treatment of local inflammation via topical application on affected area.
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Abstract: Fusarium solani is a plant pathogenic fungus that causes tomato root rot disease and yield
losses in tomato production. The current study’s main goal is testing the antibacterial efficacy of
chitosan nanoparticles loaded with Thyme vulgaris essential oil (ThE-CsNPs) against F. solani in vitro
and in vivo. GC-MS analysis was used to determine the chemical constituents of thyme EO. ThE-
CsNPs were investigated using transmission electron microscopy before being physicochemically
characterized using FT-IR. ThE-CsNPs were tested for antifungal activity against F. solani mycelial
growth in vitro. A pot trial was conducted to determine the most effective dose of ThE-CsNPs on
the morph/physiological characteristics of Solanum lycopersicum, as well as the severity of fusarium
root rot. The relative gene expression of WRKY transcript factors and defense-associated genes were
quantified in root tissues under all treatment conditions. In vitro results revealed that ThE-CsNPs
(1%) had potent antifungal efficacy against F. solani radial mycelium growth. The expression of three
WRKY transcription factors and three tomato defense-related genes was upregulated. Total phenolic,
flavonoid content, and antioxidant enzyme activity were all increased. The outfindings of this study
strongly suggested the use of ThE-CsNPs in controlling fusarium root rot on tomatoes; however,
other experiments remain necessary before they are recommended.

Keywords: WRKY transcription factor; defense-related genes; biotic stress; fusarium root rot; antioxidant
enzymes; antifungal activity

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most widely cultivated vegetable crops
worldwide. For those participating in its value chains, the tomato industry provides a
significant source of revenue since it is represent a superior source of vitamins, potassium,
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other minerals, antioxidants and fibers [1–3]. A number of biotic and abiotic stress condi-
tions severely limit the growth and economic productivity of tomatoes [4,5]. Numerous
soil-borne pathogens of various horticultural and food crops, including Fusarium pathogens,
cause lethal vascular wilts, rots, and damping-off diseases [6]. Some Fusarium species can
produce mycotoxins in food and agricultural products, in addition to the losses caused by
pre/postharvest losses [7]. Fusarium oxysporum f. sp. lycopersici (Fol) and F. solani (Fol) are
two of the most important causes contributing to economic loss in tomato production [8].

Fusarium root rot disease has been found in numerous regions and is rather frequent
(25–55%) in tomatoes [9,10]. Under favorable fungal infection weather conditions, the
potential economic losses in tomatoes could be enhanced by up to 80% [11]. According to
the literature, fungal mycotoxins have a substantial phytotoxic effect, cause pathogenicity,
and are required for root rot disease [12]. According to El-Saadony et al. [13,14], the
exposure to mycotoxin metabolites may have a moderately damaging effect on animal cells
and opportunistic infections in humans.

Nanotechnology is one of the most active fields of research being an effective an-
timicrobial activity tool [15–19]. Additionally, chitosan treatment controls the number of
defense genes in plants, particularly the activation of signaling pathways, which results in
the acquisition of plant antitoxin and pathogenesis-related (PR) proteins [20]. Chitosan has
been studied to control several pre- and postharvest diseases [21]. Thymus sp., belonging
to the Lamiaceae family, contains over 300 evergreen species that are naturally grown in
Southern Europe and Asia. Much research has supported the therapeutic potential of
thyme EO in the treatment of cancer, immune deficiency syndrome, infection, and retinal
neovascularization [22–24].

Gene expression changes cause and occupy these alterations, according to Saijo
et al. [25]. It has been proposed that plant transcription factors, which belong to sev-
eral families, take part in stress reduction or other coping mechanisms when exposed to
stress by altering the gene expression patterns. According to Vives-Peris et al. [26], the
WRKY transcription factors (Tfs) are a group of plant-specific zinc finger-type regulatory
proteins playing a critical role in plant development and the defense response to various
abiotic and biotic stresses. The WRKY proteins modulate downstream target genes, other
genes (encoding Tfs), or their own expression in order to control the expression of the
genes either directly or indirectly [27]. WRKY TFs are essential for controlling a wide
range of biological functions, but they are particularly important for controlling how plants
react to biotic and abiotic stresses in tomatoes [28–30]. Dynamic changes in the quantities
of accumulated WRKY transcripts inside the cell can be used to establish how the plant
defense regulation involving WRKY proteins is regulated [31]. The main objective of the
current research was to determine the most efficient doses of ThE-CsNPs able to inhibit the
growth of F. solani, causing root rot disease for S. lycopersicum. There may be alterations in
total phenols, certain antioxidant enzyme activity, and seedling germination investigating
the function and mechanism of WRKY family members and their responses to fusarium
root rot disease resistance. It will be estimated by examining the expression levels of
defense-related genes in tomato roots, such as glucanase A, defensin, and chitinase, as well
as transcript factors WRKY4, WRKY31, and WRKY37.

2. Results

2.1. GC-MS Composition of T. vulgaris EO

The GC-MS analysis results of T. vulgaris EO showed bioactive compounds, as listed
below in Table 1. In particular, the main constituents are: thymol, α-Pinene, camphene, car-
vacrol, caryophyllen, carvacrol, myrcene, α-terpineol (Figure S1). The highest percentages
of constituents presented in T. vulgaris EO were camphene (35.97%), cyclohexane (10.1%),
myrcene (7.6%), and α-pinene (6.5%).
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Table 1. The list of main constituents present in T. vulgaris EO using GC-MS analysis.

Quantitative ID Component Identified Retention Time (min) Retention Index (RI) Area (%) Identification

1 Cyclohexane 4.11 1215 10.12 RI, MS *
2 Myrcene 5.13 106 7.55 RI, MS
3 Caryophyllene 9.14 974 3.25 RI, MS
4 α-Pinene 12.39 993 6.49 RI, MS
5 Camphene 16.81 1429 35.97 RI, MS
6 β-Myrcene 17.74 974 2.77 RI, MS
7 Carene 18.56 1042 2.86 RI, MS
8 p-Cymene 20.35 938 2.19 RI, MS
9 γ-Terpinene 21.16 1062 2.68 RI, MS

10 α-Terpineol 21.53 1138 2.92 RI, MS
11 Linalool 26.13 1126 2.84 RI, MS
12 Thymol 27.85 1074 2.31 RI, MS
13 α-Thymol 29.14 1261 5.17 RI, MS
14 Carvacrol 29.38 1062 2.21 RI, MS
15 Caryophyllen 32.75 1211 4.91 RI, MS
16 Total - - 94.24 -

(*) RI: retention index, MS: mass spectroscopy.

2.2. Characterization of ThE-CsNPs
2.2.1. Transmission Electron Microscope

A vital characterization method for obtaining quantitative estimates of particle size,
size distribution, and morphology of nanomaterials is transmission electron microscopy
(TEM). The generated ThE-CsNPs by using TEM was illustrated in Figure 1, where the
majority of the particles were spherical and irregular. ThE-CsNPs had an average size
ranging between 20 and 80 (±0.84) nm.

 
Figure 1. TEM microphotography of ThE-CsNPs.

2.2.2. Fourier Transform Infrared Spectroscopy

The chemical structure of the components involved in ThE-CsNPs was characterized
using the Fourier transform infrared (FT-IR) technology, as illustrated in Figure S2, which
demonstrates the presence of numerous functional groups in its structure.

2.3. In Vitro Antifungal Activity

In vitro antifungal activities of different concentrations (0.2, 0.4, 0.6, 0.8, and 1.0%) of
ThE-CsNPs were assessed against the F. solani pathogen. The average reduction in F. solani
radial growth in response to treatment is illustrated in Figure 2. All tested concentrations
exhibited varied inhibitory activity as compared with the positive control fungicide nystatin
(0.05%) and the untreated experimental control. Inhibition of mycelium growth increased
with time. After 7 days of incubation at 28 ± 2 ◦C, the highest growth reduction percentage
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(89.6 ± 0.0) was observed at ThE-CsNPs (1%) solution treatment, followed by (69.0 ± 0.0
and 31.0 ± 0.0) at 0.8 and 0.6% ThE-CsNPs, respectively, as compared with (62.1 ± 0.1)
reduction by using nystatin (0.05%). The minimum growth inhibition (20.8 ± 0.0) was
obtained at 0.2% ThE-CsNPs treatment.

Figure 2. The antifungal activity of ThE-CsNPs at different concentrations against F. solani. Where
(A) 0.2, (B) 0.4, (C) 0.6, (D) 0.8, (E) ThE-CsNPs (1%), (F) nystatin (0.05%), and (G) negative control.

2.4. In Vivo Trial
2.4.1. Pathogenicity Assay

The first signs of the root rot disease of fusarium appeared 18 days after infection
(DAF) (Figure 3). In particular, the highest disease severity (DS) was recorded as 92.4% in
case of positive disease control. In contrast, the lowest DS (4.3%) was observed in case of
ThE-CsNPs infected seedlings compared to ThE-CsNPs primed seedlings (2.3%) (Figure 4).

 
Figure 3. Effect of ThE-CsNPs (1%) on S. lycopersicum seedling growth under fusarium root rot
disease (20 DAF).
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Figure 4. Effects of ThE-CsNPs on disease severity and eco-physiological parameters of S. lycopersicum
seedlings. Bars with different letters indicate significant differences between treatments at p ≤ 0.05.
Data are expressed as mean values of three replicates (±SDs).

2.4.2. Eco-Physiological Parameters

It was found that the priming of tomato seedlings with ThE-CsNPs (1%) resulted
in the profuse growth of the tomato plants. Morphological characters differed by using
ThE-CsNPs treatment after 20 days; plant height was increased after ThE-CsNPs with a
value of 28.6 cm. Shoot dry weights were also increased after ThE-CsNPs treatment to
18.18 g. Root fresh and root dry weights were 2.6 and 0.3 g, respectively after treatment as
presented in Figure 4.

2.4.3. Physiological and Biochemical Characteristics

Total chlorophyll recorded the highest value at 55.2 and 57.2 μg/g FW in case of using
ThE-CsNPs after 48 and 96 h, respectively. Anthocyanin content was 1.3 and 1.4 Ug/g FW
after 48 and 96 h, respectively, in case of using ThE-CsNPs. The highest malondialdehyde
(MDA) contents (92.4, 106.4) were observed after 48 h and 96 h, respectively, of F. solani
inoculation under P+Th-CsNPs primed. The total phenolic contents (TPC) were recorded
for control, and ThE-CsNPs primed tomato plant under F. solani (F.s) infestation condition,
and the results showed a gradual increase in TPC level at 48 h and significant elevations at
96 h post inoculation with values 42.6 and 52.9 μmol/g FW, respectively, under P+Th-CsNPs
primed. The total flavonoid contents (TFC) were determined in the control and ThE-CsNPs-
primed tomato plant under F. solani infestation condition, and the results showed significant
elevations at 96 h of infestation as compared with control and gradually increased at 48
h post infestation. The highest TFC content was 136.1 μmol/g FW observed after 96 h of
F. solani inoculation under P+Th-CsNPs primed and at 48 h of F. solani inoculation under
P+Th-CsNPs primed was 121.1 μmol/g FW. Protein content (PC) in tomato plants was
increased under P+Th-CsNPs at 48 and 96 h with values of 19.7 and 21.7 nmol/g FW,
respectively, as presented in Figure 5.
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Figure 5. Effects of ThE-CsNPs on total chlorophyll, anthocyanin, MDA, TPC, TFC, and PC level in S.
lycopersicum seedling under fusarium root rot disease infection. Bars with different letters indicate
significant differences between treatments at p ≤ 0.05. Data are expressed as mean values of three
replicates (±SDs).

2.4.4. Antioxidant Enzymes Activities

Data presented in Figure 6 represent the effects of ThE-CsNPs priming on tomato
superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) antioxidant
enzymes under F. solani inoculation at different times intervals (48 and 96 h post fungal
inoculation). Data obtained indicated that infection of tomato plants with F. solani to an
induction in the activities of all studied enzymes when compared with ThE-CsNPs primed
and untreated control plants at 48 and 96 h. The highest SOD enzyme activity was 67.1
and 70.2 U/mg protein observed after 48 and 96 h, respectively, under P+ThE-CsNPs
primed tomato seedlings. The maximum CAT enzyme activity values 88.3 and 92.5 U/mg
were observed after 48 and 96 h of F.s inoculation under P+ThE-CsNPs primed and tomato
seedling. The maximum APX enzyme activity values were 28.4 and 36.1 U/mg protein after
48 and 96 h, respectively, of F.s inoculation under P+ThE-CsNPs primed tomato seedlings
as compared with the control.
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Figure 6. Effects of ThE-CsNPs on SOD, CAT, and AXP enzyme activity in S. lycopersicum seedling
under fusarium root rot disease infection. Bars with different letters indicate significant differences
between treatments at p ≤ 0.05. Data are expressed as mean values of three replicates (±SDs).

2.5. Molecular Analysis

With the help of mRNA, qRT-PCR was used to measure the expression levels of the
several WRKY transcription factors, which are crucial for both biotic and abiotic tolerance
and include WRKY4, WRKY31, WRKY31, and WRKY37. Additionally, chitinase (PR3) and
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defensin (PR12) genes were represented by qRT-PCR as the relative expression levels of
defense-related proteins in tomato plant roots two weeks after Fusarium inoculation and
after the application of ThE-CsNPs. Hierarchical clustering heat map of transcriptional
expression of the investigated WRKYs transcripts factors (WRKY4, WRKY31, and WRKY37)
and defense-related (β-1,3-glucanase, defensin, chitinase) genes in tomato roots (Figure 7).
As represented from the heat map, all tested treatments are grouped into two main clusters,
the first one represents the untreated control plants, and ThE-CsNPs primed plants at 48
and 96 h post F. solani inoculation, while the other represents the Fs infected plants that
primed with ThE-CsNPs solution or not at 48 and 96 h.

 
Figure 7. Hierarchical clustering heat map of transcriptional expression of three WRKY transcription
factors and some defense-related genes in tomato plant infected with F. solani and/or primed with
ThE-CsNPs (1%) after 2 and 4 days post F. solani inoculation. Where, C: untreated control, Fs:
infected with F. solani, ThE-CsNPs: thyme extract loaded chitosan nanoparticles solution at 1.0%, and
ThE-CsNPs+ Fs: infected tomato plants with F. solani and primed with ThE-CsNPs (1%).

In our study, the highest expression mRNA level (28.9 and 54.4) at 48 and 96 h post
inoculation with ThE-CsNPs priming, respectively, was recorded in the WRKY31 gene in
roots, followed by (27.8 and 46.3) at 48 and 96 h post inoculation with ThE-CsNPs priming,
respectively recorded in WRKY37 gene in roots. Overall, the WRKY TFs genes (WRKY1,
WRKY4, WRKY31, and WRKY53) in roots showed positive expression levels (upregulation)
under infection.

3. Discussion

Producing crops, especially vegetables, can be severely hampered by soil-borne ill-
nesses brought on by a variety of fungi, including F. solani. On the remains of the host
plant, in the organic matter of the soil, or as free-living organisms, soil-borne infections
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frequently persist for protracted durations. Even with standard methods, they are fre-
quently challenging to control. In addition, these soil-borne fungi developed resistance
to chemical fungicides. Crop productivity can be significantly hampered by soil-borne
illnesses brought on by a variety of fungi, including F. solani, especially for vegetable crops.
On the remains of the host plant, in the soil’s organic matter, or as free-living organisms,
soil-borne infections frequently last for a very long time. Even when using traditional
techniques, they are frequently challenging to be managed. Therefore, finding innovative,
safe, and efficient fungicide solutions to manage plant infections such as tomato root rot is
a serious challenge. Since the focus is now on creating non-toxic, safe nanoparticles, the
idea of using nanoparticles as an antibacterial agent is relatively new [32].

The thought of using nanoparticles as antifungal agents is relatively new, as the
emphasis has since changed toward creating secure, non-toxic nanoparticles [33]. Root rot
disease in tomato crops can be controlled in many ways by utilizing chemical and biological
approaches [34]. The latest management trend for reducing the negative effects of chemicals
(fungicides) is a biological control for pathogenic fungi [35,36]. Microorganisms, semi-
chemical products, naturally derived goods derived from plants, and living microorganisms
are the four different forms of biocontrol management [37–40].

Additionally, plants essential oils are efficient biocontrol agents against a range of
pathogenic bacteria and fungi. Plant EOs are much potential because of their diverse origins
and abilities to prevent mycelial growth and spore germination and regulate the vitality of
conidia. In comparison to traditional pesticides, nano-emulsions created from these plant
EOs may be more effective in controlling pathogens [41–44]. Researchers assessing the
potential phytotoxicity of plant extracts have demonstrated that systemic administration
has an impact on Fol [45].

The mode of action of any control agents is crucial and aids in enhancing their efficacy
when we encounter efficacy problems. The current study demonstrated in vitro and in vivo
effects ThE-CsNPs against root rot disease of tomato infected with F. solani. Results of
in vitro assay showed that ThE-CsNPs (1%) has greatly inhibited the linear growth of the
tested pathogenic fungi. Chitosan changes the rhizosphere’s balance, favoring helpful
microbes, including Bacillus, Pseudomonas fluorescens, Actinomycetes, Mycorrhiza, and Rhi-
zobacteria, while disadvantages microbiological pathogens [46,47]. It has been demonstrated
that treating soil with chitin and/or chitosan reduced the rate of nematode infection of
plant roots [46,47] and increased the suppressiveness against soil-borne diseases.

In fact, chitosan/microbe interaction causes a variety of changes in cell permeability
as follows: (1) bringing electronegative charges on the outer surface of fungal membrane;
(2) addition of polycationic character on the chitosan amino group, interfering with home-
ostasis ions (K+, Ca2+) and, hence, enhancing the outflow of small molecules that interfere
with fungal respiration [48]; (3) microbial starvation due to the chelation process between
chitosan-metals-vital nutrients; (4) inhibition of the synthesis of mRNA and proteins, which
is related to their capacity to pass through the microbe cell membrane and subsequently
bind to DNA [48]. The efficiency of chitosan is most frequently attributed to changes in the
composition and/or the activity of soil microbiota [49].

Generally, the antimicrobial activity of plant EOs has been verified by several re-
searchers all over the world, where they explained that EOs are able to disrupt the cel-
lular enzyme system and causing the stiffness loss of the hyphal cell wall [50]. Further-
more, the presence of terpenes, alcohols, and phenolic compounds in the composition of
EOs are important to improve the physiological and biochemical parameters of tomato
seedlings [51,52].

The obtained results confirmed that thyme EO has antifungal effect against fusarium
infection at all tested concentrations. In particular, the highest tested concentration (1%)
was the lethal dose increased the mycelium growth reduction up to 89.7%. On the other
hand, thyme EO has significantly reduced Botrytis cinerea colonization on pretreatment
detached leaves and significantly decreased the severity of fusarium wilt up to 30.8%
particularly 7 days after treatment [53].
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According to the chemical analysis, the obtained results showed that the studied
thyme EO is a thymol chemotype in agreement with Al-Asmari et al. [54]. In particular, the
current study also explicated that the main constituents of thyme EO are camphene (36.1%)
and cyclohexane (10.12%). Consequently, Micucci et al. [55] reported that thyme EO is of
the thymol type, where carvacrol and p-cymene are the main components. Terpenoids such
as thymol and carvacrol are frequently present in the EO and play a significant role in its
biological activity [56,57]. The Food and Drug Administration (FDA) has approved them
for use in food [57]. Thymol and carvacrol are extremely efficient against foodborne bacteria
such as Salmonella spp. and Staphylococcus aureus [58,59]. The same authors reported that
the mechanism of antimicrobial action of this EO could be due to the synergic effect between
thymol, citral, and carvacrol, which can transport across microbe membranes [60,61]. In a
different study, Isham et al. [62] showed that linalool had an antifungal effect on Candida
albicans inhibiting the development of germ tubes and biofilm.

Diverse regulatory mechanisms are present in members of the WRKY family. Through
the cis-acting mechanism, their protein can be effectively coupled with W-box elements and
bind to acting regions to activate or inhibit the transcription of downstream target genes [63].
Thus, WRKY as a transcription factor contributes significantly to plant defense against
various pathogen attacks. This reaction either directly or indirectly activates the expression
of resistance genes. According to literature review, WRKY DNA binding proteins bind to
the promoter region of the plant defense system-activating Arabidopsis natriuretic peptide
receptor 1 (NPR1) [64].

The current findings also showed that overexpression of chitinase, defensin, and
WRKY transcripts contributing the plant resistance against F. solani and reduce its severity.
Additionally, pathogen infection substantially elevated WRKY transcripts and PR3 and
PR12 genes, which are already regarded as markers for the plant-microbe interaction. Our
findings are in agreement with our previous research, which concluded that WRKY3 and
WRKY4 encode two structurally related WRKY proteins and that both of these proteins’
expressions were sensitive to stressful environments. Pathogen infection further increased
the expression of WRKY4, which was induced by stress but not WRKY3. These findings im-
ply that WRKY4 regulates crosstalk between SA and JA/ET-mediated signaling pathways
and, hence, its role in resistance to F. solani root rots disease. It is interesting to underline
that some WRKY genes, including WRKY4, WRKY33, redundant WRKY18, WRKY40, and
WRKY60, contribute to plant resistance to necrotrophic diseases [65,66].

4. Materials and Methods

4.1. Sample Collection, Identification, and Preparation

The Department of Plant Protection and Biomolecular Diagnosis, Arid Lands Culti-
vation Research Institute, Egypt, provided the single spore culture (monosporic culture)
of F. solani (KJ831188) isolate. The F. solani isolate was cultivated on potato dextrose agar
(PDA) media in plate and slant at 28 ◦C for 10 days, followed by microscopic analysis with
lactophenol cotton blue stain. Up to the next bioassay, the fungus was kept at 4 ◦C. Tomato
seeds (Dania commercial hybrid) variety with suitable appearance and uniform size were
purchased from the Egyptian Ministry of Agriculture.

4.2. Medicinal Plant Material

On the basis of their ethno-medicinal importance and literature, the T. vulgaris plant
was collected from an aromatic ornamental garden at Al Nubaria, Egypt (longitudes
30◦10′ E and latitudes 30◦52′ N) in May 2022. The collected plants were identified and
authenticated by the Department of Botany, Faculty of Science—Mansoura University,
Egypt, using standard references.

4.2.1. Extractions of Essential Oils

T. vulgaris fresh leaves had been previously harvested and sterilized for 30 min with
sodium hypochlorite (2%) [67], then were rinsed with sterile distilled water. Fresh leaves
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had been air-dried, ground, and kept in sealed vials under darkness until use. Hydro-
distillation of leaf powders has been conducted for 3 h using a Clevenger-style device.Ltd.,
India’s New Delhi [68].

4.2.2. GC-MS of Essential Oils

The volatile components of thyme EO have been screened using GC-MS-QP2010
Ultra analysis equipment. The oven temperature schedule started at 50 ◦C, held for 3 min,
then rose by 8 ◦C/min to 250 ◦C, holding for 10 min. In electron impact mode, the
spectrophotometer was used. The injector, interface, and ion source were maintained at
250, 250, and 220 ◦C, respectively. Helium served as the carrier gas for the split injection,
which used a split ratio of 1:20 and a column flow rate of 1.5 mL/min to inject a 1 μL
diluted sample in n.hexane (1:1, v/v). The main single components were identified using
WILEY and National Institute of Standards and Technology (NIST08) libraries based on
their relative indices and mass spectra.

4.2.3. Preparation of ThE-CsNPs

ThE-CsNPs have been prepared using the ionic gelation process and sodium tripolyphos-
phate (TPP) as a crosslinking agent as follows. Low molecular weight (LMW) chitosan (0.2 g)
at 5% was dissolved in 40 mL of acetic acid (1% v/v) by stirring at 1000 rpm overnight at room
temperature. The pH was then raised to 4.6 by adding 1M NaOH. A 0.45 μm syringe filter
was then used to filter the chitosan solution. About 200 μL of T. vulgaris EO was added to
the CS solution. After that, 8 mL of TPP (2 mg/mL) was added dropwise (1 mL/min) and
adjusted to pH = 4.0, with stirring, at 900 rpm for 1 h, then centrifuged at 10,000× g rpm for
10 min. The precipitate was collected and oven-dried at 40 ◦C and kept at room temperature.

4.2.4. Fourier Transform Infrared Analysis

The functional groups of ThE-CsNPs were characterized using FT-IR analysis in order
to confirm their synthesis. ThE-CsNPs powder was mixed with potassium bromide (KBr)
in a 1:100 ratio, and a Shimadzu FT-IR (Shimadzu 8400S, Kyoto, Japan) apparatus was used
to record the spectra.

4.2.5. Transmission Electron Microscopy

The form and size of ThE-CsNPs nanoparticles were investigated using transmission
electron microscopy (JEOL JEM-2100 equipment, JEOL Ltd., Tokyo, Japan). The sample
was prepared by placing a drop on a copper grid, coating it with carbon, and drying it
under a lamp.

4.3. In Vitro Antifungal Activity of ThE-CsNPs

The in vitro antifungal efficacy of ThE-CsNPs was carried out in the Bacteriology-
Phytopathology Laboratory in the School of Agricultural, Forestry, Food and Environmental
Sciences (SAFE), University of Basilicata, Potenza, Italy. The radial mycelia growth of F.
solani was assessed using the incorporation method [69]. Different concentrations of ThE-
CsNPs were used as 0.2, 0.4, 0.6, 0.8 and 1.0% were prepared to determine the most
efficient dose with the highest antifungal effect. Nystatin (0.05%) was used as a synthetic
(8 μL/150 mL PDA Petri). Sterile distilled water was used as a negative control. About
0.5 cm Ø of F. solani fresh culture was inoculated in the center of Petri dishes. The Petri
dishes were incubated at 24 ◦C, then the diameter of mycelium was measured in cm, and
the growth reduction percentage (GR %) was calculated using Formula (1). The whole
experiment was carried out twice with triplicates.

GR (%) =
Diameter of mycelium in treated plates (cm)

Diameter of myclium in contraol plates (cm)
× 100 (1)
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4.4. In Vivo Greenhouse Trial
4.4.1. Seeds Treatments

Tomato seeds were surface sterilized in sodium hypochlorite for 30 min, followed by
five sterile water washes. In the first experiment, tomato seeds were treated by soaking on
1.0% ThE-CsNPs as a priming solution for 5 h prior to germination in peat moss, while the
control treatment was steeped in dH2O. Hoagland solution at 1/4 strength was frequently
applied to the peat moss.

4.4.2. Pathogenicity Assay

Fungal suspension of F. solani (105–106 spores/mL), from 7 days fresh culture, was
used for the pathogenicity test for root rot disease. Fresh tomato seedlings (20 d age) were
uprooted either from control and ThE-CsNPs-treated ones, washed, surface sterilized with
0.1% mercuric chloride, and immersed in the prepared F. solani spore suspension for 60 min.
Plants were grown in greenhouses (12 h light/dark and temperature from 18 to 30 ◦C)
and were irrigated daily. The symptoms of root rot disease were first noticed 2–3 weeks
after inoculation.

4.4.3. Pot Trials

Four pot groups were arranged in a randomized complete block design with five
replications and regularly irrigated with 1/4 strength Hoagland solution as necessary
and kept under natural daylight and humidity at 65% until the end of the experiment.
The four groups were: (1) tomato seedlings were grown under controlled conditions
(control, C); (2) inoculated tomato seedlings only with F. solani (pathogen, P); (3) the control
tomato seedlings foliar-treated with ThE-CsNPs (1%) contains one drop of tween-40 in the
surrounding areas of plant stems (C+ ThE-CsNPs); (4) the infected seedlings (15 days after
infection) were foliar-treated with ThE-CsNPs (1%) solution (P+ThE-CsNPs). All seedlings
were irrigated regularly for 20 days.

4.4.4. Disease Assessments

Disease severity (DS) of fusarium root rot was assessed, 15 days after infection, using
the scale described by Filion et al. [70] (Formula (2)).

Disease severity (%) =
Σab
AK

× 100 (2)

where: (a) number of diseased plants with the same infection degree; (b) infection degree;
(A) total number of the assessed plants; and (K) the greatest infection degree.

4.4.5. Eco-Physiological Parameters

Sampling was performed 10 to 20 days of treatment with ThE-CsNPs (1%). Morpho-
logical traits for both treated and untreated plants were measured. Three plants of each
experiment were harvested and transferred to the laboratory and carefully uprooted and
were measured for plant height, leaf number, and leaf area. After that, the plants were
measured for shoot and root fresh weight and shoot and root dry weight after oven drying
at 40 ◦C for 48 h.

4.4.6. Biochemical Assessment

Malondialdehyde content (MDA) in fresh tomato leaves from treated seedlings with
ThE-CsNPs (1%) and control ones were measured following the method described by
Heath and Packer [71]. Briefly, 0.5 g fresh tomato leaf was homogenized with 10 mL ethanol
and centrifuged at 12,000× g for 15 min. After that, 1 mL of supernatant was added to
2 mL of thiobarbituric acid (0.65%) and trichloroacetic acid (20%) mixture. This mixture
was boiled for 30 min, cooled rapidly, and centrifuged at 12,000× g for 10 min. The MDA
content was determined in the supernatant at an absorbance of 532 and 600 nm using a
UV-VIS spectrometer (Jenway, Essex, UK). Total phenolic content (TPC) for all treatments

118



Plants 2022, 11, 3129

was determined by dissolving 5 mg of air-dried powder of leaf in 10 mL methanol using the
Folin–Ciocalteu reagent protocol [72]. The total flavonoid content (TFC) for all treatments
was measured using the aluminum chloride colorimetry method [73]. The content of
soluble protein was estimated for all treatments following Bradford [74].

For total chlorophyll analysis, extracts were produced in triplicate by adding 2 mL
of 90% MeOH containing 10% water (v/v) to 20 mg of each sample, sonicated for 1 h
at 4 ◦C. The crude extract was centrifuged for 20 min at 4000× g rpm/4 ◦C to separate
plant debris and supernatant. After that, the supernatant was filtered using a 0.45 m filter,
and then 1.5 mL of filtrate was collected for the measurement of functional components.
About 1.5 mL of a 10 diluted solution and 150 μL of the 1.5 mL filtered supernatant were
combined with 90% MeOH containing 10% H2O for analysis. Using a spectrophotometer
(Cary 60 UV-Vis, Agilent Technologies, Santa Clara, CA, USA), the absorbance of the
diluted sample solution was measured at 665.2, 652.4, and 470.0 nm wavelengths, as
described previously [75]. The spectrophotometer’s specifications include a Xenon Flash
Lamp (80 Hz) as a light source, measuring wavelengths ranging from 190 to 1100 nm with
a resolution of 1.5 nm. Total chlorophyll a (Chla) and total chlorophyll b (Chlb) were
calculated using absorbance (A) at each wavelength (Formulas (3) and (4)).

Chla
(

μg mL−1
)
= 16.82 A665.2 − 9.28 A652.4 (3)

Chlb
(

μg mL−1
)
= 36.92 A652.4 − 16.54 A665.2 (4)

The total anthocyanin analysis has been carried out following the method described
by Yang et al. [76] with some minor modifications. The sample extracts were made in
triplicate. Briefly, 20 mg of the sample was sonicated for 1 h at 60 ◦C in 2 mL of acidic
MeOH containing 1% HCl (v/v). The crude extract was centrifuged and filtered in the same
manner as samples were pre-processed for total chlorophylls. Then, 300 μL of the 1.5 mL
filtered supernatant was diluted with MeOH containing 1% HCl, yielding a 5 diluted
solution of 1.5 mL volume. The solution’s absorbance was measured at 530 and 600 nm
wavelengths, and the results were used to compute the total anthocyanin concentrations
using Formula (5) [76].

y (μg g−1) = (A530 − A600)
V x n x Mw

εx m
(5)

where A530 is the absorbance at 530 nm; A600 is the absorbance at 600 nm; V is the total vol-
ume of the extracted solution; n is the dilution ratio; Mw is the molecular weight of cyanidin-
3-glucoside (i.e., 449.4); ε is the anthocyanin molar extinction coefficient (29.60 M−1·cm−1);
and m is the sample mass.

4.4.7. Assay of Antioxidant Enzymes

Antioxidant enzymes were extracted by homogenizing 1 g fresh tomato leaf tissue in
chilled 50 mM phosphate buffer (pH 7.0) supplemented with 1% polyvinyl pyrolidine and
1 mM EDTA using a prechilled pestle and mortar. Centrifuging at 18,000× g for 30 min at
4 ◦C, the supernatant was used for enzyme assay.

The activity of superoxide dismutase (SOD, EC 1.15.1.1) and NBT photochemical
reductions were recorded at 560 nm in a 1.5 mL assay mixture containing sodium phosphate
buffer (50 mM, pH 7.5), 100 μL EDTA, L-methionine, 75 μM NBT, riboflavin, and 100 μL
enzyme extract. After 15 min of incubation, the light was switched off, and the activity was
expressed as EU mg−1 protein.

The catalase activity assay (CAT, EC1.11.1.6) was carried out according to Luck [77],
where the change in absorbance was monitored at 240 nm for 2 min, and the extinction
coefficient of 39.4 mM−1·cm−1 was used for the calculation.

Ascorbate peroxidase activity assay (APX, EC 1.11.1.11) was carried out by monitoring
absorption change at 290 nm for 3 min in 1 mL reaction mixture containing potassium
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phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, hydrogen peroxide, and enzyme extract.
The calculation of the extinction coefficient of 2.8 mM/cm was used.

4.5. Molecular Analysis
4.5.1. RNA Extraction and cDNA Synthesis

The relative expression of distinctly upregulated WRKY transcripts factors and defense-
related genes under each treated condition was carried out in the central lab of the Faculty
of Science, Arish University (August 2022) and measured quantitatively in root tissues at
different time intervals (24 and 48 h) after Fs infestation. Total RNA was isolated from 0.5 g
from fresh leaves of tomato plants for each treatment after 10 days from infestation by using
the TRIZOL reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s
protocol. The purified RNA was analyzed on 1% agarose gel. For each sample, to obtain
cDNA, 10 μL total RNA was treated with DNAse RNAse-free (Fermentas, Waltham, MA,
USA), 5 μL of which was reverse transcribed in a reaction mixture consisting of oligo dT
primer (10 pml/μL), 2.5 μL 5× buffer, 2.5 μL MgCl2, 2.5 μL 2.5 mM dNTPs, 4 μL from
oligo (dT), 0.2 μL (5 unit/μL) reverse transcriptase (Promega, Germany) and 2.5 μL RNA.
RT-PCR amplification was performed in a thermal cycler PCR at 42 ◦C for 1 h and 80 ◦C for
15 min.

4.5.2. Real-Time Quantitative PCR Analysis

The quantitative study was performed to evaluate the temporal expression of accu-
mulated WRKY transcripts factors and other defense-related genes in all four treatment
conditions. Quantitative real-time PCR was carried out on 1 μL diluted cDNA by triplicate
using the real-time analysis using (Rotor-Gene 6000, Germany) system, and the primer
sequences used in qRT-PCR were given in Table S1. Primers of three defense-related genes
(chitinase, defensin, and β-1,3-Glucanase) and three WRKY TFs genes (WRKY4, WRKY31,
WRKY37) and housekeeping gene (reference gene) as listed in Table S1 were used for gene
expression. Analysis used an SYBR® Green-based method; a total reaction volume of 20 μL
was used. The reactions mixture consists of 2 μL of template, 10 μL of SYBR Green Master
Mix, 2 μL of reverse primer, 2 μL of forward primer, and sterile distilled water for a total
volume of 20 μL. PCR assays were performed using the following conditions: 95 ◦C for
15 min followed by 40 cycles of 95 ◦C for 30 s and 58 ◦C for 30 s. The CT of each sample
was used to calculate ΔCT values (target gene CT subtracted from β-Actin gene CT). The
relative gene expression was determined using the 2−ΔΔCT method [78].

4.6. Statistical Analysis

The obtained data were expressed as the mean ± standard deviation. Statistical
analysis was performed using the statistical package SPSS for social sciences (SPSS) 16.
All outfindings were analyzed using a one-way ANOVA analysis of variance performed
for the significant difference at the p < 0.05 level. In contrast, the heatmap was created to
compare and contrast the examined treatment responses against different used genes using
the TB tools software [79].

5. Conclusions

This study concluded that ThE-CsNPs explicated a potential antifungal activity against
F. solani, the causal agent of root rot disease infecting tomato plants. Additionally, the use
of EO showed a promising growth promotion effect for tomato seedlings by enhancing
their physiological, biochemical, and antioxidant activities. The three transcription factors:
WRKY4, WRKY31, and WRKY37, as well as the other three defense-related genes glucanase
A, defensin, and chitinase, have been upregulated due to the effect of ThE-CsNPs (1%).
As an overall conclusion, the use of biological fungicides based on T. vulgaris EOs with
chitosan nanoparticles might be used as a natural alternative to promote tomato growth
and control serious phytopathogens.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11223129/s1, Figure S1: GC-MS profile of T. vulgaris EO; Figure S2: FT-IR
spectrum of ThE-CsNPs; Table S1: Oligonucleaotide primers used in qRT-PCR analysis.
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Abstract: The mass-based metabolomic approach was implemented using GC-MS coupled with
chemometric analysis to discriminate between the essential oil compositions of six cultivars of Citrus
reticulata. The antiaging capability of the essential oils were investigated through measurement of
their ability to inhibit the major enzymes hyaluronidase, collagenase, and amylase involved in aging.
GC-MS analysis resulted in the identification of thirty-nine compounds including β-pinene, D-
limonene, γ-terpinene, linalool, and dimethyl anthranilate as the main components. Multivariate
analysis using principal component analysis (PCA) and hierarchal cluster analysis (HCA) successfully
discriminated the cultivars into five main groups. In vitro antiaging activity showed that Kishu
mandarin (Km) (2.19 ± 0.10, 465.9 ± 23.7, 0.31 ± 0.01 μg/mL), Cara mandarin (Cm) (3.22 ± 0.14,
592.1 ± 30.1, 0.66 ± 0.03 μg/mL), and Wm (8.43 ± 0.38, 695.2 ± 35.4, 0.79 ± 0.04%) had the highest
inhibitory activity against hyaluronidase, collagenase, and amylase, respectively. Molecular docking
studies on the major compounds validated the activities of the essential oils and suggested their
possible mechanisms of action. Based on our result, certain cultivars of Citrus reticulata can be
proposed as a promising candidate in antiaging skin care products.

Keywords: Citrus reticulata; GC-MS; antiaging; molecular docking; chemometric analysis;
industries development; drug discovery

1. Introduction

Genus Citrus belongs to family Rutaceae (Rue family) and comprises about 17 species
and distributed all over the tropical and temperate regions with numerous health bene-
fits [1]. Citrus essential oil (EO) is present in different plant parts such as peels, leaves, and
flowers. Terpenes, sesquiterpenes, aldehydes, alcohols, esters, and sterols constitute the ma-
jor classes of active compounds present in citrus essential oils. They may also be described
as mixtures of hydrocarbons, oxygenated compounds and nonvolatile residues. It is worth
noting that the essential oil composition of different citrus species is affected by various
factors such as the harvest year, due to climate change throughout the years [2], season [3],
cultivar [4], the use of different rootstocks [5], as well as the extraction technique [6,7].
Mostly, they are consumed as aroma flavor in the food industry, including alcoholic and
nonalcoholic beverages, marmalades, gelatins, sweets, soft drinks, ice creams, dairy prod-
ucts, jams, candies, and cakes [8–10]. Moreover, citrus essential oils exhibited significant
importance due to their wide range of biological activities such as antimicrobial [11–13],
antifungal [14], antioxidant [15], antidiabetic [16], antihyperlipidemic [17], anti-inflammatory,
anti-allergic [18], anticancer [19], anxiolytic [20], and insecticidal activity [21].

Citrus reticulata Blanco, one of the most commercially important species, is commonly
known as mandarin fruit [22]. It is native to China, East Asia, and Southeast Asia [23].
The name ‘Mandarin’ was provided to the C. reticulata by the Portuguese from its Chinese
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name Guānhuà, to reflect its country of origin [24]. Different cultivars of C. reticulata were
traditionally used in folk medicine for the treatment of various ailments such as fever,
snakebite, stomachache, edema, cardiac diseases, bronchitis, and asthma [25]. Mandarin
oil is well-known for its broad spectrum antibacterial and antifungal actions [26–30]. Anti-
proliferative [31], antioxidant [26,32], antidiabetic [30], and schistosomicidal effects [33]
were also reported.

On the other hand, nature remains a substantial source for drug discovery for treat-
ment of major ailments as well as in the development of cosmetic products. Currently, the
use of natural ingredients in cosmetics is widely spread compared with the synthetic alter-
native, due to their wide safety margin, potential antioxidant, anti-inflammatory, and skin
soothing effects. Interestingly, many of the commercial and medical skin aging creams con-
tain essential oils, herbal extracts, and other natural ingredients which meet the increased
demand in the market for herbal-based cosmetics [34]. Moreover, the promising antioxi-
dant activity of various citrus essential oils encouraged us to study the anti-collagenase,
anti-hyaluronidase, and anti-elastase capabilities to prove their antiaging potential in an
attempt incorporate it safely as a natural ingredient in management of age-related skin
problem [35–37]. Additionally, the essential oil composition of different C. reticulata culti-
vars showed a significant difference in their chemical constituents [38,39]; thus, a compara-
tive metabolic profiling of poorly studied cultivars is needed for the selection of a good
quality cultivar that can be used in improving and upgrading of essential oil composition.
The present study targeted a comparative metabolic profiling of the essential oil compo-
sition of six cultivars of Citrus reticulata leaves cultivated in Egypt using GC-MS and the
study of their potential antiaging activity aiming to discover a natural ingredient that can
be incorporated safely in antiaging skin care products.

2. Results and Discussion

2.1. Extraction and Distillation of the Essential Oils

Hydrodistillation of C. reticulata fresh leaves cultivars yielded a pale-yellow oil. The
yield was expressed as the weight of the oil per 500 g fresh leaves and varied from 0.078 to
0.232% w/w (Table 1).

Table 1. Citrus reticulata cultivars, codes, and yield % (w/w).

Citrus reticulata Cultivar Cultivar Code Yield % (w/w)

Avana Apriena mandarin Am 0.232
Balady mandarin Bm 0.220
Cara mandarin Cm 0.124

Willow leaf mandarin Wm 0.078
Sunburst mandarin Sm 0.130

Kishu mandarin Km 0.151

2.2. Metabolic Profile of the Essential Oils

The chemical composition of the essential oils obtained from six cultivars of C. reticulata
leaves were analyzed using GC-MS. The chemical compounds identified, Kovats indices,
and percentages (average of three replicates for each sample) for each cultivar are displayed
in Table 2. Monoterpenes hydrocarbons were predominant in all cultivars (36.38–86.45%),
oxygenated monoterpenes and sesquiterpenes were present at a lower percentage, other
classes of compounds were reported in a high percentage represented chiefly by dimethyl
anthranilate in Am (56.51 ± 1.06%), Bm (58.77 ± 2.04%), and Wm (49.06 ± 1.94%) cultivars.
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Generally, thirty-nine compounds were tentatively identified including β-pinene,
D-limonene, γ-terpinene, linalool, and dimethyl anthranilate as the main components.
A great variability in the percentage of the chemical composition among different cultivars
was observed. For example, β-pinene content was dominant in Sm cultivar (34.24 ± 3.50%)
followed by Km cultivar (19.62 ± 0.37%), while in Wm, Am, and Bm it constitutes only
3.53 ± 0.68%, 2.48 ± 0.11%, and 1.80 ± 0.38% of the essential oil content, respectively. The
highest D-limonene content was found in Wm cultivar (12.49 ± 0.21%) while it was totally
absent in Sm cultivar. γ-Terpinene was present in all cultivars with amount varying from
48.56 ± 1.01% in Cm cultivar to 6.19 ± 0.31% in Sm cultivar. The highest amount of linalool
was present in Km (22.2 ± 0.43%) and represented its major component, contrarily it was
absent in Am and Bm. Additionally, certain compounds were present exclusively in certain
cultivars in an appreciable amount, for example, m-mentha-6,8-diene was identified only
in Sm and accounted for 4.12 ± 0.18% of its essential oil content, while β-thujene and
thymol uniquely found in Wm, displayed 3.34 ± 0.10% and 10.98 ± 0.27% of its essential
oil content, respectively.

Previous studies were concerned with the chemical composition of C. reticulata leaf es-
sential oils. Lota et al. (2000) reported the variation in the content of γ-terpinene (0.2–61.3%),
dimethyl anthranilate (trs–58%), sabinene (0.2–59.4%), linalool (0.2–54.3%), limonene (1.5–
44.3%), p-cymene (tr–20.4%), β-ocimene (0.6–13.7%), β-pinene (0.1–10.7%), and terpinen-4-
ol (0.1–10.6%) among forty-one mandarin cultivars [39]. Moreover, the chemical composi-
tion of the essential oils obtained from the leaves of six C. reticulata cultivars grown in Nige-
ria showed a discrepancy in the content of sabinene (1.4–39.7%), γ-terpinene (0.7–32.8%),
p-cymene (0.3–27.4%), 3-carene (tr–11.6%), and β-ocimene (3.2–19.7%) [24]. These
reports validate the difference in the essential oil content between the investigated man-
darin cultivars as stated in our study. Another study performed by Karioti et al. (2007) on
Nigerian C. reticulata displayed a predominance of γ-terpinene (53.0%) and linalool (16.1%)
in the leaf essential oil [40], this amount of γ-terpinene is comparable to that found in Cm
cultivar, while linalool percentage was near that found in Sm and Km cultivars.

In agreement with our results, Fleisher et al. (1990) reported dimethyl anthranilate
as the major constituent of balady mandarin (Bm) which is accredited to 58.77 ± 2.04% of
Bm oil content in our study [41]. Previous work on C. reticulata grown in Egypt, reported
dimethyl anthranilate (65.3%) as a key component of the leaf essential oil followed by γ-
terpinene (19.8%) and limonene (4.5%) [29]. These data are in line with the result of Am, Bm,
and Wm essential oils. On the other hand, C. Blanco et al. (1995) reported linalool (52.66%),
limonene (8.32%), and trans-β-ocimene (7.87%) as the major constituents of Colombian
C. reticulata leaf oil, these components were found in our studied cultivar ranging from nil
to 22.20% for linalool, from nil to 12.49% for limonene, and from 0.06 to 0.31% for trans-β-
ocimene [42], which reveal that a difference in the geographical distribution between oils
obtained from the same species marks a variation in the essential oil composition.

2.3. Chemometric Analysis Based on GC-MS Analysis

Due to the complexity and high dimensionality of GC-MS-based data comprising
both qualitative and quantitative variances among different citrus cultivars, multivariate
analysis was applied using principal component analysis (PCA) and hierarchal cluster
analysis (HCA) to discriminate between closely related cultivars, as well as to detect
any significant relationship between them [43]. A matrix of the total number of samples
and their replicates (18 samples) multiplied by 39 variables (GC/MS peak area %) was
constructed in MS Excel®, then subjected to multivariate analysis (PCA and HCA). Owing
to the large number of variables, PCA was applied first to reduce the dimensionality of the
multiple data set in addition to removing the redundancy in the variables, utilizing raw
data (Peak area % for each compound as in Table 2). Figure 1a,b represents PCA score and
loading plots based on GC-MS metabolic profiles of different citrus cultivars, respectively.
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Figure 1. PCA score plot (a), loading plot (b), HCA dendogram (c) based on GC-MS metabolic
profiles of different citrus cultivars based on the identification of volatile compounds displayed in
Table 2. Refer to Table 1 for cultivar abbreviations.

PCA score plot (Figure 1a) explained about 96% of the variation in the dataset by the
first two PCs, where PC1 accounting for 76% and PC2 for 20% of the variance. Different
C. reticulata cultivars were assembled into four main groups on three different quadrants.
Cultivars Cm, Sm, and Km were positioned on negative PC1, where Cm was positioned
on the upper left quadrant. However, Sm and Km were placed on the lower one, well-
discriminated from each other. Through clear investigation of the PCA score plot, it was
observed that cultivars Am, Bm, and Wm were located on positive PC1, closely related
to each other, where Am and Bm were superimposed on each other. The loading plot
(Figure 1b) displayed the main discriminating markers responsible for PCA score plot
pattern. Γ-Terpinene, linalool, and β-pinene were the key markers accountable for the
segregation of Cm, Km, and Sm, respectively. However, dimethyl anthranilate was the
compound responsible for the closeness of Am, Bm, and Wm cultivars.
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Additionally, HCA was applied as an unsupervised pattern recognition method to
confirm results obtained by PCA. The dendrograms displayed in Figure 1c, revealed segre-
gation of different citrus cultivars into five main clusters. Cluster I, II, and III displayed Km,
Sm, and Cm, respectively. HCA dendrograms revealed the closeness of Wm (Cluster IV) to
Am and Bm that were grouped together in cluster V. HCA results endorsed that of PCA.

In an attempt to explore the ability of multivariate analysis to discriminate between
closely related cultivars (Am, Bm, and Wm), PCA was applied on the GC-MS metabolic
profiles of these three cultivars solely. Figure 2a,b displayed PCA score plot and loading
plot, respectively. PCA score plot (Figure 2a) explained about 98% of the variation in the
dataset by the first two PCs, where PC1 accounting for 95% and PC2 for 3% of the variance.
Am, Bm, and Wm were completely segregated from each other in three different quadrants,
where Am and Bm were positioned on PC1 on the right side of the plot confirming that
they are closely related to each other in comparison with Wm that was located on negative
PC1. Upon examination of the loading plot (Figure 2b), it was observed that dimethyl
anthranilate was the major marker responsible for discriminating Am from other cultivars
(Bm and Wm). However, γ-terpinene and β-caryophyllene were the main distinctive
markers accountable for Bm cultivar segregation. Nevertheless, no distinctive marker
was recognized in the loading plot for the separation of Wm. From this study, it was
concluded that complete metabolic profile is mandatory for discrimination between closely
related cultivars. For example, dimethyl anthranilate was the major component in the three
cultivars (Am, Bm, and Wm); however, by applying multivariate analysis, it was observed
that this marker could only discriminate Am from other cultivars. Similarly, regarding
γ-terpinene is present approximately in the same percentage in the three cultivars; however,
it discriminated Bm cultivar from other cultivars.

Figure 2. PCA score plot (a), loading plot (b) based on GC-MS metabolic profiles of Am, Bm, and
Wm cultivars based on the identification of volatile compounds displayed in Table 2. Refer to Table 1
for cultivar abbreviations.
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2.4. In Vitro Antiaging Activity

The antiaging capability of C. reticulata leaf cultivars essential oil was assessed via mea-
suring their hyaluronidase, collagenase, and elastase enzyme inhibitory activity (Figure 3).
Hyaluronic acid is one of the major building blocks of soft connective tissues that have a
crucial role in maintaining the elasticity and moisture content of the skin, thus reducing
wrinkles [44]. Hyaluronidase enzyme converts hyaluronic acid to small oligosaccharide
moieties, consequently inhibitors of hyaluronidase are useful in hydrating the skin and
delaying the aging process [45,46]. Among the tested cultivars Km and Cm were the most
active with an IC50 value of 2.19 ± 0.10 and 3.22 ± 0.14 μg/mL, respectively, followed by
Wm (IC50 = 8.43 ± 0.38 μg/mL) compared with the standard 6-O-palmitoyl-L-ascorbic acid
exhibiting an IC50 of 1.56 ± 0.07 μg/mL. It is worth noting that Km cultivar showed no
significant difference from the standard.

Figure 3. (a) Hyaluronidase, (b) collagenase, and (c) elastase inhibitory activity of C. reticulata leaf
essential oil cultivar. The results are expressed as the mean ± SD, n = 3. Asterisks indicate significant
differences from the standard drug (*, ***, ****, p < 0.05, p < 0.0009, p < 0.0001).

