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Preface to ”New Insights in the Research of Bioactive
Compounds from Plant Origin with Nutraceutical
and Pharmaceutical Potential”

Focusing on the importance of bioactive compounds derived from plant origins for human

health, this book presents solid scientific evidence on the latest research in this area. The development

of high-throughput and efficient analytical approaches enabling the identification of plant-based

compounds, methods for their extraction, isolation and structural characterization, as well as the

establishment of new protocols for the evaluation of bioactivities, will contribute to discovering

therapeutics for the prevention and treatment of various diseases.

This book is a contribution from a wide range of scientists from different research backgrounds,

and its content aims to present a comprehensive overview on new insights into the research of

bioactive compounds of plant origin with nutraceutical and pharmaceutical potential.

Scientists, researchers, and students will find recent and useful information to help them conduct

their future research, analyze their key findings, and identify areas of differing perspectives where

there are gaps in knowledge.

The production of this book involved the efforts of many people, especially the authors who

contributed articles, and the reviewers and editors who have shown patience during the assembling

and editing of all the contributions.

Ivayla Dincheva, Ilian Badjakov, and Bistra Galunska

Editors
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Editorial

New Insights into the Research of Bioactive Compounds from
Plant Origins with Nutraceutical and Pharmaceutical Potential
Ivayla Dincheva 1,* , Ilian Badjakov 1 and Bistra Galunska 2

1 Department of Agrobiotechnologies, Agrobioinstitute, Agricultural Academy, 8 Dragan Tsankov blvd.,
1164 Sofia, Bulgaria

2 Department of Biochemistry, Molecular Medicine and Nutrigenomics, Faculties of Pharmacy, Medical
University “Prof. Dr. Paraskev Stoyanov”, 84 Tzar Osvoboditel Str., 9000 Varna, Bulgaria

* Correspondence: ivadincheva@yahoo.com

Plant bioactive compounds are essential for human health due to their multiple
biological effects, such as antioxidant, anticarcinogenic, antiallergenic, anti-inflammatory,
antimutagenic, and antimicrobial activities, which can have beneficial effects on various
noncommunicable diseases, such as autoimmune, inflammatory, cardiovascular, cancer,
metabolic, and neurodegenerative diseases. Identifying these components and establishing
their beneficial health effects are extremely popular activities of scientific inquiry. The
screening of natural sources for novel biologically active metabolites has been an essential
part of several drug discovery programs.

The aim of this Special Issue is to present the recent developments in high-throughput
and efficient analytical approaches, which have enabled the identification of plant-based
compounds, the establishment of new protocols for the evaluation of bioactivities, and the
development of methods for the extraction, isolation, and structural characterization of
new bioactive components with nutraceutical and therapeutic potential.

Three papers in this Special Issue demonstrate the beneficial effects of bioactive
compounds from natural sources such as Pinus spp., Ranunculus spp., and Galphimia spp.
It has been proved that these components play an important role in the prevention of
multiple pathologies. Some of them reduce the risk of numerous diseases, such as, for
example, cancer, diabetes, and Alzheimer’s dementia, due to their strong antioxidant
activity, whereas others stimulate defense mechanisms, thereby enhancing the response
to oxidative stress and preventing widespread damage. Pinosylvin has been shown to
perform numerous and diverse actions through its ability to block, interfere, and/or
stimulate the major cellular targets responsible for several disorders [1]. Antibacterial and
antiprotozoal effects, immunomodulatory and anticarcinogenic properties, and the anti-
inflammatory and analgesic actions of Ranunculus spp. plants used in traditional medicine
applications have been confirmed [2]. Galphimia spp. is an important medicinal plant in
Mexico, which has many applications in traditional medicine. The main investigations
have focused on its anxiolytic and sedative effects due to the presence of the modified
triterpenoids, galphimines. However, the genes encoding the enzymes of the galphimine
synthesis pathway are still unknown. Hence, in this study, a comparative transcriptome
analysis between two contrasting populations of Galphimia spp.—a galphimine producer
and a non-galphimine producer—is performed using RNA-Seq with the Illumina NextSeq
550 platform to identify putative candidate genes that encode the enzymes of this metabolic
pathway. Most of the transcripts were grouped at the molecular function level of gene
ontology. In galphimine-producer plants, a larger number of highly expressed transcripts
related to acyclic and polycyclic terpene synthesis were identified. As putative candidate
genes involved in the galphimine synthesis pathway, P450 family members and enzymes
with kinase activity were identified [3].
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Essential oils have been used for centuries by many cultures around the world for
various purposes, including perfumery, aromatherapy, cosmetics, medicine, feed, bacteri-
cides, insecticides, fungicides, etc. Constant research in these areas represents a search for
alternatives for more efficient drugs, as well as a way to obtain new products and supplies.
Six papers provide the most recent perspectives on the impacts of essential oils on human
health and disease.

One article presents the essential oil yield, composition, and bioactivity of Sagebrush
spp. from the Bighorn Mountains [4]. There was significant variability in the chemical
profile and antioxidant capacity between species and subspecies. However, none of the
sagebrush EOs had significant antimicrobial, antimalarial, or antileishmanial activity, nor
did they contain podophyllotoxin. The results obtained showed an immense chemical
diversity that presents an opportunity for the selection of varieties with high concentra-
tions of EOs with desirable compositions. These chemotypes can be selected and possibly
introduced into a culture to be grown for the commercial production of these compounds
to meet specific industry needs. Another two manuscripts describe the antioxidant and
antimicrobial activities of Thymus vulgaris L. [5] and Syzygium aromaticum L. [6], which are
essential oils produced in Slovakia. An in situ antifungal analysis of food models shows
that the vapor phase of these oils can inhibit the growth of the microscopic filamentous
fungi of the genus Penicillium. Additionally, the evaluation of the changes in the biofilm
structure of microorganisms on glass and wood surfaces, such as Salmonella enteritidis,
Pseudomonas fluorescens, Pseudomonas expansum, and Pseudomonas chrysogenum, were per-
formed using MALDI-TOF MS. Due to the properties of the tested T. vulgaris Syzygium
aromaticum L. essential oils, they can be used in the food industry as natural supplements
to extend the shelf life of the foods. One study describes the metabolite profile of Artemisia
annua L. [7], which was grown wild in Romania for the first time. Subsequently, a simple
and inexpensive nanocarrier system was developed that capitalizes on the therapeutic
properties of both the whole plant and magnetic Fe3O4 nanoparticles. Further studies
are necessary to investigate the biological properties and the bioavailability of the new
nanocarrier system. A recent investigation determined the composition of the essential
oil and hydrolate of Dracocephalum moldavica L. [8], which was grown in the Republic of
Serbia and distilled under semi-industrial conditions to determine the in vitro antioxidant
and antimicrobial activities. The oil demonstrated better biological activities compared
with the hydrolates against Staphylococcus aureus, Escherichia coli, Salmonella Typhimurium,
and Listeria monocytogenes, which represent sources of food-borne illness at the global
level. One paper compares the essential oil composition and antimicrobial activity of
Helichrysum arenarium Moench and Helichrysum italicum G. Don, which already have an
established international market [9]. Overall, the EO of H. italicum from all locations
was more effective against Staphylococcus aureus. A moderate antimicrobial effect was
found against Candida krusei and Candida tropicalis. The lowest antimicrobial activity was
found against Yersinia enterocolitica. In general, the tested EOs were more effective against
Gram-positive bacteria.

Eight manuscripts covered the topics of analytical strategies for bioactive compound
identification and quantification, herbal preparations and natural medicines, and the
in vivo and in vitro bioactivity of botanicals. One paper clearly demonstrated the immunos-
timulation, hematopoietic, and antiviral potential of Sambucus ebulus L.’s fruit aqueous
extract (FAE), with attention given to its endoplasmic reticulum (ER) stress-reducing po-
tential [10]. J774A.1 macrophages were treated with SE FAE alone or under the condition
of lipopolysaccharide (LPS) stimulation. The phytochemical composition of the herbal
extracts was analyzed by using GC-MS and LC–MS/MS. Transcription and protein levels
were defined using qPCR and Western blot, respectively. Extracts exerted an immunostim-
ulation potential by stimulating IL-6, TNFα, Ccl2, COX2, and iNOS transcription without
inducing ER stress. The SE FAE suppressed the LPS-induced transcription of inflammation-
related genes (IL-1β, IL-6, TNFα, Ccl2, Icam-1, Fabp4, COX2, iNOS, Noxo1, IL-1ra, and
Sirt-1) and reduced the protein levels of iNOS, peIF2α, ATF6α, and CHOP. The effects

2



Plants 2023, 12, 258

were comparable to that of salicylic acid. SE suppresses LPS-stimulated inflammatory
markers at the transcription and translation levels. The targeting of ER stress is possibly
another mechanism underlying its anti-inflammatory potential. These findings reveal the
potential of SE as being a beneficial therapeutic for inflammation and ER-stress-related
pathological conditions.

Jacaranones are a small group of specific plant metabolites with promising biological
activities. Moreover, they can serve as chemotaxonomic markers. The phytochemical
investigation of Crepis pulchra L. (Asteraceae) resulted in three jacaranone derivatives
(jacaranone; 2,3-dihydro-2-hydroxyjacaranone; and 2,3-dihydro-2-methoxyjacaranone) [11].
This is the first report on the isolation of jacaranones from a species belonging to the
Cichorioideae subfamily of Asteraceae. Jacaranone derivatives were subjected to an in vitro
antiproliferative assay against a panel of human cancer cell lines (MCF-7, MDA-MB-
231, HeLa, and C33A), revealing high or moderate activities. Jacaranone (2) showed
the highest antiproliferative activity against MDA-MB-231 (human breast cancer) and
C33A (human cervical cancer) cells. The volatile compounds of eight peach varieties
grown in Bulgaria (Prunus persica L.), including “Filina”, “Gergana”, “Ufo-4”, “July lady”,
“Laskava”, “Flat Queen”, “Evmolpiya”, and “Morsiani 90”, were analyzed for the first
time [12]. Gas chromatography–mass spectrometry (GC–MS) analysis and the HS-SPME
technique revealed the presence of 65 volatile compounds. According to the provided
principal component analysis (PCA) and hierarchical cluster analysis (HCA), the relative
quantities of the identified volatile components depended on the studied peach variety. The
results obtained could be successfully applied to the metabolic chemotaxonomy of peaches.
Studies regarding the pharmaceutical potential of derivative products (polysaccharides
and polyphenols) from plantain displayed prominent antioxidant, antifungal, antitumor,
and prebiotic activities (particularly for the polysaccharide fraction) [13]. A comparative
phytochemical investigation of Aronia melanocarpa L. fruit juices on the Bulgarian market
clearly present with a high product quality due to their health-promoting compounds, such
as phenolic acids, proanthocyanins, and anthocyanins, which define them as functional
foods [14]. Promising new findings have been reported and discussed through the frame
of the anti-inflammation, antiandrogen, and hair-growth-promoting potential of shallot
(Allium ascalonicum L.) extract [15]. One publication clearly presents the antidiabetic activity
of Mediterranean edible plant materials using the DIA-DB inverse virtual screening web
server. Authors founded that the flavonoids are the most active phytochemicals as they
modulate the function of 17 protein targets and present a high structural similarity to
antidiabetic drugs. Their antidiabetic effects are linked with three mechanisms of action,
namely: (i) the regulation of insulin secretion/sensitivity, (ii) the regulation of glucose
metabolism, and (iii) the regulation of lipid metabolism [16]. Molecular docking studies
reveal that the Swingle can be a potential source of natural products due to its antibiotic-
potentiating activity and since it is anti-SARS-CoV-2 [17].

In recent decades, bioactive compounds from natural sources have attracted sub-
stantial attention and have been subjected to extensive research due to their antioxidant
properties and their use potential in the promotion of health and the prevention of disease.
Some of the most studied topics, in this regard, represent the focus of this Special Issue.

Author Contributions: All authors contributed to the design, writing and editing of this Editorial
article. All authors have read and agreed to the published version of the manuscript.
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Abstract: Pinosylvin (3,5-dihydroxy-trans-stilbene), a natural pre-infectious stilbenoid toxin, is a
terpenoid polyphenol compound principally found in the Vitaceae family in the heartwood of Pinus
spp. (e.g., Pinus sylvestris) and in pine leaf (Pinus densiflora). It provides defense mechanisms against
pathogens and insects for many plants. Stilbenoids are mostly found in berries and fruits but can also
be found in other types of plants, such as mosses and ferns. This review outlined prior research on
pinosylvin, including its sources, the technologies used for its extraction, purification, identification,
and characterization, its biological and pharmacological properties, and its toxicity. The collected data
on pinosylvin was managed using different scientific research databases such as PubMed, SciFinder,
SpringerLink, ScienceDirect, Wiley Online, Google Scholar, Web of Science, and Scopus. In this study,
the findings focused on pinosylvin to understand its pharmacological and biological activities as well
as its chemical characterization to explore its potential therapeutic approaches for the development of
novel drugs. This analysis demonstrated that pinosylvin has beneficial effects for various therapeutic
purposes such as antifungal, antibacterial, anticancer, anti-inflammatory, antioxidant, neuroprotective,
anti-allergic, and other biological functions. It has shown numerous and diverse actions through its
ability to block, interfere, and/or stimulate the major cellular targets responsible for several disorders.

Keywords: pinosylvin; pharmacological property; signaling pathway; antimicrobial; cancer
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1. Introduction

Pinosylvin (3,5-dihydroxy-trans-stilbene), a natural pre-infectious stilbenoid toxin, is a
stilbenoid polyphenol component mostly contained in the Pinaceae family, particularly in the
heartwood of Pinus spp. (e.g., Pinus sylvestris) and in pine leaf (Pinus densiflora). Traditionally,
different parts of pine trees have been used in East Asia for various purposes, such as treating
liver toxicity, gastric disorders, and inflammation. In South Korea, pine needles were commonly
consumed as tea and food [1]. The most stilbenes are contained in the Vitaceae family of plants
containing, represented by the famous wine grape Vitis vinifera L., which is among the most
abundant sources of new stilbenes currently known, along with other families, such as Fabaceae,
Dipterocarpaceae, and Gnetaceae [2]. Pinosylvin is suggested as a functional compound respon-
sible as a defense mechanism against pathogens and insects for a wide range of plants, especially
pines [3]. They are also found in most berries or fruits, but can also be found in other types of
plants, such as mosses and ferns [4]. Pinosylvin generates phytoalexins via a reaction between
malonyl-CoA and cinnamoyl-CoA under the influence of different biotic and abiotic stresses
like wounds, herbivores, fungi, ozone, and ultraviolet light [5]. Pinosylvin is widely explored
for its relevance to plants and its characteristics favorable to human health, as it possesses
several biological properties, including antimicrobial, anti-inflammatory, anticancer, antioxidant,
neuroprotective, and antiallergic characteristics. Pharmacological examination of pinosylvin
derivatives has shown a broad range of biological effects. In fact, they have antibacterial activ-
ity against different human pathogenic bacteria (Gram-positive and Gram-negative) such as
Staphylococcus aureus, Escherichia coli, Listeria monocytogenes, Lactobacillus plantarum, Salmonella
infantis, Pseudomonas fluorescens, Campylobacter jejuni, and Campylobacter coli [6–8]. Furthermore,
pinosylvin exhibited significant antifungal effects against pathogenic fungi such as Candida
albicans, Saccharomyces cerevisiae, Trametes versicolor, Phanerochaete chrysosporium, Neolentinus lepi-
deus, Gloeophyllum trabeum, Postia placenta, Rhizoctonia solani, Sclerotinia homoeocarpa, etc. [9,10].
Also, pinosylvin, as a natural molecule, has been widely investigated in vitro and in vivo for
its excellent anti-inflammatory potential, as evidenced in several studies [11–15]. The antioxi-
dant activity of pinosylvin has been extensively studied by different investigators, not only in
isolated case studies but also in association with several diseases such as rheumatoid arthritis,
age-related diseases (age-related macular degeneration (AMD) and Alzheimer’s disease), and
oligoasthenospermia by reducing oxidative stress via the nuclear factor erythroid 2-related factor
2 (Nrf2)/antioxidant response element (ARE) pathway [16–19]. Pinosylvin is well recognized
for its potential chemopreventive activity against cancer [20,21] even at low concentrations [22].
It showed anti-cancer activity against nasopharyngeal cancer [20], prostate cancer [23], fibrosar-
coma [5], colorectal cancer [21], and oral cancer [20]. Indeed, in HCT116 colorectal cancer
cells, pinosylvin was found to block the activation of proteins that play a role in the FAK/c-
Src/ERK and PI3K/Akt/GSK-3b signaling pathways [21]. Additionally, in cultured HT1080
human fibrosarcoma cells, pinosylvin inhibited the production of matrix metalloproteinase
(MMP)-2, MMP-9, and membrane type 1-MMP. The antimetastatic action of pinosylvin was
associated with the downregulation of MMP-9 and cyclooxygenase-2 (COX-2) [5]. Despite
the availability of certain investigations that have highlighted the different pharmacological
functions of pinosylvin and its derivatives, to the best of our knowledge, no critical review
has been carried out to provide suggestions for potential future clinical uses of this bioactive
molecule. This synthesis article aims to provide a comprehensive review of the characteristics of
this secondary metabolite, namely its sources, extraction technologies, purification, identifica-
tion, characterization, and pharmacological and biological properties. We hope that this review
will give a novel background for further investigations on this deterrent secondary metabolite
and its pharmacological actions in order to explore new pharmaceutical opportunities for this
natural molecule.

2. Sources of Pinosylvin

Pinosylvin, known as 3,5-dihydroxy-trans-stilbene, was first isolated by Erdtman in
1939 from extracts derived from Pinus sylvestris, hence the name pinosylvin [24]. It is a
natural stilbenoid belonging to the phenolic group of compounds. Pinosylvin is found in a
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wide range of plant species, particularly in the leaves and wood of various Pinus species
(Table 1).

Table 1. Sources of Pinosylvin.

Species Extract/Essential Oil References

Pinus sylvestris Extract [13,24–33]

Pinus resinosa Extract [9,28,31,34]

Pinus banksiana Extract [26,28,31]

Pinus nigra Arn. Extract [25,30]

Pinus densiflora Extract [35,36]

Pinus sibirica Extract [37]

Pinus contorta Extract [37]

Pinus strobus Extract [38–40]

Pinus taeda Extract [41]

Pinus cembra Extract [37]

Pinus pinaster Extract [42–44]

Hovenia dulcis Thunb. Extract [45]

Picea glauca Extract [9]

Nothofagus (Southern beeches) Extract [46,47]

Stemona cf. pierrei Extract [48]

Arachis hypogaea Extract [49]

3. Technology of Extraction and Purification

Stilbenes have attracted increasing interest in recent years for their health benefits
in preventing disease. For these reasons, their extraction and subsequent purification
are particularly interesting for the production of high-quality extracts. Due to its very
low occurrence in plants, and the environmental and chemical hazards associated with
multi-step isolation and purification processes, the extraction of pinosylvin from plants was
difficult and unsustainable. These drawbacks have led scientists to introduce alternative
production sources into the stilbene isolation process, such as the callus culture, plant
culture, cell suspension culture, hairy root culture, genetically-modified plants, and the
introduction of the stilbene biosynthetic genes into microbial hosts.

These different biotechnological approaches have been applied to avoid the formation
of many undesirable biproducts of high medicinal risk in the extracts obtained by chemical
synthesis. These biproducts subsequently necessitate a more complicated purification
process, such as sequential flash chromatography in two repetitions in gradient mode
during the mobile phase with cyclohexane (CX) and ethyl acetate (EtOAc) [50].

3.1. Pinosylvin Production in Callus Cultures and Cell Suspension Cultures

In 1961, Jorgensen showed that mechanical damage applied to the bark and cambium
of red pine causes fungal penetration of the sapwood into the stems and roots. This
fungal penetration affects the dying tissues and induces the formation of pinosylvin and its
monomethyl ether, which are absent in the healthy sapwood [51]. At temperatures where
cellular activity is possible, pinosylvin is formed by living cells in response to desiccation,
causing slow tissue death in sections of living branches or callus tissues, thus producing
the stilbenes.

In a study reported by Koo et al. [40], the authors have established a system of produc-
tion of pinosylvin stilbene and its derivatives using the in vitro culture of Pinus strobus L.
callus. From a culture of mature zygotic embryos in 1/2 Litvay medium with 1.0 mg/L
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2.4-D and 0.5 mg/L BA, calli were obtained and the accumulation of pinosylvin signifi-
cantly increased in prolonged callus cultures. In 1984, and for the first time, Schöppner and
Kindl [49] described the purification of pinosylvin synthase from cell suspension cultures
of peanuts using column chromatography. This study showed that from hypocotyls of
4-day-old seedlings, peanut cell cultures were initiated and propagated as callus cultures.

In a study reported by Lange et al. [52], the accumulation of the stilbenes pinosylvin
and pinosylvin 3-O-methyl ether in methanolic cell extracts was induced by a cell sus-
pension of treatment of Pinus sylvestris L. cultures with an elicitor preparation of the pine
needle pathogen.

3.2. Microbial Biosynthesis of Pinosylvin

The bioproduction of pinosylvin was achieved by genetic engineering of the host
strain to integrate the heterologous pathways of plants with the host strain. E. coli was the
commonly used host for pinosylvin production. The bacterial hosts have a short life cycle,
high growth rate, and easy genetic manipulation, and, therefore, significant overexpression
of proteins and enzymes. At the same time, they severely lack the expression of large
proteins and the post-translational modifications necessary for the correct folding and
functional activity of recombinant proteins [53,54]. Therefore, pathway engineering is one
of the pioneering methods in E. coli design (50% bioconversion rate) which facilitated the
bioproduction of stilbenes in different micro-organisms to produce value-added bioactive
pinosylvin [55].