Collagen is considered the most abundant protein in the body and plays a crucial
role in the structural support, elasticity, strength, and flexibility of the skin connective
tissue. Collagenase an enzyme in the matrix metalloproteinase responsible for degrading
collagen and thus inhibition of collagenase affects the elasticity of the skin and delays the
wrinkling process. Km showed the highest inhibitory action on collagenase with an IC50
value of 465.9 ± 23.7 with no significant difference from the standard phenathroline used
(IC50 = 423.2 ± 21.5 μg/mL). Whereas, elastin protein found in the connective tissue and
catalyzed by elastase enzyme is the chief component of elastic fibers and preserves skin
elasticity. Elastin degradation is accelerated by age and UV radiation due to the increase in
the elastin action, resulting in skin aging [47]. In vitro elastase inhibitory activity revealed
that Km, Cm, and Wm were the most active cultivars with IC50 of 0.31 ± 0.01, 0.66 ± 0.03,
and 0.79 ± 0.04 μg/mL, respectively. However, Km only showed no significant difference
from the standard FK 706 used with IC50 of 0.15 ± 0.01 μg/mL.

It is obvious from our results that Cm, Km, and Wm exert a promising inhibitory
action against tested enzymes. These results may be explained by the difference in the
chemical composition of Km and Cm and their segregation from other cultivars as dis-
played in the PCA score plot and HCA. The pronounced activity of Km might be accred-
ited to the thymol (10.98 ± 0.27%) content uniquely found in this cultivar and linalool
(22.20 ± 0.43%) present in the highest percentage in Km. The high γ-terpinene content
found in Cm (48.56 ± 1.01 μg/mL) compared with other cultivars might be the reason
beyond its enzyme inhibitory activity. Regarding Wm activity, we could not attribute its
antiaging activity to the dimethyl anthranilate content only (49.06 ± 1.94 μg/mL), but
also to the synergistic effect of the whole essential oil component, as Am and Bm cultivars
showing nearly similar dimethyl anthranilate content displayed lower inhibitory activity
on the studied enzymes.

2.5. In Silico Molecular Docking Studies on the Target Enzymes

The promising inhibitory activity of certain C. reticulata cultivars essential oil against
hyaluronidase, collagenase, and elastase encouraged us to conduct a docking study of
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the major identified compounds with the enzymes of interest. This study aimed to dis-
cover the potential binding modes in which the essential oils exert its inhibitory action.
The major compounds identified were docked into the 3D coordinates of hyaluronidase,
collagenase, and elastase using the following PDB IDs: 1fcv, 456c, and 6qeo, respectively.
The applied docking parameters were validated by re-docking each co-crystalized ligand
into its corresponding active site. The calculated RMSD values between the docked pose
and the co-crystalized pose were 0.63, 0.72, and 0.99 Å for hyaluronidase, collagenase, and
elastase, respectively, ensuring the validity of the docking protocol. The re-docking of
each co-crystalized ligand resulted in docking scores of −8.1, −9.6, and −10.4 Kcal/mole
for hyaluronidase, collagenase, and elastase, respectively. The docking of the major com-
pounds to the three enzymes resulted in good acceptable scores, comparable to those of
the reference compounds. Table 3 summarizes the docking scores of essential oils major
compounds against the three potential target enzymes and their corresponding docking
scores.

Table 3. Docking score of major compounds of C. reticulata cultivars with hyaluronidase, collagenase,
and elastase binding sites.

Compound Name
Docking Score with
Hyaluronidase (1fcv)

Kcal/mole

Docking Score with
Collagenase (456c)

Kcal/mole

Docking Score with
Elastase (6eoq)

Kcal/mole

α-Pinene −7.1 −6.8 −5.9
D-Limonene −5.8 −7.3 −6.8

cis-β-Ocimene −6.6 −7.3 −7.4
γ-Terpinene −7.1 −7.1 −6.9

Linalool −8.1 −7.9 −9.1
Terpinen-4-ol −7.3 −7.4 −6.7

Thymol −9.8 −10.2 −12.3
Dimethyl anthranilate −8.2 −8.6 −8.0

Interestingly, thymol, dimethyl anthranilate, and linalool and were the most active
compounds on the three targets, achieving respective scores of −9.8, −8.2,
and −8.1 Kcal/mole with hyaluronidase, −10.2, −8.6, and −7.9 Kcal/mole with colla-
genase, and −12.3, −8.0, and −9.1 Kcal/mole with elastase, respectively. Inspecting
Figure 4, thymol interacted through hydrogen bonds with Asp111, Glu113, Tyr184, Tyr227,
and Gln271 and hydrophobic interaction with Trp301, dimethyl anthranilate was found
to interact with hyaluronidase through hydrogen bonds with Asp111 and Tyr227 and hy-
drophobic interactions with Trp267 and Trp301. Similarly, linalool interacted by hydrogen
bonds with Asp111, Glu113, Tyr227, and Gln271 and hydrophobic interaction Trp301. As
depicted by Figure 5 the top three compounds strongly interacted with the collagenase
enzyme in which, thymol forms hydrogen bonds with Gly237, Ala238, and Phe241, besides
hydrophobic interaction with Leu239 and Thr245, dimethyl anthranilate formed hydro-
gen bonds with Ala238, Leu239, Ile243, Tyr244, and Thr245 in addition to hydrophobic
interaction with Thr245, while linalool formed six hydrogen bond interactions with Ala238,
Phe241, Ile243, Tyr244, and Thr245. Moreover, Figure 6 shows that thymol interacted
with Thr41, Cys42, and Cys191 through four hydrogen bond interactions, in addition to
one hydrophobic interaction with His57, dimethyl anthranilate engaged in six hydrogen
bond interactions with Cys42, His57, and Cys58 found in the active site of the elastase,
while linalool interacted through hydrogen bond interactions with Thr41, Cys42, Gln192
and Ser195, in addition to hydrophobic interaction with His57. In conclusion, the three
compounds namely, thymol, dimethyl anthranilate, and linalool had the best ability to
strongly interact with the three enzymes hyaluronidase, collagenase, and elastase, achiev-
ing acceptable docking scores that sometimes exceeded those of the reference compounds.
These acceptable scores were achieved through the establishment of many hydrophobic
and hydrogen bond interactions. It is worth noting that thymol having the best docking
scores in all tested enzyme was identified only in Km, this explains why it exhibited the
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highest in vitro enzyme inhibition action. Thus, the observed strong binding interactions
validated the activities of the essential oils and suggested their possible mechanisms of
action.

Figure 4. Binding modes of thymol (a), dimethyl anthranilate (b), and linalool (c) with hyaluronidase.

Figure 5. Binding modes of thymol (a), dimethyl anthranilate (b), and linalool (c) with collagenase.

Figure 6. Binding modes of thymol (a), dimethyl anthranilate (b), and linalool (c) with elastase.

3. Materials and Methods

3.1. Plant Material

Leaves were randomly collected from different trees for each cultivar (6 cultivars of
Citrus reticulata), cultivated under the same climatic conditions and during the fruit ripening
stage from Citrus Department botanical garden (geographical coordinates: 30.020111741763642,
31.206797515343563), Horticulture Research Institute, Agriculture Research Center, Giza,
Egypt (Table 1). All leaves were collected at the same phenological stage (spring growth
cycle) in March 2021 (10 days after flowering, 10th week of the year). Plant materials were
botanically identified by Prof. Gamal Farag Abdel Rahman, Head of Citrus Department.
Voucher specimens of all collected samples were kept at the Pharmacognosy Department,
Faculty of Pharmacy, Ain Shams University with codes (PHG-P-CR-391 to PHG-P-CR-396).

The type of the soil was light clay soil, (the temperature was about 25 ◦C with slight
rain). The trees were 20 years old, where approximately 5 to 7 trees were used for leaves
sampling for each cultivar. The distance of plants between the lines were approximately
1.5 m and 1 m on the line. Phosphate and organic fertilizers and agricultural sulfur
were used. Phosphate fertilizers were added in the form of mono-superphosphate at a
rate of 30 kg per feddan, during the months of December and January mixed with fully
decomposed municipal fertilizers (15–20 m3 per feddan) and 100 kg of agricultural sulfur
until it decomposed before the spring season. Trees were irrigated by immersion every 30
to 45 days.
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3.2. Hydro-Distillation of the Essential Oil and GC-MS Analysis

Entire fresh leaves (500 g) were submitted to hydro-distillation within 2 days from
collection for 3 h using a Clevenger type apparatus. The oils obtained were recovered,
weighed, dried over anhydrous sodium sulfate, and stored in amber and air-tight sealed
vials at −20 ◦C until use. The yield (expressed in % (w/w)) was calculated based on the
initial plant weight. The essential oils were analyzed one week after hydro distillation
on GC-MS (Shimadzu GCMS-QP 2010, Koyoto, Japan) equipped with Rtx-5MS capillary
column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness) (Restek, Bellefonte, PA, USA).
The oven temperature was kept at 45 ◦C for 2 min (isothermal) and programmed to 300 ◦C
at 5 ◦C/min and kept constant at 300 ◦C for 10 min (isothermal); injector temperature was
250 ◦C. Helium was used as a carrier gas with the constant flow rate set at 1.41 mL/min.
Diluted samples (1% v/v) were injected with a split ratio 15:1, and the injected volume was
1 μL. The MS operating parameters were as follows: interface temperature: 280 ◦C; ion
source temperature: 200 ◦C; EI mode: 70 eV; scan range: 35–500 amu. Each sample
was analyzed in triplicate [48]. Different compounds of the essential oils were compre-
hended with the aid of the NIST 05 database (NIST Mass Spectral Database, PC-Version
5.0, 2005, National Institute of Standardization and Technology, Gaithersburg, MD, USA).
The Automated Mass Spectral Deconvolution and Identification System (AMDIS 2.64,
NIST Gaithersburg, MD, USA) deconvoluted the measured mass spectra. The spectra
of individual components were transferred to the NIST Mass Spectral Search Program
MS Search 2.0 where they were matched against reference compounds of the NIST Mass
Spectral Library 2005.

3.3. Multivariate Analysis

The data obtained from GC-MS were subjected to chemometric analysis, Principal
Component Analysis (PCA) was applied as an initiative step in data investigation to afford
an overview of all cultivar variability and to identify markers responsible for this variation.
Hierarchal cluster analysis (HCA) was then utilized to allow clustering of different cultivars.
The clustering patterns were built by applying the complete linkage way. This exhibition is
more effective when the distance between samples (points) is computed by the Euclidean
method [49]. PCA and HCA were accomplished using CAMO′s Unscrambler® X 10.4
software (Computer-Aided Modeling, AS, Oslo, Norway).

3.4. In Vitro Antiaging Activity
3.4.1. Hyaluronidase Inhibition Assay

The assay was performed using hyaluronidase inhibitor screening assay kit QuantiChromTM

(BioAssay system, CA, USA) following the manufacturer’s protocol. The assay was based
on a turbidimetric reaction by measuring the amount of hyaluronic acid hydrolyzed. In
brief, hyaluronidase from bovine testes (Sigma-Aldrich) was prepared freshly in 0.1 M
acetate buffer. Serial dilutions of the essential oils were performed using DMSO. Forty
microliters of hyaluronidase were transferred in each well of a 96-well plate then 20 μL of
tested essential oil was added. The plate was incubated for 15 min at room temperature,
then 10 μL substrate and 35 μL buffer were added to the plate, mixed, and incubated
for 20 min at room temperature, the decrease in turbidity was measured spectrophotom-
etry at 600 nm. 6-O-Palmitoyl-L-Ascorbic Acid (Sigma-Aldrich) was used as a standard
hyaluronidase inhibitor.

3.4.2. Collagenase Inhibition Assay

The fluorometric collagenase inhibitor screening kit (Biovision, Catalog # K833-100,
CA, USA) was used in the assay following the kit protocol. The kit utilizes Self-Quenched
BODIPY conjugate of Type-B gelatin as a fluorogenic substrate to monitor the activity of
collagenase. Serial dilutions of the essential oil and the standard (1,10)-Phenanthroline
were mixed with 5 μL diluted collagenase and 44 μL collagenase buffer. Fluorescence was
measured at 490/520 nm in a kinetic mode at 37 ◦C for 30–60 min.
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3.4.3. Elastase Inhibition Assay

Elastase inhibitory activity was measured following the kit protocol (Molecular Probes’,
Catalog # E-12056 EnzChek®, Leiden, Netherlands). In brief, fifty microliters of the reaction
buffer (pH 8 Tris-HCL buffer) were added into each well together with 50 μL of 100 μg/mL
DQTM elastin substrate working solution to provide a final substrate concentration of
25 μg/mL. Serial dilutions of the oils were added, mixed, and incubated for 30 min at
room temperature. Fluorescence intensity was measured using a fluorescence microplate
reader equipped with standard fluorescein filters. FK706 was used as a standard elastase
inhibitor [50,51].

3.5. Statistical Analysis

All experiments were carried out three times in triplicate. Data are expressed as
mean ± standard deviation. The IC50 values were calculated, and the results were presented
using GraphPad Prism® software (Version 7, graph-Pad software Inc., San Diego, CA, USA).

3.6. In Silico Molecular Docking Study

The docking studies were conducted using Molecular Operating Environment (MOE
2019.02) Software [52,53]. The X-ray crystal structures of hyaluronidase, collagenase, and
elastase were downloaded from the protein data bank using the following PDB IDs: 1fcv,
456c and 6qeo, respectively. Hydrogens and charges of the receptors were optimized using
AMBER10: EHT embedded in MOE software. The binding site of the three enzymes was
constructed where the corresponding co-crystalized ligand is bound. Major compounds
identified in the essential oils were sketched using the 2D builder of MOE2019 and con-
verted to 3D structures using the same software. Compounds were docked into the EGFR
binding domain using triangular matcher and London dg as a placement and scoring
methods, respectively. At last, 2D and 3D interaction diagrams were generated by MOE to
analyze the docking results.

4. Conclusions

Metabolic profiling of the essential oils of C. reticulata leaf cultivars resulted in the
identification of thirty-nine compounds including β-pinene, D-limonene, γ-terpinene,
linalool, and dimethyl anthranilate as the main components. Qualitative and quantitative
variabilities among the chemical composition of different cultivars was observed using PCA
and HCA, which indicate that a complete metabolic profile is mandatory for discrimination
between closely related cultivars. Cm, Km, and Wm exerted a promising inhibitory action
against tested aging enzymes. In silico studies on the major compounds confirmed the
activities of the essential oils and suggested their possible mechanisms of action. From
our study we can conclude that certain cultivars of Citrus reticulata can be proposed as a
promising candidate for incorporation in antiaging skin care products.
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Abstract: The chemical composition of the n-hexane extract of Tamarindus indica’s various organs—bark,
leaves, seeds, and fruits (TIB, TIL, TIS, TIF)—was investigated using gas chromatography-mass
spectrometry (GC/MS) analysis. A total of 113 metabolites were identified, accounting for 93.07,
83.17, 84.05, and 85.08 % of the total identified components in TIB, TIL, TIS, and TIF, respectively.
Lupeol was the most predominant component in TIB and TIL, accounting for 23.61 and 22.78%,
respectively. However, n-Docosanoic acid (10.49%) and methyl tricosanoate (7.09%) were present
in a high percentage in TIS. However, α-terpinyl acetate (7.36%) and α-muurolene (7.52%) were the
major components of TIF n-hexane extract. By applying a principal component analysis (PCA) and
hierarchal cluster analysis (HCA) to GC/MS-based metabolites, a clear differentiation of Tamarindus
indica organs was achieved. The anti-inflammatory activity was evaluated in vitro on lipopolysac-
charide (LPS)-induced RAW 264.7 macrophages. In addition, the wound healing potential for the
n-hexane extract of various plant organs was assessed using the in-vitro wound scratch assay us-
ing Human Skin Fibroblast cells. The tested extracts showed considerable anti-inflammatory and
wound-healing activities. At a concentration of 10 μg/mL, TIL showed the highest nitric oxide (NO)
inhibition by 53.97 ± 5.89%. Regarding the wound healing potential, after 24 h, TIB, TIL, TIS, and
TIF n-hexane extracts at 10 g/mL reduced the wound width to 1.09 ± 0.04, 1.12 ± 0.18, 1.09 ± 0.28,
and 1.41 ± 0.35 mm, respectively, as compared to the control cells (1.37 ± 0.15 mm). These findings
showed that the n-hexane extract of T. indica enhanced wound healing by promoting fibroblast migra-
tion. Additionally, a docking study was conducted to assess the major identified phytoconstituents’
affinity for binding to glycogen synthase kinase 3-β (GSK3-β), matrix metalloproteinases-8 (MMP-8),
and nitric oxide synthase (iNOS). Lupeol showed the most favourable binding affinity to GSK3-β
and iNOS, equal to −12.5 and −13.7 Kcal/mol, respectively, while methyl tricosanoate showed the
highest binding affinity with MMP-8 equal to −13.1 Kcal/mol. Accordingly, the n-hexane extract of
T. indica’s various organs can be considered a good candidate for the management of wound healing
and inflammatory conditions.

Keywords: Tamarindus indica L.; GC/MS; anti-inflammatory; wound healing; molecular docking;
chemometric analysis; drug discovery; public health
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1. Introduction

Tamarindus is a monospecific genus belonging to the Fabaceae family and usually has
been identified under the name Tamarind [1]. Tamarindus indica Linn. is a tropical fruit tree
that can be found growing wild in many tropical and subtropical areas [2]. Tamarind is a
semi-deciduous tree, slow growing but long-lived, that can reach a height of up to 30 m.
The leaves are alternate and paripinnate, and its fruit is a legume appearing as indehiscent
pods with 1–10 seeds, which represent the main criteria of plants belonging to the Fabaceae
family [3–6]. The fruit was especially well-known and commonly used by the ancient
Egyptians and widely consumed and traded in Africa [3]. The fruit has usually been used
in food dishes through different applications as a condiment and spice and could be eaten
fresh or raw. Tamarind is sold as an entire pod, paste, or concentrate in speciality food
stores all throughout the world [7,8]. Its fruit has been reported in the literature for its
pharmacological antioxidant, anti-inflammatory, antidiabetic, anti-Alzheimer, and antihy-
perlipidemic properties [9–11]. Tamarind has been commonly used in folk medicine for the
treatment of diarrhoea and dysentery, helminth infections, fever, and abdominal pain. It is
also used as an anti-malarial and laxative and has a role in wound healing [3]. Traditional
Indian and African medicine has made substantial use of different tamarind products, in-
cluding its leaves, fruit, and seeds [12]. Across many areas of central West Africa, tamarind
leaves and bark are used traditionally to alleviate wounds [3,13]. Leaves of Tamarind have
nutritional value due to their richness in vitamins and minerals [12]. Its leaves have exhib-
ited potential antioxidant, antibacterial and antifungal, anti-inflammatory, and analgesic
activities [14–17]. Additionally, the leaves of Tamarind have an anti-inflammatory role in
Indian folk medicine [18].

Regarding the bark, it is effective as an astringent and tonic agent in lotions or poultices
to relieve sores, ulcers, boils, and rashes, owing to its richness with tannins [12]. In
addition, the bark showed in vivo antihyperglycemic, anti-inflammatory, and analgesic
activities [17,19]. Moreover, leaves and bark have been reported for their anthelmintic
activity [20].

Wound healing is a normal complex repair process that requires synchronisation
between various biological and immunological systems, including many phases of inflam-
mation, proliferation, and contraction of the wound, with the formation of granulation
tissues and remodelling [21–23]. Plants and plant products, such as Aloe vera, Sophora
flavescens, Punica granatum L., Mimosa pudica L., and Hibiscus rosa sinensis L., have been used
in traditional medicine to cure and prevent diseases, especially wounds [24–26].

Recently, there has been a great demand for the development of natural products to
cure different conditions owing to their safety, availability, versatile biological activities,
and unique secondary metabolites [27–31]. Consequently, the exploration of medicinal
plants as new candidates for wound healing would be valuable and beneficial, especially
medicinal plants that are characterised by biocompatibility, wound healing, and anti-
inflammatory properties [22,23,32,33]. Many reports have revealed that using n-hexane
as an extracting solvent targets non-polar compounds [21,34,35], and many studies have
proven the role of n-hexane extract from various plants in anti-inflammatory and wound
healing conditions [36–39].

Thus, the purpose of this present study was to compare and determine the chemical
composition of the n-hexane extract of T. indica L.’s various organs using GC/MS analysis.
Further, the principal component analysis (PCA) and hierarchical cluster analysis (HCA)
were applied to discriminate among various plant organs based on their chemical profiles,
which could be used as a tool for the detection of similarities and differences among the
four organs. Furthermore, the n-hexane extract obtained from T. indica L.’s various organs
were investigated for their anti-inflammatory and wound healing properties for the first
time along with a molecular docking study to correlate the chemical composition with the
mentioned biological activity. To the best of our knowledge, this is the first study on the
wound-healing properties for the various organs of T. indica L. n-hexane extract.
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2. Results and Discussion

2.1. GC/MS Analysis of the N-Hexane Extract of Tamarindus indica L. Various Organs

The chemical composition of the n-hexane extract of T. indica, bark, leaves, seeds,
and fruit (TIB, TIL, TIS, and TIL) were investigated using GC/MS analyses (Table 1).
The yields of extraction of TIB, TIL, TIS, and TIL using n-hexane were 4.20, 6.10, 2.07,
and 3.12% w/w, respectively. The samples encompassed 113 constituents that accounted
for 93.07, 83.17, 84.05, and 85.08 % of the total identified components in bark, leaves,
seeds, and fruits of T. indica, respectively. The major constituents identified in the n-
hexane extract of TIB were lupeol (23.61%), lupeol acetate (23.02%), lupenone (9.36%),
n-tetratriacontane (8.16%), 24-methylenecycloartanol (5.87%), 1-heptatriacontanol (4.25%),
and γ-sitosterol (4.17%). Regarding the n-hexane extract of TIL, lupeol (22.78%), lupenone
(13.08%), γ-sitosterol (8.83%), (17E)-Cholesta-17,24-diene-3,6-diol (8.23%), n-nonacosane
(4.13%), Betulinaldehyde (3.70%), and β-Amyrone (2.05%) were characterised as the chief
metabolites. In this case, lupenone and lupeol were present in higher percentages as
compared to other organs. Moreover, n-Docosanoic acid (10.49%), methyl tricosanoate
(7.09%), tetracosanal (5.42%), 2-methylhexacosane (4.31%), 11-methylpentacosane (4.22%),
and heneicosyl acetate (2.94%) displayed the highest percentages in the n-hexane extract
of TIS. Additionally, among the major constituents, especially in TIS, are n-octacosane
(4.63%), n-heptacosane (4.17%), cis-13,16-docosadienoic acid (3.70%), n-hexacosane (2.47%),
n- pentacosane (2.46%), and methyl tetracosanoate (2.17%). Furthermore, the n-hexane
extract of TIF showed a predominantly high percentage of α-terpinyl acetate (7.36%),
α-muurolene (7.52%), 2-methyl hexadecane (5.70%), methyl pentadecanoate (4.53%), α-
eicosene (3.44%), and linolenic acid (3.26%) in addition to chief constituents n-heptacosane
(6.67%), n-nonacosane (5.42%), squalene (4.17%), cis-13,16-docosadienoic acid (3.76%),
lupeol (3.76%), n-tetratriacontane (3.38%), and hentriacontane (3.32%). It was notable that
γ-sitosterol is the chief component in the four organs ranging from (3.79%) in TIS to (11.28%)
in TIF. It was notable that squalene, n-nonacosane, n-hentriacontane, 5α-stigmast-22-en-3β-
ol, and γ-sitosterol were detected in the four organs. The major compounds present in the
four various organs of T. indica are represented in (Figure 1).

Table 1. Chemical profile of n-hexane extract from various organs of T. indica: TIB (bark), TIL (leaves),
TIS (seeds), and TIF (fruits) using GC/MS analysis.

No. Rt

(min)
Compound Name RIExp.a RILit

b Molecular
Formula

Peak Area (%)

TIB TIL TIS TIF

1 6.94 α-pinene 930 930 C10H16 - - - 0.38
2 8.16 α-Sabinene 971 971 C10H16 - - - 0.57
3 9.90 D-Limonene 1028 1028 C10H16 - - - 1.35
4 9.97 1,8-Cineole 1030 1030 C10H18O - - - 0.61
5 13.93 Isoborneol 1156 1156 C10H18O - - - 0.87
6 19.00 α-Terpinyl acetate 1328 1327 C12H20O2 0.03 - - 7.36
7 23.59 α-Muurolene 1494 1494 C15H24 0.04 - - 7.52
8 27.69 2-Methylhexadecane 1668 1666 C17H36 0.03 - - 5.70
9 31.07 Hexadecanal; Palmitaldehyde 1810 1811 C16H32O - - - 0.36
10 31.25 Methyl pentadecanoate 1819 1820 C16H32O2 - - - 4.53
11 31.52 Neophytadiene 1833 1837 C20H38 - 0.2 - -
12 31.67 Hexahydrofarnesyl acetone 1841 1842 C18H36O - 0.09 - -
13 32.43 Heptadecan-2-one 1880 1892 C17H34O 0.03 0.07 - -
14 33.37 Methyl palmitate 1928 1928 C17H34O2 0.11 - - -
15 34.42 α-Eicosene 1980 1986 C20H40 - - - 3.44
16 35.62 Octadecanal 2040 2034 C18H36O - - 0.58 -
17 36.73 n-Heneicosane 2098 2100 C21H44 0.05 - - -
18 36.85 Methyl linolenate 2104 2108 C19H32O2 0.07 - - -
19 37.06 Phytol 2116 2116 C20H40O - 1.97 - -
20 37.32 Linolenic acid 2130 2134 C18H30O2 - - 1.23 3.26
21 37.88 Ethyl linolate 2160 2164 C20H36O2 0.08 - - -
22 38.48 Stearic acid=n-Octadecanoic acid 2192 2180 C18H36O2 - - 0.64
23 38.59 n-Docosane 2198 2200 C22H46 0.07 - 0.82 -
24 38.89 Phytol acetate 2215 2218 C22H42O2 - - 0.67 -
25 39.17 Methyl nonadecanoate 2231 2230 C20H40O2 - - 0.59 -
26 40.12 Heneicosan-3-one 2285 2283 C21H42O - - 0.54 -
27 40.20 1-Eicosanol 2289 2292 C20H42O 0.09 - - -
28 40.36 n- Tricosane 2298 2300 C23H48 0.17 0.04 - -
29 40.65 Methyl cis-11-eicosenoate 2315 2302 C21H40O2 - - 1.83 -
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Table 1. Cont.

No. Rt

(min)
Compound Name RIExp.a RILit

b Molecular
Formula

Peak Area (%)

TIB TIL TIS TIF

30 41.15 Methyl eicosanoate 2344 2339 C21H42O2 - - 0.77 -

31 41.41 4,8,12,16-Tetramethylheptadecan-
4-olide 2360 2364 C21H40O2 - 0.07 0.40 -

32 41.57 n-Eicosanoic acid 2369 2380 C20H40O2 - - 1.01 -

33 42.07 2,2′-Methylene-bis-(6-tert
butyl-4-methylphenol) 2398 2398 C23H32O2 0.10 0.06 - -

34 42.24 n-Tetracosane 2409 2400 C24H50 - - 0.53 -
35 42.48 Docosanal 2424 2426 C22H44O - - 0.64 1.48
36 42.61 Methyl heneicosanoate 2431 2430 C22H44O2 0.07 - - -
37 42.85 1-Docosanol 2446 2456 C22H46O - - 0.54 -
38 43.1 2-Methyltetracosane 2461 2465 C25H52 - - 1.28 -
39 43.48 1-Pentatricosene 2484 2485 C35H70 - - 1.77 -
40 43.62 Cyclogallipharaol 2493 2499 C21H36O 0.35 - 0.81 0.72
41 43.70 n- Pentacosane 2498 2500 C25H52 0.24 0.23 2.46 -
42 43.87 Heneicosyl acetate 2509 2509 C23H46O2 - - 2.94 -
43 43.96 Palmitic acid β-monoglyceride 2514 2519 C19H38O4 0.07 - - -
44 44.230 Methyl docosanoate 2531 2531 C23H46O2 0.08 - - -
45 44.305 11-Methylpentacosane 2536 2529 C26H54 - - 4.22 -
46 44.675 cis-13,16-Docasadienoic acid 2560 2566 C22H40O2 - - 3.70 3.76
47 44.84 n-Docosanoic acid 2570 2569 C22H44O2 - - 10.49 -
48 45.18 Ethyl docosanoate 2592 2593 C24H48O2 1.44
49 45.275 n-Hexacosane 2598 2600 C26H54 0.11 0.20 2.47 -
50 45.43 Methyl tricosanoate 2608 2615 C24H48O2 - - 7.09 -
51 45.62 Erucylamide 2621 2625 C22H43NO - - 1.32 -
52 45.83 Tetracosanal 2635 2632 C24H48O - - 5.42 -
53 46.19 2-Methylhexacosane 2658 2662 C27H56 - - 4.31 -
54 46.793 1-Heptacosene 2698 2694 C27H54 0.58 - - -
55 46.805 n-Heptacosane 2699 2700 C27H56 - 1.37 4.17 6.67
56 47.310 Methyl tetracosanoate 2733 2731 C25H50O2 0.14 - 2.17 -
57 47.77 2-Methylheptacosane 2765 2761 C28H58 - - 0.59 -
58 48.02 16-Acetoxycarterochaetol 2782 2787 C22H36O3 - - 0.26 -
59 48.260 n-Octacosane 2798 2800 C28H58 0.09 0.44 4.63 -
60 48.800 Squalene 2836 2835 C30H50 0.24 1.29 1.82 4.17
61 48.865 n-Hexacosanal 2841 2833 C26H52O 0.04 0.09 - -
62 48.94 n-Hexacosanol 2846 2848 C26H54O - - 0.25 -
63 49.26 2-Methyloctacosane 2869 2860 C29H60 - - 1.32 -
64 49.44 1-Nonacosene 2882 2884 C29H58 - - 0.67 -
65 49.730 n-Nonacosane 2902 2900 C29H60 1.26 4.13 1.69 5.42
66 50.175 15-Methylnonacosane 2935 2931 C30H62 0.03 - - -
67 50.285 Methyl hexacosanoate 2943 2940 C27H54O2 - 0.17 - -
68 50.515 2-Methylnonacosane 2960 2960 C30H62 0.04 - - -
69 51.040 n-Triacontane 2998 3000 C30H62 0.04 0.37 - -
70 51.130 Benzyl icosanoate 3005 3003 C27H46O2 0.02 - - -
71 51.210 1-Heptacosanol 3011 3016 C27H56O - 0.06 - -
72 51.655 n-Octacosanal 3045 3039 C28H56O - 0.29 - 0.44
73 51.850 2-Methyltriacontane 3059 3060 C31H64 - 0.09 - -
74 52.370 n-Hentriacontane 3099 3100 C31H64 0.08 1.73 0.61 3.32
75 52.475 Octacosanol 3107 3110 C28H58O 1.02 - - 1.89
76 52.72 13-Methylhentriacontane 3126 3130 C32H66 - 0.15 0.85 -
77 52.835 Campesterol 3134 3131 C28H48O - 0.05 - -
78 53.015 Cholest-3,5-diene 3148 - C27H44 0.07 0.09 - -
79 53.085 α-Tocopherol 3154 3149 C29H50O2 0.03 1.01 - -
80 53.155 Ergosta-5,8,22-trien-3-ol, (3β,22E)- 3159 3158 C28H44O - 0.40 - -
81 53.340 Stigmasterol 3173 3170 C29H48O 0.11 0.25 - -
82 53.475 β-Sitosterol 3183 3197 C29H50O - 0.10 - -
83 53.710 n-Dotriacontane 3201 3200 C32H66 0.26 0.23 - -
84 53.925 Cholest-5-ene, 3β-methoxy 3216 3216 C28H48O - 0.08 - -
85 54.375 Triacontanal 3248 3251 C30H60O - 0.47 - 0.69
86 54.575 5α-Stigmast-22-en-3β-ol 3261 3253 C29H50O 1.09 0.84 0.72 1.39
87 55.070 Chondrillasterol 3296 3295 C29H48O 1.42 0.07 - -
88 55.130 n-Tritriacontane 3300 3300 C33H68 - 0.41 - -
89 55.230 Lanosterol 3306 3302 C30H50O 0.25 0.13 - -
90 55.310 1-Triacontanol 3311 3306 C33H68O 0.38 - - -
91 55.440 5α-Stigmastan-3β-ol 3320 3325 C29H52O 0.04 0.14 - -
92 55.655 β-Amyrin 3332 3337 C30H50O 0.11 - - -
93 56.015 γ-Sitosterol 3353 3351 C29H50O 4.17 8.83 3.79 11.28
94 56.200 2-Methyldotriacontane 3364 3259 C33H68 - 0.52 - 0.76
95 56.335 β-Amyrone 3372 3327 C30H50O 1.78 2.05 - -
96 56.445 α-Amyrin 3379 3376 C30H50O - 0.33 - -
97 56.740 n-Tetratriacontane 3397 3403 C34H70 8.16 1.21 - 3.38
98 57.020 β-Amyrin acetate 3446 3437 C32H52O2 - 0.08 - -
99 57.195 Lupenone 3488 3384 C30H48O 9.36 13.08 - -
100 57.550 Lupeol acetate 3518 3525 C32H52O2 23.02 1.68 - -
101 57.68 Lupeol 3527 3500 C30H50O 23.61 22.78 - 3.76

102 58.015 (17E)-Cholesta-17,24-diene-3,6-
diol 3550 - C27H44O2 0.29 8.23 - -

103 58.170
Hexadecanoic acid, 3,7,11,15-
tetramethyl-2-hexadecenyl
ester

3561 3567 C36H70O2 0.04 - - -

104 58.295 24-Methylenecycloartan-3-one 3570 - C31H50O 0.45 - - -
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Table 1. Cont.

No. Rt

(min)
Compound Name RIExp.a RILit

b Molecular
Formula

Peak Area (%)

TIB TIL TIS TIF

105 58.605 24-Methylenecycloartanol 3591 - C31H52O 5.87 0.18 - -
106 58.890 3β-Hydroxystigmast-5-en-7-one 3611 3609 C29H48O2 - 1.03 - -
107 59.095 Betulinaldehyde 3625 3628 C30H48O2 - 3.70 - -
108 59.440 Germanicol 3649 - C30H50O - 0.80 - -
109 61.000 Betulin 3757 3760 C30H50O2 1.78 - - -
110 62.04 Ursane-3,12-diol 3829 - C30H52O2 - 0.59 - -
111 62.11 1-Heptatriacontanol 3834 - C37H76O 4.25 - - -
112 62.39 Stigmastane-3,6-dione 3853 3601 C29H48O2 1.16 - - -

113 62.79 9,19-Cyclolanost-23-ene-3,25-diol,
(3β,23E)- 3881 - C32H52O3 - 0.70 - -

Monoterpene Hydrocarbon - - - 2.30
Oxygenated Monoterpene 0.03 - - 8.84
Sesquiterpene Hydrocarbon 0.04 - - 7.52
Oxygenated Sesquiterpene - 0.09 - -
Diterpenoids - 2.24 1.33 -
Triterpenoids 61.06 47.41 1.82 7.93
Steroids 13.47 11.86 4.51 12.67
Fatty acids and fatty acids
derivatives 0.97 8.40 35.22 11.55

Straight-chain Hydrocarbons and
derivatives 12.77 12.1 40.36 33.55

Others 4.73 1.07 0.81 0.72
Total identified compounds % 93.07 83.17 84.05 85.08

Compounds listed in order of their elution in RTX-5 GC column. Identification was based on comparison of the
compound mass spectral data (MS) and retention indices (RI) with those of NIST Mass Spectral Library (2011),
Wiley Registry of Mass Spectral Data 8th edition and literature. a Retention index calculated experimentally in
RTX-5 column relative to n-alkane series (C8–C28). b Published retention indices.

 

Figure 1. The major compounds identified in bark, leaves, seeds, and fruits of Tamarindus indica.
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Triterpenoids and steroids are the predominant classes in the T. indica bark n-hexane
extract, accounting for 61.06 % and 13.47%, respectively. Additionally, the n-hexane extract
of T. indica leaves showed a high percentage of triterpenoids and steroids, representing
47.41% and 11.86% of the identified compounds, respectively, along with fatty acids and
their derivatives accounting for 8.40 %. On the other hand, the most predominant classes of
metabolites in the n-hexane extract of T. indica seeds were fatty acids and their derivatives
and the straight-chain hydrocarbons, accounting for 35.22% and 40.36%, respectively. Mean-
while, the straight-chain hydrocarbons were the dominant class in the n-hexane extract of
T. indica fruits, representing 33.55% of the total identified compounds, followed by steroids
and fatty acids and their derivatives, accounting for 12.67% and 11.55%, respectively. The
illustration of the metabolite distribution in the various organs of T. indica is represented
in (Figure 2).

Figure 2. Pie charts demonstrate distribution of metabolite classes in percentages within various
organs: TIB (bark), TIL (leaves), TIS (seeds), and TIF (fruits) of Tamarindus indica.

The fatty acids previously identified in the seeds of Tamarind from Sudan by
Ibrahim et al. [40] were characterised as palmitic acid, oleic acid, and eicosanoic acid in
addition to the identification of β-amyrin, β-sitosterol, and campesterol. Cis-vaccenic acid,
2-methyltetracosane, β-sitosterol, 9,12-octadecadienoic acid (Z, Z)-, and n-hexadecanoic
acid were reported as the major metabolites identified in the oil of T. indica seeds collected
from Nigeria. Another study by Carasek and Pawliszyn [41] reported that the volatile
compounds in the tamarind fruit collected from Brazil included phenylacetaldehyde and
furfural. Aldehyde and ester compounds were mostly identified by using Solid-Phase
Microextraction (SPME) Fibres. It is important to note that the plant extract components
can be influenced by variables including geographic, climatic, seasonal, and experimental
settings. However, the aim of our study was to explore the difference in discriminating
among the various organs of T. indica, not to study the effects of the above-mentioned
variables from Gad et al. [42].

2.2. Chemometric Analysis Based on GC/MS Analysis

GC/MS-based metabolites showed both qualitative and quantitative variation among
different Tamarindus indica organs. Consequently, chemometric analysis, representing both
principal component analysis (PCA) and hierarchal cluster analysis (HCA), was applied
to the relative peak areas of all the identified compounds of different T. indica organs to
explore the similarities and differences among them. The PCA score plot and loading plot
are shown in Figure 3a,b. In the PCA score plot, the percentage of the first two principal
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components explained 83% of the variance in the data, where PC1 accounted for 63%,
while PC2 explained only 20% of the data discrepancies. From the score plot, various
T. indica organs were divided into four main groups, and each part was scattered in a
separate quadrant. TIL and TIB were positioned on the positive side of PC1, whereas, TIF
and TIS were located on the negative side of PC1. An in-depth inspection of the loading
plot (Figure 3b) revealed that lupeol acetate was the major discriminating marker for TIB.
Although lupeol was the major identified component in both TIB and TIL, it was ©dentified
as the main segregating marker for TIL in addition to lupenone.

Figure 3. Principal component analysis score plot (a), loading plot (b), HCA dendrogram (c) based
on GC-MS metabolites of various T. indica organs as identified in Table 1.

146



Plants 2023, 12, 87

Regarding TIF and TIS, γ-Sitosterol and n-Docosanoic acid were the chef compounds
responsible for their separation in separate quadrants. By applying HCA, the dendrogram
(Figure 3c) categorised T. indica organs into four main clusters. Cluster I, II, III, and IV
displayed TIL, TIB, TIF, and TIS, respectively. The dendrogram showed that TIL and
TIB were closely related to each other’s when compared to TIF and TIS. Both PCA and
HCA successfully discriminated among various T. indica organs proving the effective
application of chemometric analysis in combination with GC/MS-based metabolites for
the discrimination among various plant organs.

2.3. Anti-Inflammatory Activity of Tamarindus indica L. Various Organs

The anti-inflammatory effects of the n-hexane extract of T. indica bark, leaves, seeds, and
fruits (TIB, TIL, TIS, and TIF) on lipopolysaccharide (LPS)-induced RAW 264.7 macrophages
were represented in (Table 2). The various organs of T. indica showed promising inhibition
of LPS-induced nitric oxide (NO) release in RAW 264.7 macrophages. At a concentra-
tion of 10 μg/mL, TIB, TIL, TIS, and TIF n-hexane extracts showed %NO inhibition by
7.53 ± 1.69, 53.97 ± 5.89, 19.54 ± 1.19, and 26.66 ± 3.44%, respectively. Further, at a
concentration of 100 μg/mL, TIB, TIL, TIS, and TIF n-hexane extracts showed %NO in-
hibition by 51.44 ± 1.17, 98.00 ± 1.90, 85.47 ± 0.22, and 83.69 ± 2.39%, respectively as
compared to positive control L-NG-nitro arginine methyl ester (L-NAME) (1 mM) that
showed 84.64 ± 1.04% NO inhibition.

Table 2. The anti-inflammatory effects of the n-hexane extract from various organs of T. indica: TIB (bark),
TIL (leaves), TIS (seeds), and TIF (fruits) on lipopolysaccharide (LPS)-induced RAW 264.7 macrophages.

Sample
%NO Inhibition

10 μg/mL 100 μg/mL

TIB 7.53 ±1.69 b 51.44 ± 1.17 b

TIL 53.97 ± 5.89 b 98.00 ± 1.90 b

TIS 19.54 ± 1.19 b 85.47 ± 0.22 a

TIF 26.66 ± 3.44 b 83.69 ± 2.39 a

L-NAME (1 mM) 84.64 ± 1.04 a

Means bearing same scripts (a or b) are not significantly different from control at p < 0.05, Mean ± Standard error.

Previous studies revealed that the fruit pulp was applied to inflammations and tra-
ditionally used as a gargle for sore throats. Further, the bark decoction was used in cases
of eye inflammation [12]. Rimbau et al. revealed the in vivo anti-inflammatory properties
of different extracts of tamarind fruit pulp in mice ear oedema induced by arachidonic
acid, and rats sub plantar oedema induced by carrageenan [43]. Moreover, the petroleum
ether and ethyl acetate extracts of seeds of T. indica showed a significant anti-inflammatory
and analgesic potential using carrageenan-induced paw oedema and cotton pellet-induced
granuloma models in rats [44]. Among the major compounds in the n-hexane extract
of T. indica’s various organs were lupenone and sitosterol, which were reported for their
anti-inflammatory activity [45]. Additionally, among the major identified compounds,
lupeol and lupeol acetate were reported for their anti-inflammatory properties through reg-
ulating TNF-α, IL-2, and IL-β specific mRNA, reducing PGE-2 synthesis from macrophage,
neutrophil migration, and the number of iNOS cells [46].

2.4. Wound Healing Activity of Tamarindus indica L. Various Organs
2.4.1. Cytotoxicity Assay

Evaluation of the cytotoxicity of the n-hexane extract of T. indica bark, leaves, seeds,
and fruits (TIB, TIL, TIS, and TIL) on the HSF cells was necessary to assess the safety of
the treatment dose. The cytotoxicity on HSF cells of the n-hexane extract of T. indica’s
various organs was evaluated using the SRB assay [47]. In our investigation, TIF and
TIS (up to 100 μg/mL) had no cytotoxic effect on the HSF cells. While TIB and TIL at a
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concentration of 10 μg/mL showed HSF cell viability up to 91.04 ± 2.09 and 95.38 ± 0.86%,
respectively (Figure 4). Therefore, a concentration of 10 μg/mL was safe and used further
as the treatment dose in the scratch wound assay.

Figure 4. The effect of n-hexane extract from various organs of T. indica: TIB (bark), TIL (leaves), TIS
(seeds), and TIF (fruits) on Human Skin Fibroblast cells (HSF) viability.

2.4.2. Scratch Wound Assay

In the present study, an in vitro scratch assay using HSF cells was used to assess TIB,
TIL, TIS and TIF wound-healing activity. It was evaluated by changes in wound width
by measuring the average distance between the borders of the scratches (Figures 5 and 6).
The tested plant extracts at a concentration of 10 μg/mL decreased the wound width
significantly compared with the control cells (Table 3).

Table 3. Wound width of the scratched Human Skin Fibroblast cells (HSF) incubated in the absence
of the plant extract (negative control) and the presence of n-hexane extract from T. indica: TIB (bark),
TIL (leaves), TIS (seeds), and TIF (fruits) (10 μg/mL).

Time (h)

Wound Width (mm)

TIB
(10 μg/mL)

TIL
(10 μg/mL)

TIS
(10 μg/mL)

TIF
(10 μg/mL)

Control

0 2.68 ± 0.02 a 2.75 ± 0.02 a 2.72 ± 0 a 2.74 ± 0.04 a 2.73 ± 0.03 a

24 1.09 ± 0.04 a 1.12 ± 0.18 a 1.09 ± 0.28 a 1.41 ± 0.35 a 1.37 ± 0.15 a

48 0 a 0.09 ± 0.16 a 0.13 ± 0.12 a 0.27 ± 0.12 a 0 a

72 0 0 0 0 0
Means bearing same script (a) are not significantly different from control at p < 0.05, Mean ± Standard error.
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Figure 5. The wound width changes in the absence or presence of 10 μg/mL of n-hexane extract from
various organs of T. indica: TIB (bark), TIL (leaves), TIS (seeds), and TIF (fruits).

After 24 h, the highest wound healing potential was recorded by TIB and TIS n-
hexane extracts with wound widths equal to 1.09 ± 0.04 and 1.09 ± 0.28 mm, respectively.
This result was followed by TIL and TIF with wound widths equal to 1.12 ± 0.18 and
1.41 ± 0.35 mm, respectively, as compared to the wound width in the control cells that
equalled 1.37 ± 0.15 mm. As the wound width reduced as cell migration was enhanced, our
findings revealed that both TIB and TIL n-hexane extracts exhibited almost complete cell
migration after 48 h of observation. Meanwhile, TIS and TIF n-hexane extracts had wound-
healing effects on HSF cells, but the time required to conduct wound closure was longer
than for the negative control. This revealed that the n-hexane extract of T. indica’s various
organs exhibited wound-healing potential through fibroblast migration enhancement.

Previous reports revealed the traditional utilisation of tamarind in eye surgery for
conjunctival cell adhesion and corneal wound healing [12]. In a study by Adeniyi et al., the
wound-healing activity of T. indica leaves and pulp was investigated in the African catfish,
and the results revealed the enhancement of the wound healing significantly in the fish-fed
tamarind-fortified diets as a consequence of the elevation of antioxidant enzymes [48].
Attah et al. investigated the wound-healing potential of T. indica fruit paste in adult rabbits,
and the results revealed wound closure acceleration and increasing epithelial migration
and re-epithelialisation [49].
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Figure 6. Microscopic images of (HSF) incubated in absence of the plant extract (negative control)
and depicting the influence of 10 μg/mL of n-hexane extract from various organs of T. indica: TIB
(bark), TIL (leaves), TIS (seeds), and TIF (fruits). Images were captured at 0, 24, 48 and 72 h. The
boundaries of the scratched wounds are marked by dark lines.

The wound-healing potential of n-hexane extracts of various organs of T. indica can
be linked to their chemical components. For example, γ-sitosterol is one of the most
famous phytosterols with reported biological activity. Phytosterols were shown to inhibit
MMP-1, reduce collagen breakdown, and promote the synthesis of collagen in human
keratinocytes [50]. Moreover, they promote keratinocyte migration through the reduction
of oxidative stress that effectively accelerates the healing process [51]. In previous studies,
lupeol and lupeol acetate, which are the major identified components in the present study,
were reported for their wound-healing properties [52–58]. Lupeol prevents collagen I
depletion and restores levels of hydroxyproline, hexosamine, hexuronic acid, and matrix
glycosaminoglycans, together with modulating collagen I expression in human fibroblasts
during the proliferation phase. Further, it enhances fibroblast proliferation, angiogenesis,
and growth factors in wound healing [52–54]. Another study reported the potential of
lupeol for wound healing in streptozotocin-induced hyperglycaemic rats [56]. Another
study by Malinowska et al. revealed that lupeol acetate was one of the most effective lupeol
derivatives in the stimulation of the human skin cell proliferation process [58]. Bopage et al.
reported that the presence of a 3-OH group in the lupeol structure is one of the essential
features in the lupane skeleton for wound healing activity as compared to lupenone and
lupeol acetate [59].

Linolenic acid and squalene are among the major identified constituents in the n-
hexane extract of T. indica fruits; linolenic acid plays an important role in the wound
healing process across its antioxidative and anti-inflammatory properties as well as by
encouraging cell proliferation, raising collagen synthesis, promoting dermal reconstruction,
and restoring the function of the skin’s lipid barrier [60–63]. Further, squalene is reported
to have anti-inflammatory and protective actions against skin damage. It can accelerate
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the healing of wounds by stimulating the macrophage response to inflammation. Squalene
could be helpful during the resolution phase of wound healing [64].

The amounts of lupeol, lupeol acetate, lupenone, and γ-sitosterol show a correlation
with the in vitro wound healing potential of the n-hexane extract of various organs of T.
indica, and TIB was found to contain the highest amounts of these compounds according to
the GC/MS analysis. The present study and the data in the literature show that terpenoids,
sterols, and fatty acids play important roles in the wound-healing potential of T. indica. So,
T. indica is suggested as a potent natural wound-healing product.

2.5. In Silico Molecular Docking Studies

This part was conducted to investigate the possible mechanism of action in which the
identified major compounds exert their biological effect. Accordingly, the 3D structures of
glycogen synthase kinase 3-β (GSK3-β), matrix metalloproteinases-8 (MMP-8), and nitric
oxide synthase (iNOS) were downloaded from the protein data bank using the following
IDs: 3F88, 5H8X, and 3N2R, respectively. After that, the twenty major compounds were
docked into the active site vicinity of the three enzymes. Interestingly, all the compounds
achieved acceptable binding scores upon docking with the three targets (Table 4).

Table 4. The docking scores achieved by the major identified compounds against the three enzymes.

Compound Name

Docking Scores (Kcal/mol)

Glycogen Synthase
Kinase 3-β

(GSK3-β) 3F88

Nitric Oxide
Reductase (iNOS)

3N2R

Matrix Metalloproteinases 8
(MMP-8)

5H8X

Lupeol −12.5 −13.7 −9.8
n-docosanoic acid −11.7 −12.6 −11.9
methyl tricosanoate −11.2 −11.8 −13.1
α-terpinyl acetate −11.8 −10.1 −12.5
α-muurolene −10.4 −11.8 −10.1
Gamma- sitosterol −10.2 −11.9 −8.2
Lupenone −10.1 −10.3 −7.6
Lupeol acetate −11.3 −9.5 −7.7
n-tetratriacontane −9.8 −7.6 −7.5
Betulinaldehyde −8.7 −8.1 −7.4
β-Amyrone −9.2 −6.5 −7.1
24-methylenecycloartanol −8.3 −7.2 −6.8
methyl tricosanoate −7.8 −7.4 −7.5
n-hexacosane −8.2 −7.8 −7.3
cis-13,16-docasadienoic acid −7.5 −8.3 −6.5
n-tetratriacontane −7.9 −9.1 −5.9
methyl pentadecanoate −7.3 −7.8 −7.6
Squalene −6.8 −7.8 −7.2
Linolenic acid −8.1 −8.5 −7.9
n- pentacosane −7.3 −7.7 −7.4

To this end, it was expected that the identified major compounds would exert syn-
ergetic effects. In the docking of GSK3-β-lupeol, n-docosanoic acid, methyl tricosanoate,
α-terpinyl acetate, and lupeol acetate achieved best docking scores of −12.5, −11.7, −11.2,
−11.8, and −11.3 Kcal/Mol, respectively. As Figure 7 reveals, lupeol interacted with
Val135, Tyr140, Arg141, Gln185, and Cys199; n-docosanoic acid interacted with Gly63,
Lys183, and Cys199; methyl tricosanoate interacted with GSK3-β through binding with
Phe67, Arg141, and Cys199; α-terpinyl acetate interacted with Lys85, Asp133, and Cys199;
and lupeol acetate interacted with Lys85, Gln185, and Cys199. In the docking of matrix
metalloproteinases-8 (MMP-8), lupeol, n-docosanoic acid, methyl tricosanoate, α-terpinyl
acetate, and α-muurolene achieved the best docking scores of −9.8, −11.9, −13.1, −12.5,
and −10.1 Kcal/Mol, respectively. As depicted in Figure 8, lupeol bound to MMP-8 through
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interactions with Ala161, Gly158, and Asn218; n-docosanoic acid interacted with Ala161,
Glu198, His207, Pro217, and Asn218; methyl tricosanoate interacted with Asn85, Ala161,
Ala163, Gln165, His 197, Glu198, His201, and Pro217; α-terpinyl acetate interacted with
Ala161, Val194, His 197, Glu198, His207, Pro217, and Asn218; and α-muurolene interacted
with MMP-8 through binding with His197, Leu214, and Tyr216. In the docking of Nitric
oxide reductase (iNOS), lupeol, n-docosanoic acid, methyl tricosanoate, α-muurolene, and
gamma-sitosterol achieved the best docking scores of −13.7, −12.6, −11.8, −11.8, and
−11.9 Kcal/Mol, respectively. Looking at Figure 9, we see that lupeol was able to interact
with the residues of iNOS through binding with Gln478, Tyr588, Glu592, Asp597, Trp678,
and Val680; n-docosanoic acid interacted with Thr324, Arg414, Cys415, Gln478, Glu592,
Trp678, and Asn697; methyl tricosanoate interacted with Trp409, Arg414, Cys415, Gly417,
Met570, Phe584, and Glu592; α-muurolene interacted with Met336, Trp678, and Val680; and
gamma-sitosterol interacted with Cys415, Val677, and Trp678. In conclusion, the docking
results supported and justified the biological results giving rise to a synergetic effect for all
the major components of the extract.