Interestingly, another study described the development of an E. coli platform strain
to produce the stilbene pinosylvin found in the heartwood of pines [56]. The authors
of this study reported low pinosylvin concentrations (3 mg/L) after the optimization of
gene expression and evaluation of different construction environments. To promote the
production of pinosylvin stilbene, the authors added cerulenin to increase the intracellular
reserves of malonlyl-CoA and subsequently obtained higher concentrations of pinosylvin
of up to 70 mg/L from glycose and 91 mg/L by adding L-phenylalanine. Similar results
were obtained in a study conducted by Xu et al. [57], who evaluated the biosynthetic
pathway for pinosylvin production in engineered E. coli. It was shown in this study that
the excessive accumulation of the precursor malonyl-CoA leading to malonylation of the
biosynthetic enzymes decreases pinosylvin yield. In order to mitigate this decrease, several
metabolic engineering techniques (PTM, PTM-ME) have been established to maintain an
optimal level of intracellular acyl-CoA concentration, and thus increase the pinosylvin
yield. Liang et al. [58] investigated an alternative approach to pinosylvin production using
three bioengineering strategies to develop a simple and economical process for pinosylvin
biosynthesis in E. coli. The authors were able to produce 47.49 mg/L of pinosylvin from
glycerol, using these combinatory processes by promoting the expression of the pinosylvin
pathway enzymes, increasing the level of the key precursor of pinosylvin bioproduction
(malonyl-CoA) in the E. coli cell. The final step was to introduce phenylalanine super-
producing E. coli to produce trans-cinnamic acid which is a precursor of pinosylvin. Other
researchers have also established metabolic engineering techniques for E. coli for the
biosynthesis of stilbene pinosylvin [59–61].

4. Technology of Identification and Characterization

Chromatographic analyses (GC-MS, LC-MS, GC-FID or HPLC) are frequently used to
identify and characterize stilbenes using stilbene standards. In 1999, Holmgren et al. [62]
used diffuse reflectance Fourier transform infrared spectroscopy (DRIFT) and FT-Raman near-
infrared spectroscopy (NIR) to detect the presence of pinosylvin and its derivatives in the
wood of Pinus sylvestris L. by a simple visual inspection of uniform wood blocks in disc form.
Roupe et al. [63] developed a simple and novel high-performance liquid chromatography
(HPLC) method to simultaneously determine pinosylvin and its metabolic products in rat
serum and liver microsomes. The method consists of a preliminary precipitation of serum
or microsomes with acetonitrile after adding an internal standard. The separation was then
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performed on a tris-3,5 dimethyl phenyl carbamate amylose column with UV detection at
308 nm. In another study performed by Ekeberg et al. [64], the quantitative identification of
P. sylvestris L. heartwood extracts, including pinosylvin and its derivatives, was carried out
using gas chromatography (GC) with flame ionization detection (FID). Similarly, a study on
Scots pine/spruce wood residues from Norway conducted by Poljanšek et al. [50], describes
the qualitative and quantitative analysis of the obtained extracts in terms of pinosylvin and
pinosylvin monomethyl ether performed uisng gas chromatography with a flame ionization
detector (GC-FID) and gas chromatography with mass spectrometry (GC-MS).

Somewhat removed from plant samples, Preusz et al. [65] conducted a study on
organic residues in the form of black stains found at the sites of the ancient ports of Pyrgi
and Castrum Novum on the Tyrrhenian coast, in which pinosylvin monomethyl ether was
identified and confirmed for the first time in archaeological samples using GC-MS and
HPLC with fluorimetric detection.

5. Biological and Pharmacological Properties

As evidenced in several investigations, pinosylvin was found to exhibit a wide range of
biological and pharmacological properties, including antimicrobial [66], anti-inflammatory [11],
antioxidant [17], anticancer [5,23], neuroprotective [67], and anti-allergic [45] effects (Figure 1).

Figure 1. Major pharmacological properties of pinosylvin.

5.1. Antimicrobial Activity

With the increasing problems of the persistence and emergence of microbial resistance,
much attention was given to the identification of new antimicrobial drugs derived from
natural bioactive compounds [68–71]. Pinosylvin has been widely investigated for its health
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benefits and biological activities, including its antimicrobial effects. Lee et al. [66] showed
the role of pinosylvin as an antimicrobial agent against various human pathogens, includ-
ing Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, fungi (C. albicans), and
yeasts (S. cerevisiae). C. albicans and S. cerevisiae appeared to be more sensitive to pinosylvin
with minimal inhibitory concentration (MIC) values of 62.5 and 125 µg/mL, respectively,
while the MIC for E. coli and S. aureus was 250 µg/mL. Moreover, pinosylvin extracted from
the knot wood and bark of different Pinus species exhibits potent antimicrobial activity,
effectively inhibiting the growth of a broad spectrum of pathogenic strains, including
Bacillus cereus, S. aureus, L. monocytogenes, L. plantarum, E. coli, S. infantis, P. fluorescens, C.
albicans, S. cerevisiae, Aspergillus fumigatus, and Penicillium brevicompactum, with inhibition
diameters ranging from 19 ± 1 to 101 ± 6 mm. Sousa and collaborators [8] evaluated the
potential interaction between pinosylvin and four antibiotics (tetracycline, chloramphenicol,
erythromycin, and ciprofloxacin) against Arcobacter butzleri using checkerboard titration
assays. Based on FICI values, no synergistic effects were observed for pinosylvin/four
antibiotic combinations, while pinosylvin showed additive interactions on all the tested
antibiotics, except ciprofloxacin. In addition, these researchers investigated the ability of
pinosylvin to modulate the efflux pump activity using ethidium bromide (EtBr) accumula-
tion assays. The results showed that pinosylvin causes a higher intracellular accumulation
of EtBr, elucidating that it may attenuate the activity of efflux pumps (EPs) [8]. Overall,
these findings shed light on the use of pinosylvin as a resistance modulator to control the
decreasing susceptibility of A. butzleri to antibiotics and suggest the potential of pinosylvin
as an efflux pump inhibitor. Furthermore, prenylation of stilbenes, including pinosylvin
has been shown to enhance their antibacterial activity, which is explained by MIC values. In
this regard, Bruijn et al. [72] demonstrated that prenylated pinosylvin derivatives isolated
from Rhizopus extract exhibit potent antimicrobial activity against methicillin-resistant
Staphylococcus aureus (MRSA), especially chiricanine A with a MIC value of 12.5 µg/mL.

As a natural compound, pinosylvin has potential applications in the development
of antimicrobial food packaging systems due to its inherent antimicrobial activity, espe-
cially against Campylobacter spp. [6,7]. Indeed, it has been shown that pinosylvin or its
inclusion complexes (ICs) with modified cyclodextrins (hydroxypropyl-b-cyclodextrin and
hydroxypropyl-g-cyclodextrin) were able to inhibit the growth of Campylobacter jejuni and
Campylobacter coli American type culture collection (ATTC) reference strains and clinical
isolates [73]. The MIC values were between 25 to 50 mg/mL for the pure compound
and between 16 and 64 mg/mL for the ICs. Furthermore, time-kill assays showed that
pinosylvin ICs exhibit bactericidal action on both Campylobacter species at 37 ◦C and even at
4 or 20 ◦C [73]. Flow cytometric analysis shows that the mechanism behind this bactericidal
action may mainly involve membrane damage mediated by the impairment of various
cellular functions such as membrane polarization, permeability, and efflux activity [73].
These promising data make these pinosylvin ICs valuable lead compounds used in active
food packaging to eradicate Campylobacter spp. in fresh poultry products. In this context, in
their recent findings, the same authors demonstrated the role of coated pads containing
pinosylvin ICs in controlling fresh chicken meat from Campylobacter contamination [7].
The above-mentioned compound exhibited effective in vitro bactericidal activity against
C. jejuni with more than 99% colony count inhibition, even at the lowest concentrations
(0.08 mg/cm2). In vivo tests on chicken exudates and chicken fillets have also shown that
these active pads exhibit promising anti-Campylobacter activity at 37 ◦C and 4 ◦C [7].
Additionally, coated pads-pinosylvin ICs are also effective against other major chicken
foodborne bacteria, suggesting future uses of this coating as a new alternative to control
the microbial growth in packaged chicken meat [7].

On the other hand, the antifungal potential of pinosylvin and pinosylvin monomethyl
ether isolated from pine knot extract was assessed in vitro against Plasmopara viticola.
This study showed that pinosylvin exhibits promising antimildew properties, inducing
significant inhibition of zoospore mobility (IC50 = 34 µM) and mildew development
(IC50 = 23 µM) [43]. These findings are corroborated by those described by other au-
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thors. Indeed, pinosylvin and pinosylvin monomethyl ether from Pinus trees have already
demonstrated significant antifungal effects against white rot (Trametes versicolor and Phane-
rochaete chrysosporium) and brown-rot (Neolentinus lepideus, Gloeophyllum trabeum, and Postia
placenta) [9] fungi. Furthermore, pinosylvin from the methylene chloride fraction of Pinus
densiflora showed effective antifungal activity against plant pathogens such as Rhizoctonia
solani AG1-1B, R. solani AG2-2IV, R. cerealis, and S. homoeocarpa. S. homoeocarpa showed the
highest sensitivity with the lowest mean EC50 value (8.426 µg/mL), whereas among the Rhi-
zoctonia pathogens, R. cerealis had the highest mean EC50 value (99.832 µg/mL). Pinosylvin
could be a valuable lead compound for developing new effective and ecofriendly antifungal
agents [10].

5.2. Anti-Inflammatory Activity

Over the past decades, several scientists have dedicated their efforts to developing
novel anti-inflammatory drugs from natural molecules to overcome the serious and ex-
cessive side effects of current drugs [74,75]. As a natural molecule, pinosylvin has been
extensively investigated (in vitro and in vivo) for its excellent potential anti-inflammatory
effects (Table 2).

Table 2. Anti-inflammatory effects of pinosylvin.

Experimental Approaches Key Results References

Western blot analysis and reverse
transcription-polymerase chain reaction
(RT-PCR)

Inhibited COX-2, iNOS protein and gene expression [76]

Murine adipocytes model, cytotoxicity
assays, lipid staining, western blotting,
and ELISA assays

Attenuated adipogenesis and inflammation through
downregulation of the expression of PPARγ, C/EBP and
TNF-a-stimulated IL-6 secretion

[14]

Cell viability and RNA interference
analysis

Protected (10 µM) cell survival from oxidative damage by
promoting HO-1 induction [77]

LPS-induced mouse macrophage RAW
264.7 cells Suppressed COX-2-mediated PGE2 production (IC50 = 10.6 µM) [78]

LPS-stimulated
Macrophage cells
Western blot analysis
RT-PCR analysis

Inhibited LPS-induced iNOS protein and mRNA expression in
dose-dependent manner (IC50 = 39.9 µM)
Decreased the expression levels of interferon regulatory factor 3
(IRF-3) and interferon-E (IFN-E)

[79]

AITC-induced acute paw inflammation
in mice model
Fluo-3-AM assay and patch clamping

Reduced paw inflammation formation by inhibiting and
attenuating IL-6 production at the site of inflammation [15]

Adjuvant-induced arthritis in rats

Pinosylvin + MTX reduced oxidative
stress by upregulating HO-1 expression in lungs and reducing
plasma activity of thiobarbituricacid reactive substances (TBARS)
and lipoxygenase (LOX) in the lungs

[16]

Primary cultures of human OA
chondrocytes

Increased aggrecan expression
Inhibited IL-6 production by attenuating NF-κB activity [13]

AA in rats
Chemiluminescence (CL) of the joint and
myeloperoxidase (MPO) activity

Decreased HPV
Reduced CL of the joint and MPO activity of the joint homogenate [80]

Carrageenan-induced paw edema in
male C57BL/6 mice

Reduced inflammatory response by downregulating the
production of inflammatory cytokines IL6, MCP1, and NO [11]

AA was induced in Lewis rats
Fresh human blood neutrophils as model

Reduced the formation of oxidants, both extra- and intra-cellular
Suppressed PKC activation induced by phorbol myristate acetate
Reduced neutrophil countDecreased the amount of ROS (in vivo)

[81]
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Table 2. Cont.

Experimental Approaches Key Results References

LPS-triggered apoptosis in the leukocyte
Enhanced apoptosis of LPS-preconditioned leukocytes via
decreasing ALOX 15 expression mediated by ERK and
JNK pathways

[82]

Humane monocytic THP-1 cell lines
Western blotting analysis

Suppressed proinflammatory enzymes TNF-α and IL-8 by the
inhibition of NF-κB activation [66]

Murine and U937
Human macrophages model
qRT-PCR and ELISA

Changed macrophage polarization from the proinflammatory M1
phenotype to the M2 phenotype
Promoted resolution of inflammation and repair
Enhanced PPAR-γ expression in IL-4 treated macrophages

[12]

LPS-induced mouse macrophage RAW
264.7 cells

Decreased inflammation on LPS-stimulated macrophages
Inhibited PPARγ activity in vitro [83]

Antigen-stimulated mast cell-like cell line
rat basophilic leukemia (RBL)-2H3 and a
passive cutaneous anaphylaxis (PCA)
mouse model
Degranulation assay
RT-PCR, PCA
Western blot analyses

Suppressed the release and expression of allergic and
proinflammatory key enzymes (IL-4, TNF-α
and PGE2, COX-2, NFKB1, and NFKB2) in a
dose-dependent manner

[45]

Research results by Park and colleagues (2005) [84] showed that pinosylvin down-
regulates the production of proinflammatory mediators such as prostaglandin E2 (PGE2)
and nitric oxide (NO) in a dose-dependent manner. This effect was directly related to
COX and inducible nitric oxide synthase (iNOS) inhibition. Moreover, pinosylvin signifi-
cantly inhibited other key inflammatory enzymes, interleukin 6 (IL6) (IC50 = 32.1 µM) and
monocyte chemotactic protein 1 (MCP1) (IC50 = 38.7 µM) [11]. Additionally, the in vivo
investigation measuring carrageenan-induced paw edema in male C57BL/6 mice showed
that pinosylvin at a dose of 30 mg/kg significantly reduced the inflammatory response by
downregulating the production of inflammatory cytokines IL6, MCP1, and NO compared
to an LY294002-treated group [11]. The similar anti-inflammatory effects of pinosylvin to
those of the known commercial phosphatidylinositol-3 kinase (PI3K) inhibitor LY294002
suggest that these effects may be mediated by the inhibition of the PI3K/Akt pathway
(Figure 2).

Furthermore, treatment with pinosylvin was shown to significantly inhibit stimulation-
induced NO production of murine macrophages with lipopolysaccharide (LPS) in a
dose-dependent manner, with an IC50 value of 39.9 µM compared to reference L-NMMA
(IC50 = 30.7 µM) [79]. In addition, pinosylvin suppressed iNOS gene expression via down-
regulation of interferon regulatory factor 3 (IRF-3) and interferon-E (IFN-E) expression
related to TIR-domain-containing adapter-inducing interferon-β (TRIF) mediated signaling
pathway. These events were then associated with the suppression of JAK kinase phos-
phorylation, which decreased the phosphorylation of signal transducer and activator of
transcription-1, one of the iNOS transcriptional activators [79].

Since the substitution patterns of the trans-stilbene have been shown to enhance
various biological properties, Park et al. [78] assessed the substitutions of the dihydroxy
group in pinosylvin with different lipophilic derivatives on LPS-induced RAW 264.7 cells.
The results showed that the synthesized pinosylvin derivatives, especially 3,5-dimethoxy-
trans-stilbene and 3-hydroxy-5-benzyloxy-trans-stilbene, significantly suppress COX-2
mRNA expression-mediated PGE2 production. On the other hand, pinosylvin treatment
at doses of 5 and 10 µM greatly enhanced human RPE cells from oxidative stress. The
expression levels of heme oxygenase-1 (HO-1), an enzyme with anti-inflammatory and
immunomodulatory activities, were upregulated by pinosylvin treatment and markedly
correlated with cell survival [70]. These findings demonstrated the role of pinosylvin
treatment in the protection against oxidative stress, induction of HO-1 expression in human
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RPE cells and, therefore, potential health promotion against oxidative stress and aging-
related diseases such as AMD and Alzheimer’s disease [77].

Figure 2. Anti-inflammatory effects of pinosylvin. This figure illustrates the ability of pinosylvin to
reduce the expression of some proinflammatory cytokines and enzymes, probably via the inactivation
of NF-κB and the PI3K/Akt pathway. Abbreviations: NF-κB, nuclear factor kappa B; NO, nitric oxide;
COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; IL6, interleukin 6; MCP1, monocyte
chemotactic protein 1; TNF-α, tumor necrosis factor-α.

Interestingly, in addition to its ability to reduce the concentration of reactive oxygen
and nitrogen species, pinosylvin has been shown to potentiate the therapeutic efficacy of
methotrexate (MTX), an immunosuppressive drug in arthritis treatment. Indeed, Bauerova
et al. [16] showed that the treatment of AA in rats with pinosylvin in combination with
MTX (Orale doses of 50 mg/kg b.w. for PIN and 0.4 mg/kg b.w. for MTX) significantly
reduced oxidative stress via upregulation of HO-1 expression in the lungs and reduction in
plasmatic thiobarbituric acid reactive substances (TBARS) as well as markedly decreased
lipoxygenase (LOX) activity in the lungs.

Ankyrin subtype 1 protein (TRPA1) has been involved in various inflammatory
responses. Its suppression may provide promising targets for the treatment of many
pathological conditions related to acute pain, inflammation, and hyperalgesia. In this
respect, Moilanen and colleagues (2018) conducted their research to investigate the ef-
fect of pinosylvin on TRPA1 in vitro by measuring transient receptor potential ankyrin
subtype 1 protein (TRPA1)-mediated Ca2+ influx and membrane currents. The findings re-
ported a dose-dependent inhibitory effect of pinosylvin (IC50 = 16.7 µM) on AITC-induced
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TRPA1-mediated responses. In vivo experiments using AITC-induced paw inflammation
as a model demonstrated that pinosylvin treatment effectively reduced the formation of
paw edema, attenuating the production of inflammatory cytokine IL-6 at the site of the
inflammation [15].

5.3. Antioxidant Activity

The antioxidant activity of pinosylvin was extensively studied by different researchers,
not only as an isolated study case (ORAC, ABTS+, and FRAP in vitro assays), but in relation
to many diseases such as rheumatoid arthritis, age-related diseases, and oligoasthenosper-
mia [16–19] (Table 3).

Table 3. Pinosylvin antioxidant activity.

Origins Cell Lines Methods Key Findings References

Synthesized Mouse model of
oligoasthenospermia

Epididymal sperm
concentration and motility
evaluation
Hormone level assessment
Real-time PCR
Western blot analysis
Evaluation of the testicular
levels of ROS and MDA

Decreased oxidative stress through
glutathione peroxidase 3 drastically
reduced oxidative stress (in vivo) by
inhibiting the nuclear factor erythroid
2-related factor 2 (Nrf2)/antioxidant
response element (ARE) pathway

[19]

Purchased WT and NFE2L2 KO
(NFE2L2−/−) mice strain

ERG recording and
processing of signals
OCT imaging
Antioxidant capacity
analysis
Immunohistochemical
staining
Confocal imaging

Retained retinal function
Decreased accumulation of
ubiquitin-tagged proteins
Decreased chronic oxidative stress
Preserved retinal function and
morphology in the NFE2L2 KO
disease model
Reduced the risk of age-related
macular degeneration (AMD) and
halted its development

[85]

Purchased In vitro non-enzymatic
assays

ORAC-FL assay
ABTS assay
FRAP assay

Strong antioxidant and free radical
scavenging properties [18]

Synthetized AA model induced in
Lewis rats

Oral administration of
pinosylvin to AA induced
animals
Monitoring of the hind
paw volume
Monitoring of the
luminol-enhanced
chemiluminescence (CL) of
the joint
Monitoring of
myeloperoxidase (MPO)
activity in hind paw joint

Reduced HPV (at days 14 and 28)
Reduced joint CL and MPO activity in
joint homogenate

[80]

Not reported Human retinal pigment
epithelial cells (ARPE-19)

Toxicity assessment
Oxidative stress
assessment
MTT assay
Real-time PCR
Nrf2 and p62 RNA
interference

Improved cell viability against
oxidative stress (5 and 10 µM)
Validated the importance of Nrf2 and
HO-1 in pinosylvin-mediated
protection against oxidative stress

[77]

Synthesized Bovine aortic endothelial
cells (BAECs)

Measurement of apoptosis
Measurement of caspase-3
activity
Cell proliferation
Western blot analysis
Cell migrationAdhesion of
THP-1 to BAECs

Activated endothelial nitric oxide
synthase
Impacted cell proliferation in
endothelial cells
Stimulated cell migration and tube
formation
Avoided inflammatory cardiovascular
disorders

[1]
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Table 3. Cont.

Origins Cell Lines Methods Key Findings References

Synthesized AA model induced in rats

Formation of reactive
oxygen species
Western blot analysis
Measurement of ATP
liberation
Flow cytometry
Effects of pinosylvin on
arthritis

Reduced both extracellular and
intracellular oxidant generation in
isolated human neutrophils
Inhibited PKC activation triggered by
phorbol myristate acetate
Increased the number of neutrophils
in the blood of arthritic rats
Improved whole blood
chemiluminescence (both spontaneous
and PMA-stimulated)
Reduced the number of neutrophils
and the number of reactive oxygen
species in the blood

[81]

Not reported AA model induced in rats

28 days of oral
administration
Changes in hind paw
volume and arthrogram
evaluation
γ-glutamyltransferase
(GGT) activity assessment
Measurement of
thiobarbituric acid reactive
substances (TBARS)

Decreased the activity of GGT in
the spleen
Reduced the activity of GGT in
joint tissue
Exhibited moderate efficacy in
preventing oxidative damage

[17]

Synthetized AA model induced in rats

Assessment of hind paw
volume
Measurement of the
C-reactive protein
Monocyte chemotactic
protein-1 (MCP-1) level
measurement
Plasma levels of
thiobarbituric acid reactive
substances (TBARS) and
F2-isoprostanes
measurement
G-glutamyltransferase and
lipoxygenase (LOX)
activity evaluation

Increased NF-κB activation in the liver
and lung, HO-1 expression and LOX
activity in the lung, MCP-1 levels in
plasma, and F2-isoprostane plasmatic
levels
Reduced the OS (an increase of HO-1
expression in the lung and reduction
in plasmatic TBARS)
Decreased the LOX activity in the lung

[16]

Bauerova et al. [16] assessed the impact of the treatment on selected parameters in
AA (Alko, alcohol) rats when administered pinosylvin for 28 days as a monotherapy
and in combination with methotrexate (MTX). The experiment included healthy controls,
untreated AA, and AA given 50 mg/kg b.w. pinosylvin daily p.o. AA was monitored using
hind paw volume, C-reactive protein, MCP-1 activity, TBARS, F2-isoprostanes in plasma,
g-glutamyltransferase activity in the spleen, lung LOX activity, HO-1 activity, and nuclear
factor kappa B (NF-κB). Pinosylvin monotherapy enhanced NF-κB activation in the liver
and lung, HO-1 expression and LOX activity in the lung, plasma MCP-1 levels (on the 14th
day), and plasmatic levels of F2-isoprostanes. The reduction in OS (an increase in HO-1
expression in the lungs and a reduction in plasmatic TBARS) and decrease in LOX activity
in the lungs were substantial contributions of pinosylvin.

The pathophysiology of rheumatoid arthritis is strongly influenced by oxygen metabolism.
Patients with rheumatoid arthritis have an altered antioxidant defense capacity barrier,
which links oxidative stress, inflammation, and the immune system. Drafi et al. [17]
investigated the impact of pinosylvin in monotherapy for the treatment of AA. Indeed,
pinosylvin (30 mg/kg body mass daily per os) was provided in monotherapy to rats with
AA for 28 days. In rats, parameters such as changes in hind paw volume and arthritis
score were measured as indicators of destructive arthritis-related clinical changes, with
determination of oxidative indicators, plasmatic levels of TBARS, and the latency of Fe2+-
induced lipid peroxidation (tau-FeLP) in plasma and the brain. CRP levels in the blood and
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glutamyltransferase (GGT) activity in the spleen and joints have been used as inflammatory
indicators. Pinosylvin failed to significantly reduce the arthritic score in arthritic animals
compared to untreated arthritic animals. Administration of pinosylvin somewhat reduced
GGT activity in the spleen. Pinosylvin was less effective in reducing oxidative damage as
determined by plasma TBARS levels.

Jančinová et al. [81] conducted their investigation to evaluate the effects of natural
stilbenoid pinosylvin on neutrophil activity in vitro and experimental arthritis and to
determine whether protein kinase C (PKC) activation functioned as an assumed target of
pinosylvin action. The oxidative burst was assessed using enhanced chemiluminescence
from neutrophils from fresh human blood. Flow cytometry was used to analyze neutrophil
viability, and Western blotting was used to determine PKC phosphorylation. Adjuvant
arthritis was produced in Lewis rats using heat-killed Mycobacterium butyricum, and
the animals received pinosylvin (30 mg/kg, p.o.) daily for 21 days after arthritis was
established. Pinosylvin (10 and 100 µmol/L) greatly reduced the generation of extracellular
and intracellular oxidants and efficiently inhibited PKC activation triggered by phorbol
myristate acetate (0.05 µmol/L) in isolated human neutrophils. However, inhibition did
not occur due to neutrophil damage or increased apoptosis. Blood neutrophil counts were
considerably elevated in arthritic rats, as was whole blood chemiluminescence (spontaneous
and PMA-stimulated). The injection of pinosylvin reduced the number of neutrophils and
considerably lowered the number of reactive oxygen species in blood. Pinosylvin is a potent
inhibitor of neutrophil activity and has the potential to be beneficial as an adjunctive drug
in conditions related to chronic inflammation. The observed results qualified pinosylvin
as an efficient inhibitor of neutrophil activity, suggesting that it could be beneficial as a
supplemental therapy in pathological situations related to chronic inflammation.

Koskela et al. [77] studied the capacity of pinosylvin to control oxidative stress in
human RPE cells. ARPE-19 cells were treated with pinosylvin (5 µM) for 6 h, and mRNA
was extracted at four timepoints (2 h, 6 h, 12 h, and 24 h) to determine changes in the ex-
pression of Nrf2, sequestosome 1 (p62/SQSTM1), HO-1, and glutathione S-transferase pi 1
(GSTP1). To further understand the molecular mechanism underlying pinosylvin-mediated
protection, ARPE-19 cells were transfected with p62 and Nrf2 siRNAs for 24 h, and the
roles of p62, Nrf2, and its target gene HO-1 in protection against oxidative stress were
investigated using quantitative real-time PCR (qRT-PCR) and cell viability assay. At doses
of 5 and 10 µM, pinosylvin dramatically improved cell survival against oxidative stress
and increased the expression of HO-1, an enzyme with antioxidant, anti-inflammatory, and
immunomodulatory capabilities, and was substantially linked to cell survival. However,
pinosylvin treatment did not influence the expression of Nrf2 or its target genes, p62 or
GSTP1, while having a strong effect on the expression of HO-1, another Nrf2-controlled
gene. RNA interference study verified the importance of Nrf2 and HO-1 in PS-mediated
protection against oxidative stress, whereas the contribution of p62 seemed minor at the
levels of gene expression and cell viability. According to the findings of this research,
pinosylvin therapy protects against oxidative stress by inducing HO-1 in human RPE cells.

In the study by Mačičková et al. [80], the research focused on the impact of pinosylvin
on the development of adjuvant arthritis in rats. AA was developed in male Lewis rats
using a single intradermal injection of Mycobacterium butyricum in inadequate Freund’s
adjuvant. Pinosylvin (30 mg/kg) was regularly given orally to arthritic animals. The ther-
apy consisted of administering the chemicals examined from day 0 (day of immunization)
to day 28 (experimental day), measuring several parameters, namely change in hind paw
volume (HPV) at days 14, 21, and 28, joint chemiluminescence (CL), and myeloperoxidase
(MPO) activity in hind paw joint homogenates (day 28). Arthritic animals treated with
pinosylvin substantially reduced HPV at days 14 and 28. In contrast to untreated mice,
pinosylvin lowered joint CL and joint homogenate MPO activity. This molecule demon-
strated a favorable anti-inflammatory and antioxidant impact on oxidative stress-induced
biochemical alterations in AA according to the three functional measures.
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Rodríguez-Bonilla et al. [18] measured the antioxidant capacity of pinosylvin us-
ing a variety of analytical methodologies (ORAC, ABTS+, or FRAP). Pinosylvin showed
high antioxidant and free radical scavenging activity in all experiments due to phenolic
hydroxy groups.

Considering that chronic oxidative stress eventually leads to protein aggregation in
combination with impaired autophagy, as seen in AMD, Tamminen et al. [85] investigated
the effects of commercial natural pinosylvin extract, Retinari™, on electroretinogram, op-
tical coherence tomogram, autophagic activity, antioxidant capacity, and inflammation
markers in their study. For 10 weeks before the experiments, wild-type and NFE2L2
knockout mice were given either ordinary or Retinari™ chow. Retinari™ therapy restored
many retinal functions, with a- and b-wave amplitudes in electroretinogram responses
being considerably preserved. Furthermore, this treatment reduced retinal thinning in
NFE2L2 mutant animals that showed lower ubiquitin-tagged protein accumulation and
local overexpression of complement factor H and the antioxidant enzymes superoxide dis-
mutase 1 and catalase. Accordingly, in the NFE2L2 KO illness model, the therapy decreased
chronic oxidative stress while maintaining retinal function and shape. The findings suggest
that taking pinosylvin supplements may reduce the likelihood of developing age-related
macular degeneration and halt its development.

Pinosylvin, a resveratrol analogue developed by Wang et al. [19], has been thoroughly
studied in the treatment of oligoasthenospermia. They explored the molecular basis for
improved sperm parameters in a mouse model of oligoasthenospermia produced using
busulfan (BUS) therapy at 6 mg/kg b.w. Mice were given varying concentrations of
pinosylvin daily for two weeks after receiving busulfan treatment. Then, epididymal sperm
concentration and motility were evaluated and testicular histology was performed. Levels
of serum hormones, including testosterone (T), luteinizing hormone (LH), and follicle-
stimulating hormone (FSH), were tested using ELISA kits designed for each hormone.
RNA sequencing was used to establish testicular mRNA expression profiles. Quantitative
real-time PCR, Western blotting, and ELISA were used to confirm these results. After BUS
therapy, pinosylvin improved epididymal sperm concentration and motility, increased
testosterone levels, and facilitated morphological testicular recovery. The antioxidant
glutathione peroxidase 3 dramatically decreased oxidative stress through the Nrf2/ARE-
dependent antioxidant. Pinosylvin improved oligoasthenospermia in this mouse model by
reducing oxidative stress via the Nrf2-ARE pathway.

5.4. Anticancer Activity

Pinosylvin is a functional compound in Pinus species known to exhibit potential cancer
chemopreventive activity [20,21], even at low concentrations [22]. Based on that, the main
concern of the researchers was to reveal its underlying molecular mechanisms [5] as well
as its potential against resistant types of cancer [23] and metastasis [45]. (Table 4).

Table 4. Anticancer activities of pinosylvin.

Origins Cell Lines Methods Key Findings References

Not clear THP1 and U937 monocytic
cell lines

Trypan blue exclusion assay
Cell sorting analysis
RT-PCR
Preparation of cell lysates
Western blot analysis
Detection of LC3 puncta
DNA transfection

Increased (50–100 µmol/L) cell death
Caused caspase-3 activation,
phosphatidylserine flipping, LC3II
accumulation, LC3 puncta, and
p62 degradation
Induced cell death
Caused downregulation of AMP-activated
protein kinase (AMPK) α1

[86]

Not reported Bovine aortic endothelial cells

Apoptosis assay
Western blot analysis
Flow cytometry analysis
Measurement of
caspase-3 activity

Increased caspase-3 activity,
phosphatidylserine flip-flop, and
nuclear fragmentation
Activated JNK and endothelial
NO synthase

[87]
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Table 4. Cont.

Origins Cell Lines Methods Key Findings References

Synthesized Molt and Raji lymphoblastoid
cell lines.

Growth inhibitory action
Cell count and viability
DNA and protein synthesis
assessment

Inhibited cell proliferation
Inhibited [3H] thymidine and
leucine uptake

[88]

Pinus resinosa A549, DLD-1,
and WS1 cells Cytotoxicity assay 66 ± 10 < IC50 < 75 ± 14 µM [89]

Synthesized HCT 116 colorectal cancer cells

Proliferation inhibitory
potential testing
Cell cycle distribution analysis
Western blot analysis
RT-PCR
Identification of gene
expression
cDNA microarray
Electrophoretic mobility
shift assay

Slowed cell growth
Slowed cell cycle transition from G1 phase
to S phase
Decreased the levels of cyclin D1, cyclin E,
CDK2, c-Myc, pRb, and p53
Stopped the activation of proteins involved in
the FAK/c-Src/ERK signaling pathway and
the PI3K/Akt/GSK-3b signaling pathway
Inhibited b-nuclear catenin translocation

[21]

Synthesized HT1080 human fibrosarcoma
and Balb/c mice

RT-PCR
Wound healing assay
Colony dispersion
assessement
In vivo pulmonary metastasis
method
Gelatin zymography

Inhibited the production of matrix
metalloproteinase (MMP)-2, MMP-9, and
membrane type 1-MMP
Reduced HT1080 cell migration
Slowed tumor nodule growth and tumor
weight in lung tissue
Downregulated MMP-9 and
cyclooxygenase-2 (COX-2) expression and
ERK1/2 and Akt phosphorylation in lung
carcinoma tissues

[5]

Not reported ARPE-19 cells

Toxicity evaluation
Oxidative stress assessment
Cell viability
RT-PCR
Nrf2 and p62 RNA
interference

Improved cell viability in the face of
oxidative stress
Increased HO-1 expression
No effect on Nrf2 expression
Protected against oxidative damage

[77]

Purchased LNCaP-par and LNCaP-abl
prostate cancer cells

High-throughput
screening (HTS)
Cell viability and
apoptosis assays
Gene expression
analysisqPT-PCR

Inhibited androgen signaling and
intracellular steroidogenesis in CRPC cells [23]

Purchased Nasal cavity cancer cells
(RPMI 2650)

MTT assay
Gap closure assay
Cell migration assay
Cell invasion assay
Western blot analysis
Proteome profiler human
protease array

Suppressed migration and invasion
of NPC039 and NPCBM cells at
increasing doses
Lowered the protein expression levels of
MMP2 and MMP9
Decreased the enzyme activity of
MMP2Reduced vimentin and N-cadherin
expression (in NPC cells)
Increased zonula occludens-1 and
E-cadherin expression
Inhibited NPC039 and NPCBM cell
invasion and migration by modulating the
p38, ERK1/2, and JNK1/2 pathways
Inhibited NPC cell migration and invasion

[20]

Purchased SCC-9 and HSC-3 cancer cells
(tongue squamous)

MTT assay
Wound closure assessment
Gelatin zymography
Cell migration and invasion
evaluation
Western blot analysis

Decreased the enzymatic activity of
MMP-2 and lowered its protein level
Raised the expression of TIMP-2
Stopped cancer cell growth in a
wound-healing experiment
Reduced ERK1/2 protein phosphorylation
in SAS and SCC-9 cells

[20]

Not reported Bovine aortic endothelial cells

Apoptosis experiment
Western blot analysis
Flow cytometry
Measurement of caspase-3
activity
Hoechst staining

Induced (100 µmol/L) cell death
Boosted caspase-3 activation, nuclear
condensation, and the “flip-flop” of
phosphatidylserine (at high concentrations)
Inhibited necrosis
Promoted LC3 conversion from LC3-I to
LC3-II and p62 degradation
Stimulated AMP-activated protein kinase
(AMPK) and an AMPK inhibitor
Reversed the inhibitory impact of an
AMPK inhibitor
Induced autophagy via AMPK activation

[87]
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The effects of pinosylvin on the migration and invasion of human oral cancer cells
remain unknown, as do the underlying processes. Chen et al. [20] evaluated the effects of
varying concentrations of pinosylvin (0–80 µM) on the metastatic and invasive capacities of
SAS, SCC-9, and HSC-3 cells. Pinosylvin suppressed matrix metalloproteinase-2 (MMP-2)
enzyme activity and lowered its protein level in Western blotting and gelatin zymography
assays but enhanced the expression of tissue inhibitors of metalloproteinase-2 (TIMP-2).
Pinosylvin also inhibited the migration of oral cancer cells (SAS, SCC-9, and HSC-3) in
the wound healing experiment and using the transwell technique. Furthermore, this
substance inhibited the phosphorylation of ERK1/2 protein expression in SAS and SCC-9
cells (Figure 3).

Figure 3. Anticancer activity of pinosylvin against oral cancer cells. Pinosylvin suppressed the
invasion and migration of oral cancer cells by inhibiting the phosphorylation of ERK1/2 protein
expression in SAS and SCC-9 cells. Abbreviations: MMP-2, matrix metalloproteinase-2; TIMP-2,
tissue inhibitor of metalloproteinase-2; ERK, extracellular signal-regulated kinase.

These findings suggest that pinosylvin may be a promising anticancer drug to prevent
oral cancer spread. Chuang et al. [90] aimed to examine the functional role of pinosylvin
in nasopharyngeal carcinoma (NPC) cells (NPC039, NPCBM, and RPMI 2650). According
to gap-closure and transwell assays, pinosylvin reduced the migration and invasion of
NPC039 and NPCBM cells at increasing doses. It not only inhibited the activity of MMP2
enzymes, but also reduced the expression levels of MMP2 and MMP9 proteins. Pinosylvin
inhibited the expression of vimentin and N-cadherin while dramatically increasing that
of zonula occludens-1 and E-cadherin in NPC cells. It also inhibited the invasion and
migration of NPC039 and NPCBM cells by modulating the p38, ERK1/2, and JNK1/2
pathways. According to the findings of this investigation, pinosylvin suppressed the
migration and invasion of NPC cells.

There are currently few therapeutic options for castration-resistant prostate cancer
(CRPC). A high-throughput screen of 4910 drugs and drug-like molecules was used in a
study conducted by Ketola et al. [23] to detect antiproliferative substances on prostate cancer
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after androgen ablation therapy. The effects of compounds on cell survival were examined
in androgen-ablated LNCaP prostate cancer cells, LNCaP cells cultured in androgens, and
two non-malignant prostate epithelial cells (RWPE-1 and EP156T). Pinosylvin methyl ether
(PSME) was a strong inhibitor of androgen-ablated LNCaP cell growth in cancer-specific
antiproliferative drug validation assays. A genome-wide gene expression study in PSME-
exposed cells was undertaken to obtain insight into growth inhibitory mechanisms in CRPC.
In androgen-depleted LNCaP cells, pinosylvin affected the expression of genes involved in
cell cycle, steroid, and cholesterol production. Reduced androgen-receptor expression and
prostate-specific antigen in PSME exposed cells verified the decrease in androgen signaling.
Taken together, our comprehensive screen revealed PSME as a new antiproliferative agent
for CRPC. These findings provide a solid foundation for future preclinical and clinical
investigations on CRPC treatment.

The capacity of pinosylvin to modify oxidative stress in human RPE cells was investi-
gated by Koskela et al. [77]; by first evaluating the range of PS toxicity by exposing ARPE-19
cells to PS doses of 0.1–200 µM for 24 h, followed by a cell survival test. The ARPE-19
cells were then preincubated in pinosylvin for 24 h before being exposed to hydroquinone
(HQ) without pinosylvin for another 24 h. Pinosylvin therapy at doses of 5 and 10 µM
greatly improved cell survival against oxidative stress. Pinosylvin therapy elevated the
production of HO-1, an enzyme with antioxidant, anti-inflammatory, and immunomod-
ulatory abilities, which is positively associated with cell survival. Pinosylvin treatment
did not influence the expression of Nrf2 or its target genes, p62 or GSTP1, while having a
strong effect on the expression of HO-1, another Nrf2-controlled gene. RNA interference
investigation verified the importance of Nrf2 and HO-1 in pinosylvin-mediated oxidative
stress protection, whereas the contribution of p62 seemed minor at the gene expression and
cell viability levels. The findings show that pinosylvin therapy protects against oxidative
stress by inducing HO-1 in human RPE cells.

Pinosylvin is known to have an anti-inflammatory effect on endothelial cells. Hence,
Kwon et al. [82] attempted to understand the exact process in their research. Pinosylvin
was tested to determine if it increased COX or lipoxygenase (LOX) activity in THP-1 and
U937 cells. Pinosylvin significantly increased LOX activity without affecting COX activ-
ity. Furthermore, it increased ALOX15 mRNA and protein levels, demonstrating that
pinosylvin-induced LOX activity is due to increased ALOX15 expression. Pinosylvin ap-
peared to enhance ERK and JNK phosphorylation in this cell signaling investigation. ERK
and JNK inhibitors were observed to reduce ALOX15 expression and LPS-induced apopto-
sis produced by pinosylvin. Finally, pinosylvin promoted apoptosis in LPS-preconditioned
leukocytes by increasing ALOX15 expression via ERK and JNK.

In cancer patients, metastases are a major cause of mortality [5]. Previous research
revealed that pinosylvin has a potential cancer chemopreventive effect and suppresses
the development of many human cancer cell lines by regulating cell cycle progression. In
this study, the authors investigated the possible antimetastatic action of pinosylvin using
in vitro and in vivo models. In cultured human fibrosarcoma HT1080 cells, pinosylvin
inhibited the production of MMP-2, MMP-9, and membrane type 1-MMP. Pinosylvin has
also been reported to interfere with HT1080 cell migration in colony dispersal and wound
healing methods. Pinosylvin (10 mg/kg b.w., intraperitoneal treatment) effectively reduced
tumor nodule growth and tumor weight in lung tissues in an in vivo model of spontaneous
lung metastasis following injection of CT26 colon carcinoma into BALB/c mice. The study
of tumors in lung tissue revealed that the antimetastatic impact of pinosylvin was associated
with a decrease in the production of MMP-9 and COX-2 and the activation of ERK1/2 and
Akt. These findings show that pinosylvin, via modulating MMPs, might be an effective
inhibitor of tumor cell metastasis.

Park et al. [21] investigated the antiproliferative action of pinosylvin in human col-
orectal HCT-116 cancer cells to identify the underlying molecular processes. Pinosylvin
inhibited HCT-116 cell proliferation by preventing the cell cycle from progressing from the
G1 to the S phase, as well as downregulating cyclin D1, cyclin E, cyclin A, cyclin-dependent
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kinase 2 (CDK2), CDK4, c-Myc, and retinoblastoma protein (pRb) and the upregulation of
p21WAF1/CIP1 and p53. Pinosylvin has also been shown to inhibit the activation of proteins
involved in focal adhesion kinase and the phosphoinositide 3-kinase signaling system.