 

  

Figure 7. 2D binding modes of lupeol (A), n- docosanoic acid (B), methyl tricosanoate (C), α-terpinyl
acetate (D), and lupeol acetate (E) to the active binding sites of glycogen synthase kinase 3-β (GSK3-β).
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Figure 8. 2D binding modes of lupeol (A), n- docosanoic acid (B), methyl tricosanoate (C), α-terpinyl
acetate (D), and α-muurolene (E) to the active binding sites of matrix metalloproteinases-8 (MMP-8).
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Figure 9. 2D binding modes of (A), n- docosanoic acid (B), methyl tricosanoate (C), α-muurolene (D),
and gamma-sitosterol (E) to the active binding sites of nitric oxide synthase (iNOS).
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3. Materials and Methods

3.1. Plant Material

Tamarindus indica L.’s (Fabaceae) various organs (Bark, leaves, seeds, and fruits) were
collected from the Zoo Botanical Garden, Giza, Egypt, in October 2021. The various plant
organs were kindly identified and authenticated by agricultural engineer Eng. Terase Labib,
Consultant of Plant Taxonomy at the Ministry of Agriculture and El-Orman Botanical
Garden, Giza, Egypt. Voucher specimens of the various plant organs with codes BUC-
PHG-TIL-6, BUC- PHG-TIS-7, BUC- PHG-TIF-8, and BUC-PHG-TIB-9 were kept at the
Department of Pharmacognosy, Badr University in Cairo, Cairo, Egypt.

3.2. Preparation of the N-Hexane Extracts of Various Organs

The dried samples of the barks, leaves, seeds, and fruits of T. indica (100 g each) were
powdered and extracted by cold maceration method with n-hexane (500 mL × 3) sepa-
rately, followed by filtration for 3 days. The filtrate of each plant material was completely
evaporated in vacuo at 45 ◦C until dry to obtain the dried residue of the n-hexane extract
(420 mg, 610 mg, 207 mg, and 312 mg) for barks, leaves, seeds, and fruits, respectively.
The dried residue of each plant part was named as follows; T. indica bark (TIB), T. indica
leaves (TIL), T. indica seeds (TIS), and T. indica fruits (TIF). All extracts were stored in a tight
container at 4 ◦C in the refrigerator for further analysis [65].

3.3. GC/MS Analysis

Gas chromatography coupled with mass spectrometry (GC/MS) analyses were per-
formed on a Shimadzu GCMS-QP 2010 (Shimadzu Corporation, Koyoto, Japan), provided
using an Rtx-5MS (30 m × 0.25 mm i.d. × 0.25 μm film thickness) capillary column (Restek,
Bellefonte, PA, USA) and attached to a Shimadzu mass spectrometer. The column tempera-
ture was initially set at 50 ◦C for 3 min. Then, the temperature was gradually increased
from 50 to 300 ◦C at a rate of 5 ◦C/min and then isothermally maintained at 300 ◦C for
10 min. The temperature of the injector was kept at 280 ◦C. Helium was used as a carrier gas
at a flow rate of 1.37 mL/min. The ion source and the interface were at temperatures of 280
and 220 ◦C, respectively. An injection of 1 μL of 1% v/v of diluted sample was achieved via
a split mode adopting a split ratio of 15:1. Recording of the mass spectrum was performed
in EI mode of 70 eV from m/z 35 to 500. Compound quantitation was performed based on
the normalisation method, employing the reading of three chromatographic runs.

3.4. Identification of the N-Hexane Extract Components

The components of the n-hexane extracts were characterised by comparing their
GC/MS spectra, fragmentation patterns, and retention indices with those reported in the
literature data [66–72]. The retention indices were calculated relative to a homologous
series of n-alkanes (C8–C28) injected under the same conditions.

3.5. Chemometric Analysis

The data obtained from GC-MS were subjected to multivariate analysis. Principal
component analysis (PCA) was performed as the first step in data analysis to provide an
overview of all observations and samples and to identify and evaluate groupings, trends,
and strong outliers [73]. Hierarchal cluster analysis (HCA) was used to allow the clustering
of samples. The clustering patterns were constructed by applying the complete linkage
method. This presentation was more efficient when the distance between samples (points)
was computed using the Euclidean method. Both PCA and HCA were achieved by utilising
Unscrambler®X 10.4 from CAMO (Computer Aided Modeling, Viken, Norway) [74].

3.6. Anti-Inflammatory Activity

Murine macrophage RAW264.7 cells (ATCC®) were maintained in a complete Dul-
becco’s Modified Eagle’s Medium (DMEM, Corning, NY, USA) supplemented with 10%
foetal bovine serum, penicillin (100 U/mL), streptomycin sulphate (100 μg/mL), and 2 mM
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L-glutamine in a humidified 5% CO2 incubator. For passaging and treatment, cells were
washed with phosphate-buffered saline and scrapped off the flasks using sterile scrappers
(SPL, Spain). RAW 264.7 cell stock (0.5 × 106 cells/mL) was seeded into 96-well microwell
plates and incubated overnight. The next day, the non-induced triplicate wells received a
medium with the sample vehicle (DMSO, 0.1% v/v). The inflammation group of triplicate
wells received the inducer of inflammation [lipopolysaccharide (LPS) as 100 ng/mL] in
complete culture media containing 0.1% DMSO, v/v. Sample groups of triplicate wells
received two screening amounts (10 and 50 μg/mL) of the sample dissolved in DMSO
and diluted into culture media containing LPS (Final concentration of DMSO = 0.1%, by
volume). L-NAME (L-NG-nitro arginine methyl ester) (1 mM) was used as a standard
NOS inhibitor. After 24 h of incubation, a Griess assay [75] was used to determine NO
in all wells. Equal volumes of culture supernatants and Griess reagent were mixed and
incubated at room temperature for 10 min to form the coloured diazonium salt and read at
an absorbance of 520 nm. The NO Inhibition % of the test extract was calculated relative
to the LPS-induced inflammation group, normalised to cell viability determined with the
Alamar Blue™ reduction assay [76].

3.7. Wound Healing Activity
3.7.1. Cytotoxicity Assay

The cytotoxicity of the tested plant extract against the HSF (Human Skin Fibroblast)
cell line was assessed prior to the wound-healing assay using the sulforhodamine B assay
(SRB) [47]. The HSF cell line was obtained from Nawah Scientific Inc. (Mokatam, Cairo,
Egypt). Cells were maintained in a DMEM medium supplemented with 100 mg/mL of
streptomycin, 100 units/mL of penicillin, and 10% of heat-inactivated foetal bovine serum
in a humidified 5% (v/v) CO2 atmosphere at 37 ◦C. Aliquots of 100 μL of cell suspension
(5 × 103 cells) were placed in 96-well plates and incubated in a complete medium for 24 h.
Cells were treated with another aliquot of 100 μL medium containing DRSE at various
concentrations (0.01, 0.1, 1, 10, and 100 μg/mL). After 72 h of drug exposure, cells were fixed
by replacing the medium with 150 μL of 10% TCA and incubated at 4 ◦C for 1 h. The TCA
solution was removed, and the cells were washed five times with distilled water. Aliquots
of 70 μL SRB solution (0.4% w/v) were added and incubated in a dark place at room
temperature for 10 min. Plates were washed three times with 1% acetic acid and allowed to
air-dry overnight. Then, 150 μL of TRIS (10 mM) was added to dissolve the protein-bound
SRB stain; the absorbance was measured at 540 nm using a BMGLABTECH®-FLUO star
Omega microplate reader (Ortenberg, Germany).

3.7.2. Scratch Wound Assay

The wound-healing activity of TIB, TIL, TIS, and TIF n-hexane extract was evalu-
ated using in vitro cell migration studies on HSF cells. Cells were plated at a density
of 2 × 105/well onto a coated 12-well plate for the scratch wound assay and cultured
overnight in 5% FBS-DMEM at 37 ◦C and 5% CO2. On the next day, horizontal scratches
were introduced into the confluent monolayer; the plate was washed thoroughly with
PBS, control wells were replenished with the fresh medium, and drug wells were treated
with fresh media containing the drug. Images were taken using an inverted microscope
at the indicated time intervals. The plate was incubated at 37 ◦C and 5% CO2 between
time points. The experiment was done in triplicate. The acquired images are displayed
in Figure 6 and were analysed using MII ImageView software version 3.7. Wound width
was calculated as the average distance between the edges of the scratches; the wound
width decreases as cell migration is induced. The results are displayed as mean ± standard
deviation (Table 3) [77–79].
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3.8. Statistical Analysis

Statistical analyses were done using a one-way analysis of variance (ANOVA) fol-
lowed by the Tukey–Kramer multiple comparison test (p < 0.05). Statistical analyses were
performed using GraphPad Prism 6.01 (GraphPad Inc., La Jolla, CA, USA).

3.9. In Silico Molecular Docking Studies

The X-ray 3D structures of glycogen synthase kinase 3-β (GSK3-β), matrix metallo-
proteinases-8 (MMP-8), and nitric oxide synthase (iNOS) were downloaded from the
protein data bank www.pdb.org (accessed on 15 August 2022) using the following IDs:
3F88, 5H8X, and 3N2R, respectively [80–82]. All the docking studies were conducted using
MOE 2019 [83], which was also used to generate the 2D interaction diagrams between the
docked ligands and their potential targets. The identified major compounds were prepared
using the default parameters and saved in a single MDB file. The active site for each target
was determined from the binding of the corresponding co-crystalised ligand. Finally, the
docking was finalised by docking the MDB file containing all the major compounds into
the active site of the three enzymes.

4. Conclusions

The present study investigated the secondary metabolites in the n-hexane extract of T.
indica’s various organs and their in vitro anti-inflammatory and wound healing properties
using the scratch assay with HSF cells. The GC/MS analysis revealed that triterpenoids
and steroids were the predominant classes in the T. indica bark and leaf n-hexane ex-
tracts. Additionally, the seed and fruit n-hexane extracts showed a high percentage of
fatty acids and higher hydrocarbons. PCA and HCA successfully discriminated various T.
indica organs based on their GC/MS metabolites. The tested extracts showed promising
anti-inflammatory and wound-healing properties. Additionally, the major characterised
phytoconstituents achieved promising docking scores in the active sites of glycogen syn-
thase kinase 3-β (GSK3-β), matrix metalloproteinases-8 (MMP-8), and nitric oxide synthase
(iNOS), which give the n-hexane extract of the various T. indica organs a chance to be
incorporated in the pharmaceutical products for wound healing after further in vivo and
clinical trials.
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Abstract: Volatile oils (VOs) composition of plants is affected by several exogenous and endogenous
factors. Male and female plants of the dioecious species exhibit variation in the bioactive constituents’
allocation. The chemical variation in the VOs between male and female plants is not well studied.
In the present study, the chemical characterization of the VOs extracted from aerial parts of male
and female ecospecies of Ochradenus arabicus was documented. Additionally, the extracted VOs
were tested for their allelopathic activity against the weed Dactyloctenium aegyptium. Via GC-MS
analysis, a total of 53 compounds were identified in both male and female plants. Among them,
49 compounds were identified from male plants, and 47 compounds were characterized in female
plants. Isothiocyanates (47.50% in male and 84.32% in female) and terpenes (48.05% in male and
13.22% in female) were the main components of VOs, in addition to traces of carotenoid-derived
compounds and hydrocarbons. The major identified compounds of male and female plants are
m-tolyl isothiocyanate, benzyl isothiocyanate, butyl isothiocyanate, isobutyl isothiocyanate, carvone,
and α-bisabolol, where they showed variation in the concentration between male and female plants.
The O. arabicus VOs of the male plants attained IC50 values of 51.1, 58.1, and 41.9 μL L−1 for the
seed germination, seedling shoot growth, and seedling root growth of the weed (D. aegyptium),
respectively, while the females showed IC50 values of 56.7, 63.9, and 40.7 μL L−1, respectively. The
present data revealed that VOs composition and bioactivity varied significantly with respect to the
plant gender, either qualitatively or quantitatively.

Keywords: Ochradenus arabicus; essential oils; phytotoxicity; weed control; isothiocyanates

1. Introduction

The plant kingdom encompasses about 320,000 known species that are very rich re-
sources of metabolites, which play crucial roles in the growth, reproduction, and defense
mechanism of plants [1]. A myriad of metabolites with potent bioactivities was reported
from the plants including essential and/or volatile oils [2]. The volatile oils (VOs) derived
from the plants are mixtures of volatile low molecular weights constituents extracted by
several extraction techniques. These compounds are categorized under various classes such
as mono-, sesqui-, and di-terpenes carotenoid-derived compounds, apo-carotenoid-derived
compounds, phenylpropanoids, and other hydrocarbons [3,4]. The VOs were reported to ex-
ert several biological and pharmaceutical potentialities such as antiviral [5], antimicrobial [6],
anticancer [7,8], anti-inflammatory [9,10], antipyretic [9,11], and antiulcer [12] effects.
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The VOs of plants are affected by several external factors including environmental
factors, such as temperature, light, moisture, atmospheric oxygen, precipitation, soil char-
acteristics [13,14], geographic variations [15], seasonal variation, and climatic factors [16].
In addition, VOs can be affected by endogenous factors such as developmental stages [17],
genetic variability [18,19], and variety [20]. Moreover, plant sex has been reported to affect
the chemical composition of the VOs either quantitively or qualitatively in many plants,
such as Laurus nobilis L. [21] and Juniperus communis L. [22].

The plants belonging to the Ochradenus genus (Family: Resedaceae), including around
eight species, are widely distributed in Southwest Asia, North Africa, and the Arabian
Peninsula [23]. Ochradenus arabicus Chaudhary, Hillc. & A.G.Mill. is a compact twiggy
dioecious shrub (up to 75 cm tall) with small yellow flowers as well as yellow, papery
fruits [24]. The male and female reproductive organs are present in separate individuals.
O. arabicus is a plant endemic to the Arabian Peninsula, where it is reported only in the
flora of Oman, Saudi Arabia, Yemen (Soqotra), and the United Arab Emirates. This shrub
is one of the most common medicinal plants with several significant bioactivities such
as antioxidant, anticancer, antimicrobial, antidiabetic, anti-indole acetic acid genotoxicity,
and allopathic [25–27]. The documented phytochemical studies of the various extracts of
O. arabicus revealed the identification of phenolic compounds including several flavonoids [25,26].
Recently, the aroma profiling, antioxidant, antimicrobial, and antidiabetic effects of VOs
derived from the different organs of the O. arabicus collected from Oman were docu-
mented [28]. Although O. arabicus is a dioecious plant, in this study, the authors did not
explain if they targeted the male or female plant of O. arabicus. Additionally, we hypothe-
sized that the chemical composition of the VOs of O. arabicus would be varied according
to the sex of the plant. Thereby, the objectives of the current work were (1) to assess the
variation in the chemical composition of the VOs derived from the aerial parts of the
male and female plants of O. arabicus collected from Saudi Arabia, and (2) to evaluate the
allelopathic activity of the extracted VOs from male and female plants.

2. Results and Discussion

2.1. Male and Female Ochradenus arabicus VOs Chemical Profiling

The air-dried samples of male and female O. arabicus were subjected to hydrodis-
tillation for three hours over the Clevenger apparatus, where they produced 0.08% and
0.07% (v/w) of the pale-yellow VOs, respectively. The analysis of the VOs samples was
performed by the GC-MS (Figure 1). The chemical profiles were summarized in Table 1
including the Rt (retention times), literature, and experimental KI (retention indices), along
with relative concentrations. The data revealed that VOs’ profiles of male and female O.
arabicus included nine classes of components (Figure 2). The female plants were rich in
isothiocyanates (84.32%) compared to the male plants (46.50%). However, male plants were
richer in terpenoid compounds (47.27), compared to female plants (12.68%). The majority of
the terpenoid classes are oxygenated monoterpenes and oxygenated sesquiterpenes in both
male and female O. arabicus (Figure 2). Generally, the oxygenated compounds were higher
in male (43.27%) than female plants (11.20%), while the non-oxygenated compounds were
identified in low concentration in both male (4.39%) and female plants (2.31%). The abun-
dance of the oxygenated compounds was already reported in the previous analysis of EO
derived from different organs of O. arabicus collected from Oman but without specification
of the gender [28].

Overall, 53 compounds were identified in the VOs of both male and female O. arabicus.
Forty-nine compounds (94.72% of the total mass) were identified in the VO of the male
plant, while 47 compounds, with a total relative concentration of 97.78%, were assigned
from the female plant. The isothiocyanates were assigned as the major constituents of
both genders, while the female was richer than the male plants. Four isothiocyanates were
characterized with high relative concentrations in male and female ecospecies including
m-tolyl isothiocyanate (35.3 and 55.41%), benzyl isothiocyanate (4.88 and 14.08%), butyl
isothiocyanate (4.77 and 6.84%), and isobutyl isothiocyanate (1.55 and 7.99%) (Figure 3).
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Figure 1. GC-MS chromatograms of male and female Ochradenus arabicus volatile oils.

Figure 2. Various classes of the identified chemical compounds in male and female plants of
Ochradenus arabicus.
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Table 1. Volatile oil components of male and female plants of Ochradenus arabicus.

No Compound Name Rt 1
Conc. % 2 KI

Male Female Lit. 3 Exp. 4

Monoterpene hydrocarbons
1 α-Terpinene 6.55 0.15 ± 0.01 0.09 ± 0.01 1014 1015
2 γ-Terpinene 7.92 0.29 ± 0.02 0.42 ± 0.02 1054 1053

Oxygenated Monoterpenes
3 Eucalyptol 6.87 0.11 ± 0.01 0.05 ± 0.00 1026 1024
4 Linalool 7.05 0.18 ± 0.01 0.04 ± 0.00 1096 1097
5 1-Terpineol 9.51 0.00 0.13 ± 0.01 1133 1134
6 cis-Verbenol 10.47 0.11 ± 0.01 0.14 ± 0.01 1137 1135
7 trans-Pinocarveol 11.11 0.35 ± 0.02 0.13 ± 0.01 1139 1141
8 Camphor 11.21 0.00 0.03 ± 0.00 1141 1143
9 Menthone 11.44 1.42 ± 0.06 0.56 ± 0.02 1148 1147
10 Isopulegol 12.00 3.49 ± 0.09 1.10 ± 0.05 1149 1150
11 4-Terpineol 12.73 0.64 ± 0.03 0.00 1177 1175
12 α-Terpineol 13.44 0.58 ± 0.02 0.42 ± 0.01 1188 1190
13 trans-Carveol 13.89 1.52 ± 0.06 0.95 ± 0.03 1215 1213
14 Pulegone 15.21 0.82 ± 0.03 0.00 1233 1231
15 trans-chrysanthenyl acetate 15.57 3.02 ± 0.08 0.11 ± 0.01 1235 1236
16 Carvone 15.74 7.80 ± 0.16 3.01 ± 0.12 1239 1241
17 Bornyl acetate 16.90 0.11 ± 0.01 0.04 ± 0.01 1254 1257
18 Thymol 17.40 0.51 ± 0.02 0.19 ± 0.01 1290 1291
19 2-Adamantanone 17.73 0.84 ± 0.03 0.04 ± 0.01 1311 1314
20 trans-sabinenehydrate acetate 24.39 1.04 ± 0.05 0.09 ± 0.01 1577 1574

Sesquiterpene hydrocarbons
21 α-Cubebene 19.25 0.23 ± 0.01 0.10 ± 0.01 1351 1353
22 α-Ylangene 20.47 0.12 ± 0.01 0.07 ± 0.00 1373 1371
23 α-Duprezianene 23.34 0.26 ± 0.01 0.14 ± 0.01 1387 1384
24 Davana ether-1 24.90 1.16 ± 0.09 0.23 ± 0.01 1433 1430
25 Spirolepechinene 25.22 0.36 ± 0.02 0.08 ± 0.00 1451 1449
26 Dihydro-β-agarofuran 25.99 0.22 ± 0.01 0.06 ± 0.00 1503 1505
27 γ-Cadinene 26.22 0.32 ± 0.02 0.09 ± 0.01 1513 1515
28 α-Cadinene 26.39 0.73 ± 0.02 0.26 ± 0.01 1537 1539
29 α-Cadinene 27.14 0.22 ± 0.01 0.05 ± 0.00 1538 1535

Oxygenated Sesquiterpenes
30 Widdrol hydroxyether 19.94 0.00 0.06 ± 0.00 1479 1480
31 6-epi-shyobunol 26.97 0.79 ± 0.02 0.21 ± 0.01 1517 1516
32 E-Nerolidol 28.27 0.87 ± 0.02 0.00 1563 1560
33 Spathulenol 28.81 0.28 ± 0.01 0.04 ± 0.00 1578 1590
34 Caryophyllene oxide 28.93 0.56 ± 0.02 0.11 ± 0.00 1583 1581
35 Davanone 29.65 0.41 ± 0.01 0.13 ± 0.01 1587 1585
36 Cubenol 31.39 1.17 ± 0.06 0.23 ± 0.01 1646 1645
37 Calarene epoxide 31.81 3.79 ± 0.08 1.68 ± 0.08 1671 1670
38 α-Bisabolol 32.21 5.77 ± 0.11 1.11 ± 0.07 1685 1687
39 epi-Nootkatol 32.48 0.09 ± 0.01 0.00 1699 1601
40 Juniper camphor 33.07 0.37 ± 0.01 0.00 1700 1703
41 Drimenol 33.24 0.67 ± 0.03 0.13 ± 0.01 1767 1768
42 Hexahydrofarnesyl acetone 38.42 1.58 ± 0.07 0.54 ± 0.02 1845 1843
43 Farnesyl acetone C 40.76 1.29 ± 0.06 0.11 ± 0.01 1921 1924

Diterpene hydrocarbons
44 Cembrene 36.89 0.33 ± 0.02 0.00 1937 1939

Oxygenated Diterpenes
45 Phytol 46.98 2.99 ± 0.08 0.14 ± 0.01 1942 1945

Carotenoid derived
compounds

46 Theaspirane B 18.08 0.21 ± 0.01 0.07 ± 0.00 1302 1300
47 α-Ionone 25.04 0.28 ± 0.02 0.04 ± 0.00 1430 1432

Isothiocyanates
48 Butyl isothiocyanate 4.43 4.77 ± 0.10 6.84 ± 0.13 943 941
49 Isobutyl isothiocyanate 5.01 1.55 ± 0.05 7.99 ± 0.17 978 976
50 Benzyl isothiocyanate 11.56 4.88 ± 0.07 14.08 ± 0.26 1367 1369
51 m-Tolyl isothiocyanate 20.93 35.30 ± 0.33 55.41 ± 0.46 1970 1972

Aliphatic hydrocarbons
52 n-Docosane 52.46 0.00 0.08 ± 0.00 2200 2200
53 n-Tricosane 57.84 0.17 ± 0.01 0.16 ± 0.01 2300 2300

Total 94.72 97.78

1 Rt: Retention time; 2 values are average ± SD, 3 KIexp: experimental Kovats retention index; 4 KIlit: Kovats
retention index on DB-5 column with reference to n-alkanes.
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Figure 3. Chemical structures of the main identified compounds in the volatile oils of
Ochradenus arabicus.

The abundance of isothiocyanates in the present study is not in agreement with pre-
viously documented data on the VOs of the stems, leaves, and flowers of O. arabicus
collected from Oman [28]. This wide variation between our data and that identified in
the Omani O. arabicus can be ascribed to the extraction technique, where Ullah, et al. [28]
made the extraction by heating the Clevenger machine for a long time till no further oil
was extracted. Chen and Ho [29] described that isothiocyanate is easily decomposed
with refluxing for one hour at 100 ◦C. Additionally, De Nicola, et al. [30] deduced that
the benzylic-Isothiocyanates are unstable and easily converted to other derivatives af-
ter refluxing at 90 ◦C. Thereby, the absence of isothiocyanates in the data of the Omani
O. arabicus could be attributed to the degradation of the isothiocyanate due to the
extraction process.

The isothiocyanates were characterized as main volatiles in the VOs of several plants
such as Wasabia japonica (Miq.) Koidz. [31]; Brassica oleracea L.; B. rapa L.; Armoracia lapathifolia
G. Gaertn., B. Mey. & Scherb.; Eutrema japonicum (Miq.) Koidz.; and Carica papaya L. [32].

Terpenoids represented the main constituents of the male O. arabicus, with a higher
relative concentration than the female plant. Six classes of terpenes were characterized from
the male plant comprising monoterpene hydrocarbons (0.44%), oxygenated monoterpenes
(22.54%), sesquiterpene hydrocarbons (3.62%), oxygenated sesquiterpene (17.35%), diter-
pene hydrocarbons (0.33%), and oxygenated diterpenes (2.99%). Five terpene classes were
assigned from the female plant including monoterpene hydrocarbons (0.51%), oxygenated
monoterpenes (7.03%), sesquiterpene hydrocarbons (1.08%), oxygenated sesquiterpenes
(3.92%), and oxygenated diterpenes (0.14%) (Figure 2). The present data are in harmony
with the data published for Omani O. arabicus [28].

Carvone (7.80%), α-bisabolol (5.77%), calarene epoxide (3.79%), isopulegol (3.49%)
(Figure 3), trans-chrysanthenyl acetate (3.02), and phytol (2.99%) were found as the funda-
mental components of the VO of the male plant. Furthermore, carvone (3.01%), calarene epoxide
(1.68%), and α-bisabolol (1.11%) were the major constituents of the female plants’ VO. The
diversity of terpenoids in the current findings was in harmony with previously reported data of
VO derived from O. arabicus collected from Oman [28]. However, the composition of the VO
profile is different, i.e., the major compounds of the current study varied from those reported for
the Omani ecospecies. Carvone as the main compound of the current study was reported as the
main constituent of several plants such as Tanacetum balsamita L. [33], Mentha longifolia (L.) Huds.,
and M. spicata L. [34]. Furthermore, the major compound in the present study, α-bisabolol,
was a common major compound in EOs of numerous plants such as Matricaria chamomilla L.,
Salvia runcinata L.f., Smyrniopsis aucheri Boiss., Eremanthus erythropappus (DC.) MacLeish, and
other Vanillosmopsis Sch.Bip. species [35].

Finally, traces of the carotenoid-derived compounds, represented by two compounds,
theaspirane B and α-ionone, were identified in the VOs of both male and female O. arabicus.
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In addition, one hydrocarbon compound, n-tricosane (0.17%), was identified in VOs of
the male plants while two hydrocarbons, n-docosane (0.08) and n-tricosane (0.16%), were
assigned from female plants. The tricosane was reported in trace amounts (0.53%) in the
leaf VOs of the O. arabicus collected from Oman [28].

The significant variation in the chemical constituents between the current results and
previous data might be ascribed to variations in organs, genotypes, ages, climate, weather,
humidity, and environmental conditions [36–38]. Moreover, our data revealed the role
of the gender of the plant on the phytochemical compositions including the VOs [39,40].
The richness of the compounds in the male plants compared to the female ones could
be attributed to the fact that female plants invest less in chemical defense and more into
biomass production than male plants [41], where the VOs can be considered a good
indicator for the degree of chemical defense in plants due to its distinct variability with the
biotic and abiotic stresses [22,42].

2.2. Chemometric Analysis of the VOs from Male and Female O. arabicus

In order to show the variation between male and female plants of O. arabicus, the data
of the concentration of all identified compounds in the VOs were subjected to the Princi-
pal Components Analysis (PCA), where it revealed a slight variation in the composition
(Figure 4). The main components that showed clear segregation were isobutyl isoth-
iocyanate, benzyl isothiocyanate, m-tolyl isothiocyanate, butyl isothiocyanate, farnesyl
acetone C, isopulegol, phytol, α -bisabolol, and carvone (Figure 4a). The male plants
showed a close correlation with m-tolyl isothiocyanate and calarene epoxide, while female
plants showed a close correlation with benzyl isothiocyanate and m-tolyl isothiocyanate
(Figure 4c). This variation between male and female plants supports the issue that a plant’s
gender affects the chemical composition of the secondary metabolites [21,40].

Figure 4. The Principal Components Analysis (PCA) of the identified volatile compounds in male
and female O. arabicus. (a) The observation in the PCA space, (b) correlation circle (variables chart),
and (c) biplot.
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2.3. Allelopathic Activity of Male and Female O. arabicus VOs on the Weed D. aegyptium

The VOs extracted from both male and female plants of O. arabicus showed signifi-
cant allelopathic activity against the weed Dactyloctenium aegyptium (L.) Willd in a dose-
dependent trend (Figure 5). The highest concentration of the VOs (100 μL L−1) showed
inhibition of D. aegyptium germination by 91.18% and 76.47% for male and female plants,
respectively (Figure 5a). The root growth of D. aegyptium seedlings was more affected
by the VOs compared to the shoot; this could be ascribed to direct contact with the VOs
in the medium as well as the permeability of root cells [38,43,44]. The shoot growth of
D. aegyptium was inhibited by 88.84% and 70.62% after treatment at a concentration of
100 μL L−1 of the VOs (Figure 5b). However, at a concentration of 100 μL L−1 of the VOs
application, the seedling root growth was totally inhibited for both male and female plant
extracts, while at a concentration of 75 μL L−1, the root growth was decreased by 96.50%
and 92.42% for male and female plants, respectively (Figure 5c).

Figure 5. Allelopathic activity of various concentrations of the extracted volatile compounds of male
and female O. arabicus against the seed germination (a), shoot growth (b), and root growth (c) of
D. aegyptium. * p < 0.05, *** p < 0.001, and “ns” for p > 0.05.
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Based on the IC50 values, no significant variation in either the germination or seedling
growth of D. aegyptium was observed between the male and female plants of O. arabicus
(Figure 5). The O. arabicus VOs of the male plants attained IC50 values of 51.10, 58.05, and
63.91 μL L−1 for the seed germination, seedling shoot growth, and seedling root growth,
respectively, while the female plants showed IC50 values of 56.75, 41.93, and 40.71 μL L−1,
respectively. These data showed that the variation in the VOs composition (either quality
or quantity) has a consequential effect on its biological activities [45]. In this context, the
male plants of Baccharis dracunculifolia DC. have been reported to produce higher levels of
essential oil and phenolic compounds compared to female plants, which leads to greater
antioxidant capacity [46]. Moreover, the bioactive compounds (total phenolics, flavonoids,
and tannins) and antioxidant activities of Pistacia atlantica Desf. were more influenced by
growing region than by gender [47].

The major compound, m-tolyl isothiocyanate, in the present study has been reported
to possess allelopathic activity against various crops such as wheat, lettuce, cowpea,
and barnyard grass [48]. In addition, isothiocyanate is reported as a potential inhibitor
of germination and growth in many weedy species such as Cyperus rotundus L. and
C. esculentus L. [49]. Moreover, it seems that plants produce isothiocyanate compounds as
a defense strategy, where these compounds showed inhibitory activity against microbial
plant pathogens [50] and insects [51]. In the same context, the oxygenated monoterpene
carvone (a major compound in the present study) has been described to inhibit the growth
of weeds [52].

The slight variation in the allelopathic activities between male and female plants
of O. arabicus VOs in the present study could be attributed to the variation in chemical
composition [45]. It is worth mentioning here that oxygenated compounds have more
biological activities compared to non-oxygenated compounds, where active groups/sites in
the oxygenated compounds showed a more interactive effect [38,53]. In the present study,
the oxygenated compounds in the male plants (43.27%) were higher than in female plants
(11.20%), which could explain the higher allelopathic activity of the male O. arabicus VOs.

Comparing male and female plants of O. arabicus, the female plants have a higher
content of isothiocyanates (76.33%) and lower content of oxygenated compounds, com-
pared to the male plants, which have a higher content of oxygenated compounds and
lower content of isothiocyanates (44.95%). This situation could explain the comparable
allelopathic activity against D. aegyptium.

3. Materials and Methods

3.1. Plant Collection and Preparation

Three samples of the aerial parts (aboveground parts) of either male or female
plants of O. arabicus were separately collected in paper bags from different individuals
(n = 10) growing in sandy habitats at Thadiq, 130 km northern Riyadh City (25◦12′55.3”
N, 45◦54′53.6” E). The plant specimen was identified by Prof. Dr. Abdulaziz Assaeed (an
author) according to flora books [24,54]. A voucher sample was prepared and deposited
in the herbarium of the Plant Production Department, College of Food and Agricultural
Sciences, King Saud University with ID: KSU-AGRIC-181501001 (Figure 6). The samples
(about 2 kg) were air dried in a shaded place at room temperature (25 ± 3 ◦C) for one week,
till complete dryness; crushed into powder with a grinder; then packaged in paper bags
and stored in the fridge at 4 ◦C till further analyses.

3.2. Extraction of the VOs, GC–MS Analysis, and Components Identification

The VOs of the male and female plants of O. arabicus were extracted separately from
200 g of the air-dried plant materials. In brief, the two samples were separately subjected
to a hydrodistillation process for 3 h via the Clevenger apparatus. The separation of the
VOs was performed by n-hexane and then dried with 0.5 g anhydrous sodium sulphate.
These extractions were applied to the three collected samples of either male or female
plants. All the extracted VOs samples were deposited at 4 ◦C in glass vials till the Gas
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Chromatography-Mass Spectrometry (GC-MS) Analysis as well as the biological assays
were performed.

 

Figure 6. Ochradenus arabicus Chaudhary, Hillc. & A.G.Mill. female shrub. (a) Overview of the
female shrub, (b) close view of fruiting branches, and (c) male plant. Photos by Dr. Abulaziz Assaeed
(an author).

The GC-MS analysis of all extracted VOs samples was performed according to pre-
viously documented conditions [9,11]. The chemical components’ identification and au-
thentication were carried out depending upon AMDIS software (Automated Mass spectral
Deconvolution and Identification), NIST database, Wiley spectral collection, and n-alkanes
(C8–C22) retention indices.

3.3. Allelopathic Activity Bioassay

To determine the allelopathic activity of the extracted VOs, various concentrations of
the VOs were prepared and tested on the germination and seedling growth of the weed
D. aegyptium. In brief, concentrations of 0, 25, 50, 75, and 100 μL L−1 of the VOs were
prepared using 1% of Tween 80® (Sigma-Aldrich, Darmstadt, Germany). The seeds of the
targeted weed (D. aegyptium) were collected from the infested field and sterilized with
1% sodium hypochlorite for 3 min, followed by washing with distilled water three times,
and they were then dried in air and stored in glass vials till further analysis. In Petri
plates, 20 seeds of D. aegyptium were lined over filter paper (Whatman Grade 1), which was
moistened with 5 mL of each concentration. To avoid leakage of the VOs, the Petri plates
were sealed with a tape of Parafilm® (Sigma, St. Louis, MO, USA). A control of Tween 80®

(1%) was performed with the same procedures as the treatments. A total of 90 plates [5
treatments (4 concentrations + 1 control) × 3 replications × 3 experiment times × gender
(male and female plants)] were prepared and then incubated in a growth chamber adjusted
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at 25 ± 2 ◦C with a light cycle of 12 h light/12 h dark. The germination of seeds was
observed and counted daily, where the seed was counted as germinated when the radicle
sprouted with a 2 mm length. After 10 days of treatment, the number of germinated seeds
as well as the lengths of seedling radicles and shoots were measured in mm. The inhibition
of seed germination or seedling growth was calculated upon the following equation:

A = 100 ×
{

No./Lengthcontrol − No./treatmentcontrol
No./Lengthcontrol

}

The experiment was repeated three times with three replications for each treatment
and control, and the average ± standard errors were calculated by MS-EXCEL 2019.

3.4. Statistical Analaysis

The data of the allelopathic activity experiment in triplicates were subjected to two-
way ANOVA with gender as the first factor and concentration of the extract as the second
factor at a probability level of 0.05. The analysis was followed by Tukey’s HSD test using
the CoStat software program, version 6.311 (CoHort Software, Monterey, CA, USA). In
addition, to test the significant variation between male and female plants, the IC50 values
were subjected to a two-tailed t-test. On the other hand, the dataset of the concentration
(%) of all identified compounds in both VOs of male and female plants of O. arabicus was
prepared and subjected to principal component analysis (PCA) using JMP® Pro 16.0.0, SAS
Institute Inc., Cary, NC, USA.

4. Conclusions

The present study revealed for the first time substantial variations in the chemical
profile of the VOs between male and female plants of O. arabicus, either in quantity or
quality of the chemical compounds. The m-tolyl isothiocyanate, benzyl isothiocyanate,
butyl isothiocyanate, isobutyl isothiocyanate, carvone, and α-bisabolol were the major
constituents in both genders taking into consideration the differences in their relative
concentrations. These data varied from those reported for Omani O. arabicus, although
the gender was not clarified in that study. These findings support that plant gender
has a significant effect on secondary metabolites in plants, coupled with environmental,
climatic, and genetic factors. The extracted VOs from the two genders were found to exhibit
significant allelopathic effects via the suppression of seed germination and shoot and root
growth of the weed D. aegyptium. Furthermore, a slight difference in allelopathic activity
was determined in the present study between male and female plants. This activity could
be ascribed to the higher content of isothiocyanates in female plants compared to male,
while male plants attained high content of oxygenated terpenes, particularly carvone and
α-bisabolol, compared to female.
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Abstract: Essential oils (EO) are used as a natural remedy to treat various chronic diseases, although
clinical evidence is lacking. In this context, we have endeavored to measure the percentage of
chemical composition and biological efficacy of Psidium guajava (guava) leaf essential oil in treat-
ing oral infections and oral cancer. The essential oil obtained from hydrodistillation of P. guajava
L. leaves was analyzed by gas chromatography–mass spectrometry (GC–MS). The activities of
selected oral pathogens Candida albicans (C. albicans) and Streptococcus mutans (S. mutants) were stud-
ied in vitro and in silico. MTT assay was used to test for anticancer activity against human oral
epidermal carcinoma (KB). GC–MS showed that the main components of PGLEO were limonene
(38.01%) and β-caryophyllene (27.98%). Minimum inhibitory concentrations (MICs) of 0.05–0.1%
were demonstrated against C. albicans and S. mutans. Antimicrobial activity against C. albicans and
S. mutans, as shown by molecular linkage analysis, revealed that the main metabolites, limonene and
β-caryophyllene, potentially inhibited the receptors of C. albicans and S. mutans. PGLEO showed
significant (p < 0.001) anticancer activity (45.89%) at 200 μg/mL compared to doxorubicin (47.87%)
with an IC50 value of 188.98 μg/mL. The outcomes of the present study suggest that PGLEO has
promising antimicrobial and anticancer activities and could be a useful source for developing a
natural therapeutic agent for oral infections and oral cancer.

Keywords: Psidium guajava; essential oil; leaves; oral infection; molecular coupling; cytotoxic effects

1. Introduction

Psidium guajava L. (P. guajava), a tropical and subtropical plant of the Myrtaceae family,
is commonly called guava and is used for nutritional and medicinal purposes. In traditional
medicine, the fruits, leaves, and juice of guava are commonly used to treat oral and dental
infections, pain, and other diseases [1]. The leaves of this plant are traditionally used in
the African and Asian continents to treat various infectious diseases [2]. The aqueous leaf
extract is effective against various Gram-positive/Gram-negative bacteria, fungi, viruses,
and protozoa [3].

The use of P. guajava is found in various traditional systems of medicine, including the
Ayurvedic system of medicine of India, the traditional Chinese system of medicine, and
the folk systems of medicine of the West Indies and Latin America. Guava leaves have
been studied for various activities, including antioxidant, antidiabetic, antihyperlipidemic,
antidiarrheal, cardioprotective, analgesic, nephrotoxic, and antimicrobial effects [4]. Tox-
icity studies have shown that P. guajava is safe to use [5]. The leaf extract of guava has
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been reported for its anticancer and antibacterial activities [6]. Recently, several terpenoid
compounds have been isolated from the leaf extract of guava and evaluated. Among the
isolated compounds, several meroterpenoids showed anticancer and antifungal activi-
ties [7,8]. The essential oil constituents depend on the chemical composition, geographical
conditions, growing conditions, and collection time of the mother plant and its parts [9,10].

Guava leaves from different regions have different volatile compositions; for example,
Chinese guava contains β-caryophyllene, copaen, azulene, eucalyptol, etc. [11]; Brazilian
guava contains β-caryophyllene, β-elemene, β-selinol, and α-humine [12]; and Egyptian
guava contains β-caryophyllene, trans-nerolidol, globulol, and D-limonene [13]. Recently,
Indian guava was shown to contain limonene, caryophyllene, caryophyllene oxide, etc. [14].
In general, terpenoids, such as limonene, β-caryophyllene, 1,8-cineole, β-elemene, etc., may
be responsible for antimicrobial and anticancer activities [15,16].

The extensive use of conventional antimicrobials in oral infections has led to antimi-
crobial resistance. The rate of antimicrobial resistance is higher than that of new drug
development, which poses a medical challenge [17,18]. Guava leaves are commonly used to
treat mouth ulcers in southern India, while in northern India, raw leaves and tender shoots
of guava are used to treat toothache and mouth ulcers [18]. Traditional Cameroonians use
guava leaves to treat dental infections, and guava twigs are chewed to relieve dental prob-
lems [19]. Extracts of guava leaves with various solvents have shown antibacterial activity
against oral pathogens and dental plaque [20]. Various microorganisms are present in the
oral cavity; Streptococcus mutans and Candida albicans play a significant role in developing
oral cavity, caries, and periodontal infection [21]. Evaluating molecular linkage studies is
an effective tool for drug design and development [20–22]. Human epithelial carcinoma
cells (KB cell lines) are squamous cell carcinoma (SCC). They are the most common oral
cavity cancer responsible for morbidity and mortality [23]. In a previous study, essential oil
from 17 Thai medicinal plants was investigated against KB cell lines, including oil from
guava leaves. It was reported that oil from guava leaves had the highest antiproliferative
values, more than sweet basil and vincristine [24].

Considering the enormous amount of research on the antimicrobial and anticancer
effects of guava essential oil, this study aimed to investigate the role of PGLEO in protecting
against oral infections and oral cancer. In addition, molecular linkage studies against S. mu-
tans and C. albicans receptors were performed to validate the mechanism of antimicrobial
activity of the main compounds analyzed in PGLEO. In addition, the anticancer effect on
human oral epidermal carcinoma cell lines (KB) was investigated using an MTT assay to
determine the role of PGLEO in protecting against oral cancer and bacterial infections.

2. Results

2.1. Characterization of Essential Oil Composition through Gas Chromatography–Mass
Spectrometry (GC–MS)

The Psidium guajava leaves produced 0.58% w/w of essential oil. Figure 1 shows the
gas chromatography–mass spectrometry chromatogram of PGLEO. A total of 34 volatile
metabolites were identified and are listed in Table 1. Among the volatile essential oils, the
total concentration of monoterpenes was 40.37%, of which monoterpene hydrocarbons and
oxygenated monoterpenes accounted for about 39.87% and 0.5%, respectively.

However, the total concentration of sesquiterpenes was 57.65%, of which about 49.54%
were sesquiterpene hydrocarbons and 8.11% were oxygenated sesquiterpenes. Six main
volatile constituents (<3%) were detected in the present sample, including five sesquiter-
penes (β-caryophyllene (27.98%), copaene (6.25%), cubenene (4.80%), nerolidol (4.49%) and
α-Caryophyllene (4.21%)) and one monoterpene (D-limonene (38.01%)). These compounds
accounted for about 85.81% of the total percentage of volatile compounds.
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Table 1. Volatile composition of the PGLEO by GC–MS analysis.

Volatile Composition Types RI (Lit) RI (Obs) Area %

α-Pinene MH 949 948 0.71

Myrcene MH 963 958 0.57

β-Ocimene MH 986 976 0.58

D-Limonene MH 1022 1018 38.01

Menthol OM 1173 1164 0.20

Linalyl acetate OM 1270 1272 0.30

α-Cubebene SH 1347 1344 0.98

Copaene SH 1377 1371 6.25

α-cedrene SH 1415.1 1403 1.62

β-Caryophyllene SH 1419 1414 27.98

α-Caryophyllene SH 1446 1440 4.21

Cadina-3,5-diene SH 1454 1448 0.23

γ-Muurolene SH 1475 1465 1.19

β-Selinene SH 1492 1490 0.19

α-Bisabolene SH 1511 1500 1.29

Cubinene SH 1515 1510 4.80

Cadina-1,3,5-triene SH 1542 1537 0.80

Ledol OS 1540 1530 0.96

Nerolidol OS 1565 1564 4.56

Caryophyllene oxide OS 1580 1570 2.17

α-Muurolol OS 1611 1580 0.42

Cholestadiene D - 2390 0.22

2-Hexadecen-1-ol, 3,7,11,15-tetramethyl NT 2114 2114 0.69

13-Hexyloxacyclotridec-10-en-2-one NT 2325 2325 1.08

Monoterpene hydrocarbon (MH) 39.87

Oxygenated monoterpenes (OM) 0.5

Sesquiterpenes hydrocarbon (SH) 49.54

Oxygenated sesquiterpenes (OS) 8.11

Diterpenes (D) 0.22

Nonterpene (NT) 1.77

Total identification (34 components) 100.01%
RI (Obs): calculated retention index; RI (Lit) = retention indices according to Adams (Adams, 2007).

2.2. Antibacterial and Antifungal Activities against Oral Bacteria

The results of PGLEO antimicrobial assays against S. mutans and C. albicans are sum-
marized in Table 2. An inhibition zone of 6 mm in diameter was considered a positive
result. The zone of inhibition study outcomes showed that PGLEO exhibited significant
inhibitory activity against S. mutans (18.5 ± 0.7 mm) and C. albicans (21.5 ± 0.5 mm) at 10%.
The outcomes of minimum inhibitory concentration (MIC: 0.05–0.1%) showed that PGLEO
exhibited almost equal activity against both S. mutans and C. albicans.
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Figure 1. GC–MS chromatogram of PGLEO.

Table 2. Antimicrobial activity of Psidium guajava.

Concentration (%)
Zone of Inhibition (mm, Mean ± SD)

S. mutans C. albicans

0.25 Less than 6mm Less than 6mm

0.5 9.5 ± 0.7 10 ± 0.4

7.5 15.5 ± 0.7 16.5 ± 0.7

10 18.5 ± 0.7 21.5 ± 0.5

Minimum inhibitory concentration (MIC) 0.05–0.1% 0.05–0.1%
Values were expressed as mean ± SD (standard deviation) calculation (n = 3).

The cell viability (time-kill) assays were performed using PGLEO, and the results are
shown in Figures 2 and 3. The outcomes of the control group (untreated S. mutans) exhibited
approximately 6 to 9 (log10 CFU/mL) growth. In contrast, the test group (PGLEO treated)
showed that the growth of S. mutans decreased dramatically in the first 4 to 8 h. It remained
constant at approximately 2.5 to 3.5 (log10 CFU/mL) and 1.8 to 2.6 (log10 CFU/mL) with
1XMIC (0.1%) and 2XMIC (0.2%) treatment, respectively (Figure 2). Similarly, untreated
C. albicans grew at 6 to 8.7 (log10 CFU/mL). After treatment with PGLEO, the growth of
C. albican decreased dramatically in the first 4 to 8 h. It remained constant at approximately
3 to 3.5 (log10 CFU/mL) and 2 to 2.4 (log10 CFU/mL) for 1XMIC (0.1%) and 2XMIC (0.2%)
treatment, respectively (Figure 3). The results indicate that PGLEO exhibits a lethal effect
on S. mutans and C. albicans equally. The plot of both samples measured at the 2XMIC stage
differed from that at the 1XMIC stage for both microorganisms. PGLEO showed a rapid
killing effect with 2XMIC.

2.3. Molecular Coupling Studies

Two important volatile compounds, D-limonene and β-caryophyllene, were selected
for molecular coupling studies. Molecular coupling was performed against antioxidant
target enzymes such as S. mutans antigen I/ II (PDB: 1JMM) and antifungal target enzymes
such as N-myristoyl transferase receptors (PDB: 1IYL) to identify critical ligand–protein
interactions. Table 3 shows the results of binding energy, inhibition constant, and amino
acid residues.
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Figure 2. Time-kill assays of S. mutans.

Figure 3. Time-kill assays of C. albicans.

Table 3. Binding energy (ΔG; kcal/mol) and inhibition constant (Ki; μM) for limonene (LIM) and
caryophyllene (CRP) with target proteins.

Targets (PDB)
ΔG Ki Residues of Amino Acid

LIM CRP LIM CRP D-Limonene (LIM) β-Caryophyllene (CRP)

1JMM −7.42 −7.39 785.97 876.32 PHE A:192, ILE A:345, ALA A:319 ILE A:345, ALA A:319

1IYL −8.03 −8.21 752.10 675.29 TYR A:287, TYR A:158, PHE A:50,
PHE A:272, PHE A:48, PHE A:173 PHE A:173, HIS A:160, TRP A:165
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Figure 4 presents the ligand interaction of D-limonene (1-2) and β-caryophyllene (3-4)
with proteins. The primary metabolite, limonene, displayed a high binding affinity to
Candida receptors 1IYL with docking scores of 8.03, while the second major metabolite,
β-caryophyllene, demonstrated higher docking scores of 8.21.

 
Figure 4. Interaction of the 1JMM and 1IYL protein with the ligand D-limonene and β-caryophyllene.

S. mutans receptor 1JMM and Candida receptor 1IYL showed a binding energy of 7.42
and −7.39 kcal/mol against limonene and β-caryophyllene, respectively. A similar trend
in linkage values was observed for both limonene and β-caryophyllene. The Ki range of
limonene and β-caryophyllene was highest against the Candida target 1IYL (640.45 μM)
and moderate against the S. mutans target (752.10 μM). The Ki value against the S. mutans
target (1JMM) was lower than against 1IYL.

2.4. Inhibition of KB Cells from the Growth of Oral Cancer by PGLEO

Figure 5 shows the effects of PGLEO treatment at 25 to 200 μg/mL on cell viability
measured by MTT assay from KB. PGLEO treatment significantly suppressed production
of KB cells after 24 h of treatment (Figure 5A). In this study, the IC50 value of PGLEO was
measured using a linear regression equation, i.e., Y = Mx + C. Here, Y = 50 and M and C
values were derived from the viability graph. The survival of KB cells was significantly
(p < 0.001) reduced in a dose-dependent manner with an IC50 value of 188.43 ± 8.26 μg/mL
(Figure 5a). PGLEO treatment resulted in irregular morphology of KB cells, which shrank
and exhibited a round shape, and reduced the viability of KB cells (Figure 5b–f).

The MTT assay is a colorimetric assay for determining cell proliferation and cytotoxic-
ity based on reducing the yellow-colored water-soluble tetrazolium dye MTT to formazan
crystals. Mitochondrial lactate dehydrogenase produced by living cells reduces MTT to
insoluble formazan crystals. After dissolution in a suitable solvent, they show a purple
color; the intensity is proportional to the number of viable cells and can be measured spec-
trophotometrically at 570 nm. The observations in the statistical data of the cell cytotoxicity
study by MTT indicated that PGLEO had significant cytotoxic potential against KB cell
lines and test compounds.
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(a) (b) 12.5 μg/mL (c) 25 μg/mL 

  
(d) 50 μg/mL (e) 100 μg/mL (f) 200 μg/mL 

Figure 5. (a) Effect of PGLEO on cell viability and morphological characteristics; ** p < 0.05 and
*** p < 0.001 compared to control. (b–f) KB cells treated with PGLEO at various concentrations
(12.5 to 200 μg/mL) for 24 h.