Pinosylvin, at high concentrations (100 µmol/L), was previously reported to promote
cell death in bovine aortic endothelial cells. In the investigation conducted by Park et al. [22],
it was attempted to reveal the role of pinosylvin in apoptosis, autophagy, and necrosis.
Pinosylvin enhanced caspase-3 activation, nuclear condensation, and the “flip-flop” of phos-
phatidylserine at high concentrations, suggesting that pinosylvin triggers apoptosis. On
the other hand, pinosylvin was found to suppress necrosis, a post-apoptotic process, based
on flow cytometry data acquired using double-staining with annexin V and propidium
iodide. Pinosylvin promoted LC3 conversion from LC3-I to LC3-II and p62 degradation,
both of which are essential indications of autophagy. Furthermore, pinosylvin appeared
to stimulate AMP-activated protein kinase (AMPK), and an AMPK inhibitor significantly
reduced LC3 conversion. Pinosylvin reversed the inhibitory impact of an AMPK inhibitor.
These findings imply that pinosylvin causes autophagy by activating AMPK. Additionally,
an autophagy inhibitor was shown to enhance necrosis, which was later restored with
pinosylvin, but the caspase-3 inhibitor had no impact on necrosis. These results show that
pinosylvin-induced autophagy inhibits necrotic progression in endothelial cells.

In the study performed by Simard et al. [89], methanol extracts of Pinus resinosa wood con-
taining pinosylvin were selectively cytotoxic against human lung cancer cells, A549
(IC50 = 41.6 µg/mL) and human colorectal adenocarcinoma cells, DLD-1 (IC50 = 47.4 µg/mL)
compared to healthy cells, WS1 (IC50 = 130.11 µg/mL). Five known compounds were
isolated and identified as: pinosylvin monomethyl ether (1), pinosylvin (2), pinosylvin
dimethyl ether (3), pinobanksin (4), and (-)-norachelogenin using 1H-, 13C-NMR spec-
troscopy and HR-ESI-MS mass spectrometry (5). Compounds 1–5 were tested for their
cytotoxicity against A549, DLD-1, and WS1. Compound 1 (pinosylvin monomethyl ether)
had the highest cytotoxicity against both tumor and healthy cell lines, with IC50 values of
25.4, 20.1, and 34.3 µM for A549, DLD-1, and WS1, respectively.

Skinnider and Stoessl [88] investigated the effects of phytoalexins lubimin, (-)-maackiain,
pinosylvin, and related chemicals dehydroloroglossol and hordatine M on the development
of the human lymphoblastoid cell lines Molt and Raji. The authors found that (-)-maackiain,
pinosylvin, and dehydroloroglossol all significantly inhibited cell proliferation. The inhibi-
tion of [3H] thymidine and [3H] leucine absorption in pinosylvin and dehydroloroglossol
was studied and shown to be effective. Phytoalexins and similar chemicals are abundant in
plants and may serve as a source of antineoplastic drugs.

Several tests were carried out in the Song et al. [87] investigation to determine how high
concentrations of pinosylvin (50 µM) promotes endothelial cell death. Pinosylvin, at high
concentrations, was demonstrated to promote endothelial cell death by increasing caspase-3
activity, phosphatidylserine flip-flop, and nuclear fragmentation. They discovered that high
concentrations of pinosylvin increased caspase-3 activity, which was amplified by serum
deprivation or treatment with 100 µM etoposide. They also found that high concentrations
of pinosylvin stimulated the activation of c-Jun N-terminal kinase (JNK) and endothelial
nitric oxide synthase (eNOS). They then conducted a series of tests to determine which
signaling molecule was important in pinosylvin-induced apoptosis. Finally, they found that
SP-600125, a JNK inhibitor, inhibited pinosylvin-induced endothelial cell death, whereas
L-NAME, an eNOS inhibitor, had no impact. These findings suggest that JNK is implicated
in pinosylvin-induced apoptosis. At high concentrations, pinosylvin promotes cell death
through JNK activation.

Resveratrol (pinosylvin analogue) has been shown to promote cell death in leukemia
cells at high doses (50–100 µmol/L). Song et al. [86] foudn that cell death was significantly
increased from 50 to 100 µmol/L pinosylvin in THP1 and U937 cells. Pinosylvin also
induced caspase-3 activation, phosphatidylserine flipflop, LC3II accumulation, LC3 puncta,
and p62 degradation in THP1 and U937 cells. These findings suggest that pinosylvin-
induced cell death may occur through apoptosis and autophagy. Furthermore, we discov-

21



Plants 2022, 11, 1541

ered that pinosylvin inhibits AMP-activated protein kinase 1 (AMPK1) in leukemia cells.
As a result, a link was found between AMPK1 downregulation and leukemic cell death.
Inhibition of AMPK1 reduces pinosylvin-induced apoptosis and autophagy in leukemia
cells, indicating that AMPK is a crucial regulator of leukemia cell death. Moreover, when
AMPK1-overexpressed leukemia cells were compared to vector-transfected cells, the pro-
gression of autophagy and apoptosis were inhibited by pinosylvin. Overexpression of
AMPK1 increased cell death, but caspase-3 inhibitors or autophagy inhibitors significantly
reduced pinosylvin-induced cell death. These findings imply that reducing AMPK1 by
pinosylvin increases cell death by apoptosis and autophagy in leukemic cells.

5.5. Neuroprotective Activity

Based on the fact that neuroprotection is a typical technique to reduce the dam-
age of cerebral ischemia, Xu et al. [67] set out to assess the neuroprotective efficacy of
pinosylvin. Pinosylvin therapy reduced cell death in OGD/R-damaged PC12 cells and
enhanced brain function in MCAO/R rats. Pinosylvin decreased the number of depolarized
cells (low mitochondrial membrane potential) in OGD/R-damaged PC12 cells, implying
a role in improving mitochondrial function. Further research revealed that pinosylvin
triggers PINK1/Parkin-mediated protective mitophagy and activates the Nrf2 pathway,
as shown by increased protein levels of LC3 II, Beclin1, PINK1, and Parkin, as well as
Nrf2 translocation to the nucleus. Pinosylvin provided neuroprotection by triggering
PINK1/Parkin-mediated mitophagy to eliminate damaged mitochondria and by activating
the Nrf2 pathway to attenuate oxidative stress-induced mitochondrial dysfunction.

5.6. Anti-Allergic Activity

An extract of the branches of H. dulcis (containing pinosylvin) was tested for its anti-
allergic potential using the rat basophilic leukemia (RBL)-2H3 cell line and the passive
cutaneous anaphylaxis (PCA) mouse model using various assays [45]. The extract inhibited
hexosaminidase secretion (indicating degranulation) and histamine release in antigen-
stimulated RBL-2H3 cells, with decreased expression and production of the inflammatory
mediators COX-2 and PGE2, as well as the cytokines IL-4 and TNF-α, and suppression of
NF-κB activation indicating the potential of the extract as a strong antiallergic agent.

6. Conclusions and Perspectives

Here, the main pharmacological characteristics and sources of pinosylvin have been
documented and highlighted. Numerous published research has demonstrated that this
natural molecule has exceptional biological properties, especially against tumor cell lines.
Both molecular and cellular analyses revealed that pinosylvin blocks and inhibits the key
pathways in nasopharyngeal cancer, prostate cancer, fibrosarcoma, colorectal cancer, and
oral cancer with different target sites. This indicates that it may be a valuable anti-cancer
drug component. Additionally, this molecule’s antimicrobial, anti-inflammatory, antioxi-
dant, and anti-allergic properties may qualify it as an effective bioactive ingredient in the
treatment of cancer and neurodegenerative diseases. Nevertheless, a deeper insight into its
pharmacokinetics and pharmacodynamics is required for its introduction as a chemother-
apy drug. Furthermore, its safety requires validation by further toxicological studies.
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Abbreviations

AMD Age-related macular degeneration
MAPK Mitogen-activated protein kinase
JNK Jun amino-terminal kinase
NF-κB Nuclear factor kappa B
Nrf2 Nuclear erythroid 2-related factor 2
ARE Antioxidant response element
HCT Colorectal cancer cell
FAK Focal adhesion kinase
ERK Extracellular signal-regulated kinase
GSK3 Glycogen synthase kinase-3
PI3K/AKT Phosphatidylinositol 3-kinase/Protein kinase B
MMP Matrix metalloproteinase
CX Cyclohexane
EtOAc Ethyl acetate
DRIFT Diffuse reflectance fourier transform infrared spectroscopy
NIR Near-infrared spectroscopy
FID Flame ionization detection
GC Gas chromatography
GC-MS Gas chromatography-mass spectrometry
MIC Minimal inhibitory concentration
EtBr Ethidium bromide
Eps Efflux pumps
MRSA Methicillin-resistant Staphylococcus aureus;
ATTC American type culture collection;
PGE2 Prostaglandin E2
NO Nitric oxide
COX Cyclooxygenase
iNOS Inducible nitric oxide synthase
IL6 Interleukin 6
MCP1 Monocyte chemotactic protein 1
LPS Lipopolysaccharide
IRF-3 Interferon regulatory factor 3
IFN-E Interferon-E
TRIF TIR-domain-containing adapter-inducing interferon-β
HO-1 Heme oxygenase-1
MTX Methotrexate
TBARS Plasmatic thiobarbituric acid-reactive substances
LOX Lipoxygenase
TRPA1 Ankyrin subtype 1 protein
AA Adjuvant arthritis
GGT Glutamyltransferase
CRP C-Reactive protein
PKC Protein kinase C
GSTP1 Glutathione S-transferase pi 1
qRT-PCR Quantitative reverse transcription polymerase chain reaction
HPV Hind paw volume
CL Chemiluminescence
MPO Myeloperoxidase
LH Luteinizing hormone
FSH Follicle-stimulating hormone
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ELISA Enzyme-linked immunosorbent assay
NFE2L2 Nuclear factor erythroid 2 like 2
TIMP-2 Tissue inhibitor of metalloproteinase-2
NPC Nasopharyngeal carcinoma
CRPC Castration-resistant prostate cancer
PSME Pinosylvin methyl ether
HQ Hydroquinone
CDK2 Cyclin-dependent kinase 2
pRb Retinoblastoma protein
AMPK AMP-activated protein kinase
eNOS Endothelial nitric oxide synthase
RBL Rat basophilic leukemia
PCA Passive cutaneous anaphylaxis
LC3-II Microtubule associated protein 1 light chain 3-II
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Abstract: The genus Ranunculus includes approximately 600 species and is distributed worldwide.
To date, several researchers have investigated the chemical and biological activities of Ranunculus
species, and my research team has found them to have antimalarial effects. This review is based
on the available information on the traditional uses and pharmacological studies of Ranunculus
species. The present paper covers online literature, particularly from 2010 to 2021, and books on the
ethnopharmacology and botany of Ranunculus species. Previous studies on the biological activity
of crude or purified compounds from Ranunculus species, including R. sceleratus Linn., R. japonicus
Thunb., R. muricatus Linn., R. ternatus Thunb., R. arvensis Linn., R. diffusus DC., R. sardous Crantz,
R. ficaria Linn., R. hyperboreus Rotlb., and R. pedatus Waldst. & Kit., have provided new insights into
their activities, such as antibacterial and antiprotozoal effects as well as antioxidant, immunomodu-
latory, and anticarcinogenic properties. In addition, the anti-inflammatory and analgesic effects of
plants used in traditional medicine applications have been confirmed. Therefore, there is a need for
more diverse studies on the chemical and pharmacological activities of highly purified molecules
from Ranunculus species extracts to understand the mechanisms underlying their activities and
identify novel drug candidates.

Keywords: ethnopharmacologic effect; herbal medicine; Ranunculus species

1. Introduction

The genus Ranunculus includes approximately 600 species globally. Recent taxonomic
reports suggest that this genus has a monophyletic origin and is divided into two subgenera
and seventeen sections [1]. Owing to its wide distribution, the genus has high genetic
diversity. Several Ranunculus species have been used in folk medicine to treat various diseases
or symptoms, such as jaundice, nebula, edema, malaria, asthma, pain, gout, rheumatism,
inflammatory skin disorders, cancer, and hypertension. In addition, researchers have reported
that Ranunculus extracts possess antioxidant, anti-inflammatory, antimutagenic, antimalarial,
antibacterial, antitumoral, cardioprotective, and wound-healing properties [2–7].

Over the last decade, various studies have investigated the chemical components and
pharmacological activities of Ranunculus species [8,9]. However, no recent review has been
published detailing the aspects of the plants that have been investigated, including their
biology, traditional uses, phytoconstituents, therapeutic activities, and clinical applications,
since a previous review article was reported in 2012 [10]. Thus, this article aims to provide
an up-to-date survey of the advances in and prospects of the research on the phytochemicals
and pharmacological potential of Ranunculus species.

2. Search Strategy

This review article is based on the information available on the phytochemical, toxi-
cological, and pharmacological studies on the traditional uses of Ranunculus species. The
present paper covers online literature (Google Scholar, PubMed, ScienceDirect, Scopus,
SpringerLink, and Web of Science), particularly from 2010 to 2021, and books on the
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ethnopharmacology and botany of Ranunculus species. The following words were used as
key search terms: (“Ranunculus” OR “Ranunculus species”) AND (“herbal medicine” OR
“herb medicine” OR “ethnopharmacological effects” OR “ethnopharmacological activity”
OR “phytomedicine” OR “treatment” OR “drug”. The range of the article publication year
for the search (from 2010 to 2021) was selected because the previous review by Aslam et al.
covered almost all literature data published by 2012 [10].

3. Taxonomy, Distribution, and Morphology

Ranunculaceae Juss., or the buttercup family, has a worldwide distribution, represent-
ing a large group comprising more than 2500 species belonging to 59 genera. Its family
members live under a wide range of ecological conditions, especially in the Northern
Hemisphere [1,11]. Among the family, Ranunculus, comprising 600 species, is distributed
across all continents [11]. Ranunculus species are highly genetically diverse; therefore, their
classification is challenging. As a result, generic delimitation and infrageneric classification
of these species are still under consideration.

Initially, Ranunculus species were classified based on the descriptions of their achenes
(e.g., the shape of their body and beak, pericarp structure, and indumentum), flowers
(e.g., the number of sepals and honey-leaves, gloss and color of the petals, and shape
of the nectaries), roots (e.g., whether they were uniform or dimorphic with fibrous and
tuberous roots) [12], and fruit anatomy [13]. Later, Tamura classified the genera into
seven subgenera based on the reassessment of the achene structure: Pallasiantha, Coptidium,
Ficaria, Batrachium, Crymodes, Gampsoceras, and Ranunculus [1,11]. In this classification, the
subgenera of Ranunculus were further subdivided into 20 sections [11].

Subsequently, DNA markers were utilized to delineate the phylogenetic relationships
within Ranunculaceae [14–23]. The sequences of the internal transcribed spacer region of
nuclear ribosomal DNA are mostly used as DNA barcode markers for phylogenetic studies
at the generic/subgeneric level [24,25]. In combination with data from the chloroplast
genome and other external data, this nuclear marker also offers insights into the reticulate
patterns caused by hybridization [26,27]. Moreover, a complete study of the taxonomy of
the genus using both DNA markers and morphological data suggested the separation of
226 species into two subgenera and 17 sections [20].

4. Phytochemical Investigations of Ranunculus Species

Ranunculus sceleratus Linn., commonly known as the celery-leaved buttercup, is a flow-
ering plant species distributed over the Northern Hemisphere. The main constituents of
R. sceleratus L. are flavonoids, steroids such as pyrogallol tannins, and the glycoside ranun-
culin [28]. Ranunculin is hydrolyzed after the leaves of R. sceleratus L. are dried or crushed
and generates protoanemonin associated with the toxic properties of buttercups. Because of
its instability, protoanemonin dimerizes to produce anemonin, a nonirritant form [29,30]. In
addition, the 70% ethanolic extracts from the aerial parts of R. sceleratus L. have been found
to be abundant in myristic acid [31], and sapigenin 4′-O-alpha-rhamnopyranoside, apigenin
7-O-beta-glucopyranosyl-4′-O-alpha-rhamnopyranoside, tricin 7-O-beta-glucopyranoside,
tricin, and isoscopoletin have been identified as R. sceleratus-derived compounds in the
extract [32].

Ranunculus ficaria Linn. is known as lesser celandine. The compositions found in
R. ficaria L. were ranunculin and its enzymatic reaction products, flavonoids such as
quercetin and rutoside, saponosides with hederagenin, oleanolic acid aglyca, macerate, and
tinctures [33–35].

The components of R. japonicus Thunb. revealed by a Waters Acquity Ultra Perfor-
mance liquid chromatography system were lactone glycosides, flavonoid glycosides, and
aglycones including ranunculin, tricin, adonivernite, orientin, isorientin, vitexin, 6-C-β-D-
glucosyl-8-C-α-L-arabinosylapigenin, and tricin-7-O-β-D-glucopyranoside [36].

Ranunculus muricatus Linn. is also known as spiny fruit buttercup. Phytochemical anal-
ysis of R. muricatus L. revealed the presence of saponins, tannins, phenols, flavonoids, alka-
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loids, cardiac glycosides, anthocyanins, carbohydrates, coumarins, and phytosterols [8,37,38].
The major constituents by HPLC were stigmast-4-ene-3,6-dione, stigmasterol, anemonin,
β-sitosterol, protocatechuic aldehyde, protocatechuic acid, lutein, flavonoid glycosides,
ranunculoside A, ranunculoside B, and ranunculone C, in addition to two potent an-
tioxidants, caffeoyl-β-D-glucopyranoside, and 1,3-dihydroxy-2-tetracosanoylamino-4-(E)-
nonadecene [9,39–41]. Moreover, four compounds, muriolide, muricazine, chalcone
4-benzyloxylonchocarpin, and new-to-nature anthraquinone muracatanes B, were recently
isolated [42,43].

Phytochemical analyses of R. ternatus Thunb. reported that the plant contains flavonoids, gly-
cosides, benzine, organic acids, sterols, esters, amino acids, and constant and trace elements [44].
Furthermore, R. ternatus ethyl acetate extract constitutes contain sternbin, methylparaben, 3-
[(4-O-d-glucopyranosyl)-phenyl]-2-propenoic acid, linocaffein, β-d-glucose, robustaflavone-4′-
methylether, kayaflavone, podocarpus flavone A, bilobetin, isoginkgetin, amentoflavone, ternato-
side A, ternatoside B, and 4-O-d-glucopyranosyl-p-coumaric acid [45–47]. Furthermore, methyl
(R)-3-[2-(3,4-dihydroxybenzoyl)-4,5-dihydroxyphenyl]-2-hydroxypropanoate was isolated from
R. ternatus roots [48].

Ranunculus arvensis Linn. is commonly known as field buttercup. Phytochemical
analysis indicated that R. arvensis L. possesses rutin, caffeic acids, and classes of flavonoids
and phenolics, including flavonol glycosides of quercetin, kaempferol, isorhamnetin, and
their aglycons [49].

In Ranunculus species, several bioactive compounds and Ranunculus-specific con-
stituents have been identified, such as ranunculosides, muricazine, and muracatanes.
Although many other species related to Ranunculus have also been studied to evaluate their
pharmacological activities, the novel bioactive compounds found in Ranunculus species
with high pharmacological effects show nutraceutical and pharmaceutical potential. Phar-
macological properties and molecular formula of Ranunculus species compounds reported
in articles published from 2010 to 2021 are summarized in Table 1.

Table 1. Pharmacological properties and molecular formula of Ranunculus species compounds
reported in articles published from 2010 to 2021.

Ranunculus Species Molecule Molecular Formula Pharmacological Activity Ref

Ranunculus japonicus Thunb. berberine C20H18NO4
+ inhibited the migration capacity of RA-FLSs

in a dose-dependent manner
[50]

yangonin C15H14O4

Ranunculus muricatus
Linn.

muricazine C16H10N2O4
antioxidant effect, lipoxygenase, and

urease inhibitory activities. [42]

4-benzyloxylonchocarpin C27H24O4 acetylcholinesterase inhibitory effect [43]
muracatane B C14H8O5 alpha-glucosidase inhibitory effect [43]

4-methoxylonchocarpin C21H20O4

moderate cytotoxic effects towards
ovarian carcinoma, colorectal

adenocarcinoma, breast cancer,
and thyroid carcinoma

[43]

muriolide C15H15O8
antioxidant and

lipoxygenase inhibitory activities [42]

caffeoyl-beta-D-glucopyranoside C14H18O9 antioxidant effect [41]
1,3-dihydroxy-2-tetracosanoylamino

-4-(E)-nonadecene C43H80NO3 antioxidant effect [41]

ranuncoside C22H11O7 antioxidant effect [42]

Ranunculus ternatus
Thunb. n-butyl-β-D-fructofuranoside C10H20O6

inhibitory effect of
multidrug-resistant tuberculosis [48]

5. Pharmacological Activities of Ranunculus Species
5.1. Ranunculus sceleratus Linn.

All parts of Ranunculus sceleratus Linn. are poisonous when fresh; however, the plant
is used in folk medicine to treat various diseases after heating or drying [7]. In recent
decades, ethnopharmacological effects have been experimentally proven by several studies
(Table 2). The two ranunculins, protoanemonin and anemonin, have shown fungicidal,
antimicrobial, antimutanenic, and antipyretic properties [29,30,51], and have been used
for ethnopharmacological purposes in many countries [52,53]. Sharif et al. performed an
in vivo study to evaluate the effects of hypertension treatment using normotensive and
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fructose-induced hypertensive rats, in which the aqueous fraction produced the most inter-
esting effects. Furthermore, mechanistic studies with various pharmacological antagonists
have demonstrated that the hypotensive response induced by R. sceleratus L. is caused
by the involvement of a muscarinic receptor, angiotensin-converting enzyme inhibition,
ganglionic block, and nitric oxide release [54]. In addition, the 70% ethanolic extracts from
the aerial parts of R. sceleratus L. revealed that abundant myristic acid in the extract inhib-
ited nitrite concentration in LPS-stimulated RAW 264.7 macrophage cell line [31]. More-
over, R. sceleratus-derived compounds, sapigenin 4′-O-alpha-rhamnopyranoside, apigenin
7-O-beta-glucopyranosyl-4′-O-alpha-rhamnopyranoside, tricin 7-O-beta-glucopyranoside,
tricin, and isoscopoletin, showed inhibitory activity against the hepatitis B virus [32]. In
addition to the treatment effect of R. sceleratus extract, fresh R. sceleratus for TianJiu therapy,
which involves adding Chinese medicinal herbal paste on designated acupoints, showed
good therapeutic effect on intrahepatic cholestasis in rats, although the fresh form of
R. sceleratus L. is known as an irritant [55]. Specific mechanisms by which the extract
induces irritant or nonirritant responses have not been revealed. To eluciate this phe-
nomenon, a methanolic extract of R. sceleratus L. was used to demonstrate the mechanism
of both irritant and non-irritant properties induced by the extract in topical inflamma-
tion. When arachidonic acid elicited the inflammatory process, the effect of the extract
was generally proinflammatory or neutral. However, if the response was caused by the
application of an irritant, such as etradecanoylphorbol acetate, the extract mainly resulted
in anti-inflammatory effects. This effect was mentioned as a counter-irritant, and the extract
itself could be an irritant in physiological conditions but could also counteract the action of
previously applied irritants [7].

5.2. Ranunculus ficaria Linn.

Ranunculus ficaria Linn. is an herbal astringent commonly used to treat hemorrhoids
internally or externally [67]. Various methods have been applied for ethnopharmacological
use. Infusion or decoction of the leaves and roots of R. ficaria was known to have trophic and
anti-inflammatory effects in varicose veins, hemorrhoids, and skin disorders in Romania.
The macerate and tinctures obtained from this plant are used to treat hemorrhoids by
stimulating blood circulation as a traditional medication [67]. The compositions found
in R. ficaria could inhibit nitrite accumulation, and thus may be useful for preventing
inflammatory diseases mediated by the excessive production of nitric oxide, according
to an in vitro macrophage study. However, a previous report suggested that clinicians
should consider using lesser celandine (pilewort, R. ficaria) as a causative agent owing to
its hepatotoxicity [35,68].

5.3. Ranunculus japonicus Thunb.

Ranunculus japonicus Thunb. has been used to treat malaria, jaundice, migraines,
stomachaches, arthralgia, crane-like arthropathy, ulcers, toothaches, and eye inflammation
since Zhou Hou Bei Ji Fang was first recorded more than 1800 years ago [69]. Since
then, studies have demonstrated various phytomedicinal activities, such as the protective
effect on heart diseases including myocardial ischemic-reperfusion injury, hypertrophy in
cardiomyocytes, and high blood pressure by alleviating chronic [Ca2+] i overload, as well as
therapeutic effects on rheumatoid arthritis and decreasing intracellular [Ca2+] i in vascular
smooth muscle cells [50,57,58]. In addition, R. japonicus extracts showed antimalarial
effects in in vitro culture of Plasmodium falciparum and in vivo rodent malaria experimental
systems of Plasmodium berghei [56].
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Table 2. Therapeutic activity of Ranunculus species.

Ranunculus Species Therapeutic Activity Therapeutic Indications Source Ref.

Ranunculus sceleratus
Linn.

Anti-inflammatory Inhibits nitrite accumulation in
macrophage ethanolic extract of whole plant [7,31]

Hepatoprotective
(treatment of

cholestasis hepatitis)

Improves serum hepatic enzyme activity
and hepatic pathologic changes in

cholestatic rats
fresh R. sceleratus of whole plant [55]

Antihypertensive
Inhibits angiotensin converting enzyme

(ACE) Involes muscarinic receptor,
ganglionic block, and NO

aqueous fraction of aerial parts
and roots [28,54]

Antiviral Inhibits hepatitis B virus replication isolated compounds of whole plant [32]

Ranunculus japonicus
Thunb.

Antirheumatoid arthritis
Inhibits migration capacity of

rheumatoid arthritis fibroblast-like
synoviocytes

methanolic extract of whole plant [50]

Antimalarial
Inhibits parasite growth in Plasmodium

falciparum and P. berghei improve hepatic
and renal parameters

ethanolic extract of whole plant [56]

Antihypertrophic
Suppresses elevated expression of the

ANP, BNP, and beta-MHC inhibits
up-regulation of [Ca2+] i

total glycosides of whole plant [57]

Protective effect of
myocardial ischemic-

reperfusion injury

Improves heart function indexes
Reduces the area of myocardial infarction total glycosides of whole plant [58]

Antihypertensive Decreases blood pressure and reduces
calcium ions level in cells total glycosides of whole plant [36]

Ranunculus muricatus
Linn.

Antioxidant
Scavenges the DPPH free radical

Inhibits lipoxygenase and urease enzyme
activity

methanolic extract of whole plant
ethyl acetate fraction of whole plant [41,42]

Anticarcinogenic
Shows cytotoxic activity to cancer cells
Inhibits acetylcholinesterase and alpha

glucosidase
ethanolic extract of whole plant [43]

Anti-inflammatory
Analgesic

Inhibits paw edema, paw licking and
abdominal constrictions/stretching of

hind limbs
methanolic extract of whole plant [59]

Cardiotonic
(cardiovascular)

Increases perfusion pression and force of
contraction

Increases heart rate
methanolic extract of whole plant [60]

Ranunculus ternatus
Thunb.

Anticarcinogenic Induces cell death depending on
caspase-7 ethyl acetate extract of whole plant [61]

Antibacterial
Shows inhibitory activity against

Mycobacterium tuberculosis
Inhibits multidrug-resistant tuberculosis

ethanolic extract of roots [48]

Ranunculus arvensis
Linn.

Antioxidant Shows antioxidant activity in DPPH free
radical scavenging assay methanolic extract of whole plant [49]

Anticarcinogenic Induces cell death aqueous and methanolic extract of
whole plant [62]

Ranunculus diffusus DC. Anti-inflammatory Suppresses NF-kB signaling targeting Src
and Syk methanolic extract of aerial parts [63,64]

Ranunculus sardous
Crantz. Anti-inflammatory Inhibits nitrite accumulation in

macrophage

ethanolic extract
from aerial and

root parts
[35]

Ranunculus ficaria Linn. Anti-inflammatory Inhibits nitrite accumulation in
macrophage

ethanolic extract
from aerial and

root parts
[33,35]

Ranunculus hyperboreus
Rotlb. Anti-inflammatory

Decreases the elevated nitrate amount
Regulates the expression and protein

levels
of inflammation-related enzymes,

iNOS and COX-2, and proinflammatory
cytokines, TNF-α, IL-1β, and IL-6

Suppresses activation of MAPK pathway

aqueous and
methanolic extract

of whole plant
[65]

Ranunculus pedatus
Waldst. & Kitt.

Anti-inflammatory Inhibits increased capillary permeability
induced by acetic-acid methanolic extract of whole plant [66]

Wound healing
Shows fast dermal remodeling and

re-epithelization in epidermis
Enhances hydroxyproline content

methanolic and
aqueous extract
of whole plant

Ranunculus
constantinapolitanus (DC.)

d’Urv

Anti-inflammatory Inhibits increased capillary permeability
induced by acetic-acid methanolic extract of whole plant [66]

Wound healing Enhances hydroxyproline content methanolic extract
of whole plant
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5.4. Ranunculus muricatus Linn.

Ranunculus muricatus Linn. has tremendous medicinal potentials [70]. It is used by the
local population as a folk medicine for cough, asthma, heart disease, jaundice, diarrhea,
dysentery, urinary infection, eczema, lymphatic tuberculosis, dental diseases, ringworm
infection, and leprosy [71,72]. In addition, it exhibits antioxidant, anti-inflammatory, an-
tibacterial, antifungal, analgesic, and cytotoxic activities [37,59,60,73]. Therefore, among
Ranunculus species, R. muricatus L. is the most extensively studied. Several constituents
identified in R. muricatus L. exhibit phytochemical activities. For example, the major
isolated constituents are stigmast-4-ene-3,6-dione, stigmasterol, anemonin, β-sitosterol,
protocatechuic aldehyde, protocatechuic acid, lutein, flavonoid glycosides, ranunculoside
A, ranunculoside B, and ranunculone C, in addition to the two potent antioxidants, caffeoyl-
β-D-glucopyranoside and 1,3-dihydroxy-2-tetracosanoylamino-4-(E)-nonadecene [9,39–41].
Moreover, two recently isolated compounds, muriolide, a new lactone, and muricazine,
a new hydrazine derivative, exhibited robust free radical scavenging properties and ex-
erted an inhibitory effect on lipoxygenase [42]. Finally, chalcone 4-benzyloxylonchocarpin,
which inhibits AcheE, and the new-to-nature anthraquinone muracatanes B, which inhibits
α-glucosidase, were isolated from R. muricatus L. [43].

5.5. Ranunculus diffusus DC.

The phytomedicinal effects of Ranunculus diffusus DC. have recently been reported.
The methanol extract of R. diffusus showed photoaging protective effects on ultraviolet B
radiation-induced skin by inhibiting the p38-AP-1 signal cascade. In addition, the extract
exerted anti-inflammatory effects without toxicity by suppressing Src and Syk, which are
targets of NF-κB signaling [63,64].

5.6. Ranunculus ternatus Thunb.

Ranunculus ternatus Thunb. has been used in traditional Chinese medicine [74] be-
cause of its effects on malignant lymphoma, leukemia, pulmonary tuberculosis, breast
tumors, goiters, esophageal tumors, lung disease, gastric problems, and other health
conditions [75–77]. Constituents of R. ternatus, such as amentoflavone and podocarpus
flavone A, induce apoptosis [78,79]; however, their mechanisms have not been evaluated.
Furthermore, n-butyl-β-D-fructofuranoside, isolated from R. ternatus roots, demonstrated
significant therapeutic activity against tuberculosis [48]. Finally, the ethyl acetate extract of
R. ternatus exerts caspase-7-dependent apoptosis in a cancer model [61].

5.7. Ranunculus arvensis Linn.

Ranunculus arvensis Linn. has been widely used to treat arthritis, asthma, hay fever,
rheumatism, psoriasis, gut diseases, and rheumatic diseases [49]. Moreover, R. arvensis
extracts showed antioxidant and anticarcinogenic activities [49,62]. However, topical use of
the plant may cause contact dermatitis, such as skin inflammation, skin burns, and injury
of mucous membranes [80–82].

5.8. Ranunculus hyperboreus Rotlb.

Ranunculus hyperboreus Rotlb. is a subarctic and subalpine plant that lives in extreme
environmental conditions. R. hyperboreus extract induces anti-inflammatory activity by
regulating the gene expression and protein levels of inflammation-related enzymes, such
as iNOS and COX-2, and proinflammatory cytokines, such as TNF-α, IL-1β, and IL-6 [65].

5.9. Ranunculus pedatus Waldst. & Kit.

The wound healing activity of Ranunculus pedatus Waldst. & Kitt. was evaluated using
its methanolic extract and was found to exert significant effects on wound healing with
robust anti-inflammatory activity in both incision and excision wound animal models [66].
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6. Conclusions

The chemical and biological activities of Ranunculus species have been investigated
using plant extracts. Contemporary research on the biological activity of the extracts of
the species mentioned above has uncovered many activities, including antibacterial, an-
tiviral, and antiprotozoal effects, as well as antioxidant and anticarcinogenic properties.
In addition, these studies have demonstrated that herbal extracts exert hepatoprotective,
hypoglycemic, and thyroid regulatory effects. Moreover, the anti-inflammatory and anal-
gesic effects of the plants, known from the application of traditional medicine, have been
confirmed. Furthermore, the molecules isolated from Ranunculus species showed promising
pharmacological activity. Therefore, it is expected that effective purified molecules could
be discovered from Ranunculus species to develop novel drugs through intensive research.
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Abstract: Galphimia spp. is popularly used in Mexican traditional medicine. Some populations of
Galphimia exert anxiolytic and sedative effects due to the presence of the modified triterpenoids
galphimines. However, the galphimine synthesis pathway has not yet been elucidated. Hence, in this
study, a comparative transcriptome analysis between two contrasting populations of Galphimia spp.,
a galphimine-producer, and a non-galphimine-producer, is performed using RNA-Seq in the Illumina
Next Seq 550 platform to identify putative candidates genes that encode enzymes of this metabolic
pathway. Transcriptome functional annotation was performed using the Blast2GO in levels of gene
ontology. For differential expression analysis, edgeR, pheatmap, and Genie3 library were used. To
validate transcriptome data, qPCR was conducted. In producer and non-producer plants of both
populations of Galphimia spp., most of the transcripts were grouped in the Molecular Function level of
gene ontology. A total of 680 differentially expressed transcripts between producer and non-producer
plants were detected. In galphimine-producer plants, a larger number of highly expressed transcripts
related to acyclic and polycyclic terpene synthesis were identified. As putative candidate genes
involved in the galphimine synthesis pathway, P450 family members and enzymes with kinase
activity were identified.

Keywords: functional annotation; Galphimia spp.; transcriptome

1. Introduction

Galphimia spp. is a medicinal plant widely used in Mexico to treat various ailments,
including fever, labor pains [1], diarrhea [2], and anxiety, due to its anti-inflammatory
and anxiolytic properties [3,4]. The anxiolytic and sedative effects of the extract have
made this plant the target of pharmacological [5–7], phytochemicals [3,8–10], biotechno-
logical [6,11,12], metabolomic [13,14] and genetics studies [15,16]. Nevertheless, the effects
of some populations of the plant, are due to the presence of the modified triterpenoid
galphimines [17].

Different metabolomic studies have already been carried out to detect the pres-
ence of galphimines as well as their concentration among six Mexican populations of
Galphimia spp. [13,14], from which only two (located in Jalpan, (Querétaro) and Dr. Mora
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(Guanajuato)) were identified as galphimines producers. Moreover, to identify the individ-
ual populations of Galphimia a DNA barcode study was conducted by Sharma et al. [15],
and the clades obtained showed clear differences between the galphimine-producer popu-
lations (Doctor Mora and Jalpan) and the other analyzed populations. In another study,
conducted by Gesto-Borroto et al. [16], among nine populations of Galphimia spp. evalu-
ated by DNA barcode, four galphimine-producing populations were identified, including
Dr. Mora (Guanajuato) and Jalpan (Querétaro), corroborating the previous studies.

In several plants, stages of triterpene synthesis have been studied [18–20]; however, the
galphimine-producing pathway in Galphimia spp., is still elusive. Nevertheless, a biogenetic
proposal for its production has been published from the oxidation and decarboxylation of
the Taraxasteryl cation [21], although it has not yet been demonstrated.

Regarding the biological properties of the galphimines, the hypothesis to be tested was
the following: „If a transcriptomic study and a comparison are carried out in two populations
of Galphimia spp.; a gaphimine producer population (GP) with a non-galphimine producer
population (NPG), the putative candidates genes, that encode the enzymes involved in
the production pathway of these triterpenoids, can be identified. Hence, this paper aimed
to analyze transcriptomes from a GP and NPG populations of Galphimia spp., to identify
putative candidates genes that encode enzymes for the synthesis of these triterpenoids.

2. Results
2.1. Plant Material

Plants with phenotypic characteristics similar to those described for the Galphimia
genus [22], were obtained from both populations GP and NPG. They were characterized
by having several adventitious roots, 5–6 cm long, with abundant adsorbent hairs. They
are 1.4 m tall shrubs, with approximately 15 lateral branches in the GP plants and 10 in the
NGP plants. The leaves were elliptical, with prominent secondary veins and their area was
13.75 cm2. Yellow inflorescences were observed arranged in terminal racemes.

2.2. Transcriptome Sequencing

RNA samples had a high quality with RNA integrity number (RIN) ≥8. Around
56.6 Gb of clean data were obtained from transcriptome sequencing. Q30 percentages
of clean data for all samples were 97.2%, and the Guanine/Cytosine (GC) were rated
between 50 to 51%. The total bases per sample obtained were in a range between 2,704,225
and 675,148.

After FastQC analysis, it was observed that the quality of bases per sequence was
optimal since all readings were located in the green area of the graphic. The fast QC analysis
showed that the filtered reads had quality valius >Q30, but the reads by sample GC content
and duplication levels differed. After trimming the reads with Trimmomatic, these metrics
reached the standard values. Post-assembly, around 9000 transcripts from leaf samples and
5000 transcripts from roots samples were obtained (Table 1).

Table 1. Transcripts were obtained after de novo assembly of transcriptomes.

Sample and Replica Number of Transcripts

Leaves of galphimine producing-population 9023

Leaves of galphimine producing population, replica 8915

Leaves of non-galphimine producing-population 8667

Leaves of non-galphimine producing-population, replica 8896

Roots of galphimine producing-population 5004

Roots of galphimine producing population, replica 4667
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2.3. Transcriptome Functional Annotation

The gene ontology analysis showed a different number of annotated genes: 5900 in
GP plants, 3600 in the NGP ones, and 1500 in the controls. In GP plants and controls,
most of the transcripts were grouped in gene ontology categories MF and CC. In the
NGP plants, most of the transcripts were grouped mostly in the MF and BP categories.
At the level of gene ontology BP, the largest number of transcripts were associated with
cellular processes, biological processes, and biological regulation (Figure 1), while at the MF
level, most of the transcripts annotated were related to catalysis, binding, and transporter.
In the CC, transcripts of three samples are located as a cellular anatomical entity and
protein-containing complex.
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Figure 1. Percentage of annotated sequences of galphimine-producer plants (leaves samples, non-
galphimine producer plants, (leaves samples) and control (roots samples) in gene ontology levels
Biological Process (BP), Molecular Function (MF), and Cellular Component (CC).

According to the enzyme distribution code in the GP population, several transcripts
were identified (Figure 2), such as 1300 with transferase activity, 1020 with hydrolase
activity, and 810 with oxidoreductase activity; while in the NGP population transcripts
were observed as follows: 2250 with oxidoreductase activity, 2220 with transferase activity,
and 2050 with translocase activity. In control, 270 transcripts with hydrolase activity,
260 with transferase activity, and 250 with translocase activity were observed.
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Figure 2. Enzyme distribution code of annotated sequences (percentage) in galphimine producer
plants (leaves samples), non-galphimine producer plants (leaves samples), and control (roots samples).

2.4. Differential Expression Analysis

When comparing the GP population with the NGP population, a total of 680 tran-
scripts with differential expressions were found. Of these, 313 were positively regulated
and 367 negatively regulated. The volcano plot shows that both positively regulated (repre-
sented by red dots) and negatively regulated transcripts (represented by green dots) have a
large-magnitude logFC due to the significant separation from the center, and a high level
of statistical significance since the location of dots over 100 of log10 (PValue). The greatest
statistical significance was observed in positive regulated transcripts. (Figure 3a).
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Figure 3. Volcano plot of differentially expressed genes (a) galphimine producer plants (leaves
samples) versus non-galphimine producer plants (leaves samples) (b) galphimine producer plants
(leaves samples) versus control (roots samples). X-axis and y-axis represent log2 fold-change differ-
ences between the compared samples and statistical significance as the negative log of differentially
expressed genes p-values, respectively. The significantly up-regulated and down-regulated genes are
indicated with red and green dots, respectively, while non-significant genes are shown as black dots.
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A total of 203 transcripts were differentially regulated between GP plants and con-
trol. The number of negatively regulated transcripts (logFC < 2) was 116, higher than
positively regulated transcripts (logFC > 2), which was 87 in number. The positively regu-
lated transcripts presented a higher statistical significance (Figure 3b). In addition, there
were changes in the logFC and high values of -log10 (PValue), indicators of the statistical
significance of some transcripts.

In the GP plants, a greater number of differentially expressed transcripts with positive
regulation were observed as compared to the NGP and the control (Figure 4), suggesting a
high metabolic activity in these plants. Moreover, the transcripts with the highest expression
values in the GP plants were mostly hypothetical proteins, ribosomal proteins, transferases,
endonucleases, and carboxypeptidases. However, in NGP plants, the transcripts with the
highest expression encoded mitochondrial receptors, ribosomal proteins, enzymes with
synthase activity, and polygalacturonases.
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represented in blue.

In the comparison between GP plants and controls, the transcripts with the highest
expression values in the GP plants were ribosomal proteins, proteins associated with
senescence, and enzymes with endonuclease, polymerase, and dehydrogenase activities
(Figure 5). In controls, the transcripts with higher expression values code for receptors,
aquaporins, chaperones, endonucleases, and methyltransferases.
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2.5. Identification of Putative Candidate Genes That Encode Enzymes of the Galphimine
Synthesis Pathway

Based on the results of functional annotation, 44 transcripts associated with the ter-
penes synthesis pathway were identified in GP plants (Table 2). Out of those, two transcripts
encode for 3-hydroxy-3-methylglutaryl-CoA reductase (a regulatory enzyme of the meval-
onic acid pathway), and 13 transcripts encode enzymes of the methylerythritol phosphate
pathway. Among other transcripts, three encode for enzymes associated with intermediates
in the isoprenoid biosynthesis, one related to terpenes synthesis, and 25 with triterpenes.