3. Discussion

The percentage yield of PGLEO was similar to a previous study with qualitatively
different volatile compositions [25,26]. The major constituents of essential oil vary depend-
ing on the geographical location, cultivar, and cultivar of the parent plant. Several studies
have been conducted on the essential oil of North Indian guava leaves. The results showed
similar proportions of sesquiterpenes and monoterpenes but differences in the quality
and quantity of constituents [26]. Soliman et al. (2016) reported a higher proportion of
monoterpenes than sesquiterpenes; in contrast to the present study, sesquiterpenes were
identified as the main constituent [27]. Has-san et al. studied the PGLEO of six cultivars
from the same farms in Egypt. They showed that the Red Malaysian and White Indian
cultivars contained limonene as the significant volatile compound. In contrast, El-Qanater,
Early, El-Sabahya El-Gedida, and Red Indian had β-caryophyllene as the significant volatile
compound [13].

Several studies have reported that caryophyllene is an essential component of PGLEO.
Weli et al. studied indigenous PGLEO from the Sultanate of Oman (October 2012) and found
that caryophyllene, viridiflorene, and farnesene were the major volatile compounds [28,29].
Chen and Yen (2007) studied the PGLEO of cultivars from Taiwan and found that
β-caryophyllene, α-pinene, and 1,8-cineole were the major volatile compounds [30]. Satyal
et al. (2015) investigated the essential oil composition of guava leaves from Kathmandu,
Nepal. They reported that (E)-nerolidol and (E)-caryophyllene were the major compounds,
which is in agreement with the results of the present study [31]. Silva et al. (2019) in-
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vestigated the essential oil composition of guava leaves from Rio Verde Go, Brazil. They
reported antibacterial activity against S. mutans that was similar to the present study, but
the major volatile compositions of β-caryophyllene, α-humulene, aromadendrene oxide,
δ-selinene, and selin-11-en-4α-ol were different [32].

Chalannavar et al. (2014) studied the essential oil composition of guava leaves from
South Africa. They reported that sesquiterpenes, caryophyllene oxide, and caryophyl-
lene were the main constituents, in contrast to the present study [33]. In addition, some
studies have reported that limonene is the main constituent of PGLEO [34]. Chaturvedi
et al. recently analyzed the composition of Indian guava essential oil. They reported that
the quality and quantity of limonene, (E)-caryophyllene, and caryophyllene oxide were
relatively different from those observed in the present study [14]. Sacchetti et al. studied
the essential oil composition of guavas from the Philippines and found that limonene,
α-pinene, β-caryophyllene, and longicyclene were the most significant compounds [35].
The highest contents of the monoterpenes limonene and α-pinene were found in PGLEO
from Ecuador. In contrast, Tunisian guava leaf oil was found to have the highest con-
tent of the sesquiterpenes vi-ridiflorol and trans-caryophyllene [36]. Most studies have
reported that caryophyllene is one of the main components of guava essential oil; the
fragrance of guava leaves could be due to the combined effect of β-caryophyllene and other
compounds [14,16,37].

Diseases found to have associations with the oral cavity, especially dental diseases but
also diseases such as cardiovascular disease, diabetes, rheumatoid arthritis, pneumonia,
and Alzheimer’s disease, are the main causes of high morbidity and mortality [38]. The
oral cavity, especially saliva and dental plaque, of patients with periodontal disease or
other oral infections seems to be a logical source of oral pathogens. Among the various
microorganisms in the oral cavity, the caries bacteria S. mutans and the fungus C. albicans
play an essential role in developing oral cavity and dental infections [39]. S. mutans is
most commonly associated with dental caries [40]. Bhushan et al. (2014) reported the
antidermatophytic activity of PGLEO against various fungal strains, suggesting that it
has excellent antifungal potential [41]. Gonçalves et al. (2008) studied the antimicrobial
activity of guava essential oils and reported that they have inhibitory activity against
Gram-positive and Gram-negative bacteria [42]. Several studies have investigated the
anticarcinogenic activity of PGLEO and reported the potential effects of Streptococcus
sp. and Candida sp. against various oral pathogens and dental plaque, supporting the
results of the present study [43,44]. The antimicrobial activities (S. mutans and C. albicans) of
PGLEO may be attributed to a high percentage of significant compounds such as limonene,
β-caryophyllene, or various other components [45–48].

Docking (molecular) studies have been widely used to evaluate the pharmacological
properties of natural products; they explain the likely mechanisms of action and the
binding pathways within protein pockets [49]. Previous studies have reported the role
of C. albicans in dental plaque, caries lesions, and other types of oral infections [50–52].
Limonene and β-caryophyllene may have mechanisms against C. albicans N-myristoyl
transferase) and S. mutans antigen III [53,54]. The molecular docking simulation results
support the inhibitory activities of PGLEO against S. mutans and C. albicans. Previous
in vitro antifungal and antibacterial studies have demonstrated the efficacy of PGLEO
against oral infections [2,11,14,25]. The activity of PGLEO may be due to the presence
of the significant compounds limonene and β-caryophyllene, which strongly inhibit the
N-myristoyl transferase of C. albicans and the S. mutans antigen III and may thus contribute
to the eradication of oral infections.

The cytotoxic effect and dose-dependent cell toxic effect of PGLEO on the cells of KB
was confirmed by MTT assay. The cytotoxic effect of PGLEO was observed in the cells of KB,
suggesting that volatile compounds have increased cytotoxicity in KB oral cancer cells. The
IC50 value of doxorubicin (0.18 ± 0.13 μg/mL) has been reported for KB cells in a previous
study [55]; the IC50 value of PGLEO is very high compared to standard doxorubicin. Our
results are in agreement with previous reports [56]. Working with Thai Psidium guajava,
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Manosroi et al. (2006) showed the significant cytotoxic effect of PGLEO at different doses
and its antiproliferative effect against KB cells for 24 h. In contrast, the suppressive effect
was greater than vincristine and essential basil oil [24]. In the present work, in vitro and
in silico studies were carried out on oral microorganisms (C. albicans and S. mutans), and
the anticancer effect of PGLEO on human mouth epidermal carcinoma KB cell line was
investigated. The outcome of the study shows the role of PGLEO in overcoming oral
problems such as dental caries and oral cancer. PGLEO may be a useful source in future
drug development, especially for managing oral conditions.

4. Materials and Methods

4.1. Chemicals

The human oral adenocarcinoma cell line KB was obtained from the National Cen-
ter for Cell Science (NCCS, Pune). Dulbecco’s modified Eagle’s high-glucose medium
(DMEM-HG; Cat No: AL007), fetal bovine serum (FBS), MTT reagent, and Dulbecco’s
phosphate-buffered saline (D-PBS) were purchased from HiMedia Laboratories (Mumbai,
India). Dimethyl sulfoxide (DMSO) and doxorubicin were purchased from Sigma-Aldrich
(Mumbai, India). All media used for the antimicrobial studies were purchased from Hi-
Media Laboratories (Mumbai, India). Analytical-grade chemicals were purchased from
HiMedia, Sigma Aldrich, and Merck (Mumbai, India), and 96-well plates for cell culture
were purchased from Corning (Kennebunk, ME, USA).

4.2. Extraction of Essential Oils

Guava (P. guajava) leaves were collected from Integral College (Lucknow, Uttar
Pradesh, India) in November 2021. The sample was authenticated (IU/PHAR/HRBD
22/03) and deposited at the College of Pharmacy, Integral College. The leaves were dried
and powdered. Then, the essential oil was extracted using a Clevenger-type apparatus by
the hydrodistillation method as described in a previous study [57]. The extracted essential
oil was dried with anhydrous sodium carbonate; it was weighed and stored in an airtight
amber vial at −20 ◦C (under refrigeration) until use.

4.3. Characterization of PGLEO Using Gas Chromatography–Mass Spectrometry

Chemical characterization was performed by gas chromatography and mass spec-
trometry. A gas chromatograph–mass spectrometer model QP2010 (Shimadzu, Tokyo,
Japan) equipped with an autosampler and autoinjector (AOC-20si) was used for this study.
The procedures for injection, separation, and identification of compounds, as well as the
temperature of the column oven, were based on previous reports with some modifica-
tions [58,59]. The essential oil was dissolved in hexane (10 mg/mL), and the system was
operated at 70 eV. This solution (1 μL) was injected in split mode (1:10 ratio) onto a Rtx-5MS
column (Shimadzu, Japan) with the following dimensions: stationary phase film thickness
of 0.25 μm, length of 30 m, and diameter of 0.25 mm. The injection temperature was set
at 260 ◦C. The oven temperature was started at 50 ◦C for 2 min after injection and then
increased at 5 ◦C/min to 180 ◦C for 1 min, followed by an increase at 15 ◦C/min to 280 ◦C,
where the column was held for 15 min. The helium gas flow rate with a column head
pressure of 69 kPa was set to 1.21 mL/min. Mass spectra were obtained in the range
of 40 to 650 m/z. Essential oil components were identified based on a search (National
Institute of Standards and Technology, NIST 14), the calculation of retention indices relative
to homologous series of n-alkane (C7-C30), and a comparison of their mass spectra libraries
with data from the mass spectra in the literature [60,61].

4.4. Effects of PGLEO on Oral Pathogen

The antimicrobial activity of PGLEO was tested against Streptococcus mutans (MTCC 389)
and the fungus C. albicans (MTCC 9215). The antimicrobial activity of PGLEO was tested
using the well diffusion method [62] with some modifications, and each experiment was
evaluated in triplicate. Nutrient agar and Sabouraud dextrose agar medium were used
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for the antimicrobial assay. S. mutans cultures were separately inoculated into the nutrient
broth and cultured at 37 ◦C for 18 h, while C. albicans subcultures were inoculated into
Sabouraud dextrose broth and cultured at 37 ◦C for 48 h. The suspensions of all test
organisms were diluted separately with a phosphate buffer (pH 7.4) to obtain 1 × 108

colony-forming units/mL of microbial suspension.
The inoculum (50 μL) from the broth was poured onto a fresh, sterile, solidified agar

medium plate using a micropipette. Four 6 mm wells were drilled into the inoculated
medium using a sterile cork borer. In addition, 2% dimethyl sulfoxide (DMSO) was used
for sample preparation. Each well was filled with a 50 μL sample at different concentrations
(0.25%, 5%, 7.5%, and 10%). Amoxicillin and fluconazole (0.001% in 2% DMSO) were used
as positive controls for antibacterial and antifungal analyses, respectively, while 2% DMSO
was used as a negative control. Plates were labelled and samples were placed in the wells
of the plates and incubated at 37 ◦C for 24 and 48 h for bacteria and fungi, respectively.

The diameter of the inhibition (inhibition zone) around the wells was measured, and
the mean ± standard deviation was calculated for each of the three assays. Different
concentrations (0.0125, 0.025, 0.05, 0.1, and 0.2%) of essential oil were prepared in 2%
DMSO and used to determine the minimum inhibitory concentration (MIC) using the broth
dilution method [63]. Next, 100 μL of inoculum was added to each diluted tube, and the
control tubes (no bacterial inoculation) were evaluated simultaneously. All tubes with
antibacterial activity were incubated at 37 ◦C for 24 h, and the tubes with antifungal activity
were incubated at 37 ◦C for 48 h; the lowest concentration resulted in no visible growth.

To investigate the bactericidal and fungicidal activity of PGLEO, the time-kill assay
of Foudah et al. was performed [57]. S. mutans cultures were incubated on nutrient broth
agar, while C. albicans was inoculated into Sabouraud dextrose broth and cultured at
37 ◦C for 8 h. The suspension was centrifuged and resuspended in saline at 106 CFU/mL.
The suspensions of S. mutans and C. albicans were treated with broth medium containing
different concentrations of PGLEO according to the MIC, mixed, and cultured at 37 ◦C.
Samples were removed from the culture at selected time intervals (0, 4, 8, 16, and 24 h),
diluted with saline, and recultured in a broth medium. After incubation of the plates at
37 ◦C for 24 h, the colony-forming unit/mL (CFU/mL) was calculated and a graph of
CFU/mL versus time was plotted to calculate the time-kill assay.

4.5. Molecular Coupling Effects of Major Compounds on the Receptors for S. mutans and C. albicans

In this study, the two primary compounds, D-limonene and β-caryophyllene, were
selected for molecular coupling to evaluate their effects on S. mutans and C. albicans. The
AutoDock (ADT) tool created the file from the conventional RCSB PDB files [64]. For the
molecular linkage study, 1JMM: region V of S. mutans antigen III was selected for the
inhibitory effect of S. mutans and 1IYL: C. albicans N-myristoyl transferase with nonpeptide
inhibitor was selected for the inhibitory effect of C. albicans [65]. To prepare the 3D input
files, only the protein part of the PDB structures was selected by removing unwanted
atoms, ions, and molecules [66]. All target proteins were energetically minimized by
applying the CHARMm force field [67,68]. The 2D structures of selected ligands, including
β-caryophyllene (CID: 5281515) and D-limonene (CID: 440917), in standard data format
(SDF) were retrieved from the PubChem database [69]. SDF-2D was converted to PDB-3D
using the BIOVIA discovery studio visualizer [70], and all ligands were energy minimized
following the same protocol as the receptor molecules [68].

The molecular interactions of the ligands (β-caryophyllene and D-limonene) and
the 3D structure of the protein molecules were performed using ADT to determine their
potential binding affinities. The receptors and ligands, a grid parameter file, and docking
parameter PDF files were created to perform the docking experiments. The grid frame
around the protein molecule was drawn with variable grid points on the x, y, and z axes
and a maximum distance (1.00) between two consecutive grids to provide sufficient space
for ligand movement. Ten runs were performed for each ligand as standard. The minimum
binding free energy and inhibition constant (Ki) was considered selective parameters to
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choose one of the best poses of the ligands bound to the binding cleft of the receptor
molecules [71].

4.6. Cytotoxicity Assay

Human mouth epidermal carcinoma (KB) cells were maintained in high glucose
medium supplemented with 10% FBS (fetal bovine serum) and 1% antibiotic–antifungal
solution in an atmosphere of 5% CO2 and 18–20% O2 at 37 ◦C in a CO2 incubator (Healforce,
Shanghai, China) and subcultured every two days. The human oral adenocarcinoma cell
line was established according to a previous experiment [69] with some modifications.
First, 200 μL cell suspension was seeded into a 96-well plate (2 × 104 cells/well), and the
cells were allowed to grow for approximately 24 h. Then, appropriate concentrations of
the test samples were added and incubated for 24 h at 37 ◦C in a 5% CO2 atmosphere.
The plates were removed from the incubator, the spent medium was removed, and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT reagent) was added at a
final concentration of 0.05% of total volume. The plate was wrapped with aluminum foil
and incubated for 3 h. The MTT reagent was then removed, 100 μL DMSO was carefully
added, and the absorbance of the plates was read using an enzyme-linked immunosorbent
assay (ELISA) plate reader (Biorad-PW41, Hercules, CA USA) at 570 nm. Percentage cell
viability was calculated using the formula below, and IC50 was determined using a linear
regression equation Y = Mx + C, where Y = 50 and M and C values were derived from the
viability diagram.

% cell viability= [Abs of treated cells/Abs of untreated cells] × 100 (1)

Morphological changes and cell death of apoptotic cells were studied by fluorescence
microscopy. At different concentrations (0.00125%–0.02%), cells were visualized after
treatment of KB with PGLEO using fluorescence microscopy (Leica Microsystems GmbH)
at a magnification of 100×. Cells with condensed and fragmented nuclei were considered
apoptotic cells.

4.7. Statistical Analysis

Data were analyzed using GraphPad InStat (La Jolla, CA, USA) software and are
presented as mean ± standard deviation. The essential oil concentration that provides 50%
inhibition (IC50 value) was calculated using the graph by plotting the inhibition percentage
versus the essential oil concentration.

5. Conclusions

This study investigated the effects of PGLEO on common oral pathogens and oral
cancer. The oil showed solid antibacterial properties against S. mutans and C. albicans.
Molecular docking studies of the primary compounds (limonene and β-caryophyllene) of
PGLEO with the proteins 1JMM and 1IYL revealed theoretical inhibitory effects on the target
proteins of S. mutans and C. albicans, consistent with the present antimicrobial activities, as
indicated by their significant protein–ligand interaction energy. In addition to antibacterial
activity, PGLEO also exhibited oral anticancer effects. Therefore, the present results support
the potential use of PGLEO as an oral hygiene, anticariogenic, and anticarcinogenic agent.
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Abstract: Seeds and fruits of Citrullus colocynthis have been reported to possess huge potential for
the development of phytopharmaceuticals with a wide range of biological activities. Thus, in the
current study, we are reporting the potential antimicrobial and anticancer properties of C. colocynthis
seeds extracted with solvents of different polarities, including methanol (M.E.), hexane (H.E.), and
chloroform (C.E.). Antimicrobial properties of C. colocynthis seeds extracts were evaluated on Gram-
positive and Gram-negative bacteria, whereas, anticancer properties were tested on four different
cell lines, including HepG2, DU145, Hela, and A549. All the extracts have demonstrated noteworthy
antimicrobial activities with a minimum inhibitory concentration (MIC) ranging from 0.9–62.5 μg/mL
against Klebsiella planticola and Staphylococcus aureus; meanwhile, they were found to be moderately
active (MIC 62.5–250 μg/mL) against Escherichia coli and Micrococcus luteus strains. Hexane extracts
have demonstrated the highest antimicrobial activity against K. planticola with an MIC value of
0.9 μg/mL, equivalent to that of the standard drug ciprofloxacin used as positive control in this
study. For anticancer activity, all the extracts of C. colocynthis seeds were found to be active against
all the tested cell lines (IC50 48.49–197.96 μg/mL) except for the chloroform extracts, which were
found to be inactive against the HepG2 cell line. The hexane extract was found to possess the most
prominent anticancer activity when compared to other extracts and has demonstrated the highest
anticancer activity against the DU145 cell line with an IC50 value of 48.49 μg/mL. Furthermore,
a detailed phytoconstituents analysis of all the extracts of C. colocynthis seeds were performed using
GC–MS and GC–FID techniques. Altogether, 43 phytoconstituents were identified from the extracts
of C. colocynthis seeds, among which 21, 12, and 16 components were identified from the H.E.,
C.E., and M.E. extracts, respectively. Monoterpenes (40.4%) and oxygenated monoterpenes (41.1%)
were the most dominating chemical class of compounds from the hexane and chloroform extracts,
respectively; whereas, in the methanolic extract, oxygenated aliphatic hydrocarbons (77.2%) were
found to be the most dominating chemical class of compounds. To the best of our knowledge, all the
phytoconstituents identified in this study are being reported for the first time from the C. colocynthis.

Keywords: plant extracts; Citrullus colocynthis; chemical profiling; biological activities; phytoconstituents

1. Introduction

Folk medicine has long been dependent on plants, which are considered as a crucial
source of bioceuticals for the treatment and prevention of innumerable diseases for gen-
erations [1,2]. Albeit immense progress in modern medicine, a huge chunk of population
across the globe, and particularly, people of a low- income category, are still dependent on
natural product-based traditional methods of treatment for curing a variety of ailments [3,4].
The heavy use of these treatment methods is mainly derived by ancient knowledge, local
credence, effectiveness, and low-cost [5]. Indeed, the recent emergence of pandemics has
greatly renewed interests in the application of natural products, including plant-based ma-
terials and their compounds as nutraceuticals [6–8]. Traditionally, plant materials are dried,
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crushed, or extracted to generate products that are often referred as botanical medicines,
herbal medicines, or phytotherapeuticals [9,10]. In such a way, a variety of commercial
drugs have been fabricated from plant sources, and indeed, in the discovery of novel
pharmaceuticals, plant materials offer several benefits due to their abundance in nature and
wide geographic distribution [11,12]. Contrary to the use of extracts, modern medicines
mostly rely on single substances, to ensure consistent efficacy and quality [13]. Never-
theless, modern drug discovery methods are still largely dependent on the process of
extraction from natural products, modification of currently applied phytotherapeuticals,
design and synthesis of molecules mimicking phytoconstituents, etc. [14].

Notably, plants generate therapeutic secondary metabolites to protect themselves from
harmful pathogenic microorganisms, insects, and other creatures, which are referred as phy-
tochemicals [15,16]. Most of the phytochemicals often possess antimicrobial properties, due
to which they are also capable of protecting humans and animals against several infectious
diseases caused by microorganisms or toxins [17,18]. These phytochemicals include several
classes of compounds, such as phytosterols, terpenoids, flavonoids, alkaloids, phenolics,
carotenoids, organic acids and proteases inhibitors, etc., which possess natural therapeu-
tic properties and offer the best template for future pharmaceutical development [19,20].
Phytochemicals are typically extracted using a variety of techniques, including Soxhlet
extraction, maceration, supercritical fluid extraction, subcritical water, and ultrasound
mediated extractions, etc. [21].

Among these, solvent extraction is the most popular technique, which is efficacious
and easy to use, and thus, widely applied for the extraction of therapeutic secondary
metabolites from plants and other natural resources [22,23]. In this technique, the contents
and yield of secondary metabolites varies with the type of solvents used for the extraction;
this is due to the difference in the polarities and other physicochemical properties of the
solvents [24]. For example, polar solvents facilitate the isolation of phenolic constituents and
their glycosidic derivatives and saponins etc.; meanwhile, non-polar solvents are typically
used to extract fatty acids and steroids, etc. Moreover, temperature, extraction time, amount
of solvent with respect to plant material, part of the plant used, as well as the preparation
method of plant materials, also have a significant effect on the quality and quantity of the
resulting secondary metabolites [25]. Often, these parameters also have a strong influence
on the biological properties of phytoconstituents, which is well documented in several
studies [26]. Indeed, scientists have usually adopted diverse extraction techniques, solvents,
and other parameters to obtain a variety of different and effective bioactive compounds [27].
This is typically achieved by the comparison of the biological properties, including the
antimicrobial and anticancer potential of the extract of same part of the plant extracted in
different solvents [28].

For example, Chiavaroli et al., have extracted and screened the leaf and bark extract of
Rhizophora racemosa G. Mey. using different solvents and extraction methods [29]. Among
these extracts, the methanolic leave and bark extracts, which were obtained by both the
homogenizer-assisted extraction and maceration extraction method, have demonstrated
an abundance of phenolics, flavonoids, and other phenolic acids, due to which they exhib-
ited effective radical scavenging, total antioxidant and reducing potential. Similarly, in our
previous study, we have investigated the effect of extraction solvents on the biological po-
tential of therapeutic secondary metabolites [30]. To do that, the plant material of Artemisia
judaica was extracted using three different solvents, including hexane, chloroform, and
methanol [30]. In continuation of our previous research, we have selected Citrullus colocyn-
this, which is an important medicinal plant and has been used for centuries in traditional
medicine for the treatment of various ailments [31].

C. colocynthis is an herbaceous desert plant consisting of perennial roots and vine-like
stems [32]. It belongs to the family Cucurbitaceae, and it is native to the arid sandy areas of
West Asia, Arabia, tropical Africa, and the Mediterranean [33]. This plant contains a battery
of biologically active substances, including glycosides, flavonoids, alkaloids, fatty acids,
and essential oils, etc. [34]. Different parts of C. colocynthis have long been used for treating
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various diseases, such as its fruit pulp (dried), which is effective in treating indigestion
and gastroenteritis, while its fruit is known to possesses antioxidant, antimicrobial, and
anti-inflammatory properties [35,36]. Moreover, the other pharmacological potential of the
C. colocynthis include anti-diabetic, anthelmintic, analgesic, anti-allergic, and anti-cancerous
properties, etc. [37]. Therefore, to investigate the effect of solvents on the biological potential
of C. colocynthis, in this study, the plant material was extracted using different solvents, such
as, methanol (M.E.), hexane (H.E.), and chloroform (C.E.). The phytoconstituents of each
extract was determined separately using gas chromatographic methods. In addition, the
antimicrobial and anticancer properties of each extract were assessed individually against
several microorganisms and cell lines, respectively.

2. Results and Discussions

2.1. Chemo-Profiling of Different Extracts

Bioactive secondary metabolites are important for the physiology of both plants and
humans, as they protect them by acting as anti-oxidants against oxidative stress [38]. In this
regards, numerous studies have been reported in the literature describing the important
biological properties of secondary metabolites including anti-microbial and anti-cancer
properties [39,40]. Thus, the chemical characterization analysis of phytoconstituents of
different extracts of the seeds of C. colocynthis, which are extracted with solvents of varied
polarities, including methanol (M.E.), hexane (H.E.), and chloroform (C.E.), is undertaken.
Moreover, the biological potentials including the antibacterial and anticancer properties
of each individual extract were also evaluated. The solvent extractions of the seeds of
C. colocynthis from Saudi Arabia was carried out at room temperature using conventional
percolation technique, as described in earlier reports [30], and is shown in Figure 1.

 

Figure 1. Flowchart for the preparation of C. colocynthis seeds extracts and their bioactivity screening.

The extraction was carried out individually by using an initial 500 g of seeds of
C. colocynthis in each solvent, which yielded 11.2 g, 50.0 g, and 70.0 g of seed extract in
M.E., H.E., and C.E., respectively. Notably, the extraction processes have yielded an almost
similar color (dark brown) of extracts in all the solvents; however, their amount was slightly
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different due to the nature and quantity of the secondary metabolites extracted. For instance,
C.E. extraction has resulted in higher yield, due to the high solubility of the long range
of phytoconstituents including medium-polar and polar compounds in the chloroform
solution. The chemo-profiling of all the extracts was carried out by GC–MS and GC–FID
techniques, which has resulted in the recognition of a total of 21, 12, and 16 components
from the H.E., C.E., and M.E. extracts, respectively. All the recognized phytochemicals
generated from different extracts and their respective proportions are provided in the
Table 1 based on the elution order of the compound from the column (HP-5MS).

Table 1. Identified chemical constituents from various extracts of C. colocynthis seeds of Saudi Arabia.

Peaks Compounds * M.F CAS No. R.T. (min) LRI
H.E.
%

C.E. % M.E. %

1 cis-2-Pentenol C5H10O 1576-95-0 5.187 772 - - 0.7
2 Toluene C7H8 108-88-3 5.394 778 3.6 - -
3 Capronaldehyde C6H12O 66-25-1 5.996 796 - - 0.2
4 1-Octene C8H16 111-66-0 6.034 797 - - 0.4
5 Isopropyl butanoate C7H14O2 638-11-9 7.466 840 10.4 - -
6 p-Xylene C8H10 106-42-3 8.422 869 2.8 - -
7 o-Xylene C8H10 95-47-6 9.251 894 1.6 - -
8 Santolina triene C10H16 2153-66-4 9.806 909 1.6 - -
9 Isobutyl isobutyrate C8H16O2 97-85-8 9.958 913 1.6 - -

10 α-Thujene C10H16 2867-05-2 10.43 926 1.5 - -
11 Benzaldehyde C7H6O 100-52-7 11.662 958 - 1.6 -
12 α-Pinene C10H16 80-56-8 10.754 934 30.6 - -
13 Sabinene C10H16 3387-41-5 12.29 974 1.6 - -
14 Pseudocumene C9H12 95-63-6 13.058 994 2.7 - -
15 Undecane C11H24 1120-21-4 17.098 1100 - - 1.1
16 δ3-Carene C10H16 13466-78-9 13.696 1011 5.1 - -
17 o-Methylacetophenone C9H10O 577-16-2 18.527 1138 10.8 - -
18 Dodecane C12H26 112-40-3 20.783 1200 1.4 - -
19 Ethyl phenyl acetate C10H12O2 101-97-3 22.604 1253 - 3.1 -
20 2E-Decenal C10H18O 3913-81-3 22.971 1263 - 3.4 -
21 Thymol C10H14O 499-75-2 23.988 1293 - 37.2 3.0
22 Filifolide-A C10H14O2 - 24.83 1318 - 3.9 -
23 Tetradecane C14H30 629-59-4 27.483 1400 2.8 - 1.5
24 Coumarin C9H6O2 91-64-5 28.542 1434 - - 0.3
25 2-Methyl butyl benzoate C12H16O2 52513-03-8 28.696 1439 - - 0.5
26 α-Guaiene C15H24 3691-12-1 28.795 1443 - - 0.2
27 β-Ionol C13H22O 22029-76-1 31.038 1517 - 4.8 -
28 Caryophyllene oxide C15H24O 1139-30-6 33.252 1593 1.4 - -
29 Hexadecane C16H34 544-76-3 33.459 1600 3.1 - -
30 8-Cedren-13-ol C15H24O 18319-35-2 35.846 1686 - 2.8 -
31 Octadecane C18H38 593-45-3 38.831 1800 1.7 - -
32 7-Hydroxycoumarin C9H6O3 93-35-6 39.837 1840 3.9 - -
33 Methyl hexadecanoate C17H34O2 112-39-0 41.982 1927 - 5.6 18.3
34 n-Hexadecanoic acid C16H32O2 57-10-3 42.789 1960 - - 1.6
35 Ethyl hexadecanoate C18H36O2 628-97-7 43.603 1994 3.3 - -

36
8,11-Octadecadienoic acid,

methyl ester
C19H34O2 56599-58-7 45.91 2091 - 13.0 28.6

37
(Z)-9-Octadecenoic acid

methyl ester
C19H36O2 112-62-9 46.029 2096 - 5.3 20.4

38 Methyl oleate C19H36O2 112-62-9 46.319 2108 2.1 - -

39
n-Octadecanoic acid, methyl

ester
C19H38O2 112-61-8 46.599 2120 - - 7.4

40 Ethyl linoleate C20H36O2 544-35-4 47.605 2162 1.9 - -
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Table 1. Cont.

Peaks Compounds * M.F CAS No. R.T. (min) LRI
H.E.
%

C.E. % M.E. %

41 Tetracosane C24H50 646-31-1 53.297 2400 - 2.1 1.4
42 trans-Ferruginyl acetate C22H32O2 15340-79-1 53.562 2411 - 8.1 -
43 6-Ketoferruginol 54.625 2456 - - 9.6

Monoterpenes hydrocarbons 40.4 - -
Oxygenated monoterpenes - 41.1 3.0

Sesquiterpene hydrocarbons - - 0.2
Oxygenated sesquiterpenes 1.4 7.6 -

Aliphatic hydrocarbons 9 2.1 4.4
Oxygenated aliphatic hydrocarbons 19.3 27.3 77.2

Aromatics 21.5 4.7 0.5
Diterpenoids - 8.1 9.6

Others 3.9 - 0.3
Total identified 95.5 90.9 95.2

* Components are recorded as per their order of elution from HP-5MS column; compounds higher than 5.0% are
highlighted in boldface; LRI = linear retention index computed with reference to the n-alkanes mixture (C7–C30)
on HP-5MS column; H.E. = hexane extract of C. colocynthis seeds; C.E. = chloroform extract of C. colocynthis seeds;
M.E. = methanol extract of C. colocynthis seeds.

According to the results in the Table 1, the H.E. extract was dominated by monoterpene
hydrocarbons; whereas, the C.E. and M.E. extracts contained oxygenated monoterpenes
and oxygenated aliphatic hydrocarbons as major chemical class of compounds, respectively.
Particularly, the M.E. extract consisted of 77.2% of oxygenated aliphatic hydrocarbons;
meanwhile, H.E. and C.E. extracts contained an almost similar amount of monoterpene
hydrocarbons, i.e., 40.4% and oxygenated monoterpene hydrocarbons, i.e., 41.1%, respec-
tively. Apart from the major chemical classes of phytoconstituents, each individual extract
contains different chemical categories of compounds as subsequent chemical classes. For
example, besides monoterpene hydrocarbons, the H.E. extract consisted of oxygenated
aliphatic hydrocarbons and aromatics in an almost similar percentage, i.e., 19.3 and 21.5%,
respectively. In the case of the C.E. extract, the oxygenated aliphatic hydrocarbons were
present at a distant second position, which was recorded at 27.3%. In addition to these,
the C.E. extract also contains diterpenoids, oxygenated sesquiterpenes, aliphatic hydro-
carbons, and aromatics; however, chemical classes of these compounds were present in
minor amount (<10% each). On the other hand, the M.E. extract does not contain other
chemical classes of compounds in large quantities; after their major class of compounds,
the other classes of phytoconstituents in M.E. extract are present in minor quantity just
below 20% of total constituents. The categories of chemical compounds include oxygenated
monoterpenes (3%), aliphatic hydrocarbons (4%), diterpenoids (9.6%), and others (<1%).

A comprehensive analysis of the phytoconstituents of all of the extract of seeds of
C. colocynthis has revealed a total presence of 43 phytoconstituents; out of these compo-
nents, 21, 12, and 16 components were identified from the H.E., C.E., and M.E. extracts,
respectively. Among these, the H.E. extract clearly stands out with maximum number of
phytoconstituents. The total ion chromatogram of each extracts of the C. colocynthis seed
extracts are given in Figure 2. The H.E. extract was mostly dominated by α-pinene (30.6)
followed by o-methylacetophenone (10.8%), isopropyl butanoate (10.4%), and δ3-carene
(5.1%), while the remaining compounds, such as p-xylene, pseudocumene, tetradecane,
hexadecane, methyl hexadecanoate, ethyl hexadecanoate, and methyl oleate are all present
in a minor quantity of less than 5%. In the case of the C.E. extract, the major compound
was identified as thymol (37.2%), which is followed by 8,11-octadecadienoic acid methyl
ester (13.0%), trans-ferruginyl acetate (8.1%), and β-ionol (4.8%). The minor components
of the same extract include filifolide-A (3.9%), ethyl phenyl acetate (3.1%), 2E-decenal
(3.4%), 8-cedren-13-ol (2.8%), and tetracosane (2.1%). Whereas, the M.E. extract is mainly
dominated by the 8,11-octadecadienoic acid methyl ester (28.6%) followed by the (Z)-9-
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octadecenoic acid methyl ester (20.4%), methyl hexadecanoate (18.3%), 6-ketoferruginol
(9.6%), n-octadecanoic acid, methyl ester (7.4%), thymol (3.0%), and others, are present in
an insignificant amount.

It is noteworthy that all the major compounds found in all three different extracts
of C. colocynthis seeds, such as α-pinene, thymol, 8,11-octadecadienoic acid methyl ester
and others (Figure 3), have been found to be distinct to the plant species collected from
Riyadh region in KSA. These phytoconstituents have not been found in C. colocynthis
collected from other regions of the world, as shown in Table 2. For example, the plant
collected from the city of Tangier in Morocco has demonstrated the presence of nonadienal
(15.4%), linalool propanoate (14.3%), and 2,4-decadienal (7.8%) as major constituents [41].
Whereas, the Indian species of the C. colocynthis collected from different cities have shown
the presence of 2-methyl,4-heptanone (48.0), 3-methyl,2-heptanone (12.9), n-hexadecanoic
acid (12.4), and morphine (9.1) as dominant compounds [42,43]. Particularly, the three
major compounds found in each separate extract, such as α-pinene, thymol, and 8,11-
octadecadienoic acid methyl ester in H.E., C.E., and M.E. extracts, respectively, have been
known to possess excellent biological properties. These compounds are distinct to the plant
species investigated in this study, and thus the seeds extract of the C. colocynthis collected
from Riyadh are expected to demonstrate decent biological properties when compared to
the same species gathered from other regions of the world.

 

Figure 2. Cont.
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Figure 2. Total ion chromatogram (TIC) of n-hexane (H.E.), chloroform (C.E.), and methanol (M.E.)
extracts of C. colocynthis seeds.
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Figure 3. Chemical structure of most dominating identified compounds from C. colocynthis seeds extracts.

Table 2. Major components of C. colocynthis from different parts of the world.

No. Country City Major Components (%) Reference

1. Morocco Tangier

Nonadienal (15.4), linalool
propanoate (14.3), 2,4-decadienal

(7.8), pentadecane (7.2), hexanal (4.5),
and butylated hydroxy anisol (4.3).

[44]

2. India Parangipettai

2-Methyl,4-heptanone (48.0),
3-Methyl,2-heptanone (12.9),

trimethylsilylmethanol (9.1), pentane,
1-propoxy (6.5), and 2-pentanol,

5-methoxy-2-methyl- (5.3).

[45]

Southern
Haryana

n-Hexadecanoic acid (12.4),
morphine (9.1), narceine (10.3),

isoquinoline,
1-[(3,4-dimethoxyphenyl)methyl]-
6,7-dimethoxy- (7.5), codein (6.6),

and glycerol (5.5).

[46]

3. Saudi Arabia Riyadh

Thymol (3.0–37.2), α-pinene (0–30.0),
8,11-octadecadienoic acid, methyl

ester (13.0–28.6), (Z)-9-octadecenoic
acid methyl ester (0–20.4), methyl

hexadecanoate (5.6–18.3),
o-methylacetophenone (0–10.8),

isopropyl butanoate (0–10.4),
6-ketoferruginol (0–9.6),

trans-ferruginyl acetate (0.0–8.1),
n-octadecanoic acid, methyl ester

(0–7.4), trans-sabinyl acetate (0–6.0).

Present
study
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Typically, α-pinene is an important secondary metabolite, which is mainly found
in essential oils from different plants, such as the Piper nigrum or Juniperus species [47].
α-pinene is a monoterpene, which consists of hydrophobic and volatile properties with
fresh pine scent and woody flavour [48]. This compound has been known to possess excel-
lent antimicrobial properties against various Gram-positive and Gram-negative bacterial
strains, including the methicillin-resistant Staphylococcus aureus [49]. Additionally, α-pinene
has been reported to demonstrate anticancer properties against the human ovarian cancer
PA-1 cell line [50]. On the other hand, thymol, which is a monoterpene phenol mainly
found in essential oils of the plants from Lamiaceae family (Thymus, Ocimum, Origanum,
and Monarda genera) is also surprisingly found in the C.E. extract of the C. colocynthis
seeds [51]. Mainly, the thymol-based plant species are used as flavouring and preservative
agents and has also been recognized as “safe” (GRAS) or as approved food additives [52].
Thymol is known to possesses excellent anti-inflammatory, anti-microbial, anti-oxidant,
and antifungal properties, besides being beneficial for the cardiovascular system [53]. The
solvent-based variation in major constituents is not new. Indeed, plants demonstrate a huge
difference in their phytochemical constituents, which are typically based on a variety of
different factors, such as geographic location, genetic variations, ecological and environ-
mental factors, etc. [39,54]. Similarly, different experimental conditions, such as the solvent,
temperature, and pH of extraction processes also have serious effects on the quality and
quantity of the phytomolecules. The difference in the major constituents may possibly have
different synergistic interactions, which ultimately determine the biological activities of
plant-based materials [55].

For example, in a recent study, the monoterpenes’ thymol demonstrated direct an-
tibacterial activity against the S. aureus IS-58 strain [56]. Additionally, thymol has also
been recognized as anti-tumor agent, which is demonstrated in a recent study during the
evaluation of the cell viability and apoptosis in U-87 cells treated with thymol at different
concentrations. The half-maximal inhibitory concentration (IC50) of thymol in the U-87 cells
was 230 μM, while on a normal cell line it did not exhibit any cytotoxic effect at the same
concentration [57]. Besides the two biologically active phytoconstituents, α-pinene and
thymol, another major constituent, 8,11-octadecadienoic acid, as the methyl ester found in
M.E. extract, has also demonstrated excellent biological properties in previously reported
studies [58]. For example, the ethyl acetate extract of the seeds of Acacia nilotica Linn,
which contained 11-Octadecenoic acid, methyl ester as major compound, has demonstrated
excellent activities against the several tested microbes with zones of inhibition diameters
ranging from 27–32 mm against Salmonela typhi, E. coli, Streptococcus feacalis, S. aureus, and
so on [59].

2.2. Antibacterial Properties

In order to test the antimicrobial efficacy of seeds’ extracts of C. colocynthis, all the
different extracts, including H.E., C.E., and M.E. extracts, were employed against both
Gram-positive bacterial strains, such as S. aureus and M. luteus, and Gram-negative bacterial
strains, such as K. planticola and E. coli, respectively. Whereas, ciprofloxacin, which is
commonly prescribe as antibiotic, has been used as a control during this study. The extracts
have delivered mixed results, i.e., the extracts were active against both Gram-positive and
Gram-negative bacterial strains; however, neither of them demonstrated good activities
against E. coli, which is Gram-negative bacteria. For instance, both H.E. and C.E. extracts
were active against S. aureus and K. planticola, which are Gram-positive and Gram-negative
bacteria, respectively. Whereas, the M.E. extract demonstrated antibacterial activity only
against a single bacterial strain, i.e., K. planticola. Among these extracts, the H.E. extract has
demonstrated superb antibacterial activity against K. planticola, which is almost comparable
to the commercially available antibiotic. Meanwhile, the other extracts demonstrated very
mild activities towards the tested strains.

The results further revealed that the C.E. extract exhibited mild activity against S. au-
reus with 7.8 μg/mL, but demonstrated excellent potential towards K. planticola, with
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1.9 μg/mL. Meanwhile, the H.E. extract exhibited decent activity against S. aureus with
3.9 μg/mL; whereas, it demonstrated the best of all antibacterial activities against the
K. planticola, with 0.9 μg/mL, which was equal to the activity of the commercially available
antibiotic, i.e., ciprofloxacin (cf. Table 3). On the other hand, the M.E. was the least active
extract among the tested materials, and demonstrated decent activity towards a single
strain, which is 7.8 μg/mL towards the K. planticola. Notably, all the extracts studied have
demonstrated very mild activity against the M. luteus and E. coli, except the slightly decent
activity of the M.E. extract against M. luteus, with 62.2 μg/mL.

Table 3. Antimicrobial activity of various extracts of C. colocynthis seeds against Gram-positive and
Gram-negative bacteria.

Tested Extracts of
C. colocynthis Seeds

Minimum Inhibitory Concentration (μg/mL)

Gram-Positive Gram-Negative

S. aureus MTCC 96 M. luteus MTCC 2470
K. planticola
MTCC 530

E. coli
MTCC 739

M.E. 62.5 62.5 7.8 >250
H.E. 3.9 >250 0.9 >250
C.E. 7.8 >250 1.9 >250

Ciprofloxacin 0.9 0.9 0.9 0.9

Among all the extracts, the best antimicrobial activity was demonstrated by he H.E.
extract against K. planticola, with 0.9 μg/mL, which is same as the commercially available
antibiotic (ciprofloxacin). Similarly, the decent antibacterial activity of the H.E. extract was
also observed against S. aureus, with 0.9 μg/mL. However, the same extract demonstrated
very mild activity against the other two species of bacteria, namely M. leuteus and E. coli.
These results are not surprising, as the H.E. extract contains high amount of α-pinene,
which is already known to exhibit strong antibacterial activities against several bacterial
strains, including K. planticola and S. aureus [60]. For example, the essential oil of Baccharis
reticulata, which contains a high amount of α-pinene, demonstrated excellent antibacterial
activities against S. aureus with a MIC value of 256 μg/mL; whereas, the same extract did
not have a significant effect on E. coli and other bacteria [61]. α-pinene in a pure form
demonstrates excellent antibacterial activities against a large number of bacterial strains;
however, when present in the extract or essential oils together with other phytoconstituents,
it selectively targets the bacterial species. This can be attributed to the presence of antag-
onist phytoconstituents, which may stop the action or effect of α-pinene. As in the H.E.
extract, besides α-pinene, isopropyl butanoate, o-methylacetophenone, and many other
phytochemicals are present, which may function as antagonist phytomolecules. Similar
results were also obtained the in case of the C.E. extract, which consisted of thymol as
the major constituent, and is already known to have demonstrated excellent antibacterial
properties towards several strains [62]. For example, thymol-rich essential oils of Oliveria
decumbens (Apiaceae) collected from different Iranian populations demonstrated high an-
tibacterial properties against a variety of Gram-positive and Gram-negative bacteria. The
essential oils obtained from Oliveria decumbens (Apiaceae) collected from the Behbahan
region of Iran exhibited a MIC value of 1.0 μg/mL against S. aureus (Gram-positive), while
the thymol-rich C.E. in this study demonstrated a near similar antibacterial property with
a MIC value of 7.8 μg/mL [63]. The gas chromatographic-mass spectrometry analysis put
in evidence four main volatile constituents, such as thymol (20.3–36.4%), However, very
little has been published with regards to the biological properties of 8,11-Octadecadienoic
acid, methyl ester, which is a major constituent of M.E. extract. This is also reflected in
our study, where the M.E. extract has demonstrated the least antibacterial activities when
compared to the other extracts.
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2.3. Anticancer Properties

Besides antibacterial properties, the seed extracts of C. colocynthis were also evaluated
for their potential anticancer properties, which is explored against a variety of cell lines,
including HepG2 (hepatic cancer cells), DU145 (prostate cancer cells), Hela (cervical cancer
cells), and A549 (human lung cancer cells). During this study, doxorubicin, a prescription
anticancer drug, was employed as a control, which is a commercially available anticancer
drug (cf. Table 4). All the studied extracts have demonstrated diverse anticancer activities
against different cell lines, which are provided in Table 4. When compared to the controlled
drug used in this study, which has shown IC50 (μg/mL) of less than one (<1) against all
the studied cell lines, neither of the extracts has demonstrated the activity, which is close
to the value of doxorubicin. The M.E. extract has exhibited IC50 values of 126.6, 91.9, 99.9,
70.1 μg/mL against HepG2, DU145, Hela, and A549, respectively. Whereas, the H.E. and
C.E. extracts have demonstrated the IC50 values of 177.0 and no activity, and 48.4 and 53.3,
197.2 and 83.8, 82.9 and 154.0 μg/mL against the same cell lines, respectively. However,
the IC50 values are insignificant when compared to the controlled drug, and, according
to a reported study on the extensive screening of several extracts from a variety of plants,
a plant extract is usually considered to possess in vitro cytotoxic activity when the IC50
(concentration that causes a 50% cell kill) value is less than 20 μg/mL for the extract [64].

Table 4. Anticancer activity of various extracts of C. colocynthis seeds against various cancer cell lines.

Tested Extracts of
C. colocynthis Seeds

IC50 (μg/mL)

HepG2 DU145 Hela A549

M.E. 126.65 ± 11.48 91.94 ± 7.88 99.96 ± 9.70 70.18 ± 1.17

H.E. 177.05 ± 4.84 48.49 ± 0.50 197.28 ± 9.45 82.99 ± 6.5

C.E. NA 53.32 ± 1.59 83.87 ± 4.61 154.05 ± 14.25

Doxorubicin 0.72 ± 0.012 (μM) 0.36 ± 0.01 (μM) 0.8 ± 0.71 (μM) 0.55 ± 0.16 (μM)

Results are expressed as mean ± SD, NA = No activity.

Taking this into account, only the H.E. and C.E. extract has demonstrated very mild
48.4 and 53.3 μg/mL, respectively, against a single cell line, namely, DU145. Nevertheless,
the major constituents of these extracts, including α-Pinene and thymol, have been reported
to demonstrate considerable anticancer properties against a battery of cell lines. For
example, pine needle oil from the crude extract of pine needles, which consists of large
amount of α-Pinene, has exhibited considerable inhibitory effect on hepatoma carcinoma
BEL-7402 cells, with an inhibitory rate of 79.3% in vitro and 69.1% in vivo [65]. Similarly,
the crude extract of Trachyspermum ammi consisting of thymol in large amount has also
shown potential cytotoxic activity in the breast cancer cell line MCF-7. The MTT assay
demonstrated that the IC50 values of thymol on MCF-7 cells for 48 h and 72 h were 54 and
62 μg/mL, respectively [66]. These values are close to the IC50 values of the C.E. extract of
C. colocynthis seeds (53.2 μg/mL), which has thymol as major constituents.

Despite the mild anticancer properties of all the studied extracts against different
cancer cell lines, the data still demonstrate a clear trend for the selection of extracts for
the activity guided isolation of phytomolecules, which is essential in the quest of finding
biologically active phytoconstituents [67]. In this regard, no prior reports on the compre-
hensive analysis of the anticancer properties of the seed extracts of C. colocynthis in different
solvents with varying polarities have been reported in the literature. However, few reports
have appeared on the anticancer potential of the essential oils of the seed of C. colocynthis,
which have demonstrated reasonable anticancer properties towards colorectal cancer cell
lines, with IC50 values varying between 4 and 7 mg/mL [68]. Meanwhile, the other studies
have reported that the seed and pulp extracts (extracted using a single solvent) of the
fruit of C. colocynthis were effective against various cancer cell lines [69]. However, in this
study, we have employed three different solvents with varying polarities to isolate the
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extracts of the C. colocynthis seeds, which have delivered notable results with different
major constituents in a different solvent extract. Similar to the antibacterial results, the
M.E. extract with 8,11-Octadecadienoic acid, methyl ester as major constituent has not
demonstrated decent anticancer activities with the IC50 values of more 75 μg/mL against
almost all the cell lines studied.

3. Materials and Methods

3.1. Plant Material

Entire aerial parts of the C. colocynthis grown in the region of Taif, a city in the Mecca
Province of southwest Saudi Arabia, were procured in May 2020. Identifications of C. colo-
cynthis were authenticated by Dr. Rajakrishnan Rajagopal from the herbarium division
of King Saud University. A specimen sample (24,531) of C. colocynthis is retained in the
herbarium division of the King Saud University.

3.2. Chemicals

All the chemicals including methanol, chloroform, and n-hexane were of analytical
grade and purchased from Sigma–Aldrich, Hamburg, Germany. Pure volatile constituents
or enriched fractions of volatile constituents, such as thymol, δ3-carene, α-pinene (Alfa
Aesar, Lancashire, UK), n-hexadecanoic acid, caryophyllene oxide, (Z)-9-Octadecenoic
acid methyl ester, and 8,11-Octadecadienoic acid, methyl ester (enriched fractions), were
available and used for co-injection/comparative analysis.

3.3. Preparation of C. colocynthis Seeds Extracts

Procured aerial parts of C. colocynthis were air-dried at room temperature. The fruits,
leaves, and stem of the plant were separated and subjected to drying separately until
a constant weight was achieved. From the fruits of C. colocynthis, the seeds were carefully
removed and then ground using a grinder. The resultant C. colocynthis seeds (500 g) were
first percolated with n-hexane (550 mL) three times at room temperature. After n-hexane
extraction, the marc was again subjected to extraction three times with CHCl3 (550 mL).
Finally, the same extraction process was repeated using the residual marc with methanol
(550 mL) for three times at room temperature. Notably, each time, the extraction process
was carried out for 3 days for all the solvents employed. The resultant n-hexane, chloroform,
and methanol extracts of C. colocynthis seeds were separately dried under a vacuum at
40 ◦C until the solvents were completely removed using a Buchi rotary evaporating system
(Rotavapor R-215, Buchi, Flawil, Switzerland) equipped with a vacuum controller (V-850)
and vacuum pump (V-700). These separately dried n-hexane, CHCl3, and methanol extracts
were used for the screening of anticancer and antimicrobial activities, as well as for the
GC analysis.

3.4. GC and GC–MS Analysis of C. colocynthis Seeds Extracts

In order to identify the chemical constituents of the extracts of C. colocynthis seeds, the
dried extracts of n-hexane and CHCl3 extracts were dissolved in diethyl ether, whereas
the methanol extract was dissolved in methanol and subjected to GC–FID and GC–MS
analyses. The GC–MS system was equipped with stationary phase columns (HP-5MS)
employing the same method, as described previously [70]. Detailed methodology is
given in Supplementary Materials (Scheme S1). The identified constituents from n-hexane,
CHCl3, and methanol extracts of C. colocynthis seeds and their relative percentages are
provided in Table 1, and the constituents are listed according to their elution order on the
HP-5MS column.

3.5. Calculation of Linear Retention Indices (LRIs)

LRI values of chemical constituents of C. colocynthis seeds extracts were determined
following a previously reported method [70], and they are listed in Table 1. The detailed
methodology is provided in Supplementary Materials (Scheme S2).
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3.6. Identification of Volatile Chemical Components

Identification of the chemical constituents of C. colocynthis seeds extracts were carried
out through an analysis on a HP-5MS column, as described previously [70]. Detailed
methodology for the identification of chemical constituents is provided in the Supplemen-
tary Materials (Scheme S3) [71–73]. GC–MS chromatograms for the identified constituents
of n-hexane, chloroform, and methanol extracts of C. colocynthis seeds on the HP-5MS
column are given in Figure 2.