In the NGP plants, 35 transcripts were found associated with terpene synthesis, among
which one encodes the regulatory enzyme of the mevalonic acid pathway, 10 associated
with methylerythritol phosphate pathway, five with the intermediary in the isoprenoid
biosynthesis, three transcripts related to terpenes synthesis and 16 with triterpenes (Table 2).
In the control, the following transcripts were observed: one that encodes for 3-hydroxy-3-
methylglutaryl-CoA reductase, one for P450, and five for terpene synthase.

The GP plants presented a greater number and diversity of transcripts related to the
synthesis of terpenes with high values of gen counts compared to the NGP plants. This
suggests a higher metabolic activity in the terpene synthesis pathway in these plants. P450
TBP, P450, and terpene synthase were the enzymes with the highest gen count. In the NGP
plants, the enzymes with the highest gen counts were terpene synthase and CYP82G1.
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Table 2. Annotation and gene counts of transcripts related to terpene synthesis of two populations of
Galphimia spp.

Galphimine-Producer Population Non-Galphimine-Producer Population Control

Annotated Transcripts Number of
Annotations Gen Counts Number of

Annotations Gen Counts Number of
Annotations Gen Counts

3-hydroxy-3-
methylglutaryl-
CoA reductase

2 13 1 8 1 6

1-deoxy-D-xylulose-5-
phosphate synthase 4 15 4 29 - -

4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase 4 18 1 10 - -

4-hydroxy-3-methylbut-2-en-
1-yl diphosphate synthase 5 19 5 16 - -

isopentenyl diphosphate
isomerase 1 52 1 17 - -

farnesyl transferase 1 6 3 4 - -

geranyl diphosphate
synthase 1 14 1 4 - -

terpene synthase 1 347 3 253 5 78

squalene synthase 1 7 - - - -

squalene epoxidase 1 16 - - - -

beta-amyrin synthase 2 23 4 14 - -

lanosterol synthase 7 18 6 23 - -

P450 2 304.444 - - 1 4

P450 TBP 19 417.183 - - - -

CYP71A24 1 5 2 3 - -

CYP71A26 - - 1 14 - -

CYP71B10 - - 1 12 - -

CYP71B34 1 9 - - - -

CYP71D11 - - - - 1 15

CYP72A 2 10 - - - -

CYP72A15 - - 1 7 - -

CYP81D1 1 18 - - - -

CYP82C4 1 231 - - - -

CYP82G1 1 41 1 129 - -

PLAC8 2 12 - - - -

5’-AMP-activated
protein kinase 1 30 - - - -

serine/threonine-protein
kinase AtPK2/AtPK19 1 6 - - - -

In the co-expression network, 22 nodes were observed (Figure 6), among which,
HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), IPPI (isopentenyl diphosphate
isomerase), and FT (farnesyl transferase) showed the highest number of interactions with
other nodes. The expression of the majority of P450 family members was closely related.
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Figure 6. Co-expression network of transcripts related to the synthesis pathway of triterpenes
and members of the cytochrome P450 family in leaves of the galphimine producer plants and
non-galphimine producer plants. Transcripts are represented by spheres and dotted lines are their
interaction. HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase), DXS (1-deoxy-D-xylulose-5-
phosphate synthase), CDP-ME (4-diphosphocytidyl-2-C-methyl-D-erythritol kinase), HMB-PPS (4-
hydroxy-3-methylbut-2-en-1-yl diphosphate synthase), IPP isomerase (isopentenyl diphosphate
isomerase), GPPS (geranyl diphosphate synthase), FT (farnesyl transferase), TS (terpene synthase), SS
(squalene synthase), SE (squalene epoxidase), BAS (beta-amyrin synthase), LS (lanosterol synthase).

2.6. Validation of Transcriptome Data by qPCR

By qPCR analysis, the results of the transcriptomic study were validated. The expres-
sion levels of putative candidate genes related to galphimine synthesis were found to be
similar in both differential gene expression analysis (Table 2) and qPCR (Figure 7). The
expression was higher in GP plants because CT values were lower than in NGP plants
(Figure 8) and significant differences between plants of both populations in fold change
value were observed (Figure 6). In GP plants the genes with a higher level of relative
expression were P450 TBP, 5’-AMP-activated protein kinase, and P450. Overall, the relative
expression of these genes in NGP plants was low.
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Figure 7. Relative expression of putative candidate genes in leaves of galphimine producer plants (GP)
and non-galphimine producer plants (NGP) was calculated by the 2−∆∆Ct method in quantitative PCR
analysis. Y-axis represents the fold change value between GP and NGP. AMPA (5’-AMP-activated
protein kinase), Ser/Thr (serine/threonine-protein kinase AtPK2/AtPK19).
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Figure 8. CT values of leaves of galphimine producer plants (GP) and non-galphimine producer
plants (NGP) obtained by quantitative PCR analysis. AMPA (5’-AMP-activated protein kinase),
Ser/Thr (serine/threonine-protein kinase AtPK2/AtPK19).

3. Discussion

Galphimia spp, is an important medicinal plant in Mexico, with several applications in
traditional medicine; thus, the main investigations with this plant are based on its pharma-
cological effects, especially for the modified triterpenoids galphimines. However, genes
that encode enzymes of the galphimines synthesis pathway are unknown. Nevertheless,
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identifying new genes is a complex and great important process, especially when the
genome is not available. The least complex and economical strategy is the use of omics
tools such as transcriptome and digital gene expression profile analysis. These strategies
allowed to explore and analyze genes with a differential expression which increases the
chance of discovering new genes as well as the characterization of their structure. In
this study, the Illumina Next seq 550 platform has been used to investigate the transcrip-
tomes of Galphimia spp, which allowed the successful identification of several galphimine
synthesis-related genes.

The GO annotation provides a preliminary indication of the nature of a gene prod-
uct. In this study, most of the transcripts have been recorded at the MF and CC gene
ontology levels, which provided an approximation to the elementary functions in which
the transcripts participate as well as the parts of the cells or extracellular environment
they’re located in. Given that galphimines are triterpenoids of polycyclic structure and
that the synthesis of these metabolites includes oxidation and transfer of functional groups,
it is predicted that most of the transcripts identified are associated with transferase and
oxidoreductase activities.

Triterpenes are one of the most important groups of secondary metabolites in plants.
These are generally produced from the acyclic 30-carbon precursors 2,3-oxidosqualene in
eukaryotes. The conversion of 2,3-oxidosqualene to various cyclic triterpenes by squalene
cyclase is the first step in the diversification of the biosynthetic pathway of the triterpenes.
Subsequently, the generated intermediaries undergo a large number of modifications
regio and stereospecific structures catalyzed by cytochrome P450 (CYP), acetylases, and
UDP glucosyltransferases that catalyze oxidation, methylation, acetylation, malonylation,
and glycosylation, [23]. Plant CYPs transfer two electrons from cofactors NADPH and
atmospheric oxygen to their substrates. Generally, plants require a CYP reductase to
support electron transfer [24]. The oleanane, derived from β-amyrin, is one of the largest
representatives of triterpene scaffolds pentacyclic. Approximately 55 CYPs act on scaffolds
of pentacyclic triterpenes of plants. Most of them belong to members of the CYP716 family,
although other families such as CYP51, CYP71, CYP72, CYP87, CYP88, and CYP93 also
participate in modifications of pentacyclic triterpenes [23].

Members of the cytochrome P450 family are involved in the synthesis of triterpenes.
Geisler et al. performed a functional analysis of CYP51 in Nicotiana benthamiana leaves
and demonstrated that this enzyme can catalyze the hydroxylation and the epoxidation
of simple triterpene β-amyrin to give 12,13β-epoxy-3β, 16β-dihydroxy-oleanane (12, 13β-
epoxy-16β-hydroxy-β-amyrin) [25].

Also, three oxidosqualene cyclases (OSC) TwOSC1, TwOSC2, and TwOSC3 were
isolated and characterized from Tripterygium wilfordii. TwOSC1 and TwOSC3 were mul-
tiproduct friedelin synthases and were involved in celastrol biosynthesis, while TwOSC2
was a β-amirin synthase [26]. In that work, the authors proposed a biogenetic pathway for
celastrol in which hydroxyfriedelanes synthesis was mediated by P450 [26]. On the other
hand, in Aralia elata, CYP716A295 and CYP716A296 were identified as the candidate genes
most likely associated with oleanolic acid synthesis [27].

Galphimines are modified triterpenoids, classified as Nor-secofriedelanes. These are
derived from oleanane and later from friedelin. The arrangements in the intermediates
between friedelin and norsecofriedelanes involve oxidation-reduction reactions for opening
a ring and the C3-C4 bond break, resulting in the two functional groups required for the
formation of the seven-membered lactone characteristic of galphimines. Considering
the functions that have been reported for the P450 family in the synthesis of triterpenes
and the gene count of the transcripts encoding members of the P450 family in the GP
population (Table 2), as well as the absence of many of these in the NGP population, these
enzymes could be considered potential candidates for galphimines synthesis, as suggested
in Figure 9.
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Figure 9. Proposed galphimines synthesis pathway mediated by cytochrome P450 in Galphimia spp.
plants. Solid arrows indicate pathway reactions identified in previous work [18,28]. Dotted arrows
indicate reactions proposed in this study.

In differential expression analysis, the GP plants presented a greater number of genes
related to the synthesis of terpenes as compared to the NGP plants. In both analyzed
populations, some transcripts encode the mevalonic acid and methylerythritol phosphate
pathways as well as precursors of the biosynthesis of isoprenoids, terpenes, and triter-
penes. However, in the GP plants, the number and diversity of identified enzymes were
higher. Since terpenes are a group of secondary metabolites that are highly represented in
plants [29], they are present in both studied populations. However, the GP plants presented
a higher expression of the enzymes of this pathway and, as a consequence, a higher content
of these metabolites. This corroborates with the results of the study by Sharma et al. where
the chemical profile of the Galphimia spp., the populations used in this study was analyzed
by thin-layer chromatography (TLC), suggesting the presence of galphimines in the GP
population, while other terpenes were in the NGP population [15].

Among the enzymes with the highest levels of expression in both populations were
terpene synthase and CYP82G1. This is expected because terpene synthase diversifies
isoprenoid precursors into a large number of mono and sesquiterpenes [30]. CYP82G1
participates in the synthesis of volatile homoterpenes. These homoterpenes are considered
among the most common plant compounds that act as part of defense mechanisms against
herbivores [31].

Co-expression networks are a new resource for understanding convergent pathways
and their relations. This resource has been used to address various biological questions [32].
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In the present study, the enzymes selected as possible candidates for the galphimines
synthesis pathway interacted closely with each other, as well as with other enzymes
involved in stages before the triterpenes synthesis. It has shown the genes that participate
in the same metabolic pathway or those are under the same regulatory mechanism. It is
worth remarking on the interaction of 3-hydroxy-3-methylglutaryl-CoA reductase, with
a considerable number of the identified enzymes that are associated with the synthesis
of polycyclic triterpenes. This enzyme is a regulator of the mevalonic acid pathway,
which seems to be the proper route for synthesizing triterpenes [33]. The 3-hydroxy-3-
methylglutaryl-CoA reductase seems to control the core of the terpene’s metabolism in the
cytosol, regulating the production of the compound obtained, as well as the activity of the
gene products involved in these reactions.

In this study, relative expression determined by qPCR corroborated the results from
the transcriptomic analysis. Our results allow us to support that the genes selected as
candidates involved in galphimine biosynthesis are present in high concentrations in the
GP plants and are in low concentrations or absent in the NGP plants.

Given the limited availability of reference genomes in plants, the transcriptomic
analysis of bioactive metabolites in producer and nonproducer plants is a valuable strategy
to detect the genes involved in the synthesis pathways of the compounds of interest.

4. Material and Methods
4.1. Plant Material

The collection of plants and seeds was carried out manually under the permission of
Secretaría de Medio Ambiente y Recursos Naturales (SEMARNAT) in a GP population,
Doctor Mora (Guanajuato) (W 100◦ 19.22; N 21◦ 08.7; 2120 m altitude) and in a NGP
population, Tepoztlán (Morelos) (W 99◦ 06.97 N 18◦ 59.35, 1700 m altitude). The samples
were deposited in the HUMO Herbarium of the Sierra de Huatla Environmental Education
and Research Center of the Universidad Autónoma del Estado de Morelos (UAEM) to
be properly identified, voucher numbers 15189 and 15485, respectively. From 10 seeds
collected from each population, Galphimia spp. seedlings were obtained and cultivated at
20 ◦C of temperature and 60% of humidity for 2 months and then in natural conditions
for 15 months. The experiment was performed from September 2019 to January 2021 in
the Tissue Culture Lab at the Bioengineering Center of Instituto Tecnológico y de Estudios
Superiores de Monterrey, Querétaro, México. During the cultivation period of the plants,
parameters related to their growth and development were evaluated, such as height,
number of lateral branches, leaf area by ellipse equation, and appearance of inflorescences.

4.2. RNA Extraction, Library Preparation, and Transcriptome Sequencing

Total RNA was extracted using RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany)
from the leaves of plants originating from both populations as well as from the roots of the
plants of the producer population as a control. The quality and integrity of the total RNA
were evaluated using a Qsep 100 Advance, Bioptic. RNA concentration was measured using
a NanoDrop 2000 spectrophotometer (NanoDrop Technologies, Technologies, Wilmington,
DE, USA) and a Qubit 4TD fluorometer (Invitrogen, Thermo Fisher, Waltham, MA, USA).

Six RNA-Seq libraries (leaves samples from a GP population plant, leaves samples
from the NGP population, root samples from the GP population, and one replica of each
sample) were constructed using the Illumina TruSeq Stranded Total RNA protocol. Roots
were used as a control since the production of galphimines is negligible in this organ. The
quantity and quality of enriched dscDNA were assessed using a Qubit fluorometer (Thermo
Fisher, Waltham, MA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). The libraries were sequenced using the Illumina Next Seq 550 platform;
for 2 × 76 sequencing, cycles to obtain paired-end readings.
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Reads Quality Control and De Novo Transcriptome Assembly

The quality of the reads obtained by sequencing was analyzed using the FastQC
software (v.0.11.8) and Trimmomatic (v.0.38) tool was used to trim the sequence reads.
Afterward, de novo transcriptomes assembly was carried out, for each sample, by Trinity
(v.2.9.1) using the default settings mode.

4.3. Transcriptome Functional Annotation

Transcriptome functional annotation was performed using the Blast2GO (v.4.1.9).
The assembled transcripts were aligned by a tblastx with the NCBI database. A BLAST
expectation value of 1.0 × 10−3 was applied, and for each sequence, 20 alignments were
made. A sequence mapping was conducted, followed by functional annotation in levels of
gene ontology Biological Process (BP), Molecular Function (MF), and Cellular Component
(CC). Sequences that were not annotated by gene ontology were identified by InterPro,
UniProt, and TAIR databases.

4.4. Differential Expression Analysis

To identify corresponding gene pairs between individuals in the two populations
of Galphimia spp., Corset programs (v.1.09) (clustering de novo assembled transcripts)
was used. After transcripts were compared and grouped, results were also verified by
functional annotation. An abundance quantification of the transcripts assembled in each
transcriptome was conducted using the Kallisto program (v.0.46.0.4). Then, the counting
matrix was built in R (v.4.0.4) for Windows, with the use of the plyr, dplyr, and stats
libraries. Genes with low library counts were filtered using the CPM Filter on a per-million
count (CPM) basis. For the analysis of differential expression, the edgeR library was used.
Samples in the counting matrix were normalized on a transcript-per-million (TPM) basis.
Transcripts expression in the leaves of the GP plants was compared with transcripts of the
NGP and with the control. The differentially expressed transcripts were considered to be
those with a false positive rate (FDR) <0.01 and classified as positively regulated when log
fold Change (logFC) > 2 and negative when logFC < −2. The transcripts with the highest
differential expression values in each sample were visualized on a heat map constructed
with the pheatmap library.

4.5. Identification of Putative Genes Related to the Galphimines Synthetic Pathway

Data obtained from the functional annotation of transcriptomes and the results of
the differential expression analysis were used to identify genes involved in the synthesis
of terpenes and putative candidate genes for the synthesis of galphimines. To identify
the interactions between the genes related to the synthesis of terpenes and the possible
candidate genes for the synthesis of galphimines, a co-expression network was also built,
using the libraries of R, GENIE3, igraph, RCy3, and Rgraphviz. The co-expression network
was calculated in the form of a weighted adjacency matrix, using ensembles of regression
trees. Candidate regulatory genes were not used. The tree method was Random Forests.
The number of candidate regulators randomly selected at each tree node was the square
root of the total number of candidate regulators. The number of trees in each target was
1000. The co-expression network was visualized by Cytoscape (v.3.8.2).

4.6. Validation of Transcriptome Data by qPCR

cDNA of GP plants and NGP plants was obtained using the PrimerScript RT Reagent
Kit with gDNA Eraser (TaKaRa, San Jose, CA, USA). The concentration and purity of cDNA
were evaluated by Nano-Drop 2000 spectrophotometer (NanoDrop Technologies, Tech-
nologies, Wilmington, DE). According to transcriptome data of GP plants, nucleotide
sequences of ten putative candidate genes related to galphimines synthetic pathway
(CYP82C4, P450 TBP, PLAC8, 5’-AMP-activated protein kinase, serine/threonine-protein
kinase AtPK2/AtPK19, P450, CYP71A24, CYP71B34, CYP72A, CYP81D), were used for
primers designing (Table 3) by Primer3 plus program. The quantitative PCR was conducted
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using the TB Green® Advantage® qPCR Premix (Takara Bio USA, Inc., San Jose, CA, USA)
following the manufacturer’s protocol in a StepOne™ Real-Time PCR System (Applied
Biosystems, Waltham, MA, USA). The amplification conditions used were as follows: ac-
tivation/denaturation at 95 ◦C for 10 s, 45 cycles of denaturation at 95 ◦C for 5 s, and
annealing/extension at 60 ◦C for 30 sec followed by a melting curve analysis ranging from
56–95 ◦C. Three biological replicates with three technical replicates were used for each
sample. The relative expression of the RNA was quantified by the 2−∆∆Ct method using U6
as the reference gene [34].

Table 3. Sequences of synthesized primers for qPCR.

Gene Description Gene Symbol Primer Sequence 5′-3′ PCR Product Length (bp)

CYP82C4 CYP82C4 F 5′TCATTTGGTGGGCTAAAAGC 3′

R 5′ACGAGTCCGTTAATGGTTGC 3′ 191

P450 TBP P450 TBP F 5′AGCTTCGTCGCAAGTGAAAT 3′

R 5′TAGGACGCCTGCGTTATCTT 3′ 189

PLAC8 PLAC8 F 5′ACTGTTGATAACCCCGATGG 3′

R 5′TCTCAGGAAGTCCGAACTGG 3′ 170

5′-AMP-activated
protein kinase AMPA F 5′CCCAAGGAAAAGGTTTCACA 3′

R 5′GGCAAAAGCAATGGCTAAGA 3′ 229

serine/threonine-protein
kinase AtPK2/AtPK19 Ser/Thr F 5′TTTCAACTGGACCACAAAGG 3′

R 5′CGTTCGGGAAAGTCTACCAA 3′ 164

P450 P450 F 5′CCTTGAGGTCATGGCTGAAT 3′

R 5′GCTTCTCTCCAAAGGCACAC 3′ 232

CYP71A24 CYP71A24 F 5′CAAACCGGCCTAAATCAAAG 3′

R 5′GCTCTTGTTCATAACTTTCTCAATC 3′ 200

CYP71B34 CYP71B34 F 5′CCGTGAGAGAGGCCATTAAC 3′

R 5′GTGCGAAAGATTTGCGTTCT 3′ 160

CYP72A CYP72A F 5′TTGTTGGCTTTTCGAGGAAT 3′

R 5′AAGCATCAGGAGTGGCAAAC 3′ 167

CYP81D1 CYP81D1 F 5′TCGGAGGATTGGACTACGAC 3′

R 5′TTCCGCCATAACATTTCTCC 3′ 219

5. Conclusions

Transcriptome analysis of two populations of Galphimia spp. allowed the detection of
differences between a galphimine producer GP plant and a non-galphimine producer NGP
plant. The higher expression of P450 family members and kinases in GP plants and their
well-known role in triterpene synthesis make them putative candidates to encode enzymes
involved in the galphimine synthesis pathway.
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Abstract: Sagebrush (Artemisia spp.) are dominant wild plants in large areas of the U.S., Canada
and Mexico, and they include several species and subspecies. The aim was to determine if there are
significant differences in essential oil (EO) yield, composition, and biological activity of sagebrush
within the Bighorn Mountains, U.S. The EO yield in fresh herbage varied from 0.15 to 1.69% for all
species, including 0.25–1.69% in A. tridentata var. vaseyana, 0.64–1.44% in A. tridentata var. tridentata, 1%
in A. tridentata var. wyomingensis, 0.8–1.2% in A. longifolia, 0.8–1% in A. cana, and 0.16% in A. ludoviciana.
There was significant variability in the EO profile between species, and subspecies. Some EO
constituents, such as α-pinene (0–35.5%), camphene (0–21.5%), eucalyptol (0–30.8%), and camphor
(0–45.5%), were found in most species and varied with species and subspecies. The antioxidant
capacity of the EOs varied between the species and subspecies. None of the sagebrush EOs had
significant antimicrobial, antimalarial, antileishmanial activity, or contained podophyllotoxin. Some
accessions yielded EO with significant concentrations of compounds including camphor, eucalyptol,
cis-thujone, α-pinene, α-necrodol-acetate, fragranol, grandisol, para-cymene, and arthole. Therefore,
chemotypes can be selected and possibly introduced into culture and be grown for commercial
production of these compounds to meet specific industry needs.

Keywords: Artemisia tridentata; A. longifolia; A. ludoviciana; A. cana; camphor; antioxidant; eucalyptol;
cis-thujone; α-pinene; α-necrodol-acetate

1. Introduction

The genus Artemisia, distributed mostly in the Northern hemisphere, comprises small
herbs and shrubs of over 500 species occurring in North America, Europe, and Asia [1].
Sagebrush (Artemisia spp.) are woody shrub species of the genus and the dominant wild
species in large areas of Western United States, Canada, and Mexico. They occupy around
69 million ha in the Western United States alone [2,3]. The woody sagebrush include
several species such as big sagebrush (Artemisia tridentata Nutt.), black sagebrush (Artemisia
nova A. Nelson), silver sagebrush (Artemisia cana Pursh), several subspecies and hybrids
(crosses) between these [4], distributed in various states and provinces in North America [5].
Sagebrush communities contribute to the survival of various wildlife species, especially the
greater sage-grouse (Centrocercus urophasianus) and the Gunnison sage-grouse (Centrocercus
minimus) [3,6–9]. Pronghorn antelope (Antilocapra americana) is thought to have evolved
with sagebrush and is now perhaps the only animal species to browse it extensively,
whereas sage-grouse is endemic for sagebrush ranges. Other bigger animals, such as mule
deer (Odocoileus hemionus), elk (Cervus canadensis), and bighorn sheep (Ovis canadensis),
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browse sagebrush. It may also be browsed by domestic sheep and cattle especially during
the winter months, when the ground is covered with snow and there is limited other forage
available [10,11]. The grazing and browsing of big and small sagebrush by wild ungulates
and cattle have been shown to modify density of sagebrush species and to shift the species
composition [12]. Sagebrush density habitat changes have been shown to affect mortality
of pronghorn [13]. The importance of sagebrush rangelands for many animal and bird
species has been outlined in the literature; sagebrush affords habitats for obligate species
(the ones that live only in sagebrush ecosystems) and facultative species (the animals that
may use sagebrush ecosystems and other ecosystems) [3].

In addition to providing cover for wildlife, sagebrush is extensively used in the recla-
mation of disturbed lands, especially in oil and natural gas exploration and development
areas, which started in the 1920s and peaked in 2010–2013. Oil and gas exploration, re-
newable energy such as wind and solar developments, and intensification of recreational
activities have all been affecting sagebrush and associated species, such as sage-grouse,
habitat [14,15]. Fragmentation of habitat by anthropogenic activities such as mining and
energy developments has generally had a negative effect on the sagebrush and sage-grouse
population in Wyoming, where 37% of sage-grouse population resides [14,15].

Sagebrush species have been used extensively by native peoples in North America as
medicinal plants [16]. A comprehensive review on sagebrush species research conducted in
North America provided insights into the evolution, botany and taxonomy, phytochemical
complexity, and also pharmacological findings [17]. Sagebrush EO and extracts have shown
antifungal activity [16,18,19]. A study with extracts from 100 medicinally active plants
reported that extracts of aerial parts of A. ludoviciana and A. tridentata (among other species)
had significant fungal inhibitory activity [16].

Sagebrush plant species contain substantial amounts of EO with a strong specific
aroma; however, the EO is toxic [20]. The EO of aboveground plant parts of sagebrush
species, including A. tridentata, has been investigated in the past [21,22]. However, the
EO yield, composition, and antimicrobial activity of different sagebrush species are yet to
be fully characterized. The hypothesis of this study was that there would be significant
between-species (interspecies) and within-species (intraspecies) variations of EO yield,
composition, and antimicrobial activity. The objective of this study was to assess sagebrush
species in the Bighorn Mountains area of Wyoming, and their EO yield, composition,
and bioactivity.

2. Results and Discussion

There were two separate collections of sagebrush (in 2011 and in 2014) that were
treated as two different studies. Response variables were compared within each collection.

2.1. The 2011 Collections

In the 2011 collection, 13 accessions were identified as A. tridentata Natt. var. vaseyana,
and were collected from elevations ranging from 1907 to 2980 m; 3 accessions were A. longi-
folia, collected at elevations ranging from 1147 to 1166 m; 2 accessions were A. cana var.
cana, collected at elevations of 1292 and 1333 m; another 2 accessions were A. tridentata
var. tridentata, collected at 2141 and 2299 m; 1 accession was identified as A. ludoviciana ssp.
ludoviciana, collected at 1643 m; 1 accession identified as A. tridentata var. wyomingensis,
collected at 1453 m (Table 1).

2.1.1. Artemisia tridentata var. vaseyana

The chemical constituents found in the oil of the A. tridentata var. vaseyana accessions
ranged from 13 to 48 per accession (Table S1). However, the amassed number of identified
constituents amounted to 116 different constituents, indicating significant variability in the
EO profile within the A. tridentata var. vaseyana subspecies. The major constituents present
in the EO of A. tridentata var. vaseyana were α-pinene at 35.5% in accession #210, camphor
at 45.4% for accession #212, eucalyptol at 17.9% for accession #211, chrysanthenone at 17.9%
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for accession #201, fragranol at 20.3% and grandisol at 36.2% for accession #203 (Table S1).
A previous study found 42 constituents in the EO obtained by steam distillation from
leaves and branches of A. tridentata, with camphor, camphene, and 1,8-cineole (eucalyptol)
accounting to 28.6, 16.9, and 13.2% of the total oil [23].

Table 1. Latin name, collection date, elevation and GPS coordinates for sagebrush accessions collected
from Bighorn Mountains in Wyoming in fall of 2011 and fall of 2014.

Accession Latin Name Collection Date Elevation, m GPS Coordinates

201 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 24 August 2011 2383 −
202 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 24 August 2011 2406 44.8048, −107.5413
203 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 24 August 2011 2559 44.8126, −107.6095
204 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 24 August 2011 2377 44.7888, −107.9297
205 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 26 August 2011 2980 44.749, −107.7471
206 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 26 August 2011 2825 44.7588, −107.7556
207 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 26 August 2011 1907 44.7822, −107.968
209 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 23 September 2011 2253 44.3156, −106.9416
210 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 23 September 2011 2396 44.2512, −106.9562
211 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 23 September 2011 2423 44.1571, −107.2517
212 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 23 September 2011 2221 44.1325, −107.2526
213 A. ludoviciana Nutt. ssp. ludoviciana 26 September 2011 1643 44.6327, −107.0786
214 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 26 September 2011 2157 44.619, −107.1014
215 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 26 September 2011 2164 44.6186, −107.1102
216 A. longifolia Nutt. 27 September 2011 1166 44.8117, −106.9116
217 A. longifolia Nutt. 27 September 2011 1147 44.8354, −106.8735
218 A. longifolia Nutt. 27 September 2011 1149 44.8376, −106.8404
219 A. cana Pursh var. cana 27 September 2011 1292 44.8233, −107.2269
220 A. cana Pursh var. cana 27 September 2011 1333 44.826, −107.236
221 A. tridentata Nutt. var. tridentata 30 September 2011 2299 44.569, −107.5337
222 A. tridentata Nutt. var. tridentata 30 September 2011 2141 44.5742, −107.5666
223 A. tridentata Nutt. var. wyomingensis (Beetle and Young) Welsh 30 September 2011 1453 44.0279, −107.5646
250 Artemisia ssp. 28 October 2014 1166 44.8318, −106.8314
251 A. tridentata Nutt. var. wyomingensis (Beetle and Young) Welsh 28 October 2014 1192 44.8318, −106.8338
252 A. cana Pursh var. cana 28 October 2014 1128 44.8376, −106.8403
253 A. cana Pursh var. cana 28 October 2014 1126 44.8433, −106.8407
254 A. cana Pursh var. cana 28 October 2014 1136 44.8462, −106.8395
255 A. cana Pursh var. cana 29 October 2014 1118 44.8925, −107.0287
256 A. cana Pursh var. cana 29 October 2014 1119 44.8886, −107.0293
257 A. cana Pursh var. cana 29 October 2014 1130 44.8887, −107.0327
258 A. cana Pursh var. cana 29 October 2014 1105 44.8967, −107.0289
259 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 30 October 2014 2172 44.618, −107.1121
260 A. tridentata Nutt. var. wyomingensis (Beetle and Young) Welsh 30 October 2014 2524 44.7161, −107.4587
261 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 30 October 2014 2300 44.5691, −107.5338
262 A. tridentata Nutt. var. vaseyana (Rydb.) Boivin 30 October 2014 2895 44.6653, −107.5451

2.1.2. Artemisia tridentata var. tridentata

The chemical constituents found in the EO of A. tridentata var. tridentata are listed in
Table S2 and were 24 and 27 for accession #221 and #222, respectively. Camphor, eucalyptol,
chrysanthenone, and camphene were the major EO constituents for accession #221. For
accession #222, the major EO constituents were camphor, camphene, eucalyptol, and
α-pinene (Table S2).

2.1.3. Artemisia tridentata var. wyomingensis

The 18 EO constituents found in the oil of A. tridentata var. wyomingensis accession are
listed in Table S3. Camphor, arthole, α-santoline alcohol, and eucalyptol were the major
constituents at 20.6, 17.4, 14.8, and 13.0%, respectively.

2.1.4. Artemisia cana

Among the 30 identified constituents in the EO of A. cana, camphor, eucalyptol, α-
santoline alcohol, and arthole were the major constituents in accession #219 at 35.3%, 15.3%,
11.3%, and 9.0%, respectively (Table S4). The major constituents in the EO of accession #220
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were camphor, eucalyptol, camphene, and arthole at 40.6%, 20.5%, 6.6%, and 6.2% of the
total oil, respectively.

2.1.5. Artemisia longifolia

The chemical constituents found in the EO of A. longifolia are listed in Table S5. Among
the 30 identified constituents, 11, 12, and 9 constituents were present above 1% in the oil of
accessions #216, 217, and 218 accounting for 90.9%, 90.9%, and 91.4%, respectively. Eucalyp-
tol at 30.8% was the major constituent in the EO of accession #216, while camphor was the
major constituent at 27.7% and 43.4% in the EO of accessions #217 and #218, respectively.

2.1.6. Artemisia ludoviciana ssp. ludoviciana

Among the 33 constituents found in the EO of A. ludoviciana ssp. ludoviciana accession,
9 were present at concentrations of above 1% and accounted for 90% of the oil (Table S6).
Among these 9 constituents, camphor, eucalyptol, camphene, and borneol were present at
concentrations of 46.2%, 17.9%, 13.3%, and 4.6%, respectively.

2.2. The 2014 Collections

In the 2014 collection, 3 accessions were identified as A. tridentata var. vaseyana, collected
at elevations of 2172, 2300, and 2895 m; 2 accessions were A. tridentata var. wyomingensis,
collected at elevations of 1192 and 2524 m; and 7 accessions as A. cana var. cana, collected at
elevations ranging from 1105 to 1136 m (Table 1).

2.2.1. Artemisia tridentata var. vaseyana

The number of identified chemical constituents found in the EO of A. tridentata var.
vaseyana leaves obtained by hydro-distillation were 19, 28, and 9 for accessions #259, 261, and
262, respectively (Table S7). Artemiseole at 42.8%, camphor at 53.6%, and cyclooctadiene at
38.3% were the major constituents in the oils of accessions #259, 261, and 262, respectively.

2.2.2. Artemisia tridentata var. wyomingensis

There were 27 identified constituents in the EO obtained by hydro-distillation of
A. tridentata var. wyomingensis inflorescences. However, the identified constituents in the
EO obtained by hydro-distillation of leaves were 13 for accession #251 and 27 for #260, with
7 out of these 13 constituents and 14 out of the 27 constituents unique to each accession
(Table S8). Artemiseole at 32.6% and 26.3% was the major constituent in the EO of the
leaves or inflorescences, respectively, for accession #251. Cis-thujone at 71% was the major
constituent in the oil obtained from the leaves of accession #260.

2.2.3. Artemisia cana var. cana

The 28 identified constituents in the EO of either leaves or inflorescences of A. cana
var. cana accessions obtained by hydro-distillation are presented in Table S9. Camphor and
eucalyptol were the major EO constituents for both leaves and inflorescences of A. cana
Pursh var. cana accessions, except for accession #253. The major oil constituents for
the leaves and inflorescences of accession #253 were ortho-cymene/para-cymene and α-
phellandrene. Eucalyptol and camphor were the two major EO constituents in A. cana
flowers, leaves, and stalks, collected from the Central Alberta Prairies, western Canada,
although in different concentrations [24].

Overall, the results from this study demonstrated significant variation in EO content
and composition in sagebrush species and subspecies collected from the Bighorn Mountains
in Wyoming. Previous research from Oregon reported differences in EO composition
between the three main subspecies of A. tridentata: wyomingensis, tridentata, and vaseyna [21].
The major constituents were methacrolein, camphene, artemiseole, eugenol, and artemisia
ketone, with wide variations between and within the subspecies [21]. The wide variation in
the concentration of individual chemical constituents between and within a subspecies is
generally consistent with the results from this study. However, the chemical profile of the
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three Artemisia tridentata subspecies presented in the previous research from Oregon [21] is
different from the ones in this study, which underlines the possibility for the existence of
even greater chemical diversity among A. tridentata subspecies.

Earlier report on A. tridentata identified camphor (40–45%) and eucalyptol (1,8-Cineole),
α-pinene, β-pinene, camphene, thujone, and α-phellandrene being the major constituents;
however, the exact subspecies was not identified [25].

The EO of A. ludoviciana var. latiloba from South Dakota was characterized with high
concentration of oxygenated monoterpenes, such as camphor (20%), borneol, (around
15%), and eugenol (around 10%); however, it was obtained from a single accession [26].
Eugenol and camphor were also among the major constituents of the EO of A. longifolia
and A. ludoviciana, and the latter contained significant amount of davanone [19].

2.3. Essential Oil Yield

The EO yield of the species and subspecies collected in 2011 varied widely, from
0.15% to 1.69% in fresh herbage within Artemisia spp. (Figure 1). Within A. tridentata var.
vaseyana alone, the EO yield of fresh herbage varied from 0.25 to 1.69%. The EO yield
within A. longifolia varied from 0.8 to 1.2%, whereas the EO yield in A. cana was 0.8–1% (not
significantly different within the species), while the EO yield of A. ludoviciana was only 0.16%,
in A. tridentata var. tridentata EO the yield was 0.64–1.44% and was 1% in A. tridentata var.
wyomingensis (Figure 1). The EO yield of the species and subspecies collected in 2014 varied
within and between species (Table S10). EO obtained by hydrodistillation of A. tridentata var.
vaseyana leaves was 0.23% on average and varied from 0.06 to 0.42% (Table S10). Essential
oil obtained by hydrodistillation of A. tridentata var. wyomingensis leaves or inflorescences
was 0.89 and 1.15%, respectively (Table S10). The EO obtained from A. cana var. cana leaves
was 0.47% on average and varied from 0.04 to 0.96%, while the average EO content of
inflorescences was 0.61% and varied from 0.17 to 1.10% (Table S10).

Figure 1. Mean EO yield (%) from six species and their accessions collected in the fall of 2011 from
the Bighorn Mountains in Wyoming. Means sharing the same letter are not significantly different at
the 5% level. A. tridentata va = A. tridentata Nutt. var. vaseyana; A. tridentata tr = A. tridentata Nutt. var.
tridentata; A. tridentata wy = A. tridentata Nutt. var. wyomingensis.
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2.4. The Essential Oil Constituents Found in All Artemisia Species

Alpha-pinene was found in the EO of most species and subspecies with the exception
of two accessions of A. tridentata var. vaseyana, #205 and 206, collected at elevations of 2980
and 2825 m, respectively. The concentration of α-pinene in the oil varied from undetectable
amounts to 35.5% in A. tridentata var. vaseyana; the concentration of this monoterpene in
the oils of the other Artemisia species did not vary significantly within a species (Table 2).
Alpha-pinene, an alkene (C10H16), is a major constituent in orange peel EO, but also in
the EO of many other species ranging from Cannabis sativa, Rosemarinus officinalis to Pinus
ssp. [27–29]. Mercier et al. (2009) [28] have reviewed the many biological effects of α- and
β-pinenes (in turpentine and its fractions). Table 3 shows the square root of Mean Squares
Error (MSE) of the studied variables that estimates the common standard deviation (σ).

Table 2. Mean composition of alpha-pinene, camphene, eucalyptol and camphor (all in %) from six
species and corresponding accessions. Blank cells indicate the constituents were not obtained from
these accessions. A. tridentata va = A. tridentata Nutt. var. vaseyana; A. tridentata tr = A. tridentata Nutt.
var. tridentata; A. tridentata wy = A. tridentata Nutt. var. wyomingensis.

Species Accession Alpha-Pinene Camphene Eucalyptol Camphor

A. tridentata va 201 3.8 def 8.5 de 1.1 i 31.9 bcde
A. tridentata va 202 1.9 ef 6.7 e 2.4 i 27.3 de
A. tridentata va 203 0.9 f 0.1 g 0.8 i 0.3 h
A. tridentata va 204 2.9 def
A. tridentata va 207 1.6 ef 8.4 de 14.8 e 29.3 cde
A. tridentata va 209 29.0 b 2.9 fg 12.3 g 1.8 gh
A. tridentata va 210 35.5 a 2.2 g 12.8 fg 0.6 h
A. tridentata va 211 5.3 d 13.8 b 17.9 d 44.8 a
A. tridentata va 212 5.6 d 13.6 bc 14.1 ef 45.4 a
A. tridentata va 214 1.3 ef 6.5 e 9.7 h 13.5 fg
A. tridentata va 215 23.5 c 2.1 g 2.5 i 3.2 gh
A. tridentata tr 221 3.2 def 10.5 cd 13.6 efg 43.2 ab
A. tridentata tr 222 4.3 de 21.5 a 21.2 c 41.3 ab

A. tridentata wy 223 1.1 ef 6.6 e 12.5 fg 21.6 ef
A. tridentata wy 216 2.8 def 5.8 ef 30.8 a 24.2 def

A. longifolia 217 2.8 def 7.0 e 24.6 b 27.7 de
A. longifolia 218 3.2 def 6.9 e 25.5 b 43.4 ab
A. longifolia 219 2.7 def 7.4 de 15.3 e 35.2 abcd

A. cana 220 3.2 def 6.6 e 20.5 c 40.6 abc
A. cana 213 1.9 ef 13.3 bc 17.9 d 46.2 a

Within each column, means followed by the same letter are not significantly different at the 5% level using
Tukey’s method.

Similar to α-pinene, camphene (another monoterpene) was found in all Artemisia
species and subspecies with the exception of the same two accessions of A. tridentata var.
vaseyana (#205 and 206). Camphene concentrations varied from undetectable amounts to
13.8% within A. tridentata var. vaseyana, from 10.5 to 21.5% in A. tridentata var. tridentata,
and was 6.6% in A. tridentata var. wyimingensis. Camphene concentration was 5.8–7% in
A. longifolia, 6.6–7.4% in A. cana, and 13.3% in A. ludoviciana, and did not vary significantly
within these species.

Similar to α-pinene and camphene, eucalyptol was found in all Artemisia species and
subspecies with the exception of the same two accessions #205 and 206 of A. tridentata. The
concentration of eucalyptol varied from undetectable amounts to 30.8%; its concentration
in A. tridentata was 0–21.2%, 24.6–30.8% in A. longifolia, 15.3–20.5% in A. cana, and 17.9% in
A. ludoviciana (Table 2). The monoterpenoid eucalyptol (1,8 cineole), is a common EO con-
stituent in other plant species and especially in eucalyptus (Eucalyptus globulus), Artemisia
vestita, bay laurel (Laurus nobilis), but also in a number of other plants such as ginger (Zin-
giber officinale) and even a chemotype of lavender (Lavandula stoechas) [27,30–34]. Eucalyptol
has wide applications as flavoring agent in consumer products such as mouthwashes, in
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perfumery and cosmetics, in cigarettes, and also in food products at low concentrations.
Research has shown that eucalyptol has anti-inflammatory and anti-depressive effects [27].

Table 3. Square root of mean squares error (MSE) that estimates the common standard deviation (σ).

Variable
√

MSE

EO yield 0.073
antioxidant activity 6.71

α-pinene 0.949
camphene 1.02
eucalyptol 0.601
camphor 3.66

trans-α-necrodol-acetate 2.06
fragranol 2.43
grandisol 3.10

piperitenone/citronellyl acetate 1.04
borneol 0.154

trans-pinocarveol 1.14
cis-arbusculone 0.158

pinocarvone 0.420
4-terpineol 0.048
Myrtenol 0.123

santolina triene 0.304
borneol/lavandulol 0.070

arthole 1.09
gamma-terpinene 0.063
α-santoline alcohol 0.319

chrysanthemyl alcohol 1.06
beta-pinene 0.956

chrysanthenone 4.17

Similar to α-pinene, camphene, and eucalyptol, camphor was found in all Artemisia
species and subspecies with the exception of the same two accessions #205 and #206 of
A. tridentata. Overall, the concentration of camphor varied from undetectable amounts to
45.5% in the oil of A. tridentata var. vasseyana, from 24.2 to 43.4% in the oil of A. longifolia,
35.2–40.6% in the oil of A. cana (Table 2). The waxy aromatic solid, camphor, a terpenoid
(C10H16O), is isolated from wood of camphor tree, Cinnamomum camphora, and is also
found in EO from other species such as Cedrus libani, Ocimum kilimandscharicum, A. annua,
A. vestita, Piper angustifolium, Sassafras albidum, and Rosmarinus officinalis among others.
Camphor has been known for centuries as an aromatic substance, and it has been used
in ancient China and Japan, in other Asian countries and in Europe medicinally, but also
in culinary applications and cosmetics [35]. It is a toxic substance with various biological
activities ranging from antimicrobial, antiviral, insecticidal, and antitussive to anticancer
activities [35,36].