3.7. Evaluation of Antimicrobial and Anticancer Activity
3.7.1. Antimicrobial Activity

Antimicrobial activity of the C. colocynthis seeds extracts was examined using the
well diffusion method [74] towards a panel of four pathogenic bacterial strains, including
Staphylococcus aureus MTCC 96, Micrococcus luteus MTCC 2470, Escherichia coli MTCC 739,
and Klebsiella planticola MTCC 530. The four pathogenic reference strains were spread on
the surface of the Mueller–Hinton agar Petri plates with 0.1 mL of previously prepared
microbial suspensions individually containing 1.0 × 107 CFU/mL (equal to 0.5 McFarland
standard). Using a cork borer, the wells of the 6.0 mm diameter were prepared in the media
plates, and the prepared test extracts at a dosage range of 250–0.48 μg/well were added in
each well under sterile conditions in a laminar air flow chamber. The standard antibiotic
solution of Ciprofloxacin at a dose range of 250–0.48 μg/well and the well containing
dimethyl sulfoxide (DMSO) served as positive and negative controls, respectively. The
plates were incubated for 24 h at 37 ◦C, and the well containing the least concentration
showing the inhibition zone was considered as the minimum inhibitory concentration
(MIC). All experiments were carried out in duplicates and mean values are represented.

3.7.2. Anticancer Activity

Cytotoxicity of C. colocynthis seeds extracts was assessed against the human lung
adenocarcinoma cell line (A549), human hepatocarcinoma cell line (HepG2), human cer-
vical cancer cell line (HeLa), and human prostate cancer cell line (DU145) using the MTT
assay [75]. Briefly, 1 × 104 exponentially growing cells were seeded into each 96-well plate
(counted by Trypan blue exclusion dye method) and allowed to grow until 60–70% conflu-
ence; then, different concentrations of test extracts were added to the culture medium along
with negative (DMSO) and positive controls (Doxorubicin). The plates were incubated for
48 h in a CO2 incubator at 37 ◦C with a 90% humidified atmosphere and 5% CO2. Then, the
media of the wells were replaced with 90 μL of fresh serum-free media and 10 μL of MTT
(5 mg/mL of PBS), and the plates were incubated at 37 ◦C for 2 h. The media was discarded
and allowed to dry for 30 min. Later, 100 μL of DMSO was added in each well to dissolve
the purple formazan crystals, and the absorbance was recorded at 570 nm using Spectra
Max plus 384 UV-Visible plate reader (Molecular Devices, Sunnyvale, CA, USA). Each
test compound was examined at various concentrations in triplicate, and the results are
expressed as a mean with standard deviation (mean ± SD), (n = 3). One-way ANOVA and
Dunnett’s post-comparison test were used to analyse the data for significant differences
(test vs. control). The statistical significance for the experiment was set at p < 0.05.

4. Conclusions

In this study, the effect of the polarity of the extraction solvents on the phytochemical
contents and biological potential of the extracts of the seeds of C. colocynthis were explored.
To do this, three different solvents, including M.E., C.E., and H.E., were selected to isolate
the phytoconstituents of the studied plant material. The contents of all the studied extracts
were vastly different with respect to their major components, and the H.E. and C.E. extracts
demonstrated α-pinene and thymol as their major constituents, respectively; whereas, the
M.E. extract demonstrated the presence of 8,11-octadecadienoic acid, methyl ester in a large
quantity. Out of all the extracts, the H.E. and C.E. extracts clearly stood out in terms of their
major constituents and their biological potential. Particularly, the H.E. extract, consisting of
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α-pinene (30.6%), demonstrated a superior antimicrobial activity against most of the strains
studied and indeed, in the case of K. planticola, it demonstrated excellent antibacterial
activity, which was almost equal to the commercially available antibiotic. Therefore, the
C. colocynthis seed extracts may offer a variety of phytopharmaceutical, food products, and
other commercial entities in the form of biologically active pure phytomolecules such as
α-pinene and thymol.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12030567/s1. Scheme S1. Gas Chromatography (GC) and Gas
Chromatography−Mass Spectrometry (GC-MS) Analysis of C. colocynthis seeds Extracts; Scheme S2.
Linear retention indices (LRIs); Scheme S3. Identification of volatile components.
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Abstract: The aim of this study was to evaluate the antioxidant, antibiofilm, antimicrobial (in situ
and in vitro), insecticidal, and antiproliferative activity of Cupressus sempervirens essential oil (CSEO)
obtained from the plant leaf. The identification of the constituents contained in CSEO was also
intended by using GC and GC/MS analysis. The chemical composition revealed that this sample
was dominated by monoterpene hydrocarbons α-pinene, and δ-3-carene. Free radical scavenging
ability, performed by using DPPH and ABTS assays, was evaluated as strong. Higher antibacterial
efficacy was demonstrated for the agar diffusion method compared to the disk diffusion method.
The antifungal activity of CSEO was moderate. When the minimum inhibitory concentrations of
filamentous microscopic fungi were determined, we observed the efficacy depending on the concen-
tration used, except for B. cinerea where the efficacy of lower concentration was more pronounced.
The vapor phase effect was more pronounced at lower concentrations in most cases. Antibiofilm
effect against Salmonella enterica was demonstrated. The relatively strong insecticidal activity was
demonstrated with an LC50 value of 21.07% and an LC90 value of 78.21%, making CSEO potentially
adequate in the control of agricultural insect pests. Results of cell viability testing showed no effects
on the normal MRC-5 cell line, and antiproliferative effects towards MDA-MB-231, HCT-116, JEG-3,
and K562 cells, whereas K562 cells were the most sensitive. Based on our results, CSEO could be a
suitable alternative against different types of microorganisms as well as suitable for the control of
biofilms. Due to its insecticidal properties, it could be used in the control of agricultural insect pests.

Keywords: Cupressus sempervirens; MALDI-TOF MS Biotyper; biofilm; insecticidal activity; vapor phase

1. Introduction

Essential oils (EOs) constitute only a fraction of the total plant mass, but they are
responsible for significant properties of aromatic plants. Composed of hundreds of biologi-
cally active compounds, EOs are effective due to their complex composition. Hydrocarbons
such as sesquiterpenes and monoterpenes are dominant, while among oxygenated com-
pounds, aldehydes, ketones, phenols, oxides, alcohols, and acetates are the most abundant.
Esters and ethers can also be found in high amounts. Hydrocarbons and oxygenated
compounds significantly influence the odor and taste characteristics of EOs [1]. EOs are
considered safe substances and can be used as potential antimicrobials [2]. It has also
recently been found that EOs can show comparable, and in some cases even higher, efficacy
than currently used antimicrobials [3,4].
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Cupressus sempervirens L. [Cupressaceae] is an evergreen tree with a distinctive aroma,
rich in essential oils. It has been used for centuries in traditional medicine for its expectorant,
antiseptic properties. It is most commonly used to treat coughs, bronchitis, diabetes, boils,
and laryngitis, but also inflammation and toothache [5]. C. sempervirens also exhibit significant
biological activities including antioxidant, antimicrobial, and insecticidal effects [6].

Today, food safety is emphasized by manufacturers, regulators, and consumers
alike [7]. Despite significant modernization of production techniques, contamination
of food with food spoilage-causing pathogens and microorganisms is a global problem [8].
Microbial burden poses a risk to food sustainability as well as alimentary diseases, increas-
ing the burden on public health [9]. In this regard, EOs can be a useful alternative for
applications in food preservation.

A biofilm is an organized cluster of microorganisms surrounded by an extracellular
polymeric matrix that they produce. The problem with biofilms is that they reduce the
effectiveness of antibiotic therapy [10]. Biofilm formation is a mechanism of survival in
adverse conditions, and for this reason, it is almost ubiquitous [11]. Literature data show
that biofilm formation is influenced, among others, by the characteristics of the contact
surface [12]. Biofilms can cause many problems in different industries, including food,
medicine, and agriculture.

There are numerous conventional techniques for identifying bacteria, and many of them
can be time-consuming, complicated, and expensive [13–15]. Considering the urgency of
antibiotic resistance and the struggle with bacterial biofilms, the development of quick and
accurate techniques is of high importance [15,16]. In recent years, the MALDI-TOF MS tech-
nique has been widely used in microbiology to study different types of bacteria (Gram-positive,
Gram-negative, mycobacteria, and anaerobic). The advantages of this method are mainly
reflected in its precision, speed, simplicity, and reproducibility, as well as in its price [13–15].

This study aimed to evaluate the antioxidant, antibiofilm, antimicrobial, insecticidal,
and antiproliferative activity of Cupressus sempervirens essential oil (CSEO). Preliminary
testing regarding the antimicrobial activity of the CSEO was performed with disc diffusion
and minimum inhibitory concentration assays. To further elucidate the antimicrobial effects
of this EO, we have performed an in situ assay on kohlrabi as a food model. This assay is
performed to assess its potential application as a natural preservative. To our knowledge,
there are no previous reports on this species of EO that demonstrate its antimicrobial effi-
ciency in food preservation with an in situ assay. Next, we examined the antibiofilm activity
of CSEO against Salmonella enterica biofilms formed on stainless steel and plastic surfaces
using MALDI-TOF MS Biotyper. Additionally, since literature data was lacking, using the
MTT assay we determined the antiproliferative activity of this EO towards human breast
cancer (MBA-MB-231), human colon cancer (HCT-116), human choriocarcinoma (JEG-3),
and chronic myelogenous leukemia (K562). For purpose of examining the biocompatibility
of the tested EO, we also evaluated the effects of CSEO on the healthy human lung fibroblast
(MRC-5) using the same assay. Finally, by employing GC and GC/MS techniques we have
determined the chemical composition of the constituents contained in CSEO.

2. Results

2.1. Chemical Composition

Results presented in Table 1 show the volatile composition of C. sempervirens essen-
tial oil (CSEO). Thirty-nine compounds were identified, which represents 98.9% of the
total. Monoterpene hydrocarbons were present in high abundance (90.7%), with α-pinene
(40.5%), and δ-3-carene (24.4%) as the major compounds. Other identified monoterpene
hydrocarbons were α-terpinolene (8.6%), limonene (4.3%), β-myrcene (3.0%), sabinene
(2.1%), and β-pinene (1.7%). From the class of oxygenated monoterpenes (2.4% of the
total), monoterpene alcohol, 4-terpineol, was detected with an abundance of 1.9% of the
total. Moreover, from the class of sesquiterpenes (5% of the total), sesquiterpene alcohol,
cedrol, was dominant (2.4%). Other compounds present in this EO sample were detected
in quantities below 1.5%.
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2.2. Antioxidant Activity

The antioxidant potential of CSEO was determined by the means of the neutralization
of stable DPPH radical and ABTS radical cation. The obtained results are presented in
Table 2. Based on the IC50 value, the radical scavenging capacity of the tested EO was
found to be stronger than that of the reference compound Trolox. 10 μL of this EO was able
to neutralize 76.32 ± 0.43% of DPPH radical, which is equivalent to the 6.46 ± 0.18 TEAC,
and 91.53 ± 0.16% of ABTS radical cation (4.92 ± 0.06 TEAC).

Table 1. Chemical composition of CSEO.

No RT RI (lit) RI (calc.) a Compound b %

Monoterpenes

monoterpene hydrocarbons

1 7.22 926 925 Tricyclene 0.2
2 7.33 930 929 α-Thujene 0.9
3 7.69 939 940 α-Pinene 40.5
4 8.01 952 952 α-Fenchene 0.9
5 8.16 954 953 Camphene 0.5
6 8.28 967 957 Verbenene tr c

7 8.98 975 975 Sabinene 2.1
8 9.17 979 980 β-Pinene 1.7
9 9.60 990 990 β-Myrcene 3

10 10.45 1011 1012 δ-3-Carene 24.4
11 10.70 1017 1018 α-Terpinene 0.8
12 10.80 1024 1021 p-Cymene Tr
13 11.02 1026 1026 o-Cymene 0.8
14 11.23 1029 1032 Limonene 4.3
15 11.29 1029 1033 β-Phellandrene 0.4
16 11.48 1050 1048 (E)-β-ocimene Tr
17 12.43 1059 1060 γ-Terpinene 1.2
18 13.42 1088 1086 α-Terpinolene 8.6
19 13.83 1091 1090 p-Cymenene Tr

Subtotal 90.3

oxygenated monoterpenes

monoterpene ethers

20 11.35 1031 1035 1,8- Cineole Tr
21 23.30 1244 1242 Carvacrol methyl ether Tr

summ Tr
monoterpene alcohols

22 14.31 1096 1099 Linalool 0.5
23 16.48 1139 1140 trans-Pinocarveol Tr
24 19.02 1177 1182 4-Terpineol 1.9
25 19.39 1182 1188 p-Cymen-8-ol Tr
26 19.86 1188 1191 α-Terpineol 0.5

summ 2.9
monoterpene ketones

27 16.89 1146 1145 Camphor tr
28 17.48 1159 1157 Karahanaenone 0.3
29 18.33 1171 1171 Umbellulone tr

summ 0.3
monoterpene esters

30 24.30 1285 1285 Isobornyl acetate 0.4
summ 0.4

subtotal 3.6
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Table 1. Cont.

No RT RI (lit) RI (calc.) a Compound b %

sesquiterpenes

sesquiterpene hydrocarbons

31 28.07 1375 1373 α-Ylangene tr
32 29.69 1411 1412 α-Cedrene 0.6
33 29.85 1419 1417 (E)-Caryophyllene 0.5
34 30.01 1420 1421 β-Cedrene 0.1
35 31.17 1454 1453 α-Humulene 0.2
36 31.86 1484 1471 α-Amorphene 0.2
37 32.06 1481 1476 Germacrene D 0.6
38 33.26 1513 1511 γ-Cadinene 0.4

subtotal 2.6

oxygenated sesquiterpenes

sesquiterpene alcohols

39 35.89 1600 1608 Cedrol 2.4
subtotal 2.4

total 98.9
a Values of retention indices on HP-5MS column; b Identified compounds; c tr-compounds identified in amounts
less than 0.1%.

Table 2. In vitro antioxidant activity of CSEO.

% of Inhibition TEAC (mg/L) Trolox (IC50) (mg/L)

DPPH• 76.32 ± 0.43 6.46 ± 0.18 4.39 ± 0.13
ABTS•+ 91.53 ± 0.16 4.92 ± 0.06 2.96 ± 0.01

2.3. Antimicrobial Activity In Vitro
2.3.1. Disc Diffusion Method

A weak antimicrobial activity was observed towards one gram-negative bacterium–P.
aeruginosa (zone of inhibition of 4.33 ± 1.15 mm), and two gram-positive bacteria–S. aureus
and E. faecalis (inhibition zones of 2.67 ± 0.58 mm and 1.00 ± 0.00 mm, respectively). A
weak antimicrobial activity was also observed against the yeast C. krusei with a zone of
inhibition of 3.67 ± 0.58 mm and the biofilm-producing bacterium S. enterica with a zone of
inhibition of 4.00 ± 1.00 mm. Moderate antimicrobial activities were detected against two
gram-negative bacteria, Y. enterocolitica (5.67 ± 0.58 mm) and S. enterica (6.67 ± 0.58 mm),
two species of yeast, C. glabrata (8.33 ± 0.58 mm) and C. tropicalis (6.33 ± 0.58 mm), and
against all the microscopic filamentous fungi tested, the zones of inhibition ranged from
6.33 ± 0.58 mm for A. flavus to 7.67 ± 0.58 mm for P. citrinum. A strong antimicrobial effect
was observed for the gram-positive bacterium B. subtilis (10.33 ± 1.53 mm) and the yeast C.
albicans (11.33 ± 1.15 mm). Further details on the antimicrobial activity are summarized in
Table 3.

2.3.2. Minimal Inhibition Concentration

Low MIC 50 (40.92–93.80 μL/mL) and MIC 90 (82.87–131.49 μL/mL) values were de-
tected for two gram-negative bacteria, Y. enterocolitica and S. enterica, and two yeasts,
C. krusei, and C. tropicalis. Intermediate MIC 50 (154.31–187.31 μL/mL) and MIC 90
(199.21–289.10 μL/mL) values were observed for C. glabrata and the biofilm-producing bac-
terium S. enterica. High MIC 50 (202.11–374.02 μL/mL) and MIC 90 (397.64–401.67 μL/mL)
values were observed for P. aeruginosa, B. subtilis, S. aureus, E. faecalis and C. albicans. Com-
pared to the results obtained with the disk diffusion method, a higher efficiency against
gram-positive bacteria and biofilm-producing bacteria was observed in the agar microdilu-
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tion method. Further details of the minimum inhibitory concentrations are summarized in
Table 4.

Table 3. Antimicrobial activity of CSEO with disc diffusion method.

Microorganism Inhibition Zone Activity of EO Control

Gram-negative bacteria

Pseudomonas aeruginosa 4.33 ± 1.15 * 25.00 ± 0.03
Yersinia enterocolitica 5.67 ± 0.58 ** 24.00 ± 0.08

Salmonella enterica subsp.
enterica ser. Enteritidis 6.67 ± 0.58 ** 28.00 ± 0.06

Salmonella enterica biofilm 4.00 ± 1.00 * 25.00 ± 0.02

Gram-positive bacteria

Bacillus subtilis 10.33 ± 1.53 *** 26.00 ± 0.05
Staphylococcus aureus subsp.

aureus 2.67 ± 0.58 * 24.00 ± 0.08

Enterococcus faecalis 1.00 ± 0.00 * 25.00 ± 0.08

Yeasts

Candida krusei 3.67 ± 0.58 * 24.00 ± 0.09
Candida albicans 11.33 ± 1.15 *** 26.00 ± 0.08
Candida tropicalis 6.33 ± 0.58 ** 25.00 ± 0.02
Candida glabrata 8.33 ± 0.58 ** 28.00 ± 0.04

Fungi

Aspergillus flavus 6.33 ± 0.58 ** 29.00 ± 1.00
Botrytis cinerae 6.67 ± 0.58 ** 30.00 ± 1.00

Penicillium citrinum 7.67 ± 0.58 ** 27.00 ± 1.50
* Weak activity (zone 1–5 mm); ** Moderate activity (zone 5–10 mm); *** Strong activity (over 10 mm); antibiotics
used as a control: cefoxitin for G− bacteria, gentamicin for G+ bacteria, fluconazole for microscopic filamentous
fungi.

Table 4. Antimicrobial activity of CSEO.

Microorganism MIC50 (μL/mL) MIC90 (μL/mL)

Gram-negative bacteria

Pseudomonas aeruginosa 202.11 401.67
Yersinia enterocolitica 93.80 99.91

Salmonella enterica subsp.
enterica ser. Enteritidis 40.92 82.87

Salmonella enterica biofilm 187.31 199.21

Gram-positive bacteria

Bacillus subtilis 374.02 397.64
Staphylococcus aureus subsp.

aureus 202.11 401.67

Enterococcus faecalis 248.24 413.93

Yeasts

Candida albicans 93.80 99.91
Candida glabrata 374.02 397.64
Candida krusei 71.30 131.49

Candida tropicalis 154.31 289.10

The minimum inhibitory concentrations of CSEO against three species of microscopic
filamentous fungi (Penicillium citrinum, Botrytis cinerea, and Aspergillus flavus) were eval-
uated by a different method because mycelial growth is difficult to observe in the agar
microdilution method. A modification of the disk diffusion method was used where the
inhibition zones formed around the disk were measured when different concentrations of
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CSEO diluted in DMSO were applied. The largest inhibition zone was recorded against
P. citrinum at the highest concentration tested, 500 μL/mL (7.67 ± 1.53 mm), and with
decreasing CSEO concentration the inhibition zones decreased resulting in the inhibition
zone of 6.33 ± 1.53 mm at a concentration of 62.5 μL/mL. A more pronounced effect was
observed against B. cinerea when lower concentrations were used. The largest inhibition
zone of 8.67 ± 1.15 mm was observed at an applied concentration of 62.5 μL/mL, and the
highest concentration tested, 500 μL/mL, an inhibition zone of only 4.67 ± 0.58 mm was
observed. Against A. flavus, the highest inhibition zone of 7.33 ± 0.58 mm was observed at
the highest CSEO concentration of 500 μL/mL, and the inhibition zones decreased as the
concentration decreased. A more detailed summary of the results is shown in Table 5.

Table 5. Minimum inhibitory concentrations of CSEO against microscopic fungi.

Fungi Concentration (μL/mL) Inhibition Zone (mm)

P. citrinum

500 7.67 ± 1.53
250 7.33 ± 0.58
125 7.00 ± 1.00
62.5 6.33 ± 1.53

B. cinerea

500 4.67 ± 0.58
250 7.33 ± 2.31
125 7.67 ± 0.58
62.5 8.67 ± 1.15

A. flavus

500 7.33 ± 0.58
250 5.33 ± 0.58
125 4.67 ± 0.58
62.5 2.67 ± 0.58

2.4. In Situ Antimicrobial Activity

In situ antifungal activity analysis demonstrated the efficacy of all tested concentra-
tions against microscopic filamentous fungi, while the efficacy of lower tested concentra-
tions was higher. In situ antibacterial efficacy was demonstrated for all bacterial and yeast
species except the biofilm-producing bacterium S. enterica, for which only low efficacy was
observed at the lowest concentration of 62.5 μL/mL, and growth stimulation occurred at
the other concentrations tested. For most of the bacteria and yeasts, as with the micro-
scopic filamentous fungi, we observed higher efficacy with the application of the lower
concentration of CSEO. More detailed results are shown in Table 6.

2.5. Antibiofilm Activity

The MALDI-TOF MS Biotyper mass spectrometer was used to analyze the differences
in mass spectra of the biofilm-producing bacterium S. enterica. The anti-biofilm effect of
CSEO was evaluated on days 3, 5, 7, 9, 12, and 14 in biofilms developing on stainless
steel and plastic surfaces and compared with the control biofilms developing without EO
treatment. The control planktonic spectra were used for comparison with the experimental
groups from the different surfaces since the evolution of the planktonic control spectra was
identical to the control spectra on the surfaces analyzed on each day.

The development of the primary biofilm of the experimental group during day 3
(Figure 1A) was almost identical to that of the control group; no significant changes
were observed in the mass spectra of the two groups. As the development progressed
to day 5 of the experiment (Figure 1B), there was a difference between the experimental
and control groups suggesting an influence of CSEO on S. enterica biofilm homeostasis.
From day 7 of the experiment to the end of the experiment (Figure 1C–F), the changes in
the experimental groups were significant. Significant visual differences can be observed
between the experimental and control spectra. Based on these findings, we conclude that
CSEO has a significant disrupting effect on the homeostasis of S. enterica biofilm thereby
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leading to its inhibition. Since the biofilm stage (day 5) was already relatively early affected,
CSEO has a significant potential to be applied as an anti-biofilm agent.

Table 6. In situ analysis of the antimicrobial activity of the vapor phase of CSEO in kohlrabi.

Bacteria

Bacterial Growth Inhibition (%)

The Concentration of CSEO in μL/mL

62.5 125 250 500

Gram-negative

P. aeroginosa 33.59 ± 2.01 d 22.86 ± 1.62 c 12.52 ± 1.06 b 4.60 ± 1.16 a

Y. enterocolitica 44.74 ± 0.95 d 33.53 ± 1.97 c 23.34 ± 1.50 b 15.00 ± 2.26 a

S. enterica 84.82 ± 3.00 d 64.78 ± 2.57 c 43.85 ± 1.84 b 23.63 ± 1.95 a

S. enterica biofilm 7.05 ± 1.10 d −25.00 ± 2.41 c −44.04 ± 1.62 b −76.03 ± 2.78 a

Gram-positive
B. subtilis 45.53 ± 2.24 c 15.22 ± 1.36 b 6.69 ± 1.11 a 86.93 ± 2.00 d

S. aureus 35.74 ± 1.06 c 14.89 ± 2.25 b 43.59 ± 2.21 d 7.19 ± 1.33 a

E. faecalis 64.22 ± 1.29 d 13.81 ± 2.70 a 22.44 ± 0.55 b 33.71 ± 1.70 c

Yeasts

C. albicans 44.33 ± 2.21 c 76.15 ± 2.25 d 36.30 ± 1.91 b 15.63 ± 2.11 a

C. glabrata 34.03 ± 1.53 c 14.29 ± 1.45 a 43.77 ± 2.05 d 24.03 ± 1.28 b

C. krusei 54.33 ± 2.15 c 24.51 ± 1.38 a 43.78 ± 1.95 b 74.96 ± 1.69 d

C. tropicalis 16.78 ± 1.95 a 34.93 ± 2.79 c 25.74 ± 2.81 b 56.63 ± 2.68 d

Microscopic fungi
A. flavus 64.48 ± 2.81 a 54.93 ± 1.54 d 13.60 ± 1.78 c 23.67 ± 2.01 b

B. cinerea 65.36 ± 2.01 d 46.77 ± 2.72 c 34.48 ± 2.06 b 24.96 ± 2.71 a

P. citrinum 65.54 ± 2.31 c 54.34 ± 2.07 d 44.18 ± 1.47 b 24.03 ± 1.54 a

One-Way ANOVA, Individual letters (a–d) in the upper case indicate the statistical differences between the
concentrations; p ≤ 0.05; the negative values indicate a probacterial activity of the essential oil against the growth
of microbial strains.

Figure 1. Cont.
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Figure 1. Representative MALDI-TOF mass spectra of S. enterica: (A) 3rd day, (B) 5th day, (C) 7th day,
(D) 9th day, (E) 12th day, and (F) 14th day.

The dendrogram constructed from the individual MSP distances of the control and
experimental mass spectra serves as a visualization of the interrelatedness of biofilms on
different surfaces (Figure 2). The constructed dendrogram shows that the shortest MSP
distances between the control and experimental groups were observed during days 3 and
5 of the experiment (SES 3;5 and SEP 3;5) along with the control groups throughout the
length of the experiment indicating that very little change in the molecular structure of
the biofilm was occurring at this time under the influence of CSEO. From day 7 of the
experiment (SES 7 and SEP 7) onwards, there was a significant lengthening of the MSP
distances of the experimental group from the controls, which is evidence of the inhibitory
effect of CSEO against the S. enterica biofilm. This trend persisted for the rest of the duration
of the experiment. The most significant increases in MSP distances for the experimental
groups were observed during days 12 and 14 of the experiment (SES 12;14 and SEP 12;14)
indicating significant biofilm inhibition. Based on this evidence, we conclude that CSEO
has the potential to act as an antibiofilm agent against S. enterica biofilm which confirms
the findings inferred from the mass spectra analysis.
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Figure 2. Dendrogram of S. enterica biofilm progress after CSEO exposition. SE–S. enterica; C-control;
S–stainless-steel; P-plastic; PC-planktonic cells.

2.6. Insecticidal Activity of CSEO

CSEO showed relatively strong insecticidal activity (Table 7) towards O. lavaterae with
the highest concentration tested showing 100% insecticidal activity, killing all individuals, a
concentration of 50% (prepared by dilution in 0.1% polysorbate solution) had 80% insectici-
dal activity and even a concentration of 25% CSEO had more than 50% insecticidal activity
killing half of the individuals. At the lower concentrations tested, insecticidal activities
of 36.66% and 10% were observed. The lowest concentration tested 3.125% did not show
insecticidal activity as well as the control group in which all individuals survived. Out of
the obtained results we have calculated lethal concentrations that are found to be for LC50
21.07% and for LC90 78.21%.

Table 7. Insecticidal activity of CSEO.

Concentration (%)
Number of Living

Individuals
Number of Dead

Individuals
Insecticidal Activity

(%)

100 0 30 100.00
50 6 24 80.00
25 14 16 53.33

12.5 19 11 36.66
6.25 27 3 10.00
3.125 30 0 0.00

Control group 30 0 0.00

2.7. Cell Viability Assay

Additionally, the MTT assay was used to evaluate the effects of CSEO on the viability
of human breast cancer (MBA-MB-231), human colon cancer (HCT-116), human choriocar-
cinoma (JEG-3), chronic myelogenous leukemia (K562), and normal human lung fibroblast
(MRC-5) cell lines. During the treatment that lasted 24 h and 72 h, the cells were treated
with different concentrations of CSEO (1, 10, 20, 50, 100, and 200 μg/mL), and obtained
results are presented in Figures 3 and 4.
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Figure 3. The effects of six concentrations of CSEO on MRC-5 cell viability after 24 h and 72 h of
treatment. Results are presented as the mean of three independent experiments ± standard error;
* p < 0.05 relative to control.

Figure 4. The effects of six concentrations of CSEO on MDA-MB-231, HCT-116, JEG-3, and K562 cell
viability after 24 h and 72 h of treatment. Results are presented as the mean of three independent
experiments ± standard error: * p < 0.05 relative to control.

The selectivity of the CSEO toward cancer cells was examined by treatment of normal
human lung fibroblast cell line MRC-5. Obtained results are presented in Figure 3. The
proliferation level of cultivated MRC-5 cells was higher than 80.25% compared to non-
treated cells in a concentration of 200 μg/mL, demonstrating that the biocompatibility of
CSEO is acceptable. Accordingly, this analysis demonstrated that the tested essential oil
did not have a non-specific toxic effect. These results qualify this EO sample as suitable for
further evaluation of its antiproliferative effects.

Figure 4 shows the results of cell viability testing of the human breast cancer (MBA-
MB-231), human colon cancer (HCT-116), human choriocarcinoma (JEG-3), and chronic
myelogenous leukemia (K562) cell lines. Overall, results indicate that all treatments exert
time and dose-dependent decrease in cell viability in all cell lines, but the most sensitive
was Kthe 562 cell line (47.07%). Considering the presented results, a general conclusion can
be made that CSEO induces a significant antiproliferative effect in the tested cells.

Comparing the results, it can be concluded that K562 cells were the most sensitive to
the treatment with CSEO, suggesting that the tested essential oil could be most effectively
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used for the treatment of chronic myelogenous leukemia. Towards K562 cells, IC50 values
below the maximal tested concentration of 200 μg/mL were observed for both treatment
times-24 h (105.06 μg/mL) and 72 h (66.56 μg/mL).

For all six tested concentrations of CSEO, the viability of exposed cancer cells was
significantly decreased compared to the control cells, and multifold lower when compared
to non-cancer human lung fibroblast cells MRC-5. In addition, the cell viability after
72 h was further decreased when compared to short-term treatment, suggesting a time-
dependent effect.

3. Discussion

A large number of scientific findings dealing with the chemical composition of EO
concluded that the amount of volatiles present in plant matter varies depending on the
region in which the plant was growing, the extraction method used, the genetic background
of the species, as well as environmental factors such as altitude, climate, soils, and precipi-
tations [17]. Previous studies on C. sempervirens essential oil chemical composition reported
10–67 compounds identified depending on the plant organ used for EO extraction [17–31].
EOs obtained from the leaves of this species are characterized by α-pinene and δ-3-carene
as major components [17,18,21,22,24,28,31]. These results are in agreement with the ones
obtained in this study. Considering the volatiles present in minor amounts, our sample
was characterized by a notable amount of α-terpinolene, limonene, β-myrcene, sabinene,
and cedrol. Selim et al. reported limonene and α-terpinolene being the next most abundant
compounds, while some other studies show a high abundance of cedrol, α-terpenylacetate,
myrcene, and β-caryophyllene [17,21,22,24].

The tests commonly used to examine the antioxidant capacity of essential oils are
DPPH and ABTS radical scavenging assays. The presence of compounds with different
functional groups in complex mixtures such as EOs as well as the analytical method used
can lead to varying results. Previous reports indicate moderate to the strong antioxidant
potential of the C. sempervirens EOs. Ben Nouri et al. determined the strong potency of this
EO toward both DPPH radical and ABTS radical cation [18]. However, some other authors
showed moderate radical-scavenging activity toward the DPPH radical [29,32–34]. The
results obtained in this study show that 10 μL of CSEO can neutralize 76.32 ± 0.43% of
DPPH radical, and 91.53 ± 0.16% of ABTS radical cation (4.92 ± 0.06 TEAC). Compared to
the IC50 value of the standard Trolox which is estimated at 4.39 ± 0.13 mL/L for DPPH
radical and 2.96 ± 0.01 mL/L for ABTS radical cation we can conclude that the sample
investigated in this study is a strong antioxidant against DPPH radical and ABTS radical
cation. The antioxidant activity of essential oils is mainly described as a synergistic or
antagonistic effect of two or more of its components [18].

Mazari et al. [22] determined the diameters of inhibition zones including the paper disc
(6 mm) for P. aeruginosa (7 mm), E. faecalis (9 mm), S. aureus (10.3 mm), B. cereus (7.6 mm),
and E. coli (9.3 mm) after application of CSEO. Considering that the authors measured
the diameter of the inhibition zone using a disc (6 mm) and in our study, the radius of
the inhibition zone was measured from the edge of the disc to the edge of the zone so the
inhibition zones detected by us for P. aeruginosa are larger than those in the referenced
study. We detected similar inhibition zones for E. faecalis and S. aureus. Elansary et al. [29]
also evaluated the antimicrobial activity of CSEO by disc diffusion method by measuring
the diameter of inhibition zones with the disc (5 mm) and detected inhibition zones for P.
aeruginosa no inhibition zone was observed, B. subtilis (18 mm), S. aureus (13 mm). Again,
if we consider that the authors measured the diameter, and in our work, the radius was
measured, the zones of inhibition reported in the mentioned paper were larger compared
to our study except for P. aeruginosa in the case of which we determined an inhibition zone
of 4.33 mm. Layal et al. [35] determined the diameters of the zones of inhibition in the disc
rim (5 mm) for P. aeruginosa (7 mm) and S. aureus (12 mm) after the application of CSEO.
The inhibition zones detected by us were higher for P. aeruginosa and lower for S. aureus.
The differences between our findings and the results of other authors may be due to the
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different origins of the microorganisms as well as the different origins of CSEO and its
acquisition method.

Emami et al. [31] analyzed the antifungal activity of CSEO on 8 microscopic filamen-
tous fungi (Fusarium culmorum, Fusarium oxysporum, Fusarium equisiti, Fusarium verticillioides,
Fusarium nygamai, Botrytis cinerea, and Microvar. Alternochium var. nivale), and against all the
tested species strong antifungal effects were observed at low concentrations. These findings
are consistent with our results which reflect a significant antifungal activity of CSEO against
microscopic filamentous fungi. Tekaya-Karoui et al. [36] analyzed the antifungal effect of
CSEO against 10 species of microscopic filamentous and also reported strong antifungal
effects. In agreement with our findings, the authors concluded that CSEO has a significant
potential to act as an antifungal agent. Mazari et al. [22] determined the antifungal activity
of CSEO against 3 species of filamentous microscopic fungi (Aspergillus flavus, Fusarium
oxysporum, and Rhizopus stolonifer) and observed very large zones of inhibition (31–80 mm).
In our work, we detected significantly smaller inhibition zones which nonetheless support
the claim that CSEO has significant potential for the control of microscopic filamentous
fungi. Badawy et al. [37] reported a significant antifungal effect of CSEO against B. cinerea
at low concentrations, and they believe that CSEO could be suitable for controlling this
plant pathogen. Our findings are in agreement with this, as the effect against B. cinerea
observed by us was very strong.

Elansary et al. [29] determined minimal inhibitory concentrations of CSEO for B.
subtilis and reported MIC values of less than 250 μg/mL. Their results for S. aureus and
P. aeruginosa were 500 μg/mL and 2000 μg/mL, respectively. Since the authors do not
distinguish between MIC 50 and MIC 90 as in our work, it is difficult to compare the given
values, but for B. subtilis their MIC values were lower than MIC 50 and MIC 90 in our work,
for S. aureus and P. aeruginosa, on the other hand, the MIC values are significantly higher
than MIC 50 and MIC 90 in our work. Rguez et al. [38] determined the MIC values of
CSEO for S. aureus (50 μg/mL) and P. aeruginosa (250 μg/mL). The findings of these authors
are significantly lower for S. aureus than in our work but the MIC value of 250 μg/mL
for P. aeruginosa is in the range of our MIC values of 50 and MIC 90. Taghreed [39]
determined MIC values of 90 for C. albicans (0.42 μg/mL), C. krusei (64 μg/mL), and C.
glabrata (64 μg/mL) after the application of CSEO, and these values are significantly lower
than those determined in our work. The differences between the referenced and our results
could have been caused by the different essential oil soils as well as the different microbial
strains used for the analyses.

Ismail et al. [40] found that CSEO showed significant growth inhibition of all tested
fungal species (Fusarium culmorum, Fusarium oxysporum, Fusarium equisiti, Fusarium verticil-
lioides, Fusarium nygamai, Botrytis cinerea, Microdochium nivale var. nivale, and Alternaria sp.).
Moreover, they determined CSEO to be effective against B. cinerea in a lower concentration.
This finding is in agreement with our observations. Pansera et al. [41] observed the in-
hibitory effect of CSEO against conidial germination of several microscopic fungi, including
B. cinerea, at very low concentrations, and concluded that this EO has the potential for use
as an antifungal agent. The findings of the authors of this study support our findings.

Reyes-Jurado et al. [42] evaluated the effect of the vapor phase of many essential oils as
potential antimicrobial agents and concluded that the results are encouraging and suggest
possible applications in food preservation. Kloucek et al. [43] observed that filamentous
microscopic fungi were more sensitive to vapor application than bacteria and yeasts.
This statement is in agreement with our findings since higher efficiency was observed
for filamentous microscopic fungi at lower EO concentrations. In a work by Kačániová
et al. [44], a significantly higher efficacy of vapor phase application of EO compared to
contact application was found. This is confirmed by our findings as the efficiency was
higher at lower concentrations compared to contact application. In their work, Vimalaha
et al. [45] evaluated the effect of vapor phase CSEO against viruses and bacteria, reporting
promising results and suggesting that certain components contained in CSEO make its
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effect more pronounced in the vapor phase. These results are in accordance with our
findings on the effectiveness of the CSEO vapor phase.

Jose et al. [46], who used microscopy and the crystal violet test, observed a significant
eradication of Klebsiella pneumoniae biofilm after CSEO application. Despite the use of
different species of biofilm-producing bacteria and other methods, these results are in
agreement with our findings on the suitability of CSEO for the control of biofilm-producing
bacteria. Rehman [47] investigated the antibiofilm effect of CSEO against B. subtilis, P.
multocida, and E. coli and reported a very strong inhibitory effect determined using the
crystal violet spectrophotometric assay. Despite methodological differences, our findings
are in agreement with this observation. Pedroso et al. [48] reported that CSEO showed
antibiofilm activity against all Candida albicans species tested which indicated that it could
be an adjuvant in the treatment of Candida albicans infections associated with biofilm. Their
results were obtained using a minimum inhibitory concentration test for biofilm and the
MTT assay. Although they did not use MALDI TOF to evaluate the antibiofilm activity,
as was the case in our study, they came to the same conclusion on the suitability of CSEO
for combating biofilm. Jose et al. also confirmed the efficacy of CSEO against biofilms.
Our findings are consistent with the previously published results on the efficacy of CSEO
against biofilms. Silva [49] reported the antibiofilm effect of CSEO against biofilm produced
by Candia species using an MTT assay. Despite the differences in the methods used, the
author came to the same conclusion that CSEO has the potential to inhibit biofilm. Pereira
et al. [16] reported that the use of MALDI TOF MS is sensitive enough to detect phenotypic
changes in biofilm progression, and is also able to detect some distinct characteristics
related to the surface on which the bacteria were grown. Kırmusaoğlu [50] states that the
use of MALDI TOF MS is a very suitable method to study biofilm because extracellular
polymeric substances (EPS) do not only contain polysaccharides, but also proteins such as
extracellular enzymes. These expressed proteins localized in the EPS matrix can be detected
and characterized by MALDI TOF MS.

Langsi et al. [51], evaluated the insecticidal activity of CSEO against insect pests of
maize noting high efficacy. Our findings are in agreement with those of these authors. Pinto
et al. [52] observed strong insecticidal effects of CSEO against T. absoluta in a dose- and
exposure-duration-dependent manner. These findings are consistent with our observations,
since in our experiment the effect decreased as a function of the concentration used. Almadii
and Nenaah [24] reported that CSEO caused significant insecticidal bioactivity against Culex
quinquefasciatus. Our findings on insecticidal activity are in agreement with the findings of
other authors. Saad et al. [53] evaluated the efficacy of CSEO at different concentrations (50,
100, 200, 300, and 400 μg/mL) against Tribolium castaneum individuals, recording efficacies
ranging from 42% to 20%. Compared to this author, the efficacy of the essential oil tested by
us was higher. Ulukanli et al. [54] also reported good insecticidal efficacy of CSEO against
Ephestia kuehniella. The authors’ findings support our findings that EO has the potential to
be used as an insecticidal agent. Borotova et al. [55] stated that essential oils are a suitable
alternative to synthetic insecticides.

Studies on the antiproliferative activity of CSEO are scarce. However, some reports
show that it exerts a cytotoxic effect against NB4, HL-60, and EACC cell lines with LC50
values in concentrations ranging from 333.79 μg/mL to 372.43 μg/mL [34]. The results
obtained in our study show that CSEO has antiproliferative activity towards human breast
cancer MDA-MB-231, colon cancer HCT-116 cell line, choriocarcinoma JEG-3, and chronic
myelogenous leukemia K562 cell line, and at the same time does not affect the viability of
the human lung fibroblast cell line MRC-5. Moreover, the obtained data imply that K562
cells are the most sensitive to the treatment, suggesting that the essential oil tested in our
study could be used for the treatment of chronic myelogenous leukemia.
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4. Materials and Methods

4.1. Essential Oil

Cupressus sempervirens essential oil (CSEO) was purchased for research purposes from
the Slovak company Hanus s.r.o. The essential oil (obtained from plant leaf) was stored at
4 ◦C without access to light during the whole duration of the experiments.

4.2. Microorganisms

Microorganisms purchased from the Czech Collection of Microorganisms (Brno, Czech
Republic) were used for the analysis of antimicrobial activity. Analyses were performed
on three gram-negative bacteria (Pseudomonas aeruginosa CCM 3955, Yersinia enterocolitica
CCM 7204, Salmonella enterica subsp. enterica ser. Enteritidis CCM 4420), and 3 gram-
positive bacteria (Bacillus subtilis CCM 1999, Staphylococcus aureus subsp. aureus CCM
2461, Enterococcus faecalis CCM 4224,). Analyses were also performed on 4 species of
yeasts of the genus Candia (Candida krusei CCM 8271, Candida albicans CCM 8261, Candida
tropicalis CCM 8223, Candida glabrata CCM 8270). A biofilm-producing strain of S. enterica
isolated from a chicken sample during previous studies was used for the analysis of
antibiofilm activity. Antifungal activity was evaluated on 3 fungal species (Penicillium
citrinum, Botrytis cinerea, and Aspergillus flavus) that were isolated from grape samples. The
isolated biofilm-producing bacterial strain and the tested fungal species were subjected to
16S rRNA sequencing and were also identified by MALDI-TOF MS Biotyper.

4.3. Chemical Characterization of CSEO by Gas Chromatography/Mass Spectrometry (GC/MS)
and Gas Chromatography (GC-FID)

The volatile detection of C. sempervirens essential oil has been performed using GC
and GC/MS analysis. For this purpose, used was Agilent Technologies (Palo Alto, Santa
Clara, CA, USA) 6890 N gas chromatograph. The chromatograph was equipped with
corresponding quadrupole mass spectrometer 5975 B (Agilent Technologies, Santa Clara,
CA, USA), and operated with an interfaced HP Enhanced ChemStation software (Agilent
Technologies). Separation of volatile compounds was performed by employing the HP-
5MS capillary column (30 m × 0.25 mm × 0.25 μm). A sample of essential oil has been
prepared by dilution with hexane (10% solution), and the injection volume was 1 μL. As
carrier gas helium 5.0 was used, with the flow rate of 1mL/min. The temperature of the
split/splitless injector, the MS source, and the MS quadruple was set at 280 ◦C, 230 ◦C, and
150 ◦C respectively. The mass scan range was 35–550 amu at 70 eV. The solvent delay time
was 3.2 min for essential oil sample analysis, while in the case of n-alkanes (C7–C35), the
solvent delay time was sat at 2.1 min to obtain the retention index for n-heptane which
is identified at 2.6 min. The temperature conditions of the performed analysis were set
as follows: from 50 ◦C to 90 ◦C (with a rate of increase of 3 ◦C/min), held for 4 min at
90 ◦C, from 90 ◦C to 130 ◦C (with a rate of increase of 4 ◦C/min), held for 1 min at 130 ◦C,
from 130 ◦C to 290 ◦C (with a rate of increase of 5 ◦C/min). The total run time was 60 min,
and the split ratio was 40.8:1. Volatile constituents were identified by the means of their
retention indices (RI) comparison, as well as the reference spectra reported in the literature
and the ones stored in the MS library (Wiley7Nist) [56,57]. Using GC-FID with the same
HP-5MS capillary column performed was semi-quantification of the components taking
into consideration amounts higher than 0.1%.

4.4. Antioxidant Activity
4.4.1. DPPH Assay

The antioxidant activity of CSEO was determined using 2,2-diphenyl-1-picrylhydrazyl
(DPPH, Sigma Aldrich, Germany). A stock solution of DPPH (0.025 g/L DPPH dissolved
in methanol) was diluted by adding methanol to an absorbance of 0.7 at 515 nm. The
analysis was carried out in 96-well microplates where 190 μL of diluted DPPH solution
(absorbance 0.7) was injected into the well followed by the addition of 10 μL of CSEO. The
prepared plate was incubated for 30 min at laboratory temperature without access to light
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on a shaker plate (MS 3 digital, IKA®, Deutschland, Germany) at 1000 rpm. The antioxidant
activity of CSEO was expressed using the percentage of DPPH radical inhibition. (A0 −
AA)/A0 × 100 was used for the calculation, where A0 was the absorbance of DPPH and
AA was the absorbance of the sample. The relationship between the antioxidant activity
and the reference substance Trolox (Sigma Aldrich, Schnelldorf, Germany) dissolved in
methanol (Uvasol® for spectroscopy, Merck, Darmstadt, Germany) was calculated over
the concentration range 0–5 μg/mL which served as a standard. After constructing the
calibration curve, the total antioxidant activity was expressed as the TEAC value. The
results were presented as mean values ± standard deviation (SD) of three independent
measurements.

4.4.2. ABTS Assay

ABTS [2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium] radical
cation was generated according to the already described procedure [58]. The prepared
radical cation was diluted prior to the analysis up to an absorbance value of 0.7 at 744 nm.
The 190 μL of this solution was mixed with 10 μL of EO (in a 96-well microtiter plate) for
30 min with continuous shaking at 1000 rpm at room temperature in the dark. A decrease
in absorbance at 744 nm was registered and the results are presented as a percentage of
ABTS inhibition using the same equation as in the previous section. All measurements
were performed in triplicate. Methanol was used as blank, and Trolox as the standard
reference substance. Results were expressed as % of inhibition as well as according to the
calibration curve of Trolox (TEAC). The results were presented as mean values ± standard
deviation (SD) of three independent measurements.

4.5. Antibacterial Activity
4.5.1. Disc Diffusion Method

The disk diffusion method was used to determine the antimicrobial activity in the
form of inhibition zones of CSEO. The inoculum of each microorganism was prepared
24 h in advance using Mueller Hinton broth (MHB, Oxoid, Basingstoke, UK) at 37 ◦C for
bacteria and Sabouraud dextrose broth (SDB, Oxoid, Basingstoke, UK) at 25 ◦C for yeasts.
The pre-cultured inoculum was adjusted to an optical density of 0.5 McFarland standard
(1.5 × 108 CFU/mL) by dilution with distilled water using a densitometer (BIOSAN, Lat-
vian Republic). 100 μL of treated inoculum was applied to Petri dishes (PD) with Mueller
Hinton agar (MHA, Oxoid, Basingstoke, UK) and spread thoroughly with an L-stick. Sterile
blank discs (Oxoid, Basingstoke, UK) with a diameter of 6 mm were then placed on the PD.
10 μL of CSEO was applied to each disc. Samples were placed in thermostats according to
the respective conditions for bacteria (37 ◦C) and yeast (25 ◦C) for 24h. Cefoxitin (Oxoid,
Basingstoke, UK) was used as a positive control for gram-positive bacteria, gentamicin
(Oxoid, Basingstoke, UK) for gram-negative bacteria, and one antifungal fluconazole (Ox-
oid, Basingstoke, UK) was used as a positive control for microscopic filamentous fungi.
A solution of 0.1% dimethyl sulfoxide (Centralchem, Bratislava, Slovakia) served as a
negative control. The radii of the inhibition zones (from disc edge to zone edge) formed by
CSEO were measured at three locations and the standard deviation was then calculated. To
evaluate the inhibition zones formed by the antibiotic control, the diameter of the inhibition
zone (from zone edge to zone edge, including the 6 mm disc) was measured.

To assess the antimicrobial activity of CSEO, the criteria for very strong activity were
an inhibition zone of more than 10 mm, for moderate activity an inhibition zone of more
than 5 mm, and for weak activity an inhibition zone of less than 5 mm. All measurements
were performed in triplicate.

4.5.2. Minimum Inhibitory Concentration (MIC)

The inoculum of each microorganism was prepared 24 h in advance using Mueller
Hinton broth (MHB, Oxoid, Basingstoke, UK) at 37 ◦C for bacteria and Sabouraud dextrose
broth (SDB, Oxoid, Basingstoke, UK) at 25 ◦C for yeast. The precultured inoculum was
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adjusted to an optical density of 0.5 McFarland standard by dilution with the appropriate
broth using a densitometer (BIOSAN, Latvian Republic). The microbial inoculum was
cultured for 24 h in Mueller Hinton broth (MHB, Oxoid, Basingstoke, UK) at 37 ◦C for
bacteria and Sabouraud dextrose broth (SDB, Oxoid, Basingstoke, UK) at 25 ◦C for yeast.
100 μL of modified inoculum with an optical density of 0.5 McFarland standard (McF) was
injected into a 96-well microtiter plate. A concentration gradient of CSEO was generated
by serial dilution with a concentration range of 500 μL/mL to 0.244 μL/mL in the wells.
MHB/SDB with EO was used as a negative control, and inoculum without addition was
used as a positive control for maximum growth. At time 0h, the plates were measured with
a Glomax spectrophotometer (Promega Inc., Madison, WI, USA) at 570 nm. Subsequently,
the plates were placed in thermostats for 24h at the respective temperatures.

After 24 h incubation, absorbance was again measured using the spectrophotometer
at 570 nm. The growth of microorganisms after 24 h was calculated. Subsequently, MIC
50 and MIC 90 values were calculated using logit analysis. The test was performed in
triplicate.

The minimum inhibitory concentrations of CSEO against three species of microscopic
filamentous fungi (Penicillium citrinum, Botrytis cinerea, and Aspergillus flavus) were eval-
uated by a different method because mycelial growth is difficult to observe by the agar
microdilution method. Four concentrations (500, 250, 125, and 62.5 μL /mL) of CSEO were
prepared by dilution in 0.1 % DMSO solution. The inoculum from the 24-hour culture
was adjusted to 0.5 McF (1.5 × 108 CFU/mL) by dilution with distilled water. 100 μL of
inoculum was applied to the PD with SDA spread with an L-stick. Sterile blank discs were
placed on the PDs and 10 μL of the appropriate concentration of CSEO was applied. The
dishes were placed in a thermostat at 25 ◦C for 5 days. After cultivation, the inhibition zone
radii were measured, and the mean inhibition zone and standard deviation were calculated
for the respective concentration and the microscopic filamentous fungus. Antimicrobial
activity was performed in triplicate.

4.6. In Situ Antimicrobial Activity

Seven species of bacteria of which 4 are gram-negative (P. aeruginosa, Y. enterocolitica, S.
enterica subsp. enterica ser. Enteritidis, biofilm-forming S. enterica), 3 gram-positive bacteria
(B. subtilis, S. aureus subsp. aureus, E. faecalis), 4 yeasts (C. krusei, C. albicans, C. tropicalis, C.
glabrata) and 3 filamentous microscopic fungi (P. citrinum, B. cinerea, A. flavus) were used
to analyze the antimicrobial effect of CSEO in situ in the vapor phase. A commercially
available vegetable species (kohlrabi) was used as a model food. MHA and SDA were
poured into a 60 mm diameter PD according to the species of microorganism (also into the
lid). A slice of the model food with a thickness of about 0.5 cm was placed on the agar.
The microbial inoculum (preparation described above) was applied to the slice using a
bacteriological needle puncture. Dilutions of CSEO in ethyl acetate prepared concentrations
of 62.5–500 μL/mL. The test concentrations were applied in a volume of 100 μL on sterile
filter paper and placed in a PD cap. The PDs were hermetically sealed and placed in
thermostats according to the respective culture conditions of the microorganisms used for
7 days.

After incubation, the experiment was evaluated using stereological methods in ImageJ
software. The bulk density (vv) of bacterial colonies was estimated and the grid points that
contained colonies (P) and those (p) that were in the reference space (growth medium used)
were counted. The bulk density of bacterial colonies was therefore calculated as follows:
vv (%) = P/p. The antibacterial activity of EO was defined as the percentage of bacterial
growth inhibition (BGI):

BGI = [(C − T)/C] × 100

where C and T are the bacterial growth (expressed as volume/volume) in the control and
treatment groups, respectively. Negative results represent growth stimulation.
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4.7. Antibiofilm Activity

MALDI-TOF MS Biotyper mass spectrometry was used to evaluate the effect of plant
essential oil on the degradation of the Salmonella enterica biofilm protein profile. The
experiment was conducted in 50 mL polypropylene centrifuge tubes. MHB culture medium
in a volume of 20 mL was added to the tubes, and then the test surface species were placed
in the form of strips about 1 cm thick and 5 cm long. Our analysis was performed on
a stainless-steel surface and a plastic surface. For the experimental groups, the culture
medium was enriched and supplemented with 0.1% (w/v) CSEO. A bacterial inoculum of
100 μL adjusted to an optical density of 0.5 McF was added to both groups. The samples
were placed on an incubation shaker (GFL 3031, Germany) at 37 ◦C and 170 rpm.

Samples were analyzed by MALDI-TOF MS Biotyper mass spectrometry on days 3,
5, 7, 9, 12, and 14 of the experiment. Biofilm samples were collected with a sterile cotton
swab from both surfaces and applied to a MALDI-TOF metal target plate. Planktonic
cells obtained from the culture medium were also subjected to analysis. From the culture
medium, 300 μL were collected and centrifuged at 12,000 rpm for 1 min. The supernatant
was poured off and the pellet was washed 3 times with 30 μL of ultrapure water. Finally,
the clean pellet was resuspended in 30 μL of ultrapure water and 1 μL was applied to a
MALDI-TOF target plate. The samples were allowed to dry at room temperature.

After drying, the samples were overlaid with 1 μL of the a-cyano-4-hydroxycinnamic
acid matrix (10 mg/mL). After crystallization of the matrix, the samples were analyzed
using a MALDI-TOF MicroFlex (Bruker Daltonics, Billerica, MA, USA) with linear and
positive mode settings with a range of m/z 200–2000. Using automated analysis, the
same similarities were used to generate a standard global spectrum (MSP). Based on the
Euclidean distance, 19 spectra were generated in MALDI Biotyper 3.0 and subsequently
merged into a dendrogram [59].

4.8. Insecticidal Activity

Thirty individuals of Oxycarenus lavaterae were placed in the PD with vents. A circle
of filter paper was placed in the lid of the PD on which the appropriate concentration (50,
25, 12.5, 6.25, and 3.125%) of CSEO was prepared by dilution in 0.1% polysorbate solution
in a volume of 100 μL. The PDs were sealed around the perimeter using parafilm and left
at room temperature for 24 h. A 0.1% polysorbate solution was used as a control. After
24 h, the number of dead and live individuals was evaluated, and insecticidal activity was
calculated. The experiment was carried out in triplicate. The values for LC50 and LC90
were calculated using Finney’s Probit Analysis [60].

4.9. Determination of Cell Viability (MTT Assay)

The following reagents and chemicals were used: Dulbecco’s Modified Eagle medium
(DMEM), 10% fetal bovine serum (FBS), 0.4% Trypan blue, 0.25%, trypsin-EDTA, dimethyl
sulfoxide (DMSO), 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT),
phosphate-buffered saline (PBS), All the chemicals and reagents used in this study were of
the highest commercially available purity.

The human lung normal fibroblast cell line (MRC-5), breast cancer cell line (MDA-
MB-231), colon cancer cell line (HCT-116), choriocarcinoma cell line (JEG-3), and chronic
myelogenous leukemia cell line (K562) were obtained from American Tissue Culture
Collection. These cells were propagated and maintained in DMEM and supplemented
with 10% FBS and a combination of antibiotics (100 IU/mL penicillin and 100 μg/mL
streptomycin). The cells were grown in a 75 cm2 culture flask and supplied with 15 mL
DMEM at a confluence of 70% to 80%. The cells were seeded in a 96-well microplate
(10,000 cells per well) and cultured in a humidified atmosphere with 5% CO2 at 37 ◦C. After
24 h of cell incubation, 100 μL of medium containing various doses of treatment (1 μg/mLto
200 μg/)mL was added to each well of the microplate, and the cells were incubated for
24 h and 72 h, after which the evaluation of cell viability was performed. Non-treated cells
were used as control. The stock solution was prepared in the concentration of 10 mg/mL,
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while during the experiment used were concentrations of 1, 10, 20, 50, 100, and 200 μg/mL.
The essential oil of Cupressus semperiverens was used in experiments. Above mentioned
concentrations were obtained from the first stock solution by adding a certain volume of
DMEM. All concentrations were used in triplicate for all the methods.

The viability of the cells was determined using an MTT assay [61]. Briefly, the cells
were plated at a density of 10,000 cells/ mL (100 /μLwell) in 96-well plates with DMEM.
After a period of incubation (24 h), at a temperature of 37 ◦C and 5% CO2, the 6 different
concentrations of essential oil (from 1 to 200 μg/mL) dissolved in DMEM, were added to
each well (100 μL per well). The untreated cells (cultured only in a medium) served as a
control. After 24 and 72 h of incubation, the cell viability was determined with an MTT
assay where 20 μL of MTT (concentration of 5 mg/mL) was added to each well. MTT is a
yellow tetrazolium salt that is reduced to purple formazan in the presence of mitochondrial
dehydrogenase. During this reaction, which started approximately after three hours, the
formed crystals were dissolved in 20 μL of DMSO. The color formed in the reaction was
measured on an ELISA reader at a wavelength of 550 nm. The percentage of viable cells
was calculated as the ratio between the absorbance at each dose of the treatment and
the absorbance of the non-treated control multiplied by 100 to get a percentage. We also
calculated the half-maximal inhibitory concentration (IC50), defined as the concentration of
tasted essential oil that inhibited cell growth by 50% when compared to the control. The
IC50 values were calculated from the dose curves by the software CalcuSyn, Version 2.0.

4.10. Statistical Data Evaluation

One-way analysis of variance (ANOVA) was performed using Prism 8.0.1 (GraphPad
Software, San Diego, CA, USA) followed by Tukey’s test at p < 0.05. SAS® version 8
software was used to process the data. MIC values (concentration that caused 50% and 90%
inhibition of bacterial growth) were determined by logit analysis. All data regarding the
determination of cell viability were evaluated using IBM-SPSS 23 software for Windows
(SPSS Inc., Chicago, IL, USA). The data were presented as a mean ± standard error (S.E.M).
The statistical significance was determined using a Paired Sample-T test. The level of
statistical significance was set at * p < 0.05.

5. Conclusions

The results of our study show that CSEO obtained from the commercial company
Hanus s.r.o. produced in Slovakia shows good biological activity. The chemical composition
evaluation revealed that CSEO was rich in α-pinene and δ-3-carene. DPPH and ABTS
assay showed the better radical scavenging potential of this sample compared to the
IC50 value Trolox. Higher antibacterial efficacy was determined using the agar diffusion
method compared to the disc diffusion method. The antifungal activity of CSEO was
weak to moderate depending on the concentration used. Also, the antibiofilm effect of
this essential oil was demonstrated indicating its suitability as an alternative substance for
combating biofilm-producing pathogens. The vapor phase effect was in most cases more
pronounced at lower concentrations, but an inhibitory effect was observed for all the tested
microorganisms at all tested concentrations, except for S. enterica. Based on our findings,
we believe that CSEO could find application in storage extension and the protection of
agricultural products in vapor application. The relatively strong insecticidal activity offers
the possibility for the future use of CSEO in the control of agricultural insect pests. Results
of cell viability testing showed that the viability of exposed cancer cells was significantly
decreased compared to control cells in a time- and dose-dependent manner, and multifold
lower when compared to non-cancer human lung fibroblast cells MRC-5. K562 cells were
found to be the most sensitive to the treatment with CSEO, which suggests that the tested
essential oil could be effectively used for the treatment of chronic myelogenous leukemia.
Nonetheless, further tests are needed.
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Abstract: This paper presents the results of the study of the composition of the essential oil (EO)
of Artemisia rutifolia by the GC/MS method as well as its antimicrobial and antiradical activities.
According to the PCA-analysis, these EOs can be conditionally divided into “Tajik” and “Buryat-
Mongol” chemotypes. The first chemotype is characterized by the prevalence of α- and β-thujone, and
the second chemotype by the prevalence of 4-phenyl-2-butanone, camphor. The greatest antimicrobial
activity of A. rutifolia EO was observed against Gram-positive bacteria and fungi. The EO showed high
antiradical activity with an IC50 value of 17.55 μL/mL. The presented first data on the composition
and activity of the EO of A. rutifolia of the Russian flora indicate the prospects of the species as a raw
material for the pharmaceutical and cosmetic industry.

Keywords: Artemisia rutifolia; essential oil; chemical composition; monoterpenes; sesquiterpenes;
PCA-analysis; chemotypes; antibacterial activity; antiradical activity

1. Introduction

Essential oils are a mixture of volatile flavor substances belonging to different classes
of organic compounds (terpenes, their oxygenated derivatives, aromatic and aliphatic com-
pounds). These compounds can pass through biological membranes to exert antioxidant,
antimicrobial, antifungal, anti-inflammatory, antiviral, and other effects [1], making EOs
widely used in the pharmaceutical and cosmetic industries and increasing the demand for
new natural sources of EOs.

Plants of the Artemisia L. genus, which grow abundantly in arid and semi-arid regions
of Asia, can serve as a reliable natural source of EOs. A promising species is Artemisia
rutifolia Steph. ex Spreng. (family Asteraceae Bercht. Et J. Presl., section Absinthium (Mill.)
D.-C.), which is a semi-shrub, up to 80 cm tall with strongly branched, woody perennial
stems covered with brownish grey, cracked bark [2]. It grows in Afghanistan, Kazakhstan,
Kyrgyzstan, Mongolia, Nepal, Pakistan, Russia (Western and Eastern Siberia), Tajikistan,
and Western Asia [3], in mountain steppes, rocky slopes, and screes [4]. On the territory
of Baikal Siberia, A. rutifolia is a relict species [5], the life expectancy of which can reach
80–90 years [6]. In Kyrgyzstan folk medicine, fresh leaves have been used for toothache,
and a decoction for sore throat, heart, and stomach diseases [7]. The therapeutic value of
the species exhibited is due to the variety of biologically active substances it contains.

The isolation of sesquiterpene lactones (guyanolides, germacranolides, and costic acid
derivatives) from the aerial part of A. rutifolia has been reported [8–10]. Another study
reported that methanol, chloroform, and hexane extracts of A. rutifolia leaves contained
polyphenolic compounds (organic acids, myricetin, and quercetin) and also exhibited
antimicrobial and antioxidant activities [11]. The following terpenes were isolated by gas
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chromatography and identified by their IR spectra from the EO of Artemisia rutifolia: 1,8-
cineole, α-, β-thujones, (+)-camphor, (−)-α-terpineol, and (−)-terpinen-4-ol [12]. However,
studies of the essential oil composition of A. rutifolia were generally incomplete and related
to plants growing in scattered populations from Tajikistan [13] and Mongolia [12,14–16].

This article is the first to investigate the chemical composition of the EO of A. rutifolia,
growing in Buryatia (Russia), its antimicrobial and antiradical activities, and to conduct
comparative chemometric analysis.

2. Results and Discussion

2.1. EOs Component Composition

The yield of EOs from the aerial part of A. rutifolia growing in Buryatia (Russia) was
1.82% (v/w) of dry weight. The chemical composition of the obtained EOs was investigated
using the GC-MS technique (Figure 1). Forty components have been identified in the
EO of A. rutifolia, most of which are represented by mono- and sesquiterpenoids, and
are listed in Table 1. The dominant components were: 4-phenyl-2-butanone (34.98%),
1,8-cineol (16.53%), camphor (16.67%), also in significant quantities were found: terpinen-
4-ol (3.71%), 4-phenyl-2-butanol (3.58%), α-terpineol (3.51%), α-methyl-benzenepropanol
acetate (3.43%), bicyclogermacrene (2.06%), and germacrene D (1.02%). Monoterpenes
(51.26%), especially the oxygenated ones (45.28%), made up the largest proportion of
all components.

Figure 1. GC-MS total ion chromatogram of A. rutifolia EOs.

Table 1. Chemical composition of EOs extracted from the aerial parts of A. rutifolia from
different countries.

No. RI * Rt Component Peak Area (%) Molecular Formula

1 921 9.17 Tricyclene 0.05 C10H16
2 926 9.32 α-Thujene 0.12 C10H16
3 932 9.56 α-Pinene 0.98 C10H16
4 947 10.08 Camphene 1.06 C10H16
5 973 10.95 Sabinene 0.22 C10H16
6 975 11.06 β-Pinene 0.37 C10H16
7 990 11.55 2,3-dehydro-1,8-Cineol 0.15 C10H16O
8 1004 12.04 α-Phellandrene 0.05 C10H16
9 1017 12.49 α-Terpinene 0.89 C10H16

10 1024 12.78 p-Cymol 0.35 C10H14
11 1031 13.07 1,8-Cineol 16.53 C10H18O
12 1058 14.04 γ-Terpinene 1.52 C10H16
13 1066 14.33 trans-Sabinene hydrate 0.37 C10H18O
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Table 1. Cont.

No. RI * Rt Component Peak Area (%) Molecular Formula

14 1088 15.13 Terpinolene 0.37 C10H16
15 1098 15.48 cis-Sabinene hydrate 0.44 C10H18O
16 1103 15.70 Filifolone 0.19 C10H14O
17 1121 16.35 cis-p-Menth-2-en-1-ol 0.26 C10H18O
18 1126 16.49 Chrysanthenone 0.64 C10H14O
19 1141 17.06 trans-p-Menth-2-en-1-ol 0.23 C10H18O
20 1144 17.29 Camphor 16.67 C10H16O
21 1162 17.88 Pinocarvone 0.31 C10H14O
22 1166 17.99 Borneol 1.17 C10H18O
23 1177 18.41 Terpinen-4-ol 3.71 C10H18O
24 1191 18.88 α-Terpineol 3.51 C10H18O
25 1241 20.91 4-phenyl-2-Butanol 3.58 C10H14O
26 1247 21.25 4-phenyl-2-Butanone 34.95 C10H12O
27 1287 22.21 Bornyl acetate 0.38 C12H20O2
28 1306 24.30 α-Terpineol formate 0.40 C11H18O2
29 1359 24.56 Eugenol 0.32 C10H12O2
30 1378 25.26 α-Copaene 0.48 C15H24
31 1418 25.79 α-methyl-Benzenepropanol acetate 3.43 C12H16O2
32 1422 26.70 Caryophyllene 0.97 C15H24
33 1456 27.77 Humulene 0.07 C15H24
34 1464 28.00 allo-Aromadendrene 0.19 C15H24
35 1477 28.41 Selina-4,11-diene 0.13 C15H24
36 1484 28.61 Germacrene D 1.02 C15H24
37 1500 29.09 Bicyclogermacrene 2.06 C15H24
38 1517 29.59 γ-Cadinene 0.16 C15H24
39 1580 31.52 Spathulenol 1.10 C15H24O
40 1586 31.70 Caryophyllene oxide 0.60 C15H24O

Total oxygenated hydrocarbons 41.96

Total monoterpenes 51.26

Total sesquiterpenes 6.78

Total hydrocarbons 41.96

* RI, retention indices: experimental, for our data (RI, retention index as determined on a HP-5MS column using
the homologous series of n-hydrocarbons).

2.2. Chemical Diversity of EOs

Comparative analysis of the obtained data and the literature review [13–16] (Appendix A)
showed that the EO of plants growing in Buryatia was similar to the EOs of Mongolian
plant populations in the content of the major components, but quite different from the EOs
of plants from Tajikistan.

Thus, the dominant components in the EOs of A. rutifolia from the Muminobod and
Yovon regions of Tajikistan were α-thujone (20.9–36.6%), β-thujone (36.1–47.3%), 1,8-cineol
(3.2–11.7%), myrcene (0.3–2.8%), p-cymol (0.9–1.8%), cis-piperitone epoxide (0.9–2.0%), and
germacrene D (1.8–2.8%). More than 90% of all components were monoterpenoids, mainly
oxygenated (85.5–92.4%).

In contrast, the dominating components of the EOs of plants from the Mongolian
populations were: 4-phenyl-2-butanone (33.1%), carvacrol methyl ether (29.58%), cam-
phor (2.13–22.4%), 1,8-cineol (4.63–25.13%), 4-phenyl-2-butanol (3.4%), geraniol (2.91%),
p-cymol (1.1–1.41%), α-terpineol (1–1.64%), α-thujone (0.7–3.38%), β-thujone (1.10–3.2%),
and terpinen-4-ol (0.54–1.1%). Monoterpenoids (58.26–93.37%) also dominated among all
of the other components.

Samples from Mongolia and Buryatia (compared to those from Tajikistan) were charac-
terized by a sufficiently high content of camphor, which is used in creams, ointments, and
lotions to relieve pain, irritation, itching, and has antifungal and antibacterial properties [17].
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Using PCA to compare our own and the literature data on the content of the major
components of A. rutifolia EO, it was shown that these EOs can currently be conditionally
divided into the “Tajik” and “Buryat–Mongol” chemotypes (Figure 2).

Figure 2. PCA biplot (principal component 1–principal component 3) for the data on the composition
of A. rutifolia EOs.

The “Tajik” EOs were characterized by the prevalence of α- and β-thujone, while
the “Buryat-Mongolian” chemotype was characterized by a high content of 4-phenyl-2-
butanone, camphor (Figure 3).

 

Figure 3. Chemical structure of the major compounds forming different chemotypes of A. rutifolia.
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For example, in the EOs of A. rutifolia from the flora of Tajikistan [13] the content of α-
and β-thujone was rather high: α-thujone (20.9–36.6%) and β-thujone (36.1–47.3%), whereas
in the EOs of the plants from Mongolian populations [14–16] they were found in smaller
amounts: α-thujone (0.70–3.38%), β-thujone (1.10–3.20%). However, they were not found in
the plants of the Buryat flora.

It should be noted that studies of isomeric thujones (α- and β-) were previously
initiated because wormwood is widely used to flavor alcoholic beverages. The most
famous alcoholic beverage, absinthe, is made from Artemisia absinthium.

Thujones are known to be the main constituents of the EOs of A. absinthium [18]. It has
neurotoxicity manifested by hyperactivity, tremors, and tonic convulsions [19]. The effects
of thujone on the human body are related to the inhibition of GABAA receptors, leading
to dose-dependent excitation and convulsions, with (−)-α-thujone having a greater ability
to induce convulsions than the (+)-β-isomer; it is more likely that the convulsive effect of
thujone acts on a specific receptor system [20]. For this reason, isomeric thujones were long
thought to be responsible for the manifestation of the so-called “wormwood epilepsy”.

Modern studies show that it is the additional components (apart from the main one—
ethyl alcohol) of industrially produced absinthe that do not seem to have any harmful effects
on health, leaving aside the effects of ethanol on the body. Absinthe has an exceptionally
high alcohol content (>50% vol.). This can lead to serious health and social problems, but it
is not unique to this drink. So-called “absinthism” cannot be clearly distinguished from
chronic alcoholism [21].

In general, thujones (monoterpene ketones) are natural constituents of the EOs of
plants of the genus Artemisia (A. absinthium, A. campestris, A. alba, A. incana, A. pontica,
A. santolinifolia, A. santonicum, A. spicigera, A. vulgaris), Salvia (S. fruticosa, S. lavandulifolia,
S. officinalis, S. sclarea, S. triloba), Thuja (T. occidentalis, T. orientalis), etc. [19]. However, the
assessment of thujone toxicity remains poorly studied, the most important aspects of which
are the relationships between dose, concentration, and effect in humans.

The content of thujones in the EO of A. absinthium can vary within a wide range.
On this basis, thujone and sabinyl acetate EOs of A. absinthium were distinguished [22].
Thujone-containing and thujone-free forms are also characteristic of other wormwood
species (e.g., A. campestris [23], A. molinieri [24]).

On the other hand, the discovery of thujone-free forms of A. rutifolia growing in
Buryatia is important for the creation of safer medicines, cosmetics, food supplements, and
therapeutic foods based on them. In addition, it allows us to understand the influence
of environmental conditions on thujone biosynthesis. The currently available amount of
information on the composition of EOs of A. rutifolia does not allow us to draw detailed
conclusions, but we note that the formation of chemotypes occurs under the influence of
a long-term and relatively uniform action of certain climatic conditions. In the course of
evolution, changes in the composition of enzymes occur by replacing one or more amino
acids. If the modified enzyme produces a useful product for the plant, these changes are
fixed in the genes [25].

At the biochemical level, mechanisms are formed to synthesize a specific set of en-
zymes that contribute to the production of EO components of one or another chemotype.
The biosynthesis of thujones has been studied in detail for only a few species. It is known
that the first monoterpene in this transformation chain is sabinene, whose formation is
catalyzed by the enzyme sabinene synthase. Furthermore, isomeric thujones are formed
from isomeric sabinols, probably also from (+)-sabinone [26].

The territories of Tajikistan, Mongolia, and Buryatia (Russia), where A. rutifolia grows,
belong to the arid zone of Asia. The territories of Buryatia and Mongolia belong to the
eastern (and Tajikistan—to the western) longitudinal sector of the arid continental zone of
Asia, where the most arid territory is Mongolia. The eastern boundary of the extremely arid
deserts of southern Mongolia and northern China, which have no analogues in Eurasia,
passes here at about 105 degrees east latitude. The harsh natural conditions are particularly
pronounced in areas of high aridity in the continental winter climate zone. At the same
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time, the area where the plants were collected in Tajikistan is on the border of the western
sector: the interaction of various circulation processes leads to a strong variability in the
moisture regimes (there is almost no precipitation in summer). However, the climate of
a particular area was influenced by meso- and microclimatic factors in addition to the
macroclimatic factors.

The area of plant collection in Mongolia is located in the Great Lakes basin, the
mesoclimate of which is close to the semi-arid climate of Buryatia [27]. Thus, these places
where the raw materials were collected can be ranked as follows (in the order of increasing
the aridity of growing conditions of plants in summer) Buryatia → Mongolia → Tajikistan.

The increasing aridity of climatic conditions will likely lead to the biosynthesis of
thujones. In addition, other sabinene derivatives, trans- and cis-sabinene hydrates, have
been found in small amounts in the EOs of A. rutifolia growing in the territories of Buryatia
and Mongolia; in Mongolian plants, sabinyl acetate was found. These compounds probably
block thujone biosynthesis.

2.3. Antimicrobial Activity

The antimicrobial activity of A. rutifolia EO was experimentally determined using the
disc diffusion method against Gram-positive bacteria (Streptococcus pyogenes, Staphylococcus
aureus, Bacillus cereus), Gram-negative bacteria (Escherichia coli, Pseudomonas aeruginosa,
Salmonella enterica), and fungi (Aspergillus niger, Candida albicans).

The antimicrobial activity of the samples was evaluated by the diameter of the growth
inhibition zones of the test strains (mm). Each sample was tested in three replicates. The
test results of the antimicrobial activity of the samples are shown in Table 2.

Table 2. Antimicrobial activity of essential oil from the aerial part of Artemisia rutifolia against
Gram-positive, Gram-negative bacteria, and fungi.
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Essential oil 14 14 14 0 12 13 11 21
Positive control * 25 28 24 26 27 27 46 37

* Positive control: norfloxacin was for the Gram-positive bacteria; ceftazidime for the Gram-negative bacteria;
fluconazole for the fungi.

The results indicate the greatest antimicrobial activity of A. rutifolia EO against Gram-
positive bacteria (Streptococcus pyogenes, Staphylococcus aureus, Bacillus cereus) and fungi
(Aspergillus niger, Candida albicans), with pronounced activity against Aspergillus niger.

To a lesser extent, the growth inhibition of Gram-negative bacteria (Salmonella enterica
subsp. enterica, Escherichia coli) was observed. Pseudomonas aeruginosa proved to be the most
resistant to the EO: no growth inhibition was observed.

The greatest antimicrobial activity of A. rutifolia EO from Buryatia was observed
against the Gram-positive bacteria and fungi, which is consistent with the literature data.
For example, the minimum inhibitory activity (MIC) and minimum bactericidal concen-
tration (MBC) of the EOs of A. rutifolia from Tajikistan were previously determined to be
10 mg/mL against E. coli ATCC 25922, and 5 mg/mL against MRSA NCTC 10442 [28].
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EOs of A. rutifolia from Mongolia at a concentration of 150 mg/mL (or 3 μg/disc)
inhibited the growth of S. enterica by 9.3 ± 0.76 mm, B. subtillus by 10.3 ± 0.58 mm, and S.
aureus by 9.6 ± 1.5 mm, thus showed moderate antimicrobial activity [16]. The target for
the antimicrobial action of the EO is probably the bacterial cell wall, which is known to be
fundamentally different in structure in Gram-positive and Gram-negative bacteria. The cell
wall of Gram-negative bacteria contains a strong lipid layer on its surface, with which the
EOs lose their antimicrobial activity [29]. Therefore, the A. rutifolia EO is recommended for
use as an antimicrobial agent against Gram-positive bacteria and fungi.

2.4. Antiradical Activity

In order to evaluate the possible antiradical potential of the EO of A. rutifolia, the
DPPH test (2,2-diphenyl-1-picrylhydrazyl radical inhibition) was applied. To determine
the antiradical properties of the EO, a kinetic curve was constructed using the IC50 value
(Figure 4).
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Figure 4. DPPH test of the antiradical activity of A. rutifolia EO.

According to the results of the test, it was found that the EO has high antiradical
activity as the IC50 value was 17.55 μL/mL.

It is considered that the antioxidant potential of EOs is exhibited mainly due to the pres-
ence of oxygenated monoterpenes (especially of phenolic structure), while sesquiterpene
hydrocarbons and their oxygenated derivatives have very low antioxidant activity [30]. The
EOs from Tajikistan had a better antiradical potential (IC50 = 7.91 mg/mL) [28] compared
to those from Buryatia (IC50 = 17.55 μL/mL) and the content of oxygenated monoterpenes
was higher in the EOs of A. rutifolia from Tajikistan.

Previously, it has been shown that EOs exhibit much greater activity than their in-
dividual components, which may be due to the high percentage of major components,
and synergism between the various components of the EO including minor ones [31]. For
example, wormwood EOs, whose main components are camphor and 1,8-cineol, always
show antiradical activity, while camphor and 1,8-cineol individually do not [32].

It has also been shown that cineol enrichment of the secondary oil fractions of bay
laurel and the cube residue of rockrose enhances their antioxidant properties [1]. In the case
of A. rutifolia, we believe that the EO of the plants from Buryatia has a higher antiradical
activity due to the synergistic effect.
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3. Materials and Methods

3.1. Plant Material Collection and EO Production

The aerial part of A. rutifolia, collected in 2022 in the Selenginsky District (Buryatia,
Russia) during the vegetation period, was used as the object of study. The voucher spec-
imens were identified by Dr. Oleg A. Anenkhonov and deposited at the Herbarium of
Institute of General and Experimental Biology SB RAS (UUH 019695, 019696). Data on the
sampling locations and EO yield are presented in Table 3 (compared to data from other
studies).

Table 3. Origin of the plant material of Artemisia rutifolia and the yield of the essential oils from the
aerial part.

Sample
Code

Country Locality
Collection

Period
Latitude

Longitude
Attitude

(m)

Yield of the
Essential Oil,

v/w (%)

Source of
Data

22–48 Russia

Surroundings of the
Novoselenginsk Village,

Selenginsky District,
Buryatia

14.06.2022 N 51.25556
E 106.431389 549 1.82 Present

study

T1 Tajikistan Khonaobod Village,
Muminobod region 02.05.2010 N 38.107547

E 69.966431 1200 0.50 [13]

T2 Tajikistan Chormaghzak Village,
Yovon region 25.07.2010 N 38.417502

E 69.172175 1300 0.80 [13]

M3 Mongolia Middle Gobi Province 08.09.2007 – * – 0.20 [15]
M4 Mongolia – – – – 1.20 [14]

M5 Mongolia Khrakhiraa Mountain,
Uvs aimag 09.2019 – – 0.96 [16]

* Not specified.

EOs were obtained by hydrodistillation from air-dry raw materials (aboveground part
of plants, for 3 h) in the year of raw material collection, according to OFS.1.5.3.0010.15
“Determination of essential oil content in medicinal plant raw materials and herbal drugs”
with a modified Clevenger apparatus.

3.2. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis and Principal Component
Analysis (PCA)

The component composition of the EOs was determined by gas chromatography-mass
spectrometry (GC-MS) using an Agilent 6890 gas chromatograph (Agilent Technologies,
USA) with an HP 5973N mass-selective detector (Hewlett-Packard, Palo Alto, CA, USA) and
an HP-5MS capillary column (30 m × 0.25 mm × 0.2 μm; Hewlett-Packard), as previously
described in [33].

The principal component analysis (PCA) method was applied to the contents of the EO
components (Sirius software package ver. 6.0, Pattern Recognition Systems, a/s, Norway).

3.3. Antiradical Activity

The antiradical activity of the EOs was determined by the DPPH test (using a stable
radical, 2,2-diphenyl-1-picrylhydrazyl). Briefly, a DPPH solution (0.006% in 95% ethanol)
was added to the EO of A. rutifolia (25–1000 μL/mL in ethyl alcohol) and incubated for
30 min in the dark at room temperature. The antiradical activity was then determined
spectrophotometrically on a ClarioStar Plus multimode plate reader at 517 nm.

The antiradical activity (in % inhibition) was calculated using the formula:

% inhibition of DPPH radicals = [(A0 − A1)/A0] × 100,

where A0 is the absorbance of the control sample, A1 is the absorbance of the test sample.
The IC50 index was determined using regression analysis.
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3.4. Antimicrobial Activity

The antimicrobial activity of the test samples was determined by the technique of
diffusion in dense nutrient media. The inoculum was prepared by the direct suspension of
the daily culture colonies of each test strain in a sterile isotonic solution to a density of 0.5
according to the McFarland turbidity standard, which approximately corresponds to a load
of 1–2 × 108 CFU/mL. The resulting microbial suspension was applied evenly to the entire
surface of the nutrient medium (agar) in three directions using a sterile cotton swab.

Mueller–Hinton agar was used as a nutrient medium for microorganisms with normal
nutrient requirements, and Mueller–Hinton agar with the addition of 5% defibrinated
blood was used for bacteria with complex nutrient requirements (Streptococcus pyogenes).
After applying the microbial suspension, sterile paper discs were placed on the agar surface
and 10 μL of the test samples was applied (one sample per disc). Factory paper discs
with antimicrobial additives (norfloxacin for Gram-positive bacteria, ceftazidime for Gram-
negative bacteria, fluconazole for fungi) were used as the positive controls.

Cultures were incubated at 37 ◦C (22 ◦C for molds and yeasts). The results were
recorded after 24 h of incubation for bacteria and 48 h for mold and yeast. To determine the
antimicrobial activity of the samples tested, the diameters of the microbial growth suppres-
sion zones around the disks were evaluated. Growth inhibition zones were measured to
the nearest millimeter.

4. Conclusions

Thus, for the first time, the chemical composition and primary biological activities of
the EOs of A. rutifolia collected in Buryatia were studied. The greatest antimicrobial activity
of the EOs was noted with the Gram-positive bacteria (Streptococcus pyogenes, Staphylococcus
aureus, Bacillus cereus) and fungi (Aspergillus niger, Candida albicans). In addition, it showed
antiradical activity, and the IC50 index was 17.55 μL/mL. The obtained preliminary results
of the antimicrobial and antiradical activities allow us to consider that A. rutifolia is a
promising raw material for the pharmaceutical and cosmetic industries; however, it is
necessary to carry out further studies.

The variability of plants growing within the natural habitat greatly affects the compo-
sition of essential oils. Despite the variability in the composition, the volatile substances of
plants that form essential oils are the most important chemical markers that are used to
solve the issues of chemosystematic or the taxonomic assignments of plants. The analysis of
our own and the literature data showed that the EOs of A. rutifolia can be conditionally di-
vided into “Tajik” and “Buryat-Mongol” chemotypes. The first chemotype is characterized
by the prevalence of α- and β-thujone, and the second by the high content of 4-phenyl-2-
butanone and camphor. The composition is highly variable and greatly depends on the
geographical confinement.
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Appendix A

Table A1. The chemical composition of EOs extracted from the aerial parts of A. rutifolia from
different countries.

No. Component

Peak Area (%)

Our Data
Literature Data

T1 [13] T2 [13] M3 [15] M4 [14] M5 [16]

Monoterpene hydrocarbons

1 Tricyclene 0.05 0.13
2 α-Thujene 0.12 0.1 0.12
3 α-Pinene 0.98 0.2 tr * 0.4 1.25 0.30
4 Camphene 1.06 0.1 0.8 0.34 0.21
5 Sabinene 0.22 0.3 0.4 0.1 0.27 0.82
6 β-Pinene 0.37 0.1 0.1 0.2 0.19
7 α-Phellandrene 0.05 0.5 0.1
8 α-Terpinene 0.89 0.2 0.2
9 p-Cymol 0.35 1.8 0.9 1.1 1.41
10 γ-Terpinene 1.52 0.5 0.4 0.19
11 Terpinolene 0.37 0.1 0.1
12 Santolina triene 0.1 22.38
13 Myrcene 2.8 0.3 0.15 21.84
14 Pseudo-limonene 5.27
15 Limonene 0.18
16 E-β-Ocimene tr

Total monoterpene hydrocarbons 5.98 2.1 2.5 2.6 4.33 50.82

Oxygenated monoterpenes

17 cis-Sabinene hydrate 0.44 0.4 0.11
18 2,3-dehydro-1,8-Cineol 0.15 1.2
19 1,8-Cineol 16.53 3.2 11.7 19.1 25.13 4.63
20 trans-Sabinene hydrate 0.37 0.3 0.20
21 Filifolone 0.19
22 cis-p-Menth-2-en-1-ol 0.26 1.5
23 Chrysanthenone 0.64 0.1 0.8
24 trans-p-Menth-2-en-1-ol 0.23 0.9 0.5
25 Camphor 16.67 0.9 0.2 22.4 21.74 2.13
26 Pinocarvone 0.31 0.1 0.2 0.46
27 Borneol 1.17 0.2 0.4 0.4 0.65
28 Terpinen-4-ol 3.71 0.6 1.2 1.1 0.54 0.68
29 α-Terpineol 3.51 0.1 0.3 1 1.64
30 Bornyl acetate 0.38 tr 0.1
31 α-Terpineol formate 0.40
32 Eugenol 0.32
33 Santolina alcohol 0.4
34 trans-2,3-epoxy Pinane 0.12
35 Linalool 0.25
36 α-Thujone 20.9 36.6 0.7 3.38
37 β-Thujone 47.3 36.1 3.2 1.10
38 Chryzanthenone 0.38
39 iso-3-Thujanol 0.3 0.1
40 trans-2-Pinanol 0.55
41 trans-Verbenol 0.3
42 p-Menth-3-en-1-ol 0.1 0.2
43 Menthone 0.9
44 Sabina ketone 0.2 0.3
45 cis-Pinocamphone 0.1
46 Thuj-3-en-10-al 0.2
47 p-Cymen-8-ol 0.1 0.2
48 cis-Piperitol 0.4 0.1
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Table A1. Cont.

No. Component

Peak Area (%)

Our Data
Literature Data

T1 [13] T2 [13] M3 [15] M4 [14] M5 [16]

49 Myrtenol 0.3
50 γ-Terpineol tr
51 trans-Piperitol 0.5 0.2
52 trans-Carveol 0.2 0.1
53 m-Cumenol 0.1 0.1
54 exo-2-Рydroxycineol 2.3
55 nor-Davanone 0.1
56 Pulegone 1 0.3
57 Carvone 0.9 0.1
58 Carvacrol methyl ether 29.58
59 Carvotanacetone 0.1 0.1
60 Geraniol 2.91
61 cis-Piperitone epoxide 2.0 0.9
62 cis-Chrysanthenyl acetate 0.2 tr
63 iso-3-Thujanol acetone 0.1 0.1
64 neoiso-3-Thujanol acetone 0.1
65 Sabinylacetate 0.9
66 p-Cymen-7-ol 0.1 tr
67 Thymol 0.7 0.2
68 Carvacrol 0.9 0.4 0.1
69 Z-Patchenol 0.2
70 cis-Piperitol acetate 0.1 0.1
71 Piperitone 0.1 0.1
72 Pipertione oxide 1.4 tr
73 trans-Carvylacetate 0.2
74 α-Terpenylacetate 0.3 0.1
75 Z-Jasmone 0.1 0.3 tr
76 Methyleugenol tr
77 E-Ionone 0.1 tr

Total oxygenated monoterpenes 45.28 85.2 92.4 55.9 89.04 7.44

Sesquiterpene hydrocarbons

78 α-Copaene 0.48 0.1 tr
79 Caryophyllene 0.97 0.4 0.1 7.19
80 Humulene 0.07 0.59
81 allo-Aromadendrene 0.19
82 Selina-4,11-diene 0.13 0.97
83 Germacrene D 1.02 2.8 1.8 0.99
84 Bicyclogermacrene 2.06 0.5 0.8
85 γ-Cadinene 0.16 0.48
86 α-Cedrene 0.22
87 β-Farnesene 0.2 0.1
88 β-Chamigrene 0.1
89 Valencene 1.20
90 Ledene 0.12 2.17
91 Aciphyllene 1.34
92 Bulnesene 0.84
93 β-Bisabolene 0.2
94 δ-Cadinene 0.1 tr 0.42
95 β-Elemene 0.71 0.84

Total sesquiterpene hydrocarbons 5.08 4.4 2.8 0 0.83 17.25

Oxygenated sesquiterpenes

96 Spathulenol 1.10 0.7 0.2 0.2 0.17 1.97
97 Caryophyllene oxide 0.60 0.2 0.1 0.1 5.82
98 dehydro-Sesquicineol 0.9
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Table A1. Cont.

No. Component

Peak Area (%)

Our Data
Literature Data

T1 [13] T2 [13] M3 [15] M4 [14] M5 [16]

99 Davana ether 0.1
100 Davanone 1.3
101 Viridiflorol 0.4
102 Ledol 0.1
103 Cedrol 2.27
104 Eremoligenol 0.69
105 Germacrene-D-1,10-epoxide 0.3
106 α-Cadinol 0.1 0.1
107 Germacra-4(15),5,10(14)-trien-1α-ol 0.1 0.1 0
108 α-Bisabolol 0.42
109 4-Cuprenen-1-ol tr
110 Aciphilyc acid 0.91

Total oxygenated sesquiterpenes 1.70 1.9 1.8 0.4 0.17 12.98

Non-oxygenated hydrocarbons

111 1-phenyl-2,4-Pentadiyne 0.1
Total non-oxygenated hydrocarbons 0 0 0.1 0 0 0

Oxygenated hydrocarbons

112 4-phenyl-2-Butanol 3.58 3.4
113 4-phenyl-2-Butanone 34.95 33.1
114 α-methyl-Benzenepropanol acetate 3.43
115 (2E)-Hexenal 0.1
116 Benzaldehyde 0.1
117 1-Octen-3-ol 0.1
118 (2E)-Dodecenal 0.2
119 Phloacetophenone 2,4-dimethylether 0.3

Total oxygenated hydrocarbons 41.96 0.6 0.1 36.6 0 0

Total monoterpenes 51.26 87.3 94.9 58.5 93.37 58.26

Total sesquiterpenes 6.78 6.3 4.6 0.4 1.00 30.23

Total hydrocarbons 41.96 0.6 0.2 36.6 0 0

* tr, trace amounts (less than 0.10%).
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Abstract: The remarkable biological activities of oregano essential oils (EOs) have recently prompted
a host of studies aimed at exploring their potential innovative applications in the food and pharmaceu-
tical industries. The chemical composition and biological activities of EOs from two Origanum vulgare
genotypes, widely cultivated in Sicily and not previously studied for their biological properties, were
characterized. Plants of the two genotypes, belonging to the carvacrol (CAR) and thymol (THY)
chemotypes and grown in different cultivation environments, were considered for this study. The
chemical profiles, including the determination of enantiomeric distribution, of the EOs, obtained by
hydrodistillation from dried leaves and flowers, were investigated by GC–MS. Biological activity was
evaluated as antimicrobial properties against different pathogen indicator strains, while intestinal
barrier integrity, reduction in pathogen adhesion and anti-inflammatory actions were assayed in
the intestinal Caco-2 cell line. The chemical profile of the CAR genotype was less complex and
characterized by higher levels of the most active compound, i.e., carvacrol, when compared to the
THY genotype. The enantiomeric distribution of chiral constituents did not vary across genotypes,
while being markedly different from that observed in Origanum vulgare genotypes from other geo-
graphical origins. In general, all EOs showed high antimicrobial activity, both in vitro and in a food
matrix challenge test. Representative EOs from the two genotypes resulted not altering epithelial
monolayer sealing only for concentrations lower than 0.02%, were able to reduce the adhesion of
selected pathogens, but did not exert relevant anti-inflammatory effects. These results suggest their
potential use as control agents against a wide spectrum of foodborne pathogens.

Keywords: oregano; Origanum heracleoticum; Origanum vulgare ssp. viridulum × Origanum vulgare
ssp. hirtum; essential oil; enantiomers; antimicrobial activity; Caco-2 cells; intestinal permeability;
reduction in pathogen adhesion; geographic origin

1. Introduction

Oregano is one of the most commercially valued aromatic plants worldwide, with
more than 60 species used under this name having similar flavor profiles characterized
mainly by cymyl compounds, such as carvacrol and thymol [1]. Beyond the widespread
use of oregano as a culinary herb, its essential oil (EO) is currently used as an ingredient
in flavoring formulations, dietary supplements and cosmetic and aromatherapeutic prod-
ucts [2]. A great deal of research has been recently dedicated to exploring other potential
applications of oregano EOs in the food industry as food preservatives, based on their
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remarkable antimicrobial and antioxidant properties [3]. When considering such potential
applications, it is important to take into account that foodborne diseases represent a serious
and widespread threat to public health worldwide and require the adoption of strategies
that ensure food safety and quality. An analysis of the European Rapid Alert System for
Food and Feed (RASFF) Annual Report in 2020 [4] showed that a high number of notifica-
tions concerned microbiological contamination from pathogenic microorganisms in food
of mostly animal origin, with a 37% increase in notifications in 2020 compared to 2019,
when the largest number concerned Salmonella spp., Listeria monocytogenes and Escherichia
coli. Concerning other potential applications in food production, a more recent field of
research has focused on the use of oregano EOs as environmentally friendly alternatives to
synthetic antibiotics in the aquaculture industry [5] or to synthetic pesticides as innovative
products for crop protection [6]. Moreover, the potential of oregano EO as a protective
agent in human chronic degenerative and infectious diseases, suggested by its several
biological activities such as antimicrobial, antifungal, antiparasitic, anti-inflammatory, anti-
cancer, antiproliferative, cytotoxic, has prompted a host of studies related to its potential
pharmaceutical applications [7–9]. In particular, microbial resistance to antibiotics and
chemotherapeutics is rapidly growing [10,11], requiring the search for alternative sources
of antimicrobial compounds, both for prevention in human and veterinary medicine and
for food preservation. Over the centuries, plants have been used for a wide variety of
purposes, ranging from the treatment of infectious diseases to the extension of food shelf
life, and been considered important sources of compounds with great chemical diversity,
reflecting different biological properties [12]. In this context, oregano is considered among
the plants whose extracts have the greatest antimicrobial effects [13]. Thus, a lot of efforts
are currently underway to develop micro- and nano-encapsulation systems that enable
the use of oregano EO in biotechnological and biomedical applications, by increasing its
stability in aqueous media, thus improving its bioavailability, reducing its toxic effects,
providing a controlled release and masking its strong aroma [14,15].

EOs obtained from Origanum vulgare, which is the main representative species of
the genus Origanum L., are formed by a complex mixture of terpenes. Based on their
proportions of cymyl, acyclic linalool/linalyl acetate and sabinyl compounds, three major
chemotypes have been identified [16]. Within this complex chemical mixture, the two
structurally similar cymyl compounds, carvacrol and thymol, are recognized as the main
ones responsible for most of the biological activities of oregano EOs, and in particular, most
of their antimicrobial activities [17]. It is generally assumed that their antibacterial action is
exerted by inducing structural and functional damages to the cytoplasmic membrane of the
target organism. However, a lot of evidence indicates that the biological activities of an EO
may depend not only on the ratio in which the main active compounds are present but also
on interactions between these and minor constituents in the oil [17]. From this perspective,
it may be important to explore the chemical variability of oregano EO composition and to
understand the influence of this variability on its biological activities.

One of the main sources of chemical variability in oregano EO is related to the genetic
background of the plant. From this point of view, the species Origanum vulgare, native
to and widespread in the Mediterranean region [18], encompasses many subspecies and
hybrids, among which is the subspecies Origanum heracleoticum L. (Boissier) Hayek sensu
Ietswaart [19], which is one of the most common growing in Sicily [20]. Information is
available on the phytochemistry of this subspecies [20,21], but the biological activities
of its EOs have not yet been investigated. On the contrary, no studies to the best of our
knowledge have been conducted both on the chemical and biological features of the hybrid
Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum, introduced into cultivation
in Sicily in the last decade.

A lot of investigations have explored the intraspecific variability of the chemical com-
position of EOs from Origanum vulgare species, while a remarkable variation has also been
observed within each subspecies, bearing to noticeable differences in the chemical profile
and, possibly, in the associated biological properties [20,22]. Beyond genetic factors, this
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variability may also be due to environmental factors, such as, among others, geographical
position [23] and altitude [24]. Regarding the chemical characterization of oregano EOs,
very few data are available on the enantiomeric distribution of their main chiral com-
pounds [25], even though this information may be useful not only for chemotaxonomical
characterization, but also for authenticity issues. Changes in enantiomeric distribution
could also influence the biological activities of oregano EO [26].

In the present study, a detailed characterization of the chemical composition and
biological activities of EOs obtained from plants of the subspecies Origanum heracleoticum L.
and the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum is provided.
The chemical characterization, besides their basic chemical profile, also included the deter-
mination of the enantiomeric distribution of chiral compounds present in their EOs and in
their dried leaves and flowers. The study of their biological activities focused on antimicro-
bial, intestinal permeability and anti-inflammatory properties. To evaluate antimicrobial
properties, different pathogen indicator strains were used, while the intestinal barrier
integrity, reduction in pathogen adhesion and anti-inflammatory activity were evaluated in
a widely used in vitro model of intestinal cells, the human Caco-2 cell line, differentiated
on permeable filters. These conditions allowed for the reproduction of the environment of
the intestinal mucosa, in which the epithelium separates the lumen from the inner body.
A preliminary characterization carried out in our laboratory highlighted that the hybrid
Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum was distinguished by a high
content of carvacrol as the main EO constituent, thus allowing for a description of its EO
as the carvacrol chemotype, whereas EOs from the subspecies Origanum heracleoticum L.
are known to belong to the thymol chemotype [20]. Thus, the aim of the present study
was to provide detailed information on the chemical and biological properties of the EOs
from these two genotypes to promote alternative and innovative applications in food and
pharmaceutical products suited to their specific properties. In addition, the information
collected may contribute to a deeper understanding of the influence of varying chemi-
cal profiles, such as those with carvacrol or thymol as predominant constituents, on the
biological activities of oregano EOs.

2. Results

2.1. Composition of EOs

GC–MS analyses enabled the detection of 32 volatile compounds at a level higher
than 0.05% of total EO content (Table 1) in three EOs obtained from the same genotype of
the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum (CAR1, CAR2,
CAR3) and in five EOs distilled from plants from the same genotype of the subspecies
Origanum heracleoticum L. (THY1, THY2, THY3, THY4, THY5). Within each group of EOs,
the plants obtained from the same genotype were grown on different farms located in a
restricted area of southern Sicily. Thirty-one of the detected compounds were identified as
monoterpene hydrocarbons (thirteen), oxygenated monoterpenes (eight), sesquiterpene
hydrocarbons (eight) and two other compounds. The main feature of both groups of EO
samples was the occurrence of carvacrol or thymol as the predominant constituent: in
the EOs from the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum,
named the CAR group, carvacrol was the prominent compound, varying in amount from
81 to 85%, whereas in the EOs from the subspecies Origanum heracleoticum L., named
the THY group, the main constituent was thymol, ranging in amount from 47 to 65%.
Globally, the group of monoterpene hydrocarbons accounted from a higher proportion of
EO content in the THY group (24–38%) than in the CAR group (12–14%): in both groups,
γ-terpinene and p-cymene were the main constituents of the monoterpene hydrocarbon
chemical class, being present at a higher level in the THY group (13–22% and 4–5% in
THY, and 5–7% and 3% in CAR, respectively). Similarly, the sesquiterpene hydrocarbon
content was higher in the THY group (3.9–6.9%) than in the CAR group (2.2–2.6%), with
β-caryophyllene occurring as the main constituent (0.9–1.8% in THY and 1.9–2.4% in CAR).
Conversely, the global level of oxygenated monoterpenes showed a higher content in the
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CAR group (84–85%) than in the THY group (56–71%), this difference being dictated by the
level of carvacrol/thymol. Interestingly, when 0.05% was established as the cut-off level
for quantification, EOs of the THY group were characterized by a more complex chemical
profile, formed by 30 compounds, whereas only 19 compounds were represented in the
CAR group, in which a larger proportion of total content was formed by a single compound.
Moreover, the chemical profiles of the EOs of the CAR group were quite similar to each
other, whereas a higher level of variability was observed in the profile of the EOs of the
THY group, suggesting a higher influence of the farm location on the chemical profile for
this group (Figure 1). Diversification of chemical profiles in the THY group was mainly
due to variability in the level of monoterpene hydrocarbons, such as α- and β-pinene and
α-thujene (Figure 1).

Table 1. Chemical compositions of the EOs of the hybrid Origanum vulgare ssp. viridulum × Origanum
vulgare ssp. hirtum (CAR1, CAR2, CAR3) and of the subspecies Origanum heracleoticum L. (THY1,
THY2, THY3, THY4, THY5). Data are expressed as the % content of individual constituents.

No.
Compound

Name
Class

Oregano Subspecies/Hybrid

Origanum vulgare ssp.
viridulum ×

Origanum vulgare ssp.
hirtum

Origanum heracleoticum L.

CAR1 CAR2 CAR3 THY1 THY2 THY3 THY4 THY5

1 α-thujene MH 0.74 0.75 0.78 1.04 0.72 1.19 0.83 0.35
2 α-pinene MH 0.32 0.32 0.33 0.39 0.29 0.46 0.32 0.16
3 1-octen-3-ol Ot 0.15 0.15 0.14 - - - - -
4 3-octanone Ot 0.07 0.08 0.06 - - - - -
5 sabinene MH - - - - - 0.07 - -
6 β-pinene MH 0.05 0.06 0.06 0.07 - 0.08 - -
7 β-myrcene MH 1.15 1.18 1.19 1.63 1.22 1.84 1.41 1.01
8 α-phellandrene MH 0.14 0.17 0.17 0.27 0.19 0.30 0.21 0.14
9 α-terpinene MH 1.09 1.24 1.37 3.45 2.45 3.92 2.92 2.21
10 p-cymene MH 2.64 2.73 2.59 4.79 4.11 5.25 4.63 3.60
11 limonene MH 0.24 0.28 0.28 0.42 0.32 0.48 0.36 0.28
12 cis-β-ocimene MH - - - 1.44 1.30 1.87 1.36 1.64
13 tr-β-ocimene MH - - - 0.20 0.17 0.26 0.18 0.22
14 γ-terpinene MH 5.33 6.30 7.11 17.96 13.16 22.13 15.90 16.95

15 cis-sabinene
hydrate OM 0.29 0.29 0.28 0.18 0.15 0.23 0.13 0.15

16 terpinolene MH - - - 0.07 - 0.08 - -
17 linalool OM - - - 0.30 0.32 0.41 0.32 0.39
18 borneol OM - 0.08 - - 0.44 - - -
19 terpinen-4-ol OM 0.29 0.35 0.32 0.57 - 0.63 0.49 0.43

20 thymol methyl
ether OM - - - 0.70 0.86 1.30 1.06 2.14

21 carvacrol methyl
ether OM - - - 4.24 3.52 4.63 3.82 3.48

22 thymol OM 0.14 3.19 1.68 56.22 65.47 47.32 61.35 59.36
23 carvacrol OM 84.70 80.59 81.32 0.93 0.68 1.28 0.86 0.50
24 β-caryophyllene SH 2.45 1.93 2.08 1.20 1.11 1.54 0.95 1.80
25 α-humulene SH 0.06 0.08 0.09 0.08 0.08 0.11 - 0.13
26 γ-muurolene SH - - - 0.09 0.08 - - 0.08
27 germacrene D SH - - - 1.52 1.36 2.25 1.23 2.22
28 bicyclogermacrene SH - - - 0.15 0.13 0.20 0.12 0.24
29 β-bisabolene SH 0.15 0.24 0.16 1.28 1.17 1.52 1.02 1.56
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Table 1. Cont.

No.
Compound

Name
Class

Oregano Subspecies/Hybrid

Origanum vulgare ssp.
viridulum ×

Origanum vulgare ssp.
hirtum

Origanum heracleoticum L.

CAR1 CAR2 CAR3 THY1 THY2 THY3 THY4 THY5

30 γ-cadinene SH - - - 0.15 0.12 0.10 0.08 0.12
31 δ-cadinene SH - - - 0.47 0.39 0.39 0.33 0.47
32 unknown SH - - - 0.19 0.18 0.17 0.14 0.24

Total content of compounds grouped in chemical classes

Monoterpene Hydrocarbons (MH) 11.71 13.03 13.88 31.74 23.94 37.93 28.11 26.58
Oxygenated Monoterpenes (OM) 85.42 84.50 83.59 63.13 71.44 55.80 68.02 66.46
Sesquiterpene Hydrocarbons (SH) 2.66 2.25 2.33 5.13 4.61 6.27 3.87 6.85

Others 0.22 0.23 0.20 - - - - -

Figure 1. Principal component analysis (PCA) biplot of the first two PCs obtained in the dataset of
the chemical compositions of EOs of the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare
ssp. hirtum (CAR1, CAR2, CAR3) and of the subspecies Origanum heracleoticum L. (THY1, THY2,
THY3, THY4, THY5).

2.2. Enantiomeric Distribution of Chiral Compounds as Determined after Isolation from Oregano
Dried Leaves and Flowers and in Distilled Oregano EOs

The enantiomeric distribution analysis of chiral volatile compounds of oregano leaves
and flowers was performed both on the volatile isolates directly obtained by headspace
solid-phase microextraction (HS-SPME) from the dried plant material (Table 2a) and on
the corresponding EOs obtained from the plant material by distillation (Table 2b). GC
analysis performed by an enantioselective GC column allowed for the detection of seven
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pairs of enantiomers in four monoterpene hydrocarbons, α-thujene, α-pinene, β-pinene, α-
phellandrene and three oxygenated monoterpenes, linalool, terpinen-4-ol and α-terpineol.
This last compound was not quantified in the GC analysis with an achiral column (Table 1)
because its level was lower than 0.05%, but it was included in the enantioselective analyses
because it was possible to accurately determine its two enantiomers. The analysis of the
isolates obtained from the dried leaves and flowers by HS-SPME allowed for the determi-
nation of a higher number of enantiomeric pairs than in the analysis of the EOs, because
the former isolates were more concentrated. In the case of α-thujene, it was not possible
to identify the two enantiomers, due to unavailability of commercial standard pure com-
pounds and lack of appropriate information from the literature of chromatographic data.
The results obtained for both the dried aerial parts and EOs showed that the enantiomeric
distribution was the same in plants belonging to the subspecies Origanum heracleoticum L.
and the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum, and it was
not affected by the different environments of cultivation. Only in the case of the distribution
of linalool enantiomers, as determined in the dried plant materials in one sample (CAR3),
was there a slight difference in the distribution of enantiomers observed, with a 17% level
of the S enantiomer instead of the 8–11% level observed in the other samples. Moreover,
results obtained from the dried plant material showed less variability when compared to
those obtained from the EOs. This could partly be due to the more concentrated isolate
analyzed in the former case. Enantiomeric distribution as determined in the dried plant
material was generally similar to that observed in the EOs, with some minor differences.
For instance, the distribution of α-pinene enantiomers was, on average, 5:95 and 10:90 in
the EOs and plant material, respectively; the distribution of β-pinene was 81:19 and 73:27;
the distribution of terpinene-4-ol was 61:39 and 51:49; and the distribution of α-terpineol
was 0:100 and 9:91. In all cases, a slightly higher enantiomeric excess was observed in the
EOs than in the isolates from dried plant material.

Table 2. (a) Enantiomeric distributions (%) of chiral compounds determined after isolation by HS-
SPME from oregano dried leaves and flowers of the hybrid Origanum vulgare ssp. viridulum ×
Origanum vulgare ssp. hirtum (CAR1, CAR2, CAR3) and of the subspecies Origanum heracleoticum L.
(THY1, THY2, THY3, THY4, THY5). (b) Enantiomeric distributions (%) of chiral compounds deter-
mined from EOs of the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp. hirtum (CAR1,
CAR2, CAR3) and the subspecies Origanum heracleoticum L. (THY1, THY2, THY3, THY4, THY5).

Compound/
Enantiomer

LRI 1

Oregano Subspecies/Hybrid

Origanum vulgare
ssp. viridulum ×

Origanum vulgare ssp. hirtum
Origanum heracleoticum L.

CAR1 CAR2 CAR3 THY1 THY2 THY3 THY4 THY5

(a)

α-thujene n.i. 2 950 65 64 64 65 65 65 65 64
n.i. 952 35 36 36 35 35 35 35 36

α-pinene S/− 984 12 12 12 9 9 9 9 10
R/+ 988 88 88 88 91 91 91 91 90

β-pinene R/+ 1026 73 73 72 73 74 74 74 73
S/− 1032 27 27 28 27 26 26 26 27

α-phellandrene R/− 1036 5 5 5 4 4 3 3 4
S/+ 1039 95 95 95 96 96 97 97 96

linalool
R/− 1217 89 90 83 90 92 91 92 90
S/+ 1224 11 10 17 10 8 9 8 10
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Table 2. Cont.

Compound/
Enantiomer

LRI 1

Oregano Subspecies/Hybrid

Origanum vulgare
ssp. viridulum ×

Origanum vulgare ssp. hirtum
Origanum heracleoticum L.

CAR1 CAR2 CAR3 THY1 THY2 THY3 THY4 THY5

terpinene-4-ol S/+ 1300 54 54 54 52 50 49 48 49
R/− 1304 46 46 46 48 50 51 52 51

α-terpineol R/+ 1350 11 9 10 8 7 8 8 10
S/− 1360 89 91 90 92 93 92 92 90

(b)

α-thujene n.i. 2 950 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
n.i. 952 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

α-pinene S/− 984 6 7 6 3 5 4 4 3
R/+ 988 94 93 94 97 95 96 96 97

β-pinene R/+ 1026 79 79 81 79 79 84 84 n.d.
S/− 1032 21 21 19 21 21 16 16 n.d.

α-phellandrene R/− 1036 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S/+ 1039 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

linalool
R/− 1217 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
S/+ 1224 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

terpinene-4-ol S/+ 1300 58 59 58 63 62 61 63 62
R/− 1304 42 41 42 37 38 39 37 38

α-terpineol R/+ 1350 0 0 0 0 0 0 0 n.d.
S/− 1360 100 100 100 100 100 100 100 n.d.

1 Linear retention index determined from the Cyclosil-B column stationary phase (30% Heptakis (2,3-di-O-methyl-
6-O-t-butyl dimethylsilyl)-β-cyclodextrin in DB-1701). 2 It was not possible to identify the two enantiomers due to
the unavailability of standard pure compounds and lack of information from the literature.

2.3. Antimicrobial Activity of EOs by Agar Spot Test against Pathogen Indicator Strains

EOs extracted from the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp.
hirtum showed a relevant antimicrobial activity assayed by an agar spot test, with halos of
various sizes (Table 3). In particular, all the pathogenic microorganisms considered were
susceptible to the inhibitory activity of CAR1, CAR2 and CAR3, with inhibition halo radii
exceeding 7.5 mm, with the exception of L. monocytogenes SA and Pseudomonas fluorescens
B13, against which these oils had low activity.

Concerning the EOs extracted from Origanum heracleoticum, THY3 and THY5 were
tested, as they resulted as more divergent within the THY cluster (Figure 1). These two EOs
showed a medium activity against P. putida KT2240 and P. fluorescens B13 (radii between
5 and 7.5 mm) and high inhibitory activity against all other pathogenic and alterative
microorganisms (Table 3).

On the basis of the results of the chemical characterization (Table 1) and antimicrobial
activity by spot test (Table 3), CAR1 and THY5 were selected for further experiments, as
they had higher carvacrol and thymol content among CAR1, CAR2 and CAR3 and among
THY3 and THY5, respectively. Moreover, CAR1 and THY5 showed high antimicrobial
activity against L. monocytogenes OH and S. Typhimurium LT2 and were thus chosen as
representative of the most frequently reported pathogen related to foodborne diseases.
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Table 3. Antimicrobial activity of oregano EOs against indicator pathogens (spot test).

Pathogen Indicator
Inhibition Halo Radius (mm)

CAR1 CAR2 CAR3 THY3 THY5

Listeria monocytogenes OH +++ +++ +++ +++ +++

Listeria monocytogenes SA + + + +++ +++

Listeria monocytogenes CAL +++ +++ +++ +++ +++

Listeria innocua 1770 ++ ++ ++ +++ +++

Salmonella enterica Typhimurium LT2 +++ ++ +++ +++ +++

Salmonella enterica Give +++ +++ +++ +++ +++

Salmonella enterica Derby +++ +++ +++ +++ +++

Enterotoxigenic E. coli (ETEC) K88 +++ +++ +++ +++ ++

Pseudomonas putida WSC358 +++ ++ +++ +++ ++

Pseudomonas putida KT2240 +++ ++ ++ ++ ++

Pseudomonas fluorescens B13 + + + ++ ++
Antimicrobial activity was considered high (+++) when the value of the inhibition halo radius (hr) was greater
than 7.5 mm (hr > 7.5 mm), medium (++) when between 5 and 7.5 mm (5 mm ≤ hr ≤ 7.5 mm) and low (+) when
less than 5 mm (hr < 5 mm).

2.4. In Vitro Antimicrobial Activity of CAR1 and THY5 against L. monocytogenes OH and
S. Typhimurium LT2 by Direct Contact Test

The two EOs CAR1 and THY5 showed similar antimicrobial capacities by a direct con-
tact test against L. monocytogenes OH (Figure 2A). In particular, at a lower EO concentration
(0.12%), an approximately 3-log reduction in microbial concentration occurred as compared
to samples exposed to 0% EO (C) and to 0% EO plus 0.125% Tween 80 (CTw). Proportionally
to increased EO concentration (0.25 and 0.5%), a reduction of approximately 4 and 4.5 logs,
respectively, was observed in the microbial titer, as compared to C. In addition, the treat-
ment with CAR1 and THY5 at 0.25% induced a reduction in microbial concentration similar
to that obtained with ampicillin, while for both oils, treatment with 0.5% induced a greater
effect than ampicillin in reducing microbial load (Figure 2A). Similarly, the oils at the same
extent showed antimicrobial activity by a direct contact test against S. Typhimurium LT2
(Figure 2B), which resulted in a reduction in the microbial titer of about 0.5 log CFU/mL
when applied at a concentration of 0.12%. A dose–response effect was observed, as the
0.5% concentration induced a reduction of about 4 log CFU/mL. For S. Typhimurium LT2,
the antimicrobial effects of the oils at a 0.5% concentration was similar to that of ampicillin
(Figure 2B).

2.5. Antimicrobial Effects of CAR1 and THY5 during a Challenge Test of Beef Minced Meat

The antimicrobial effects of CAR1 and THY5 EOs against L. monocytogenes OH and
S. Typhimurium LT2 was also evaluated in a complex food matrix of beef minced meat
during storage at 4 ◦C for 7 days. The 0.5% concentration was used in order to reproduce
the conditions of maximum antimicrobial concentration as in the direct contact test. The
presence of CAR1 EOs caused a reduction of the bacterial population of both L. monocy-
togenes OH and S. Typhimurium LT2 by about 1 log CFU/g one day after contamination,
remaining essentially unchanged until the third day (Figure 3A,B). In both sets of exper-
iments, there was an increase in microbial load after seven days of storage both in the
presence and absence of the EOs, suggesting an onset of recontamination of the minced
meat. In parallel, the absence of L. monocytogenes OH and S. Typhimurium LT2 in the food
matrix in the artificially uncontaminated sample was assessed.
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Figure 2. Direct contact test of CAR1 and THY5 antimicrobial activity (A) against L. monocytogenes
OH and (B) S. Typhimurium LT2. Each EO was tested at 0.12, 0.25 and 0.5% concentrations. C: 0%
EO; CTw: 0% EO + 0.125% Tween 80; CTw + Amp: 50 μg/mL ampicillin + 0.125% Tween 80. Bacterial
cell viability is expressed as the geometric mean of CFU/mL ± SD of one experiment carried out in
triplicate. Means without a common letter significantly differ, p < 0.05.

Regarding the antimicrobial activity of 0.5% THY5, a different effect was observed
against the two pathogens tested. The microbial load of L. monocytogenes OH remained
essentially unchanged after 1 and 2 days in the contaminated samples in the presence of
EO, whereas a reduction of approximately 1 and 2 logs in the microbial load was observed
at 3 and 7 days, respectively (Figure 3C). The minced meat in the absence of THY5 had a
similar microbial titer of about 1 × 105 CFU/g during all storage timepoints.

The results of the challenge test set up with S. Typhimurium LT2 indicated that the
antimicrobial effect of THY5 EO was already appreciable at the first day with a reduction
of approximately 1.5 log CFU/g and a further decrease of 1 log CFU/g was observed at the
following timepoints (2, 3 days). On day 7, an increase of about 0.6 log CFU/g suggested
the start of recontamination of the minced meat (Figure 3D). Surprisingly, from the second
day of storage at 4 ◦C, a reduction in the microbial titer was observed in the absence of EO.

2.6. Effects of CAR1 and THY5 on Caco-2 Cell Permeability

In order to evaluate if EOs exposure could perturb intestinal epithelial permeability,
transepithelial electrical resistance (TEER) and phenol red apparent permeability (Papp)
were measured in differentiated Caco-2 cells after treatment with several concentrations
(ranging from 0.01 to 0.1%) of the two representative EOs CAR1 or THY5, dissolved in a
complete culture medium for up to 24 h. The results show that only the 0.01 and 0.02%
CAR1 treatments did not affect cell permeability up to 24 h, while the higher concentrations
(0.025–0.03–0.05–0.1%) already induced a TEER drop after 1 h (less than 20% of the control),
which was maintained until the end of the experiment (Figure 4A). This TEER decrease
was associated with a biologically relevant phenol red Papp increase, as the corresponding
values were in the order of magnitude of 6 × 10−6 cm s−1, indicating that the tight junctions
were open (Figure 4B). Indeed, permeability coefficients higher than 5 × 10−7 cm s−1

are considered to be indicative of compromised cell monolayers, while values above
1 × 10−6 cm s−1 indicate destroyed cell monolayer integrity [27]. Concerning THY5, a
drop in TEER values was already observed after 1 h treatment with 0.03, 0.05 and 0.1%
concentrations (Figure 4C). Differently from CAR1, the 0.025% concentration of THY5
induced a TEER decrease less rapidly, but regardless, was indicative of important and
irreversible damage to the monolayer, since from 4 h treatment, the TEER values were
lower than 50% of the control and they continued to decrease. At the lower concentrations
tested (0.02 and 0.01%), the TEER values remained above 100% of the control up to 24 h,
indicating the integrity maintenance of the monolayer (Figure 4C). The TEER data were
confirmed by the results of the paracellular passage of phenol red, shown in Figure 4D.
The Papp values were indeed higher than the threshold value (1 × 10−6 cm s−1) for THY5
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concentrations between 0.1 and 0.025%, while those related to the treatment with 0.02 and
0.01% were in the order of 1 × 10−7 cm s−1, indicating that the tight junctions between cells
were functionally sealed. From these data, it appears that among the concentrations tested,
the highest concentration not damaging the Caco-2 cell monolayer was 0.02% for both
EOs. This concentration was therefore used for the experiments of reduction in pathogen
adhesion and for the evaluation of anti-inflammatory activity. The presence of 2% ethanol,
corresponding to the concentration contained in the higher EO dilution tested, did not
affect cell permeability for up to 24 h.

Figure 3. Challenge test of CAR1 against (A) L. monocytogenes OH and (B) S. Typhimurium LT2 and
of THY5 against (C) L. monocytogenes OH and (D) S. Typhimurium LT2. The assay was performed
in minced cow meat artificially contaminated with L. monocytogenes OH or S. Typhimurium LT2,
with or without the addition of 0.5% CAR1 or THY5. The meat was stored at 4 ◦C for up to 7 days,
homogenized at the indicated timepoints and appropriate dilutions were plated. Bacterial cell viability
is expressed as the geometric mean of CFU/g ± SD of one experiment carried out in triplicate. Means
without a common letter significantly differ, p < 0.05.
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Figure 4. CAR1 and THY5 effects on Caco-2 cells monolayer integrity: Transepithelial electrical
resistance (TEER) and phenol red apparent permeability (Papp). Cells were untreated (Control, C) or
treated with different CAR1 or THY5 concentrations (0.01–0.1%). TEER values ((A) for CAR1 and
(C) for THY5), recorded for up to 24 h, were calculated as the % of C for each timepoint. Phenol red
Papp ((B) for CAR1 and (D) for THY5) was measured at 24 h and values are reported as cm s−1. A
black line set at 1 × 10−6 cm s−1 represents the Papp threshold, indicating destroyed cell monolayer
integrity for values above. Values represent the mean ± SD of the two independent experiments,
carried out in triplicate.

2.7. Reduction in Pathogen Adhesion to Caco-2 Cells by CAR1 and THY5

To evaluate the potential reduction ability exerted by 0.02% CAR1 and THY5 against
pathogen adhesion on Caco-2 cells, the indicator strains L. monocytogenes OH and S. Ty-
phimurium LT2 were selected. Both strains had a similar ability to adhere to Caco-2
cells, quantified in about 10% of the initial inoculum, which consisted of approximately
1 × 108 CFU/mL for each strain (Figure 5A,B). The presence of CAR1 significantly re-
duced the adhesion of L. monocytogenes OH as compared to the oil-free controls, with a
decrease of approximately 1 log CFU/mL, while THY5 was not effective (approximately
0.5 log CFU/mL, Figure 5A).

Both CAR1 and THY5 were able to significantly reduce the number of adhered viable
bacterial cells of S. Typhimurium LT2 to Caco-2 cells (Figure 5B). Thus, the two pathogens
tested showed a different susceptibility to CAR1 and THY5.

Such adhesion reduction was not ascribable to the presence of 0.4% ethanol, as pre-
liminary experiments did not show any effect of this ethanol concentration (contained in
0.02% EOs) on the number of viable bacterial cells adhering to the intestinal cell monolayer.
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Figure 5. Adhesion reduction test for (A) L. monocytogenes OH and (B) S. Typhimurium LT2 in the
presence of 0.02% CAR1 or THY5 in Caco-2 cells. Bacterial cell viability is expressed as the geometric
mean of CFU/mL ± SD of the two independent experiments, carried out in triplicate. Means without
a common letter significantly differ, p < 0.05.

2.8. Effects of CAR1 and THY5 on the NF-kB Pathway in Caco-2 Cells

To evaluate if CAR1 and THY5 could have a protective effect on a pro-inflammatory
stimulus (TNF-α), the gene expression of some key genes of the NF-kB pathway was
analyzed in Caco-2 cells. Epithelial integrity was not affected by experimental treatments
with TNF-α or EOs, as indicated by the TEER values that remained comparable to the
untreated control cells throughout all the experimental intervals.

As compared to the control, treatment with CAR1 induced a mild gene expression
downregulation of the IkBα and IL-6 genes of the NF-kB pathway; however, this down-
regulation did not reach statistical significance, probably due to great data variability
(Figure 6A). THY5 treatment did not affect gene expression (Figure 6B).

As expected, TNF-α treatment was able to induce a significant increase in the expres-
sion (up to 2 fold change) of all analyzed genes of the NF-kB pathway, except for IL-1α
(Figure 6A,B). CAR1 pre-treatment before TNF-α addition induced a slight decrease in
IkBα, IL-6 and IL-8 gene expression as compared to treatment with TNF-α alone. However,
this remained as a trend (p > 0.05), as statistical significance could not be reached because of
great data variability (Figure 6A). When the cells were pre-treated with THY5 before TNF-α
addition, the gene expression levels of all analyzed genes were similar to TNF-α, even if
an increasing trend could be observed for inflammatory IL-1α, IL-6 and IL-8 cytokines
(Figure 6B).
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Figure 6. Study of NF-kB pathway gene expression in Caco-2 cells treated with (A) CAR1 and/or
TNF-α and (B) THY5 and/or TNF-α. Caco-2 cells were pre-treated for 1 h with 0.02% CAR1 or THY5
and then treated for 1 h with 15 ng/mL TNF-α. IkBα, cIAP2, IL-1β, IL-6 and IL-8 gene expression was
analyzed by real-time PCR. Data are expressed as the fold change (log2) ± SD of two independent
experiments, carried out in triplicate. Means without a common letter significantly differ, p < 0.05.

3. Discussion

In the present study, eight different EOs distilled from plants obtained of two geno-
types belonging to the subspecies Origanum heracleoticum L. and to the hybrid Origanum
vulgare ssp. viridulum × Origanum vulgare ssp. hirtum were characterized according to their
chemical composition and several biological activities. First, chemical analyses allowed
for highlighting the differences in the profiles of the two genotypes and evaluating the
variability within each genotype depending on the cultivation location. EOs from the
two genotypes showed differences not only in their predominant compound, carvacrol or
thymol, but also in their overall profile complexity, which was more pronounced in the
thymol chemotype. The profile of the EOs from the Origanum heracleoticum L. subspecies,
described as belonging to the thymol chemotype, was in accordance with the data reported
in the literature on the same subspecies of wild and cultivated oregano plants grown in
the same geographic area of Sicily [20,21,28]. No previous information was available in
the literature, to the best of our knowledge, on the profile of the hybrid Origanum vulgare
ssp. viridulum × Origanum vulgare ssp. hirtum, described as belonging to the carvacrol
chemotype. In both groups, the occurrence of relatively high levels of γ-terpinene and
p-cymene was consistent with the biosynthetic pathway proposed for the main compounds
carvacrol/thymol, by which γ-terpinene is first converted to p-cymene and, in turn, further
converted to carvacrol or thymol by two distinct enzymes [29]. Interestingly, while most
monoterpene and sesquiterpene hydrocarbons appeared to be positively correlated among
themselves and with thymol, β-caryophyllene was positively correlated with carvacrol and
negatively correlated with the other sesquiterpenes. From the point of view of relationships
with biological activities, it is interesting to note that the level of the most active EO com-
pound was significantly higher in the hybrid Origanum vulgare ssp. viridulum × Origanum
vulgare ssp. hirtum. than in the subspecies Origanum heracleoticum L., which might suggest
a higher potential in the former. On the contrary, the profile of EOs from the subspecies
Origanum heracleoticum L. was more complex than the other in terms of the number of minor
constituents detected. Moreover, chemical characterization provided detailed information
on the enantiomeric distribution of chiral compounds in the aerial parts of the considered
oregano genotypes and in the corresponding EOs. This piece of information may be impor-
tant not only because optical isomers can have different odors and, in general, different
biological properties, but also because it provides useful information for uncovering the
biosynthetic and geographical origins of the considered EOs as well as their authenticity
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and also for investigating technological treatments to which EOs could be subjected [30]. In
the oregano EOs analyzed in this study, chiral compounds were all present at a relatively
low level (<1%), whereas all major compounds were achiral. This would suggest a minor
relevance of the enantiomeric characterization for these oregano genotypes. However, very
little information is available in the literature on the enantiomeric distribution of chiral
compounds in oregano EOs, and the only paper reporting experimental data showed a
quite different picture as compared to our results, both in terms of chemical profiles and
enantiomeric distributions [25]. In that study, EOs from native populations of Origanum
vulgare collected in two different geographical locations in northwestern Himalaya and
belonging to the linalool and cymyl chemotypes were investigated [25]. In that study, pairs
of enantiomers were determined for four of the seven chiral compounds investigated in
the present study, i.e., α-pinene, linalool, terpinene-4-ol and α-terpineol. In all cases, the
enantiomeric distributions observed were markedly different between the two populations
from Himalaya. Thus, the determination of enantiomeric distribution was confirmed to
represent a valuable analytical tool for a detailed chemical characterization of oregano EOs,
which may be useful for the recognition of geographical origin. Moreover, in that study, a
marked effect of the distillation process on the observed enantiomeric distribution in the
obtained EOs was postulated to explain some inversions of the ratios for some compounds
between the two EOs investigated [25]. Data from the present study seemed to rule out
the possibility of a marked effect of the distillation step on the enantiomeric distributions,
while the minor differences observed between the EOs and dried aerial parts could be
plausibly attributed mainly to differences in the analytical process, and, in particular, to
the different concentration levels of individual VOCs in the isolates analyzed in the two
cases. Moreover, an expected effect of the distillation process could be a higher extent of
racemization, whereas on the contrary in this study, a slightly lower extent of racemization
was observed in the EOs instead of the dried plant material.

On the other hand, the analysis performed on several biological activities of the EOs
from the two genotypes provided a characterization useful for highlighting their possible
distinguishing properties among different oregano genetic resources and for evaluating
their potential for food and pharmaceutical applications.

All the EOs showed a marked dose-dependent antimicrobial activity against some
pathogenic and spoilage bacteria, belonging to both Gram-negative and Gram-positive
groups. In the direct contact in vitro test performed with CAR1 and THY5, a greater
effect was observed against L. monocytogenes OH, a Gram-positive species, as compared
to the Gram-negative S. Typhimurium LT2. These data are coherent with the antibacterial
mechanism elucidated for thymol and carvacrol: these oxygenated monoterpenes, bearing
a phenolic functional group, are able to interfere with the phospholipid bilayers, damaging
the bacterial cell membrane and causing a decrease in ATP levels until the cell dies [3,31,32],
while the hydrophilic nature of the outer membrane of Gram-negative bacteria exerts a
shielding action towards EOs [33,34].

The antimicrobial activity of CAR1 and THY5 was also observed during a challenge
test, in which a food matrix of minced beef was used to study the behaviour of a pathogenic
or spoilage microorganism under specific storage conditions [35]. Although both CAR1
and THY5 showed antimicrobial activity, THY5′s effect appeared to be slower and more
persistent than CAR1′s in the food contaminated by L. monocytogenes OH. The different
dynamics of the two pathogens observed in this assay in the presence and absence of
oil treatment could be partly ascribable to an inherent variability and complexity in the
food matrix. The increase in microbial load observed after seven days of storage both in
the presence and absence of the EOs could be due to multiple concomitant causes: e.g.,
recontamination of the ground meat or a decrease in the EO activity due to too long of a
storage time.

Another Interesting aspect to consider in terms of antimicrobial activity is the effect
of the minor components present in EOs [3]. Sivropoulou et al. [36] investigated the
antimicrobial effect of EOs extracted from Origanum vulgare ssp. hirtum, Origanum dictamnus
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and a commercial oregano EO, concluding that these oils, although different in chemical
composition, exhibited similar antibacterial activities. The authors attributed this behaviour
to the action of minor compounds that could have their own activity or act in synergy or
antagonism with the main ones. Several studies have reported synergistic activity among
EO components: for example, the presence of carvacrol and p-cymene causes a major
destabilization of the bacterial membrane and a reduction in membrane potential [37,38].
The results of the present study confirmed that the diversity in the chemical profile between
the two genotypes did not produce marked differences in antibacterial activity.

The potential applications of EOs as food preservatives as well as food ingredients
cannot be separated from the evaluation of their impact on intestinal health following their
intake. Thus, in this study, we investigated possible adverse and beneficial actions of EOs
on the intestinal mucosa since it represents the first site of impact between ingested food
and the organism. To such purposes, human intestinal epithelial Caco-2 cells were used
from a well characterized enterocyte-like cell line capable of expressing the morphological
and functional differentiation features typical of mature enterocytes, including cell polarity
and a functional brush border [39]. The Caco-2 cell line has been extensively used as a
reliable in vitro system to study cell toxicity, inflammation and intestinal injury induced by
pathogens [40].

The effect of oregano EOs on intestinal cells is quite unexplored, except for a couple of
papers evaluating antioxidant activities [41,42]; yet, the few available studies are focused
on isolated components, such as thymol and/or carvacrol, with a particular emphasis on
cell toxicity [43]. Another study conducted on undifferentiated Caco-2 cells treated up
to 48 h with relatively high concentrations (2.5 mM and below) of carvacrol and thymol
demonstrated heavy perturbation of the cellular ultrastructure and apoptosis [44]. However,
it should be emphasized that the activity of pure compounds (singly or in mixtures) can
be very different from that of complete EOs, which also contain a variety of secondary
compounds.

The incubation of Caco-2 cells in the presence of both CAR1 and THY5 caused a
significative rapid and strong reduction in TEER values accompanied by a high passage
of the paracellular marker phenol red at the higher concentrations tested (0.1%), approxi-
mately corresponding to 5.2 mM of carvacrol and 3.6 mM of thymol for CAR1 and THY5,
respectively. Although this trend was relatively less sharp for the THY treatment at a 0.025%
concentration, this sudden and strong toxic response likely indicated cell death occurrence,
suggesting unspecific cytotoxicity effects, probably due to EO’s ability to permeabilize
mitochondrial membranes leading to cell death [45]. This was also confirmed by Fabian
and co-workers [46], who observed a high necrosis rate in Caco-2 cells treated for 1 h with
oregano EO at concentrations comparable to ours. However, at concentrations lower than
0.02%, both CAR1 and THY5 did not affect Caco-2 monolayer integrity for up to 24 h of
incubation, indicating a complete absence of adverse effects under these experimental
conditions and likely suggesting a level of safe concentrations at which EOs do not alter
intestinal integrity. To the best of our knowledge, this is the first study evaluating the
intestinal permeability effects of oregano EOs in human intestinal cells. These in vitro tests
provide early and specific intestinal toxicity assays for identifying dietary compounds that
may affect intestinal barrier function and represent a valuable tool for further characteriz-
ing oregano EO safety in humans, as already shown with oral toxicity tests performed on
rats [47].

Data reported in the literature relating to oregano EO anti-inflammatory activity
suggest their ability to reduce inflammation in several in vitro and in vivo models [48–50];
however, in our intestinal Caco-2 cell system, pre-incubation with EOs did not induce
evident protection from TNF-α inflammatory challenge. Nevertheless, CAR1 preincubation
followed by TNF-α exposure determined a weak downregulation of genes involved in the
NF-kB pathway. This trend might confirm potential CAR1 anti-inflammatory activity in this
experimental system, which could not be further assayed at a higher CAR1 concentration
due to its toxicity. Finally, neither CAR1 nor THY5 displayed inflammatory action on their
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own, as incubation with these EOs did not induce any significant increase in the expression
of the inflammatory genes tested, as compared to the control cells.

As reported by Di Vito et al. [31], the initial stages of pathogen adhesion to intestinal
cells are crucial for the establishment of colonization, with the risk of being a reservoir
of acute events; thus, the search for new inhibitors of bacterial adhesion to host tissues
turns out to be very important. The results of the pathogen adhesion assay, described
in the present work, showed that the addition of CAR1 and THY5 oils, despite being at
low concentrations, was indeed able to reduce bacterial adhesion to the intestinal Caco-2
cell line, although THY5 was effective only against S. Typhimurium LT2. Our data are
comparable to those of other research carried out on thyme EOs, in which both thymol
(about 12%) and carvacrol (about 68%) were present; in particular, it was observed that both
Thymus capitatus EO as well as thymol and carvacrol alone were able to reduce the adhesion
of E. coli (ATCC35210) and L. monocytogenes (NCTC 7973) to the intestinal HT-29 cell line [51].
Previous work has demonstrated that carvacrol was able to reduce Campylobacter jejuni
infection in epithelial cells [52], while thymol decreased the adhesion of various E. coli
and S. aureus strains on vaginal epithelial cells [53]. Finally, both compounds were able to
reduce the adhesion of three L. monocytogenes strains to Caco-2 cells [54]. Furthermore, in a
recent study carried out on Origanum vulgare EO, a reduction in the adhesion of several
Salmonella serotypes to Caco-2 cells was observed by a commercial mixture of EO containing
both thymol and carvacrol; this effect was suggested to occur through the inhibition or
disaggregation of bacterial biofilm [31]. The mechanisms underlying this effect can be
multiple and ascribable to the antimicrobial activity of EOs against Gram-positive and
Gram-negative pathogens, to their ability to alter the chemical–physical properties of the
bacterial surface or microbial motility, as well as to the reduction in gene expression of
some virulence factors [52–54]. Further experiments will be needed to fully understand the
mechanisms underlying the protective effects exerted by oregano EOs.

4. Materials and Methods

4.1. Plant Materials

The plant material used for this study was obtained from eight farms located in south-
western Sicily, in different areas of the province of Agrigento, at the following altitudes:
farm 1 at 250 m a.s.l., 2 at 300 m, 3 at 200 m, 4 at 250 m, 5 at 300 m, 6 at 150 m, 7 at 250 m and
8 at 250 m. Plants from the hybrid Origanum vulgare ssp. viridulum × Origanum vulgare ssp.
hirtum were provided by farms 1–3 (indicated in the text as CAR1, CAR2, CAR3), whereas
plants from the subspecies Origanum heracleoticum L. were provided by farms 4–8 (THY1,
THY2, THY3, THY4, THY5). It is not clear whether the subspecies Origanum heracleoticum
L. should have been identified as Origanum vulgare ssp. viridulum or as Origanum vulgare
ssp. hirtum, with contrasting identifications having been reported in the literature [20,21].
For both groups of oregano types, all plants were obtained by the propagation of the same
genotype and then grown in different cultivation environments, i.e., the eight farms. On
all the farms, oregano was grown according to the cultivation practice and crop manage-
ment traditionally applied in these areas of Sicily [20]. Sampled plants were harvested in
mid-June by cutting up to 5 cm above the soil level and then air-dried in the shade at an
air temperature ranging between 25 and 30 ◦C, for about 10–15 days. The dried material
was shipped to the CREA-Research Centre for Food and Nutrition laboratory, where all the
analytical determinations were carried out.

4.2. Isolation of the EOs

The samples of air dried leaves and flowers (20 g) were subjected to hydrodistillation
by a Clevenger-type apparatus for 3 h and then, the collected EO was dried over anhydrous
sodium sulphate and stored under N2 in a sealed vial at −24 ◦C until analysis.
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4.3. GC–MS Analyses of EO Compositions

The EOs were diluted in methanol (1:20 v/v) before the GC analysis. GC analyses
were performed on an Agilent 6890 5973 N, GC–MS system (Agilent Technologies, Palo
Alto, CA, USA), provided with a quadrupole mass filter for mass spectrometric detection.
GC separation was accomplished by a DB1-MS column (0.25 mm × 60 m, 0.5 μm film
thickness, J&W; Agilent Technologies). The following chromatographic conditions were
applied: injection of 1 μL volume, with a split ratio of 50:1 and injector temperature of
250 ◦C; the oven temperature program selected from 60 ◦C to 200 ◦C at 4 ◦C min−1 and then
to 280 ◦C (5 min) at 50 ◦C min−1; and the He carrier gas constant flow set at 1.5 mL min−1

corresponding to a linear velocity of 32 cm s−1. The MS detector setting parameters were an
electronic impact ionization mode set at 70 eV and the transfer line, source and quadrupole
temperatures set at 300, 230, and 150 ◦C, respectively. For MS detection, the full scan
mode was applied by selecting the mass range of 33–300 amu. The identification of EO
constituents was performed by a comparison of the linear retention indices (LRI) and mass
spectra of the chromatographic peaks with those obtained from a standard solution of pure
reference compounds when commercially available (purchased from Merck, Sigma-Aldrich,
Milan, Italy) (Table S1). Linear retention indices were determined by analyzing, under the
same conditions used for the EOs, a standard solution of C7–C30 saturated alkanes and
according to the equation proposed by van den Dool and Kratz. When a pure compound
was not available, tentative identification was based on the comparison of determined
linear retention indices with those reported in the literature [55], in the NIST Chemistry
WebBook database [56] and by a comparison of mass spectra with those reported in the
NIST/EPA/NIH Mass Spectral Library (Version 2.4, 2020). The percent content of the
compounds was determined from their peak areas in the GC Total Ion Current profile. Only
compounds at a level higher than 0.05% were quantified. Each oil sample was analyzed in
duplicate.

4.4. Enantioselective GC–MS Analysis of Volatiles in Dried Leaves and Flowers and EO Constituents

The enantioselective analysis of chiral compounds was performed on the EO con-
stituents and also on volatiles isolated from the dried leaves and flowers to investigate
the effects on enantiomeric distribution due to the distillation procedure. The isolation
of volatiles from the dried leaves and flowers was carried out by the headspace solid-
phase microextraction (HS-SPME) technique. Briefly, a weighted amount of died plant
material (1.5 g) was placed in a 15 mL vial capped with a PTFE/silicone septum (Supelco;
Sigma-Aldrich) for HS-SPME. The extraction was carried out by exposing a 2 cm, 50/30 μm
DVB/CAR/PDMS fiber (Supelco; Sigma-Aldrich) to the headspace of the plant material for
30 min, while keeping the extraction temperature at 30 ◦C by a water bath. At the end of
the extraction, the fiber was immediately inserted into the GC split–splitless injection port
for the desorption step and the GC run was started. A duplicate extraction of each cheese
sample was carried out. GC analyses were performed using the same GC–MS system
reported above, equipped with a chiral column of Cyclosil-B (0.25 mm × 30 m, 0.25 μm of
film thickness, stationary phase: 30% Heptakis (2,3-di-O-methyl-6-O-t-butyl dimethylsilyl)-
β-cyclodextrin in DB-1701, J&W; Agilent Technologies). The chromatographic conditions
were as follows: desorption for 5 min in the GC injector provided with a 0.75 mm glass
liner suitable for SPME and operating at 240 ◦C in the spitless mode; oven temperature
program from 55 ◦C (2 min) to 190 ◦C at 4 ◦C/min, then to 220 ◦C (5 min) at 20 ◦C/min;
helium used as carrier gas at a constant flow of 1.5 mL min−1 corresponding to a linear
velocity of 45 cm s−1; and MS detector parameters as stated above in Section 4.3. In the
case of the analysis of the EO, 1 μL EO diluted in methanol (1:20 v/v) was injected and a
slit ratio of 50:1 was set. All the other GC–MS conditions were the same as in the analysis
of the HS-SPME isolates.

The identification of enantiomers was accomplished by a comparison with the mass
spectra and linear retention indices (LRI) of authentic standards (Sigma-Aldrich). When
authentic standards were not available, tentative identification was accomplished by a
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comparison with information reported in the NIST/EPA/NIH Mass Spectral Library
(Version 2.4, 2020), in the literature [57] or kindly provided by Prof. Patrizia Rubiolo
(personal communication). A standard solution of linear alkanes (C7–C30) was run under
the same chromatographic conditions as the samples to determine the LRI of the detected
compounds. Enantiomeric ratios were expressed as percent peak areas of the sum of the
areas of the peaks of both enantiomers.

4.5. Indicator Microorganism Strains

The microorganisms used were Salmonella enterica serovar Typhimurium LT2 (DSMZ
18522; Braunschweig, Germany) and two isolates of S. enterica from chicken samples be-
longing to two different serovars (Derby and Give), provided by the Istituto Zooprofilattico
Sperimentale del Mezzogiorno (Portici, Naples, Italy). The enterotoxigenic Escherichia coli
strain K88 (ETEC, O149:K88ac) was provided by the Lombardia and Emilia Romagna
Experimental Zootechnic Institute (Reggio Emilia, Italy). Listeria monocytogenes OH, L.
monocytogenes CAL, L. monocytogenes SA and L. innocua 1770 were provided by the CREA-
Research Centre for Animal Production and Aquaculture (Lodi, Italy), while Pseudomonas
putida WSC358, P. putida KT2240 and P. fluorescens B13 were provided by Prof. Livia Leoni of
Roma Tre University, Rome. With the exception of the ETEC growing in Luria-Bertani (LB)
broth, Miller (DIFCO; Rodano (MI), Italy), all bacteria were routinely grown in tryptone soy
broth (TSB; Oxoid, Basingstoke, UK) at their optimal growth temperature, which was 30 ◦C
for the Listeria and Pseudomonas strains and 37 ◦C for the Salmonella and Escherichia strains.

4.6. Agar Spot Test

The spot-on-agar test was performed by spotting 2 μL EOs (CAR1, CAR2, CAR3,
THY3, THY5) onto tryptone soy agar (TSA, 1.2%; Oxoid) plates previously seeded with
1 × 106 CFU/mL indicator strains at the exponential growth phase. Spotted plates were
then incubated for 18 h and inhibition zones (radii of the microbial growth inhibition, halos)
around the wells were measured in millimeters (mm), accordingly with Balouiri et al. [58].
In the same plates, the test efficacy was confirmed by adding 2 μL of 50 μg/mL ampicillin
(Sigma-Aldrich). Antimicrobial capacity was considered high (+++) when the radius value
of the inhibition halo was greater than 7.5 mm, medium (++) when it was between 5 and
7.5 mm and low (+) when it was less than 5 mm.

4.7. Direct Contact Test

The direct contact test was performed as described by Serio et al. [32] and modified
as follows. Stock emulsions containing 4% (v/v) EOs (CAR1 or THY5) were prepared in
tryptone salt solution (8.5 g/L NaCl, 1.0 g/L tryptone; Oxoid) with 1% Tween 80 (Sigma-
Aldrich) added as an emulsifying agent and vortexed for 10 min. The emulsions were
filter-sterilized (0.22 μm filter pore size). To study the effect of different EO concentra-
tions, appropriate aliquots of stock emulsions were diluted in 10 mL PBS, to obtain final
concentrations of 0–0.12–0.25–0.50% EOs.

EO dilutions were inoculated with a standard bacterial suspension (1 × 108 CFU/mL)
of L. monocytogenes OH or S. Typhimurium LT2 indicator strains and incubated at 37 ◦C for
30 min. Bacterial cells were also exposed to 0% EO (control, C) and to 0% EO plus 0.125%
Tween 80 with or without 50 μg/mL ampicillin, to confirm test efficacy and to exclude
any antimicrobial effect of Tween 80, respectively (CTw + Amp or CTw). Bacteria were
harvested by centrifugation for 10 min at 1100× g at 4 ◦C and appropriate dilutions were
plated on tryptone soy agar to evaluate bacterial cell viability by colony counting, after the
incubation of the plates for 18 h.

4.8. Challenge Test

Minced cow meat purchased at the supermarket was used to perform the challenge test.
Meat portions (100 g each) were contaminated with S. Typhimurium LT2 or L. monocytogenes
OH inocula (approximately 1 × 104 CFU/g), according to Zinno et al. [59]. To ensure
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the proper distribution of the pathogens, the inoculated samples were homogenized in
Stomacher bags (Bag Mixer-400; Interscience, France) for 2 min at room temperature. After
homogenization, the inoculated meat portions were split in two equal quantities (50 g each),
one of which was treated with 0.5% CAR1 or THY5. In addition, one meat portion was not
inoculated, nor oil-treated (control). The Stomacher bags were wrapped and stored under
aerobic conditions at 4 ◦C for up to seven days.

Microbiological analysis of the populations of L. monocytogenes OH and S. Typhimurium
LT2 was carried out after 0–1–2–3 and 7 days of refrigerated storage. At each sampling time,
the aliquots of minced meat were aseptically 10-fold diluted in 0.9% NaCl and homoge-
nized for 2 min at room temperature in Stomacher bags. The resulting slurries were serially
diluted and plated in duplicate on selective OXFORD and xylose lysine deoxycholate
(XLD) agar (Merck, Darmstadt, Germany) for L. monocytogenes OH and S. Typhimurium
LT2, respectively. Populations of both bacteria were determined and quantified by colony
counting, after incubation for 24 h.

Before inoculation with the two pathogens, the minced meat was also examined for
the presence of any bacteria by an estimation of the total viable counts (TVCs) on plate
count agar (PCA; Oxoid) after 72 h of incubation at 25 ◦C.

4.9. Intestinal Caco-2 Cell Culture

Caco-2 cells, obtained from INSERM (Paris, France), were subcultured at a low den-
sity [60] and used between passages 90–105. Cells were routinely maintained at 37 ◦C in a
95% 5% air/CO2 atmosphere at 90% relative humidity in DMEM containing 25 mM glucose,
3.7 g/L NaHCO3, 4 mM stable L-glutamine, 1% non-essential amino acids, 1 × 105 U/L
penicillin and 100 mg/L streptomycin (all from Corning, Milan, Italy), supplemented with
10% heat-inactivated fetal bovine serum (Euroclone, Milan, Italy). Cells were seeded on
polyethylene terephthalate permeable Transwell filters (Falcon™ 10.5 mm diameter, 0.4 μm
pore size; Corning) at a density of 1 × 106 cells/filter and cultured for 17–21 days to allow
complete differentiation. The medium was changed 3 times a week.

4.10. Cell Monolayer Permeability Assessments

Cell monolayer permeability was assayed by measuring the transepithelial electrical
resistance (TEER), through a Millicell electrical resistance voltmeter (Merck Millipore, Darm-
stadt, Germany) on cells differentiated on Transwell filters, according to Sambuy et al. [39].
Only cell monolayers with TEER values higher than 1300 Ohm × cm2 were used, as this
value is indicative of correct cell differentiation, as identified in preliminary experiments.
For the experiments, TEER was recorded every hour for up to 8 h, and then at 24 h, at the
end of treatments. Cell permeability was also assessed at 24 h by measuring the paracellular
passage of the phenol red marker, as reported by Monastra et al. [61]. Briefly, 0.5 mL of
1 mM phenol red was placed in the apical (AP) compartment of cell monolayers while
1 mL PBS containing Ca++ and Mg++ was placed in the basolateral (BL) compartment.
After 1 h incubation at 37 ◦C, the BL medium was collected, injected with 0.1 N NaOH
and read at 560 nm (Tecan Infinite M200 Microplate Reader; Tecan Italia, Milan, Italy) to
determine the phenol red concentration. Phenol red apparent permeability (Papp) was
calculated from the following formula: Ct × VBL/Δt ×·C0 × A, where VBL is the volume
of the BL compartment (cm3), A is the filter area (cm2), Δt is the time interval (s), Ct is the
phenol red concentration in the BL compartment at the end of the time interval and C0 is
the phenol red concentration in the AP compartment at the beginning. Phenol red Papp
values below 1 × 10−6 cm s−1 were considered indicative of intact monolayers [27]. Thus,
1 × 10−6 cm s−1 was set as the threshold value, irrespectively of the statistical significance
among samples.

4.11. Impact of Oregano EOs (CAR1 and THY5) on Intestinal Barrier Integrity

CAR1 and THY 5 were tested on Caco-2 cells to assay their potential effect on mono-
layer integrity through TEER and phenol red Papp measurements.
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Several EO concentrations were added for up to 24 h to the AP compartment of Caco-2
cells differentiated on Transwell filters. To avoid possible interference with the fetal bovine
serum proteins, cell monolayers were kept in a serum-free medium 16 h before the assay.
The concentrations tested were 0.1–0.05–0.03–0.025–0.02–0.01% (obtained from a stock
solution, diluted by 1:20 in ethanol from the initial preparation). As the control, the cells
were also apically treated with 2% ethanol, corresponding to the concentration contained
in the higher EO dilution tested.

4.12. Pathogen Adhesion Assay to Caco-2 Cells

For the adhesion assay, Caco-2 cells were seeded and differentiated in 24-well plates
(Becton Dickinson, Milan, Italy) at 1 × 106 cells/well. Cells were placed in an antibiotic- and
serum-free cell culture medium 16 h before the assay. On the day of the assay, overnight bac-
terial cultures of the pathogen indicator strains L. monocytogenes OH and S. Typhimurium
LT2 were diluted 1:10 in appropriate media and grown for approximately 2 h up to the
exponential growth phase. After monitoring the OD 600, bacterial cells were harvested by
centrifugation at 5000× g for 10 min, resuspended in antibiotic- and serum-free cell culture
medium and added to the cell monolayers at a concentration of 1 × 108 CFU/well (approx-
imately 100:1 bacteria-to-cell ratio). CAR1 or THY5 were apically added together with the
different indicator strains at a 0.02% concentration, identified as the highest nontoxic one
from the Caco-2 permeability tests. Co-cultures of bacteria and Caco-2 cells were incubated
at 37 ◦C for 1.5 h. Non-adhering bacteria were then removed by 5 washes with Hanks’
Balanced Salt Solution (Corning) and cell monolayers were lysed with 1% Triton-X-100,
according to Guantario et al. [62]. Adhering, viable bacterial cells were quantified by plating
appropriate serial dilutions of Caco-2 lysates on different media. For S. Typhimurium LT2,
plating was performed by inclusion in violet red bile glucose agar (VRBGA) medium, while
for L. monocytogenes, OH cell lysates were plated on Oxford medium. Plates were incubated
for 18 h.

4.13. Inflammation Induction by TNF-α and EO Treatment for Gene Expression Analysis of
NF-kB Pathway

To assess the potential anti-inflammatory ability of CAR1 and THY5 EOs assayed in the
present study, Caco-2 cells differentiated on Transwell filters were pre-incubated for 1 h with
CAR1 or THY5 at the 0.02% concentration in the AP compartment. After media withdrawal,
cells were challenged for an additional hour with the pro-inflammatory cytokine TNF-α
(Invitrogen, Rodano, Milan, Italy), added to both the AP and BL compartments at 15 ng/mL.
Other samples were treated only with EOs for 1 h or only with TNF-α for 1 h.

At the end of treatments, RNA was extracted from the Caco-2 cells by using miRNeasy
Plus Mini Kit (Qiagen, Hilden, Germany). Nucleic acid concentration was determined by
a NanoDrop® ND-2000 UV–VIS spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) at an OD of 260 nm. All samples had an OD 260/OD 280 ratio higher than 1.8,
corresponding to 90–100% of pure RNA. A total of 1 μg of RNA was reverse-transcribed
into cDNA using ReadyScript™ cDNA Synthesis Mix (Sigma-Aldrich). The quantification
of gene expression was determined by real-time PCR with a 7500 Fast Real-Time PCR
System (Applied Biosystems, Waltham, MA, USA), using RT2 SYBR® Green ROX qPCR
Mastermix (Qiagen). Data were collected using 7500 software v2.0.5 and given as the
threshold cycle (Ct). Ct values for each target and housekeeping gene were obtained and
their difference was calculated (ΔCt). Primer efficiencies for all tested genes were similar.
The comparative calculation, ΔΔCt, was used to find the difference in the expression levels
between the control and treated samples. Data are expressed as the mean of log2 of fold
change (FC) with respect to the control.

The following target genes were analyzed: inhibitor of nuclear factor kappa B (IkB)α,
cellular inhibitor of apoptosis (cIAP)2, interleukin (IL)-1 α, IL-6, IL-8, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Primer sequences
are reported in Table S2.

260



Plants 2023, 12, 1344

4.14. Statistical Analysis

One-way ANOVA followed by a post-hoc Tukey’s HSD test were used to evaluate
the statistical significance, after performing Shapiro–Wilk’s and Levene’s tests, to verify
normality and homogeneity of variance, respectively. Any p values < 0.05 were considered
statistically significant. In the figures, mean values with different superscript letters signifi-
cantly differ. Principal component analysis (PCA) was performed on mean values of the EO
constituents levels, expressed as percentages, after normalization by arcsine transformation.
The statistical analyses were executed with Microsoft Office Excel 2011 upgraded with
XLSTAT (ver. 4 March 2014).

5. Conclusions

The characterization of the chemical and biological properties of native plant species
with highly functional, nutraceutical and health protection properties may be important to
promote innovative products with many possible applications (food functional, phytocos-
metics, phytotherapy, plant defense), while contributing to the preservation of agricultural
biodiversity in the Mediterranean area. The two Origanum vulgare genotypes investigated in
the present study were selected as they are widely cultivated in Sicily, but little information
was available up to now on the biological properties of their EOs.

The investigations carried out in the present study demonstrated a strong antimicro-
bial effect of EOs from the two genotypes on Gram-positive and -negative bacteria, both
in vitro and in a challenge test on a food matrix, suggesting their potential use as control
agents against a wide spectrum of foodborne pathogens, with the view to looking for effi-
cient alternative strategies for foodborne disease containment. The experiments performed
on Caco-2 cells, a suitable and validated human intestinal in vitro model, indicated that the
EOs displayed essentially comparable biological effects, as they were both able to reduce
pathogen adhesion to Caco-2 cells at a 0.02% concentration without inducing an inflam-
matory state. To the best of our knowledge, this is the first report focusing on the effect of
oregano EOs on intestinal permeability, an aspect poorly explored in the literature, that lays
the groundwork for further investigations aimed at a more comprehensive understanding
of safety of use in humans. As a whole, the marked diversity in the chemical profile of EOs
from the two genotypes did not produce relevant differences in the considered biological
activities. This suggests the need for additional studies to clarify the contribution of in-
dividual oregano EO constituents to the investigated biological activities, along with the
elucidation of the role of minor compounds and their possible synergistic interactions with
the major active constituents, to develop a model for predicting biological activity based on
chemical composition. Finally, from a chemical perspective, the analysis of enantiomeric
distribution was also confirmed to be a valuable tool for the recognition of geographical
origin in the case of oregano EOs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12061344/s1, Table S1: List of quantified constituents of
oregano essential oils. Retention indices and method of identification used; Table S2: Target genes
and primer sequences.
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Abstract: The aim of this study was the determination of the chemical compounds of Lavandula
stoechas essential oil from Aknol (LSEOA), Khenifra (LSEOK), and Beni Mellal (LSEOB), and
the in vitro investigation of their antibacterial, anticandidal, and antioxidant effects, and in
silico anti-SARS-CoV-2 activity. The chemical profile of LSEO was determined using GC-MS-MS
analysis, the results of which showed a qualitative and quantitative variation in the chemical
composition of volatile compounds including L-fenchone, cubebol, camphor, bornyl acetate,
and τ-muurolol; indicating that the biosynthesis of essential oils of Lavandula stoechas (LSEO)
varied depending on the site of growth. The antioxidant activity was evaluated using the ABTS
and FRAP methods, our results showed that this tested oil is endowed with an ABTS inhibitory
effect and an important reducing power which varies between 4.82 ± 1.52 and 15.73 ± 3.26 mg
EAA/g extract. The results of antibacterial activity of LSEOA, LSEOK and LSEOB, tested against
Gram-positive and Gram-negative bacteria, revealed that B. subtilis (20.66 ± 1.15–25 ± 4.35 mm),
P. mirabilis (18.66 ± 1.15–18.66 ± 1.15 mm), and P. aeruginosa (13.33 ± 1.15–19 ± 1.00 mm) are
the most susceptible strains to LSEOA, LSEOK and LSEOB of which LSEOB exhibits bactericidal
effect against P. mirabilis. furthermore The LSEO exhibited varying degrees of anticandidal
activity with an inhibition zones of 25.33 ± 0.5, 22.66 ± 2.51, and 19 ± 1 mm for LSEOK, LSEOB,
and LSEOA, respectively. Additionally, the in silico molecular docking process, performed using
Chimera Vina and Surflex-Dock programs, indicated that LSEO could inhibit SARS-CoV-2. These
important biological properties of LSEO qualify this plant as an interesting source of natural
bioactive compounds with medicinal actions.
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1. Introduction

Medicinal plants are of great interest as a source of bioactive molecules used to treat
different human diseases [1]. Among the secondary metabolites, essential oils (EOs) have
applications in the pharmaceutical and aromatic industries. It is for this reason that their
use has increased during the last decade directly or indirectly in daily life [2]. Several
studies have suggested the employment of EOs instead of synthetic chemicals in the
treatment of human pathologies. The biosynthesis of bioactive products, the contents
in EOs, and their biological effectiveness may vary based on many parameters, such as
geographical variation, matrix use, phenological stages, seasonal variation, light availability,
interaction, and anthropogenic activity [3–9]. Considering these factors, research is focused
on identifying the optimal conditions to obtain EOs with rich content of bioactive molecules.

Lavandula stoechas L., Lamiaceae family is one of the 39 species in the Lavandula genus,
and it is widely used throughout the Mediterranean region for its medicinal interests
attributed to its bioactive compounds, including camphor, myrtenol, erythrodiol, lupeol,
terpineol, eucalyptol, fenchone, luteolin, oleanolic acid, pinocarvyl acetate, and ursolic
acid [10]. Lavender, due to its phytochemical composition, is a popular medicinal and
aromatic plant commonly used in traditional medicine and food and cosmetic industries
thanks to its key antioxidant, anti-inflammatory, and antimicrobial properties. According
to ethnobotanical and ethnopharmacological investigations, L. stoechas is used in Morocco
to treat inflammatory problems, nephrotic syndromes, and rheumatic diseases, as an anti-
spasmodic agent, and to reduce pain. In Portugal, the aerial part is used to treat heartburn
and sea-sickness and to enhance blood circulation [11,12]. In Turkey and Spain, it is used
by women to regulate menstrual cycles as a carminative and antispasmodic [13,14]. The
plants can also be used as an antidiabetic, to relieve kidney stones, and in the treatment
of hypertension, epilepsy, migraine, and otitis [15,16]. From the point of view of the phar-
macological activities of LSEO, several research works have evaluated their antimicrobial,
antioxidant, antileishmanial, insecticidal, and anticancer activities [17–23]. These biological
properties may be attributed to the high content of the LSEO fenchone/camphor chemotype.
However, the results of the biological activities differ from one study to another, whose
differences could be due to the quantitative and qualitative variation of the essential oil
chemical composition [10], which might be influenced by the parameters mentioned above.

To the best of our knowledge, no study has been completed to report on the chemical
profiles or biological activities of LSEO extracted from plants from different regions in
Morocco. Therefore, the aim of this work was to evaluate, in vitro, the antioxidant, an-
tibacterial, and anticandidal effects, as well as the anti-severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) action in silico of LSEO collected from three different Moroccan
sites, Taza city (Northern Morocco), Khenifra, and Beni Mellal (Central Morocco), and thus
find the optimal site to collect this species for use in alternative medicine or as a potential
therapy in conventional medicine.

2. Materials and Methods

2.1. Collection of Plants and Isolation of Essential Oils

Plant samples were collected in April 2021 from three sites Sebt Malal Aknol, Aguel-
mous, and Moujd located in the provinces of Taza, Khenifra, and Beni Mellal, respectively.
The identification of plants was achieved by Pr. Abdelmajid Khabbach in the Natural Re-
sources and Environment Laboratory of the Polydisciplinary Faculty of Taza, Sidi Mohamed
Ben Abdellah University of Fez. The dried leaves (100 g) were subjected to hydrodistillation
using a Clevenger type apparatus for 3 h. The essential oil was stored at 4 ◦C until use.
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2.2. GC-MS-MS Analysis of LSEO

The chemical composition of LSEO collected from the mentioned three sites was
analyzed using GC-MS-MS analysis [24]. The investigation was performed on gas chro-
matography TQ8040 NX (Shimadzu, Tokyo, Japan) attached to a triple quadrupole, tandem
mass spectrometer (GC-MS). Chromatography was conducted on an apolar, equipped with
capillary column RTxi-5 Sil MS column (30 m × 0.25 mm ID × 0.25 μm). Purified helium
was used as carrier gas, and the injection volume was 1 μL. Temperature of the source
was 200 ◦C. The chromatographic system was programmed with splitless injection (split
opening at 4 min), an injector temperature of 250 ◦C, and pressure of 37.1 kPa. Temperature
was programmed with an initial temperature of 50 ◦C for 2 min, ramp 1 and ramp 2 were
5 ◦C/min to 160 ◦C for 2 min, and 5 ◦C/min to 280 ◦C for 2 min, respectively. The identifi-
cation of each compound was based on its mass spectra (MS) and by computer matching
with standard reference databases.

2.3. Antioxidant Activities
2.3.1. Free Radical Scavenging Activity by ABTS+

The radical scavenging activity of LSEO against the radical ABTS+ was evaluated
according to the Brahmi et al. [25], with some modifications. First, the ABTS+ solution was
prepared at 7 mM concentration with potassium persulfate (2.45 mM); this solution was
allowed in obscurity at room temperature for 12 h. Before tests, the ABTS+ stock solution
was diluted with methanol to an absorbance of 0.700 ± 0.020 at 734 nm. Then, 75 μL of test
samples at different concentrations (31.12–500 μg/mL, prepared in methanol) were added
to 925 μL of ABTS solution. The absorbance was measured at 734 nm using a spectropho-
tometer (SPECUVIS1, UV-Visible). Ascorbic acid was used as standard antioxidant.

The antioxidant activity (AA) was calculated using the following Formula (1):

AA (%) = (Abscontrol − Abssample)/Abscontrol × 100 (1)

where Abscontrol is the absorbance of the negative control, and Abssample is absorbance of
the test sample.

2.3.2. Reducing Power Assay

The reducing power activity (FRAP) of LSEO was evaluated according to our previous
study [26]. Indeed, the solution made up of the phosphate buffer (2.5 mL, 0.2 M, pH 6.6),
potassium ferricyanide (2.5 mL), and the test samples (1 mL at 1 mg/mL dissolved in
methanol) was prepared. To stop the reaction, trichloroacetic acid (10%) was added at a
volume of 2.5 mL after incubation for 20 min at 50 ◦C (water bath). Then, the mixture was
centrifuged at 3000 rpm/min for 10 min. Afterward, 2.5 mL supernatant was mixed with
0.5 mL of 0.1% ferric chloride and 2.5 mL of distilled water. Finally, absorbance was mea-
sured at 700 nm using a spectrophotometer (SPECUVIS1, UV-Visible). The reducing power
is expressed in milligram equivalence of ascorbic acid per gram of extract (mg EAA/g).

2.4. Antibacterial Activity
2.4.1. Pathogen Bacteria and Growth Conditions

Antibacterial activity was performed against pathogen bacteria, including Gram-
positive bacteria (Bacillus subtilis DSM 6633 and Staphylococcus aureus CECT 976) and Gram-
negative bacteria (Proteus mirabilis INH, Escherichia coli K12, and Pseudomonas aeruginosa
CECT 118), using the disc diffusion method as described in our previous work [1]. First,
sterile disks (6 mm diameter) were applied onto the surface of the MHA, which was
previously spread with the test inoculum concentrations, and were loaded with a volume
of 12.5 μL of pure essential oil. Gentamicin (15 μg) served as a positive control and 10%
dimethylsulfoxide (DMSO) as negative control. After incubation, the antibacterial effect
was determined by calculating the diameter of inhibition zones.
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2.4.2. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

The MIC values were evaluated in sterile 96-well microplate according to [27], with
some modifications. First, 100 μL of Mueller–Hinton Broth (MHB) was distributed in all
test wells except the first well in which a volume of 200 μL was added containing the LSEO
with a concentration of 25 mg/mL in 10% DMSO. A series of doses varying from 25 to
0.097 mg/mL were prepared from the first to the ninth well. Then, 10 μL of the suspension
from each well was removed and replaced by the inoculum test concentration, except the
10th well, which was used as sterility control. The last two wells (eleventh and twelfth)
were considered as positive growth negative controls, which contained only MHB broth
and 10% DMSO (v/v) without LSEO, respectively. Then, the plates were incubated at
37 ◦C for 24 h. After the incubation, a volume of 25 μL of an indicator of microorganism’s
growth was added to each well; 2,3,5-triphenyltetrazolium chloride (TTC) was prepared
at a concentration of 5 mg/mL in sterile distilled water. The microplate was re-incubated
at 37 ◦C for 30 min. The minimum bactericidal concentration (MBC) was determined by
the inoculation in MHA of 10 μL of broth from the uncolored wells and incubated at 37 ◦C
for 24 h.

2.5. Anticandidal Effect

The anticandidal activity of pure LSEO was evaluated against Candida albicans, which
was cultured in YPGA medium (5 g yeast extract, 5 g peptone, 10 g glucose, and 15–18 g
agar in 1 L) and incubated at 37 ◦C for 48 h. The effect was evaluated using disc diffusion
method [28].

2.6. Anti-SARS-CoV-2 In Silico
2.6.1. Molecular Docking

Molecular modeling is an interesting in silico tool used to determine the stability of
compounds and the interaction types responsible for antiviral biological activity. Different
EO studies revealed antiviral activity against SARS-CoV-2 [29–31]. Two different software
were used: Surflex-Dock and UCSF chimera in UCSF Chimera 1.13.1 [32,33]. The crystal
structures were edited to remove water molecules, and all hydrogen atoms were added to
the structure. For Surflex-Dock, protomol-specified residues in the protein were applied to
determine the docked cavity of the receptors. All ligands were docked using automatic
docking method, and total scores were expressed in -log10 (Kd) units to show binding
affinities [32]. For UCSF Chimera, the 3D structure of both receptors (PDB:6lu7 and
PDB:6vsb) were loaded to chimera window and prepared using Dock Prep mode. Polar
hydrogens were added, and Gasteiger charges were calculated. The docking analyses of
studied proteins were executed using the plug-in of Chimera Vina. The binding sites were
identified using native ligand with a grid box of size 20 × 20 × 20 centered at x = 247.84,
y = 255.31, z = 272.31 Å and x = −12.17, y = 13.96, z = 69.74 Å for both receptors PDB:6vsb
and PDB:6lu7, respectively [34,35]. The native ligand was deleted before docking, and the
conformations were searched with binding parameters of 3 kcal/mol as the maximum
energy difference, 8 as exhaustiveness of search, and 9 as the number of binding modes.
Root mean square deviation (RMSD) values were used to compare the ligand between the
predicted and its corresponding crystal structure [36]. The lowest energy-minimized pose
was used for further analysis. Discovery Studio 2016 software was utilized to visualize the
different interactions of molecular docking results [37].

2.6.2. ADMET Properties

Pharmacokinetics is an important process that studies drug absorption, distribution,
metabolism, excretion, and toxicity (ADMET). It is a fundamental concept to eliminate
low drug candidates, which may present problems during in vivo studies, and it also
determines the availability of a drug candidate [38]. ADME/T property predictions allow
drug developers to understand the safety and efficacy of a drug candidate, as it is nec-
essary for a drug developer to make a go/no-go decision in the late stages of preclinical
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and clinical programs. In this study, ADMET properties were determined using pkCSM
online server [39].

2.6.3. Molecular Prediction

With the aim of determining the potential bioactive compounds that exist in L. stoechas
plants and finding drug candidates against viral infections, molecular docking has been
performed. Molecular docking is used to predict how receptors interact with bioactive
compounds (ligands). Several studies investigated the bioactive compounds in plants that
have potential to inhibit the proliferation of viruses [31,40,41]. Moreover, a new study
reported that an inhibitor of HIV protease (nelfinavir) was predicted to be COVID-19 drug
candidate using molecular docking [42].

The compounds docked were molecules found in high percentages in L. stoechas plants
gathered from the interested regions in Morocco. These compounds were L-fenchone,
camphor, bornyl acetate, cubebol, viridiflorol, and tau-muurolol.

Three-dimensional (3D) structures, main protease Mpro and spike glycoprotein targets
of SARS-CoV-2, were retrieved from Protein Data Bank [34,35] in pdb formats. These
proteins were chosen as receptors in molecular docking process. Water molecules and
ligands that were still attached to the receptor were removed. The receptor was stored
in the pdb, and polar hydrogen atoms were added. Docking preparations, analyses, and
determination of hydrogen bonds (H-bonds) were conducted using two different software,
Chimera 1.15 (vina) and sybyl-x 2.0 (Surflex-Doc). The visualization of receptor–ligand
interactions was obtained using BIOVIA Discovery Studio Visualizer 2016 [37].

2.7. Statistical Analysis

All assays were done in triplicates. Values of each test were expressed as mean ± standard
deviation (SD) and were subjected to analysis of variance (one-way ANOVA). The statistical
analysis was performed using GraphPad Prism version 6.00 (GraphPad Inc., San Diego, CA,
USA). Differences (between groups) were considered as statistically significant at p < 0.05.

3. Results and Discussion

3.1. Chemical Composition

The essential oil yields (w/w) were 1.84, 0.79, and 0.65% for LSEOK, LSEOA, and
LSEOB, respectively. The results of the GC-MS-MS analysis showed the richness of the
plants collected from the three regions in volatile compounds with variability between the
three essential oils analyzed. Indeed, LSEOA contains L-fenchone (14.39%), G-1-cadinene
aldehyde (10.61%), viridiflorol (8.54 %), bornyl acetate (8.39 %), and myrtenyl acetate
(3.77%) as the main compounds or chemotypes (Table 1).

Table 1. Chemical composition of LSEOA.

Peak Number Compound Retention Time Area

1 L-fenchone 12.6 14.39
2 2-norbornanol 13.50 0.98
3 Camphor 14.42 23.80
4 Borneol 15.05 1.13
5 3-adamantan-1-yl-butan-2-one 15.280 1.72
6 Benzenemethanol, 4-(1-methylethyl) 15.47 1.18
7 2-pinen-10-ol 15.75 1.40
8 2-pinen-4-one 16.07 1.02
9 2-cylohexen-1-ol 16.38 0.94
10 D-carvone 17.08 0.64
11 Bornyl acetate 18.27 8.39
12 Myrtenyl acetate 19.30 3.77
13 α-cadino 23.72 0.64
14 Cubebol 23.81 1.63
15 Δ-cadinene 24.36 0.78
16 Cyclohexene, 1,3-diisopropenyl-6-methyl 25.12 1.45
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Table 1. Cont.

Peak Number Compound Retention Time Area

17 cis-.α.-copaene-8-ol 25.60 1.56
18 Caryophyllene oxide 26.21 0.89
19 Menthol 26.39 0.92
20 Viridiflorol 26.64 8.54
21 Acorenone B 26.75 1.03
22 Ledol 26.90 1.80
23 Humulane-1,6-dien-3-ol 27.04 4.56
24 Cedr-9-ene 27.52 1.35
25 τ-muurolol 27.95 2.7
26 Longiverbenone 28.78 1.32
27 β-copaen-4-ol 29.47 0.72
28 G-1-cadinene aldehyde 32.99 10.61

LSEOB showed the presence of cubebol (22.68%), camphor (22.29%), borneol (5.15%),
muurol-5-en-4-one <cis-14-nor-> (4.21%), L-fenchone (4.03%), and silphiperfol-5-ene (3.27%)
as the main compounds (Table 2).

Table 2. Chemical composition of LSEOB.

Peak Number Compound Retention Time Area

1 L-fenchone 12.56 4.03
2 Linalool 12.95 2.48
3 Camphor 14.50 22.29
4 Pinocarvone 14.79 0.27
5 Borneol 15.14 5.15
6 p-menth-1-en-4-ol 15.33 1.93
7 Benzenemethanol, 4-(1-methylethyl) 15.54 2.21
8 Myrtenal 15.76 0.96
9 2-pinen-10-ol 15.82 0.54
10 Verbenone 16.14 2.66
11 2-cyclohexen-1-ol 16.42 0.96
12 D-carvone 17.10 0.41
13 Bornyl acetate 18.25 1.71
14 β-selinene 23.68 0.67
15 Myrtenyl acetate 24.04 0.46
16 cis-calamenene 24.43 2.79
17 Selina-3,7(11)-diene 25.08 2.00
18 Myrtenyl 2-methyl butyrate 25.28 0.41
19 Germacrene D-4-ol 25.48 0.5

20 1,3,3-trimethyl-2-(2-methylcyclopropyl)-1-
cyclohexene 26.42 0.55

21 Eremophila ketone 26.60 1.13
22 2-octenoic acid 27.05 0.43
23 Cubebol 27.43 22.68
24 Aromadendrane-4,10-diol 27.54 0.55
25 τ-cadinol 27.97 2.63
26 Trans-valerenyl acetate 28.14 0.29
27 τ-muurolol 28.33 0.06
28 Silphiperfol-5-ene 28.66 3.27
29 Naphthalene, 1,6-dimethyl-4-(1-methylethyl) 28.78 1.11
30 Muurol-5-en-4-one <cis-14-nor-> 29.20 4.21
31 δ-tridecalactone 29.54 0.44
32 1-naphthalenepropanol 29.80 2.94
33 Androstane-17,19-diol 30.53 0.29
34 Caryophyllene oxide 31.48 0.34
35 Neoisolongifolene 31.99 1.41

36 5-(7a-isopropenyl-4,5-dimethyl-octahydroinden-4-
yl)-3-methyl-pent-2-en-1-ol 32.09 0.42

37 Longifolenaldehyde 32.53 0.58
38 Corymbolone 32.66 0.6
39 Myrtenyl acetate 35.81 0.83
40 Widdrol hydroxyether 36.06 0.31

However, τ-muurolol (18.44%), cubebol (16.07%), camphor (13.39), muurol-5-en-4-
one (cis-14-nor-) (6.84), selina-3,7(11)-diene (4.5%), 3-adamantan-1-yl-butan-2-one (4.39%),
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borneol (3.26%), linalool (3.02%), and benzenemethanol, 4-(1-methylethyl) (3%) were the
main compounds in LSEOK (Table 3).

Table 3. Chemical composition of LSEOK.

Peak Number Compound Retention Time Area

1 L-fenchone 12.55 1.88
2 Linalool 12.91 3.02
3 Camphor 14.43 13.39
4 Borneol 15.12 3.26
5 3-adamantan-1-yl-butan-2-one 15.33 4.39
6 Benzenemethanol, 4-(1-methylethyl) 15.60 3.00
7 2-pinen-10-ol 16.17 2.47
8 2-pinen-4-one 16.23 0.6
9 2-cyclohexen-1-ol 16.45 1.10
10 Verbenone 18.92 1.76
11 β-selinene 23.69 1.24
12 cis-calamenene 24.44 2.65
13 Selina-3,7(11)-diene 25.09 4.5

14 1,3,3-trimethyl-2-(2-methyl-cyclopropyl)-
cyclohexene 26.43 0.65

15 Arctiol 27.07 1.20
16 Cubebol 27.40 16.07
17 τ-cadinol 27.96 2.08
18 τ-muurolol 28.54 18.44
19 Cedr-8(15)-en-9-ol 28.71 1.96
20 Naphthalene, 1,6-dimethyl-4-(1-methylethyl) 28.84 1.61
21 Muurol-5-en-4-one (cis-14-nor-) 29.29 6.84
22 δ-tridecalactone 29.58 1.74
23 1-naphthalenepropanol 29.81 2.10
24 2(3H)-naphthalenone 30.68 0.61
25 Caryophyllene oxide 31.51 0.57
26 Neoisolongifolene 32.00 0.81
27 Myrtenyl acetate 35.82 1.29
28 Methyl 5,9-docosadienoate 36.09 0.86

The literature reports supported these findings concerning other medicinal plants.
Indeed, several studies have reported the chemical composition of LSEO, with some indi-
cating that, in addition to the fenchone/camphor chemotypes, the chemical compositions of
LSEO collected in Morocco and Greece contained 1,8-cineole and camphene, and α-cardinol,
respectively, while others disclosed the presence of myrtenyl acetate, bornyl acetate, linalyl
acetate, camphene, linalool, borneol, γ-terpinene, lavandulyl acetate, and caryophyllene
as major compounds [10,18,43–46]. Besides the presence of some main compounds, our
study clearly revealed the chemical composition quantitative and qualitative variability of
L. stoechas plants collected from three different regions. This confirms the idea postulating
that the environmental, climatic, and nutritional conditions of the same plant impact, quan-
titatively and qualitatively, the synthesis of secondary metabolites. Several previous works
have revealed this causal link between the variation of external factors, such as temperature,
humidity, soil, or climate type, metabolic pathways, and the chemical composition of EOs.
Therefore, the nature of soil may induce different elicitor production, a group of molecules
secreted by microorganisms in soil (at the rhizosphere), which stimulate and regulate the
synthesis and accumulation of secondary metabolites in medicinal plants [47]. Moreover,
it has been previously shown that environmental factors could change the synthesis of
EOs via different epigenetic modifications or the alteration of gene expression involved in
secondary metabolite anabolism [48,49].

It was also exposed that LSEO chemical compounds might vary between seasonal
stages and plant parts (stems, leaves, and flowers) [50]. Indeed, the findings disclosed that
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LSEO expressed volatile substances according to phenological stages and plant parts with
remarkable variability.

3.2. Antioxidant Activity

The antioxidant activities of LSEO were examined using ABTS and FRAP tests. An
ABTS radical scavenging assay, based on the transfer of both a hydrogen atom and an
electron, measures the capacity of antioxidants to neutralize ABTS, a blue-green stable
radical cation, enabling the quantification of the antioxidant capability of both hydrophilic
and lipophilic compounds. The results show that LSEOK and LSEOB have a greater capacity
to reduce ABTS compared to LSEOA (Figure 1). For a dose of 220 μg/mL, the percentage of
inhibition exceeded 90%.

Figure 1. Scavenging activity of LSEOA, LSEOB, LSEOK, and ascorbic acid.

The FRAP test is based on the transfer of one electron and measures the reduction
of the ferric ion (Fe3+)–ligand to the blue ferrous (Fe2+) complex in acidic pH conditions
to maintain iron solubility. For this test (Figure 2), LSEOB presented a significant value
of 15.73 ± 3.26 mg EAA/g extract, while that of LSEOA and LSEOK were 6.91 ± 0.47,
and 4.82 ± 1.52 mg EAA/g extract, respectively. The antioxidant potency of LSEO was
previously evaluated, and the results demonstrated that they exert important antioxidant
activities [18,21,51,52].

Figure 2. Ferric reducing antioxidant power of LSEOA, LSEOB, and LSEOK in mg of equivalent
ascorbic acid/g of extract (values not sharing a common letter differ significantly at p < 0.05).

3.3. Antibacterial Activity

In vitro tests of the antibacterial effect of LSEO, using the filter paper disc diffusion and
the microplate methods against microorganism tests, are summarized in Table 4. The find-
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ings revealed a variation in sensitivity between the bacteria tested. Concerning the Gram-
positive bacteria, B. subtilis was the most sensitive strain to LSEOA, LSEOK, and LSEOB
with a diameter of inhibition zone of 25 ± 4.35, 21.66 ± 2.08, and 20.66 ± 1.15 mm, respec-
tively. Among the Gram-negative bacteria, P. mirabilis was significantly inhibited by LSEOK
(22.66 ± 0.57 mm) compared to LSEOB and LSEOA with 20 ± 1.00 and 18.66 ± 1.15 mm,
respectively. In addition, significant inhibition was exerted by LSEOK against P. aeruginosa
(19 ± 1.00 mm) in comparison with LSEOB and LSEOA with 15.66 ± 0.57 and 13.33 ± 1.15 mm,
respectively. The MBC/MIC values inform that LSEOA, LSEOK, and LSEOB exert a bacte-
riostatic effect versus all bacteria tested except LSEOB, which exhibits a bactericide effect
against P. mirabilis. From the point of view of the difference in the antibacterial poten-
tial of LSEOA, LSEOK, and LSEOB, our results could be attributed to the qualitative and
quantitative variation in their chemical composition with the active compounds.

Table 4. Antibacterial activity of LSEOA, LSEOB, and LSEOK determined by disc diffusion method
and their minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
(mg/mL).

Strains
LSEOA LSEOK LSEOB

DIZ * MIC MBC DIZ MIC MBC DIZ MIC MBC

S. aureus 6 ± 0.00 a NT NT 6 ± 0.00 a NT NT 7.66 ± 0.57 a NT NT

B. subtilis 25 ± 4.35 a 25 >50 21.66 ± 2.08 a 6.25 >50 20.66 ± 1.15 a 6.25 >50

P. aeruginosa 13.33 ± 1.15 a NT NT 19 ± 1.00 b NT NT 15.66 ± 0.57 a NT NT

P. mirabilis 18.66 ± 1.15 a >50 >50 22.66 ± 0.57 b 12.25 >50 20 ± 1.00 a 12.5 25

E. coli 6 ± 0.00 a 12.5 >50 10.66 ± 0.57 b 3.12 >50 10 ± 0.00 b 3.12 >50

* The diameter of the inhibition zones (mm), including diameter of disc 6 mm, are given as mean ± SD of triplicate
experiments; DIZ: Diameter Inhibition Zones; NT: not tested; within each line, different letters (a,b) indicate
significant differences (p < 0.05).

Concerning the susceptibility of Gram-positive and Gram-negative bacteria, it has
been revealed that the Gram-negative bacteria are less sensitive to plant extracts compared
to Gram-positive bacteria because Gram-negative bacteria possess double membranes,
which protect them versus the antibacterial products [1,53–55]. Our findings showed
that LSEOA, LSEOK, and LSEOB were active against both Gram-negative (P. aeruginosa
and P. mirabilis) and Gram-positive (B. subtilis) bacteria. These results may be related to
the presence of a high content of active compounds with antibacterial potential. Many
studies already confirmed that minor components in the EOs could have synergistic
antimicrobial activity [56,57].

3.4. Anticandidal Effect

The in vitro anticandidal activity of the LSEO was qualitatively confirmed using the
diameter of inhibition zones. The LSEO exhibited varying degrees of antifungal activity.
The inhibition zones were 25.33 ± 0.5, 22.66 ± 2.51, and 19 ± 1 mm for LSEOK, LSEOB, and
LSEOA, respectively.

3.5. Anti-SARS-CoV-2 In Silico

Molecular docking study
Essential oils have shown promise as antiviral agents against several pathogenic

viruses [58,59]. To gain structural insights and understand the binding mode of molecular
structures and protein targets, we applied molecular docking processes that were previ-
ously described as an efficient in silico approach [60]. Various experiments revealed that
EOs could contribute to preventing the entry of SARS-CoV-2 into the human body and
investigated the efficacy of EO compounds in the prevention and treatment of COVID-
19 [31,59,61–63]. Da Silva et al. used molecular docking analysis to determine the interaction
of 171 essential oil components with SARS-CoV-2, showing that the compound with the

273



Plants 2023, 12, 1413

best-normalized docking score to SARS-CoV-2 Mpro was the sesquiterpene hydrocarbon
(E)-β-farnesene [64].

Two of the very well-characterized and promising drug targets are the main protease
(Mpro; 3CLpro) and the papain-like protease (PLpro), which play key roles in viral replica-
tion and transcription [65]. They have been the main target of many vaccines as antibodies
against this protein block the entry of the virus and inhibit viral replication [66]. There
have been several molecular docking studies on these targets as well as EOs molecular
docking with SARS-CoV-2 proteins [67–70]. Moreover, commercially available drugs have
been confirmed using in silico methods [71,72].

As the chemical compositions of the researched L. stoechas plants gathered from the
three regions were different and in order to determine the promising antiviral compounds
against SARS-CoV-2, the molecular docking process was performed using Chimera Vina
and Surflex-Dock programs. The redocking process of co-crystal ligands for both re-
ceptors showed low RMSD values (<1.5), which indicated the reliability of the applied
docking process.

In silico molecular docking of the studied compounds, L-fenchone, camphor, bornyl
acetate, cubebol, viridiflorol, and tau-muurolol, with the main protease Mpro and S-
protein targets was applied. The results presented in Table 5 show that bornyl acetate and
cubebol compounds have good binding affinities and an interesting scoring compared to
chloroquine, a compound that has been known for quite a long time to inhibit the invasion
of different viruses in cultured cells in vitro, including SARS-CoV and MERS-CoV [73–75].

Table 5. Molecular docking energy affinities of both receptors (pdb:6lu7 and pdb:6vsb) using Surflex-
Dock and UCSF Chimera software.

Compounds
Surflex-Dock UCSF Chimera

6lu7 6vsb 6lu7 6vsb

Cubebol 3.12 3.37 −5.5 −5.6
Bornyl acetate 3.92 3.55 −5.4 −5.3

L-fenchone 2.56 2.54 −4.2 −4.8
τ-muurolol 2.94 4.07 −5.3 −4.6
Viridiflorol 2.46 2.53 −5.5 −4.7
Camphor 2.60 3.26 −4.4 −4.4

Chloroquine 3.6 3.2 −5.7 −5.3

The molecular docking of each compound showed 10 different poses; the stable one
presented in Figure 3 is the structure used for further studies.

The stable pose of bornyl acetate in the Mpro receptor pocket shown in Figure 4
presents the hydrogen bond with SER A:144 residue and pi-alkyl interactions with CYS
A:145, and MET A:49 and MET A:165 residues, showing a score of 3.92 (−5.54 with Chimera
Vina). Cubebol shows two hydrogen bonds with SER A:144, CYS A:145 residues, pi-alkyl
interactions with MET A:49, and HIS A:41 and LEU A:27 residues, with a score of 3.12
(−5.5 using Chimera Vina). The compounds tau-muurolol and camphor are stabilized by
the hydrogen bond, with LEU A:141 and GLU A:166 residues, respectively, but the presence
of an unfavorable interaction with the SER A:144 residue for the tau-muurolol compound
destabilized its inhibition compared to the rest of compounds. L-fenchone and viridiflorol
are stabilized with different pi-alkyl interactions.
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(a) 

 
(b) 

Figure 3. The stable pose of cubebol in receptor pocket using UCSF Chimera: (a) main protease Mpro;
(b) spike glycoprotein targets.

Figure 4. The molecular interactions between the studied compounds and main protease Mpro
receptor (pdb:6lu7) using discovery studio visualizer.
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The molecular docking of compounds with the spike glycoprotein (pdb:6vsb) receptor
presented in Figure 5 shows pi-alkyl interactions between bornyl acetate and LEU C:293
and PHE C:58 and PHE C:59 residues, with a score of 3.55 (−5.53 with Chimera Vina).
The compound cubebol is stabilized by two hydrogen bond interactions, with ASN C:606
and LYS C:300 residues. In addition, the presence of pi-alkyl interactions increases the
stability of this compound in the receptor pocket, with a score of 3.37 (−5.6 with Chimera
Vina). L-fenchone is stabilized by pi-alkyl interactions, with a score of 2.54 (−4.8 with UCSF
Chimera). The three compounds tau-muurolol, viridiflorol, and camphor show a hydrogen
bond interaction with the ARG B:1224 residue for the two first compounds and with the
ARG B:1226 residue for camphor.

Figure 5. The molecular interactions between the studied compounds and spike glycoprotein receptor
(pdb:6vsb) using discovery studio visualizer.

Based on the energy affinities presented in Table 5 and the molecular interactions
described in Figures 4 and 5, cubebol and bornyl acetate are the compounds that show
an excellent inhibition to both receptors, the main protease Mpro (pdb:6lu7) and spike
glycoprotein (pdb:6vsb) targets. Moreover, the L. stoechas plants gathered from Khenifra
and Beni Mellal show an interesting cubebol percentage. In addition, LSEOB presents
bornyl acetate in its composition, indicating that the LSEOB plant could be a promising
SARS-CoV-2 inhibitor.

The results of the current in silico molecular docking process, employing the bind-
ing affinity and interactions, support the use of LSEO compounds as possible candidate
inhibitors in the treatment of COVID-19.

3.6. ADMET Predictions

The Lipinski rule is one of the best filters in the virtual screening of bioactive molecules
to determine an effective drug in early preclinical development [76]. The values in Table 6,
calculated using pkCSM, indicate that cubebol and bornyl acetate have molecular weights
under 500, LogP and hydrogen bond donors less than 5, and rotatable bonds and hydrogen
bond acceptors less than 10, with a polar surface under 140 Å2, all indicating the drug
permeability and ability of these two compounds.
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Table 6. Physicochemical parameters (Lipinski Rule of Five) of cubebol and bornyl acetate
compounds.

MW LogP Rotatable Bonds Donors Acceptors Surface

Cubebol 222.372 3.46 1 1 1 99.62
Bornyl acetate 196.29 2.76 1 2 0 86.01

Absorption, distribution, metabolism, excretion, and toxicity studies are essential for
determining pharmacological properties to discover bioactive compounds with desirable
pharmaceutical properties and therefore discuss their drug availability [77]. The calculation
of intestinal absorption, and skin and CaCO2 permeability indicate that cubebol and
bornyl acetate have high CaCO2 permeability (CaCO2 > 0.9), high intestinal absorption
(a compound with values less than 30% are poorly absorbed), and low skin permeability
(a compound with values less than −2.5 has low skin permeability) (Table 7). Moreover,
the distribution and metabolism results show that both cubebol and bornyl acetate present
no inhibition for main cytochrome enzymes, while cubebol reveals that it can be a CYP3A4
substrate, which may be likely metabolized and present drug–drug interactions.

Table 7. Pharmacokinetic (ADMET) properties of cubebol and bornyl acetate compounds.

Absorption
Distribution and Metabolism

CYP450
Excretion and Toxicity

Skin
Permeability

Intestinal
Absorption

CaCO2
Permeability

3A4
Substrate

3A4
Inhibitor

6D6
Substrate

6D6
Inhibitor

VDss BBB
Total

Clearance
AMES Hepatotoxicity

Cubebol −2.17 94.94 1.32 yes no no no 0.45 0.66 0.88 no no
Bornyl acetate −2.23 95.36 1.85 no no no no 0.30 0.55 1.03 no no

Cubebol exhibited a high steady-state volume of distribution (VDss), >0.45, and was
ready to cross the blood–brain barrier (BBB). Bornyl acetate showed medium VDss and was
also ready to cross the BBB. Both compounds disclosed no AMES toxicity or hepatotoxicity,
with total clearance of 0.88 and 1.03 for cubebol and bornyl acetate, respectively. These
results indicate that bornyl acetate revealed the best pharmacokinetic properties compared
to cubebol, and it can be considered in further experiments. Similar to our study, Wei et al.,
who found linalool and linalyl acetate (29.48 and 40.97%, respectively) in lavender, proved
that these major LSEO components had no toxicity and were safe to be used as food or
medication [78]. A recent study reported that linalyl acetate (39.7%), linalool (33.6%),
and terpinen-4-ol (14.9%) were the most abundant lavender EOs and that they possessed
antiviral activities against many DNA and RNA viruses [79].

In silico studies and ADMET prediction of the selected LSEO bioactive molecules
demonstrated good pharmacokinetic properties. The phytochemical composition and some
biological activity outcomes were slightly different compared to other studies and are a
confirmation of the originality of our Lavandula stoechas research. The results are very
promising and could encourage further in vitro and in vivo evaluations of this plant and
its LSEO.

4. Conclusions

The present work is a detailed description of the chemical composition and biological
effects of essential oils extracted from Lavandula stoechas harvested from three Moroccan
sites. Our results showed that this plant synthesized various volatile compounds, such
as L-fenchone, cubebol, camphor, bornyl acetate, and τ-muurolol, with qualitative and
quantitative differences depending on their harvest site. The essential oils were in vitro
analyzed for their antimicrobial, antioxidant, and anti-SARS-CoV-2 effects. The inhibition
reached 81.1% for the antioxidant activity. The antimicrobial tests disclosed that the essential
oils were effective against the growth of B. subtilis, P. aeroginosa, and P. mirabilis. In addition,
LSEOK, LSEOB, and LSEOA inhibited the growth of C. albicans. In silico investigation of
the volatile compounds of essential oils against SARS-CoV-2 revealed a strong affinity of
these molecules with the targets of this virus. Future studies should focus on determining
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and/or validating the pharmacokinetic and pharmacodynamic parameters of the essential
oils from Lavandula, as well as the toxic effects in clinical trials, before any application in
the pharmaceutical, cosmetic, or food industries.
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46. Gören, A.C.; Topçu, G.; Bilsel, G.; Bilsel, M.; Aydoğmusç, Z.; Pezzuto, J.M. The Chemical Constituents and Biological Activity of
Essential Oil of Lavandula Stoechas Ssp. Stoechas. Z. Für Nat. C 2002, 57, 797–800. [CrossRef]

47. Chamkhi, I.; Benali, T.; Aanniz, T.; El Menyiy, N.; Guaouguaou, F.-E.; El Omari, N.; El-Shazly, M.; Zengin, G.; Bouyahya, A. Plant-
Microbial Interaction: The Mechanism and the Application of Microbial Elicitor Induced Secondary Metabolites Biosynthesis in
Medicinal Plants. Plant Physiol. Biochem. 2021, 167, 269–295. [CrossRef]

48. Aboukhalid, K.; Al Faiz, C.; Douaik, A.; Bakha, M.; Kursa, K.; Agacka-Mo\ldoch, M.; Machon, N.; Tomi, F.; Lamiri, A. Influence
of Environmental Factors on Essential Oil Variability in Origanum Compactum Benth. Growing Wild in Morocco. Chem. Biodivers.
2017, 14, e1700158. [CrossRef]

49. Aboukhalid, K.; Lamiri, A.; Agacka-Mołdoch, M.; Doroszewska, T.; Douaik, A.; Bakha, M.; Casanova, J.; Tomi, F.; Machon, N.;
Faiz, C.A. Chemical Polymorphism of Origanum Compactum Grown in All Natural Habitats in Morocco. Chem. Biodivers. 2016, 13,
1126–1139. [CrossRef]

50. Angioni, A.; Barra, A.; Coroneo, V.; Dessi, S.; Cabras, P. Chemical Composition, Seasonal Variability, and Antifungal Activity of
Lavandula Stoechas L. Ssp. Stoechas Essential Oils from Stem/Leaves and Flowers. J. Agric. Food Chem. 2006, 54, 4364–4370.

51. Carrasco, A.; Ortiz-Ruiz, V.; Martinez-Gutierrez, R.; Tomas, V.; Tudela, J. Lavandula Stoechas Essential Oil from Spain: Aromatic
Profile Determined by Gas Chromatography–Mass Spectrometry, Antioxidant and Lipoxygenase Inhibitory Bioactivities. Ind.
Crops Prod. 2015, 73, 16–27. [CrossRef]

52. Cherrat, L.; Espina, L.; Bakkali, M.; Pagán, R.; Laglaoui, A. Chemical Composition, Antioxidant and Antimicrobial Properties of
Mentha Pulegium, Lavandula Stoechas and Satureja Calamintha Scheele Essential Oils and an Evaluation of Their Bactericidal Effect in
Combined Processes. Innov. Food Sci. Emerg. Technol. 2014, 22, 221–229. [CrossRef]

53. Cosentino, S.; Tuberoso, C.I.G.; Pisano, B.; Satta, M.L.; Mascia, V.; Arzedi, E.; Palmas, F. In-Vitro Antimicrobial Activity and
Chemical Composition of Sardinian Thymus Essential Oils. Lett. Appl. Microbiol. 1999, 29, 130–135. [CrossRef]

54. McGowan, J.E., Jr. Resistance in Nonfermenting Gram-Negative Bacteria: Multidrug Resistance to the Maximum. Am. J. Infect.
Control. 2006, 34, S29–S37. [CrossRef]

55. Sokovic, M.; Marin, P.D.; Brkic, D.; van Griensven, L.J. Chemical Composition and Antibacterial Activity of Essential Oils against
Human Pathogenic Bacteria. Food 2008, 1, 220–226.

56. Gill, A.O.; Delaquis, P.; Russo, P.; Holley, R.A. Evaluation of Antilisterial Action of Cilantro Oil on Vacuum Packed Ham. Int. J.
Food Microbiol. 2002, 73, 83–92. [CrossRef]

57. Mourey, A.; Canillac, N. Anti-Listeria Monocytogenes Activity of Essential Oils Components of Conifers. Food Control 2002, 13,
289–292. [CrossRef]

58. Alminderej, F.; Bakari, S.; Almundarij, T.I.; Snoussi, M.; Aouadi, K.; Kadri, A. Antioxidant Activities of a New Chemotype of Piper
Cubeba L. Fruit Essential Oil (Methyleugenol/Eugenol): In Silico Molecular Docking and ADMET Studies. Plants 2020, 9, 1534.
[CrossRef]

59. Silva, A.M.d.O.e.; Machado, I.D.; Santin, J.R.; de Melo, I.L.P.; Pedrosa, G.V.; Genovese, M.I.; Farsky, S.H.P.; Mancini-Filho, J.
Aqueous Extract of Rosmarinus Officinalis L. Inhibits Neutrophil Influx and Cytokine Secretion. Phytother. Res. 2015, 29, 125–133.
[CrossRef]

60. Cetin, A. Some Flavolignans as Potent SARS-CoV-2 Inhibitors via Molecular Docking, Molecular Dynamic Simulations and
ADME Analysis. Curr. Comput.-Aided Drug Des. 2022, 18, 337–346. [CrossRef]

61. Bahl, A.S.; Verma, V.K.; Bhatia, J.; Arya, D.S. Integrating In Silico and In Vivo Approach for Investigating the Role of Polyherbal
Oil in Prevention and Treatment of COVID-19 Infection. Chem.-Biol. Interact. 2022, 367, 110179. [CrossRef]

62. Khan, M.T.; Ali, A.; Wei, X.; Nadeem, T.; Muhammad, S.; Al-Sehemi, A.G.; Wei, D. Efeito Inibitório da Timoquinona de Nigella
Sativa Contra a Principal Protease Do SARS-CoV-2. Um Estudo In Silico. Braz. J. Biol. 2022, 84, e250667. [CrossRef]

63. Santos, E.S.; Silva, P.C.; Sousa, P.S.; Aquino, C.C.; Pacheco, G.; Teixeira, L.F.; Araujo, A.R.; Sousa, F.B.; Barros, R.O.; Ramos,
R.M. Antiviral Potential of Diminazene Aceturate against SARS-CoV-2 Proteases Using Computational and in Vitro Approaches.
Chem.-Biol. Interact. 2022, 367, 110161. [CrossRef]

64. da Silva, J.K.R.; Figueiredo, P.L.B.; Byler, K.G.; Setzer, W.N. Essential Oils as Antiviral Agents, Potential of Essential Oils to Treat
SARS-CoV-2 Infection: An in-Silico Investigation. Int. J. Mol. Sci. 2020, 21, 3426. [CrossRef]

65. Malone, B.; Urakova, N.; Snijder, E.J.; Campbell, E.A. Structures and Functions of Coronavirus Replication–Transcription
Complexes and Their Relevance for SARS-CoV-2 Drug Design. Nat. Rev. Mol. Cell Biol. 2022, 23, 21–39. [CrossRef]

66. Zhou, Y.; Huang, T.; Cheng, A.S.; Yu, J.; Kang, W.; To, K.F. The TEAD Family and Its Oncogenic Role in Promoting Tumorigenesis.
Int. J. Mol. Sci. 2016, 17, 138. [CrossRef]

67. Gentile, D.; Patamia, V.; Scala, A.; Sciortino, M.T.; Piperno, A.; Rescifina, A. Inhibitors of SARS-CoV-2 Main Protease from a
Library of Marine Natural Products: A Virtual Screening and Molecular Modeling Study. Mar. Drugs 2020, 18, 225. [CrossRef]

280



Plants 2023, 12, 1413

68. Joshi, R.S.; Jagdale, S.S.; Bansode, S.B.; Shankar, S.S.; Tellis, M.B.; Pandya, V.K.; Chugh, A.; Giri, A.P.; Kulkarni, M.J. Discovery of
Potential Multi-Target-Directed Ligands by Targeting Host-Specific SARS-CoV-2 Structurally Conserved Main Protease. J. Biomol.
Struct. Dyn. 2021, 39, 3099–3114. [CrossRef]

69. Manish, M. Studies on Computational Molecular Interaction between SARS-CoV-2 Main Protease and Natural Products. ChemRxiv
2020.

70. Thuy, B.T.P.; My, T.T.A.; Hai, N.T.T.; Hieu, L.T.; Hoa, T.T.; Thi Phuong Loan, H.; Triet, N.T.; Anh, T.T.V.; Quy, P.T.; Tat, P.V.
Investigation into SARS-CoV-2 Resistance of Compounds in Garlic Essential Oil. ACS Omega 2020, 5, 8312–8320. [CrossRef]

71. Beck, H.C.; Petersen, J.; Nielsen, S.J.; Morszeck, C.; Jensen, P.B.; Sehested, M.; Grauslund, M. Proteomic Profiling of Human Colon
Cancer Cells Treated with the Histone Deacetylase Inhibitor Belinostat. Electrophoresis 2010, 31, 2714–2721. [CrossRef]

72. Hofmarcher, M.; Mayr, A.; Rumetshofer, E.; Ruch, P.; Renz, P.; Schimunek, J.; Seidl, P.; Vall, A.; Widrich, M.; Hochreiter, S. Large-
Scale Ligand-Based Virtual Screening for SARS-CoV-2 Inhibitors Using Deep Neural Networks. arXiv 2020, arXiv:2004.00979.
[CrossRef]

73. Altulea, D.; Maassen, S.; Baranov, M.V.; van den Bogaart, G. What Makes (Hydroxy) Chloroquine Ineffective against COVID-19:
Insights from Cell Biology. J. Mol. Cell Biol. 2021, 13, 175–184. [CrossRef]

74. Kapuy, O.; Korcsmáros, T. Chloroquine and COVID-19—A Systems Biology Model Uncovers the Drug’s Detrimental Effect on
Autophagy and Explains Its Failure. PLoS ONE 2022, 17, e0266337. [CrossRef]

75. Law, W.Y.; Asaruddin, M.R.; Bhawani, S.A.; Mohamad, S. Pharmacophore Modelling of Vanillin Derivatives, Favipiravir,
Chloroquine, Hydroxychloroquine, Monolaurin and Tetrodotoxin as MPro Inhibitors of Severe Acute Respiratory Syndrome
Coronavirus-2 (SARS-CoV-2). BMC Res. Notes 2020, 13, 527. [CrossRef] [PubMed]

76. Foudah, A.I.; Alqarni, M.H.; Alam, A.; Salkini, M.A.; Alam, P.; Alkholifi, F.K.; Yusufoglu, H.S. Determination of Chemical
Composition, In Vitro and In Silico Evaluation of Essential Oil from Leaves of Apium Graveolens Grown in Saudi Arabia. Molecules
2021, 26, 7372. [CrossRef]

77. Ghannay, S.; Kadri, A.; Aouadi, K. Synthesis, in Vitro Antimicrobial Assessment, and Computational Investigation of Pharma-
cokinetic and Bioactivity Properties of Novel Trifluoromethylated Compounds Using In Silico ADME and Toxicity Prediction
Tools. Mon. Für Chem.-Chem. Mon. 2020, 151, 267–280. [CrossRef]

78. Wei, M.; Liu, F.; Raka, R.N.; Xiang, J.; Xiao, J.; Han, T.; Guo, F.; Yang, S.; Wu, H. In Vitro and In Silico Analysis of ‘Taikong
Blue’Lavender Essential Oil in LPS-Induced HaCaT Cells and RAW264. 7 Murine Macrophages. BMC Complement. Med. Ther.
2022, 22, 324. [CrossRef]

79. Abou Baker, D.H.; Amarowicz, R.; Kandeil, A.; Ali, M.A.; Ibrahim, E.A. Antiviral Activity of Lavandula Angustifolia L. and Salvia
Officinalis L. Essential Oils against Avian Influenza H5N1 Virus. J. Agric. Food Res. 2021, 4, 100135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

281





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Plants Editorial Office
E-mail: plants@mdpi.com

www.mdpi.com/journal/plants

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are

solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI

and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any

ideas, methods, instructions or products referred to in the content.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-0380-4