Trans-α-necrodol-acetate, fragranol, and grandisol were found in the EOs of the
collected accessions #201, 202, 203, 205, and 206 of A. tridentata var. vasseyana (Table 4).
Additionally, trans-α-necrodol-acetate was found in the collected accessions #214 and
215 of A. tridentata var. vasseyana. The concentration of trans-α-necrodol-acetate varied
from undetectable amounts (in most accessions) to 45.1% in A. tridentata var. vasseyana;
this compound was not found in the oils of the other species (Table 4). Alpha-necrodol
acetate (C12H20O2) is a rather rare constituent in plants and has been reported in the EO of
two other plant species, Lavandula suisieri [37,38] and Evolvulus alsinoides (slender dwarf
morning glory) [39].

The concentration of fragranol varied from 5.7 to 20.3% in the above-mentioned
collected accessions of A. tridentata var. vasseyana, whereas the concentration of grandisol
varied from 6.5 to 36.2% in the same accessions (Table 4). The monoterpene grandisol
(C10H18O) is used as pheromone (sex attractant) for agricultural pests such as cotton boll
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weevil (Anthonomus grandis) and other weevils [40]. It has been reported in the EO of other
Artemisia species such as A. vestita [32] and also in Achillea falcata [41].

Table 4. Mean trans-α-necrodol-acetate, fragranol, grandisol, cis-arbusculone, trans-pinocarveol
and chrysanthenone (all in %) from 10 collections of the A. tridentata Nutt. var. vaseyana (Rydb.)
Boivin. Blank cells indicate the constituents were not obtained from these accessions. A. tridentata
va = A. tridentata Nutt. var. vaseyana.

Species Accession
Number

Trans-α-Necrodol-
Acetate Fragranol Grandisol Cis-

Arbusculone
Trans-

Pinocarveol Chrysanthenone

A. tridentata va 201 5.7 e 5.7 c 6.5 d 21.61 a
A. tridentata va 202 13.5 d 12.4 bc 17.6 c 1.21 b
A. tridentata va 203 25.9 c 20.3 a 36.2 a
A. tridentata va 205 34.8 b 14.9 ab 31.1 ab
A. tridentata va 206 45.1 a 15.0 ab 26.2 bc
A. tridentata va 207 11.86 ab
A. tridentata va 209 3.1 a 24.8 a
A. tridentata va 210 2.3 b 20.9 b
A. tridentata va 214 8.2 de
A. tridentata va 215 4.8 e 6.0 c

Within each column, means followed by the same letter are not significantly different at the 5% level using
Tukey’s method.

Trans-arbusculone was found in the oils of only two collected accessions (#209 and
210) of A. tridentata var. vasseyana, and its concentration was 2.3–3.1% of the oil. Trans-
pinocarveol was found in four accessions (#207, 209, 210, and 215) of A. tridentata var.
vasseyana and its concentration varied from 2 to 24.8% of the oil.

Chrysanthenone was found in the oils of three accessions (#201, 202, and 207) of
A. tridentata var. vasseyana, and its concentration ranged from 1.2 to 21.6% of the oil
(Table 4).

Borneol was not found in A. tridentata, it was only present in the oils of A. longifolia,
A. cana, and A. ludoviciana, and its concentration was 2.3–2.6% in the oils of A. longifolia
and A. cana and 4.6% in the oil of A. ludoviciana (Table 5). Pinocarvone was found in six
accessions of A. tridentata var. vasseyana only and its concentration varied from 1.2 to 6.9%
of the oil. The monoterpene 4-terpineol was found in four accessions of A. tridentata var.
vasseyana and also in A. longifolia and A. cana. The concentration of 4-terpineole varied
from 0.9 to 1.4% in the oil of A. tridentata var. vasseyana, from 1.7 to 2.5% in the oil of
A. longifolia, and 1.5–2.1% in the oil of A. cana. Santolina triene was found in two accessions
of A. tridentata var. vasseyana (#214, 215), and also in the oils of A. tridentata var. tridentata,
A. logifolia, and A. cana. The concentration of santolina triene was 1.7–2.5% in the oil of
A. tridentata, 3.5–3.7% in A. cana, and varied from 2.7 to 6.8% in the oil of A. longifolia.

Arthole was found in the oils of the same two accession of A. tridentata vasseyana, in
A. tridentata var. tridentata, in A. tridentata var. wyomingensis, and in the oils of A. longifolia
and A. cana. The concentration of arthole was 10.3 and 13.0% in the oils of A. tridentata var.
vasseyana, 3.8% in the oil of A. tridentata var. tridentata, 20.1% in the oil of A. tridentata var.
wyomingensis, from 3.2 to 9.7% in the oil of A. longifolia, and 6.2 and 9.0% in the oil of A. cana
(Table 5).

Gama-terpinene was found in the oil of two accessions of A. tridentata var. vasseyana
(at 1.0 and 2.2%), in A. longifolia (1.5–2.5% range) and in A. cana (1.7–1.8%) (Table 6). Alpha-
santoline alcohol was found in the same two accessions of A. tridentata var. vasseyana (at
3.7 and 5.9%), in two accessions of A. longifolia (at 6.0 and 7.6%), and in one accession of
A. cana (at 11.3%). Chrysanthemyl alcohol was found only in the same two accessions of
A. tridentata var. vasseyana (at 4.4 and 11.4%). Beta-pinene was only found in the oil of one
accession of A. tridentata var. tridentata at 2.2% concentration (Table 6).
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Table 5. Mean borneol, pinocarvone, 4-terpineol, santolina triene and arthole (all in %) from six
species and their corresponding collection number. Blank cells indicate the constituents were not
obtained from these accessions. A. tridentata va = A. tridentata Nutt. var. vaseyana; A. tridentata
tr = A. tridentata Nutt. var. tridentata; A. tridentata wy = A. tridentata Nutt. var. wyomingensis.

Species Accession Number Borneol Pinocarvone 4-Terpineol Santolina Triene Arthole

A. tridentata va 209 5.3 b 1.3 e
A. tridentata va 210 6.9 a 1.4 de
A. tridentata va 211 1.0 c 1.1 f
A. tridentata va 212 1.2 c 0.9 g
A. tridentata va 214 8.1 a 2.5 cde 13.0 b
A. tridentata va 215 1.9 c 1.8 de 10.3 c
A. tridentata tr 221 1.7 e 3.8 f
A. tridentata wy 223 20.1 a

A. longifolia 216 2.3 c 2.5 a 2.7 cd 9.7 cd
A. longifolia 217 2.4 bc 1.7 c 6.8 a 6.8 e
A. longifolia 218 2.4 bc 2.2 b 3.1 bc 3.2 f

A. cana 219 2.3 c 1.5 d 3.5 b 9.0 d
A. cana 220 2.6 b 2.1 b 3.7 b 6.2 e

A. ludoviciana 213 4.6 a 1.3 e 2.2 de

Within each column, means followed by the same letter are not significantly different at the 5% level using
Tukey’s method.

Table 6. Mean gamma-terpinene, alpha-santoline alcohol, chrysanthemyl alcohol and beta-pinene (all
in %) from four species and their subspecies. Blank cells indicate the constituents were not obtained
from these accessions. A. tridentata va = A. tridentata Nutt. var. vaseyana; A. tridentata tr = A. tridentata
Nutt. var. tridentata.

Species Accession Number Gamma-Terpinene Alpha-Santoline
Alcohol

Chrysanthemyl
Alcohol Beta-Pinene

A. tridentata va 204 7.23 a
A. tridentata va 214 1.0 e 3.7 d 11.37 a
A. tridentata va 215 2.2 b 5.9 c 4.44 b
A. tridentata tr 222 2.21 b

A. longifolia 216 1.5 d 7.6 b
A. longifolia 217 2.5 a 6.0 c
A. longifolia 218 1.5 d

A. cana 219 1.8 c 11.3 a
A. cana 220 1.7 cd

Within each column, means followed by the same letter are not significantly different at the 5% level using
Tukey’s method.

The following more significant oil constituents were only found in one or two acces-
sions of A. tridentata var. vasseyana and did not vary within the accessions: periritenone
(average concentration of 4.1%) in three accessions, artemisyl acetate (2.9%) in one acces-
sion, myrtenol (at 1.2%) in two accessions, borneol/lavandulol (1.9%) in two accessions,
trans-arbusculone (1.9%) in one accession, piperitenone/citronellyl acetate (at 7.3%) in two
accessions (Table 7).
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Table 7. Piperitenone/citronellyl acetate, artemisyl acetae, myrtenol, borneol/lavandulol, trans-
rbusculone, sabinene, alpha-phellendrene, para-cymene and trans-ocimene that were obtained from
only one accession (shown in bracket in Column 1) or without significant difference among accessions.

Species (Accession Numbers) Constituent Mean (%)

A. tridentata Nutt. var. vaseyana (201, 202, 203) Piperitenone/citronellyl acetate 4.13
A. tridentata Nutt. var. vaseyana (209) Artemisyl acetae 2.88

A. tridentata Nutt. var. vaseyana (209, 210) Myrtenol 1.2
A. tridentata Nutt. var. vaseyana (211, 212) Borneol/Lavandulol 1.9

A. tridentata Nutt. var. vaseyana (215) Trans-arbusculone 1.88
A. tridentata Nutt. var. vaseyana (214, 215) Piperitenone/Citronellyl acetate 7.26

A. tridentata Nutt. var. vaseyana (204) Sabinene 12.32
A. tridentata Nutt. var. vaseyana (204) Alpha-phellendrene 16.86
A. tridentata Nutt. var. vaseyana (204) Para-cymene 31.83
A. tridentata Nutt. var. vaseyana (204) Trans-ocimene 0.94

2.5. Antioxidant Capacity of Artemisia Species and Subspecies

The antioxidant capacity of the EOs varied between the species and subspecies, with
the highest being 80.5 µmol/g for A. tridentata var. wyomingensis and 60.5 µmol/g in
A. tridentata var. tridentata; the antioxidant capacity of the rest of the oils was not different
from the antioxidant capacity of the oils from the above two species (Table 8). This is the
first report on antioxidant activity of the EO of the sagebrush species tested in this study;
however, there is a previous report on A. tridentata var. wyomingensis leaf extract (70%
ethanol extraction for 24 h) [42], but not on sagebrush EO.

Table 8. Mean antioxidant activity (µM Trolox equivalents/g) of the essential oils from the five species.

Species Accession Number Antioxidant Activity

A. tridentata Nutt. var. vaseyana 207 63.1 ab
A. tridentata Nutt. var. tridentata 221 60.5 b

A. tridentata Nutt. var. wyomingensis 223 80.5 a
A. longifolia 216 73.4 ab

A. cana 220 71.5 ab
Means followed by the same letter are not significantly different at the 5% level using Tukey’s method.

None of the accessions contained any podophyllotoxin, indicating that Artemisia
species and subspecies collected in this study did not contain podophyllotoxin.

2.6. Antileishmanial Evaluations

Compounds from some other Artemisia species (e.g., the endoperoxide artemisinin from
A. annua) were reported to possess leishmanicidal activity [43]. Compounds extracted from
A. aucheri have shown antileishmanial effect [44]. Ethanol extract from A. absinthium was
found to be effective against Leishmania major L. in vitro [45]. The essential oil of A. absinthium
was also reported to have promise as active compounds source against Leishmania [46].

In this study, representative essential oil samples from each of the species A. cana Pursh
var. cana, A. longifolia, A. tridentata Nutt. var. tridentata, A. tridentata Nutt. var. vaseyana,
and A. tridentata Nutt. var. wyomingensis were each evaluated against Leishmania donovani
promastigotes and none demonstrated activity above 50% inhibition when evaluated at
80 µg/mL (Table S11). The bioassays used in this study are suited for the discovery of new
therapeutic agents and hence the concentrations used in the analysis were much lower than
those in previous studies.

2.7. Antiplasmodial Evaluations

Representative essential oil samples from each of the species A. cana Pursh var. cana,
A. longifolia, A. tridentata Nutt. var. tridentata, A. tridentata Nutt. var. vaseyana, and A. tridentata
Nutt. var. wyomingensis were evaluated against Plasmodium falciparum D6 at 15,867 ng/mL
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and none of them demonstrated activity above 50% inhibition to warrant secondary evalua-
tions for LC50 determinations (Table S11).

2.8. Antimicrobial Evaluations

Representative essential oil samples from each of the species A. cana Pursh var. cana,
A. longifolia, A. tridentata Nutt. var. tridentata, A. tridentata Nutt. var. vaseyana, and A. tridentata
Nutt. var. wyomingensis were evaluated against Candida albicans, Candida glabrata, Candida kru-
sei, Aspergillus fumigatus, Cryptococcus neoformans, Staphylococcus aureus, Methicillin-resistant
S. aureus, Escherichia coli, Pseudomonas aeruginosa, and Mycobacterium intracellulare, but none of
them demonstrated activity above 50% inhibition when evaluated at 50 µg/mL (Table S12).

3. Materials and Methods
3.1. Collection of the Plant Material

Two separate collections of sagebrush species were conducted and included in this
study. In 2011, we conducted a comprehensive study in the Bighorn Mountains area to
identify the species of sagebrush and analyze their EO content, profile, and bioactivity.
Accessions were collected from a total of 22 sites at various elevations (1150–2988 m a.s.l.)
(Table 1). In a separate study conducted in 2014, additional accessions were collected
from 12 sites at elevations ranging from 1108 to 2902 m a.s.l. (Table 1). The sagebrush
aboveground herbage was collected from each collection site, and the GPS coordinates were
recorded (Table 1). Plant material from each collection site was identified by Ms. Bonnie
Heidel at the Rocky Mountain Herbarium, at the University of Wyoming (http://www.
uwyo.edu/wyndd/about-wyndd/staff/bonnie-heidel.html), accessed on 28 April 2022.

The majority of the collected accessions belonged to the big sagebrush subspecies:
A. tridentata Natt. var. vaseyana (Rydb.) Beetle (mountain big sagebrush), A. tridentata Natt.
var. wyomingensis Beetle and Young (Wyoming big sagebrush), and A. tridentata Natt. var.
tridentata (basin big sagebrush). The most frequent and widespread species was A. tridentata
Natt. var. vaseyana (Rydb.). In addition, we collected and identified the following species in
the area: Artemisia cana Pursh (silver sagebrush), A. ludoviciana Nutt. (white sagebrush),
and A. longifolia Nutt. (longleaf wormwood).

3.2. Essential Oil Extraction
3.2.1. Steam Distillation

Subsamples of Artemisia species and subspecies collected in 2011 were subjected to
steam distillation for extraction of the EO. Representative samples of 500 g fresh material
that included all aboveground plant parts, leaves, inflorescences, and annual stems not
thicker than 2 mm were cut into approximately 2.5 cm long pieces. Then, each sample was
immediately placed into the bioflask of 2 L steam distillation units (HeartMagic, Rancho
Santa Fe, CA, USA) and steam distilled for 60 min as described previously for spearmint
and peppermint [47,48].

3.2.2. Hydro-Distillation

Essential oil from the accession samples collected in 2014 was extracted via hydro-
distillation. A 100 g fresh plant biomass sample consisting of stems and leaves only or
inflorescences only, cut into approximately 2.5 cm long pieces, was placed into a 2 L boiling
flask along with 1.5 L water and distilled for 60 min.

Distillation time was measured from when the first drop of EO appeared in the glass
Florentine vessel (the separator), and at the end of the 60 min period, the power was shut
down and the distillation discontinued. After the distillation of each sample, the water was
drained from the Florentine vessel and the oil was collected in a glass vial and placed in
a freezer. The collected EOs were separated from the remaining water, measured on an
analytical scale, and the oil content (oil yield) was calculated as grams of oil per 100 g of
fresh aboveground sagebrush biomass. Afterward, the EO samples were stored in at −5 ◦C
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in a freezer until the oils were analyzed for chemical profile on gas chromatography-mass
spectrometry (GC-MS).

3.3. Gas Chromatography (GC) Mass Spectroscopy (MS) of the Sagebrush Species
Essential Oil (EO)

The GC-MS analysis of the sagebrush EO samples was conducted as described previ-
ously [49]. Briefly, the sagebrush EO samples (all samples in three replicates) were analyzed
on a GC-MS instrument (Hewlett Packard Model 6890; Hewlett-Packard, Palo Alto, CA,
USA). The carrier gas was helium at a mean speed of 40 cm/s−1, at 11.7 psi (60 ◦C), and a
constant flow rate at 2.5 mL/min−1. The injection was split 60:1, 0.5 µL, with 220 ◦C injector
temperature. The GC oven temperature program was as described previously: 60 ◦C for
1 min and 10 ◦C/min to 250 ◦C. The column was HP-INNOWAX (crosslinked polyethylene
glycol; 30 m × 0.32 mm × 0.5 mm), and the flame ionization detector temperature was
275 ◦C. The sagebrush EO constituents were expressed as percentage of all the constituents
in the EO. The identification of individual constituent peaks was completed using standard
compounds, through retention index values and through MS spectra comparison.

3.4. Podophyllotoxin Extraction and Measurements

The Artemisia samples collected in 2011 were also subjected to chemical analyses for
podophyllotoxin. The podophyllotoxin extraction and purification followed a previously
described procedures [50] and as described in a podophyllotoxin analyses of Juniperus
paper [51].

3.5. Antimicrobial, Antimalarial, and Antileishmanial Activity and Cytotoxicity

The EO from the accessions collected in 2011 were submitted for analyses of antimicro-
bial, antimalarial, and antileishmanial activity and cytotoxicity. The assays were conducted
at The University of Mississippi, National Center for Natural Products Research using
methods developed at the Center and as described previously [51].

3.6. Antioxidant Activity of the EOs of Artemisia Species and Subspecies from This Study

The antioxidative capacity of the Artemisia oils collected in 2011 was determined by
the oxygen radical absorbance capacity (ORAC) [52,53] and as described previously [54].
All samples were taken in triplicate.

3.7. Statistical Analyses of the Data

Analysis of variance was completed for EO yield, antioxidant activity, and the concen-
trations of α-pinene, camphene, eucalyptol, camphor, trans-α-necrodol-acetate, fragranol,
grandisol, piperitenone/citronellyl acetate, borneol, trans-pinocarveol, cis-arbusculone,
pinocarvone, 4-terpineol, myrtenol, santolina triene, borneol/lavandulol, arthole, gamma-
terpinene, α-santoline alcohol, chrysanthemyl alcohol, beta-pinene, and chrysanthenone
using either a nested design or a completely randomized design model, and both designs
used 3 replications. A nested design (species, and subspecies nested within species effects
in the model) was used for EO yield, and the constituents obtained from more than one
species. However, for the constituents obtained only within a species, a completely random-
ized design was used to compare the subspecies. The analysis was completed using the
Mixed Procedure of SAS [54], and for each response, the validity of model assumptions was
verified by examining the residuals as described in [55]. Since the effects of species (where
applicable) and subspecies were significant (with the exception of piperitenone/citronellyl
acetate, myrtenol, and borneol/lavandulol where the subspecies were not significantly
different), multiple means comparison of the subspecies was completed using Tukey’s
multiple means comparison method at the 5% level of significance.
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4. Conclusions

This study investigated the EO composition and bioactivity of several sagebrush
species in the Western United States, and the findings revealed wide variation in the
EO yield and composition between the sagebrush species, as well as within a species or
subspecies, partially confirming the hypothesis. These findings suggest the presence of
chemotypes within some species of sagebrush.

The outcomes from this study refuted part of our hypothesis that the essential oil
obtained from the sagebrush species would have antileishmanial, antimalarial, and an-
timicrobial activities. The hypothesis was based on reports of such activities for extracts
and derivatives from other Artemisia species, such as A. annua, A. aucheri, A. absinthium.
Synthetic 1,2-dioxanes were shown to possess leishmanicidal activity, whilst the natural
endoperoxide artemisinin was not effective against L. donovani [43]. Compounds extracted
from A. aucheri have shown antileishmanial effects against L. major [44]. Ethanol extract
from A. absinthium was found to be effective against Leishmania major L. in vitro [45]. The
EO of A. absinthium was also reported to have promise as active compounds against Leishma-
nia [46]. It is worth noting that the bioassays used in this study are suited to the discovery
of new therapeutic agents and the concentrations used in the analysis are perhaps much
lower than the concentrations used in previous reports. In addition, we used whole oils
from different Artemisia species.

The EOs of the sagebrush species in this study did not show significant antimicrobial
activities, which contradicts other reports [18]. Most probably, the differences between
the antimicrobial activity of the tested EO in this study and literature reports were due to
the following: (1) higher concentrations used in the previous reports; (2) different assays;
(3) differences in chemical constituents of the EOs in this study vs. literature reports.
Indeed, a report [18] found differences in antifungal activity between different populations
of A. tridentata. The authors of the report explained these differences with compositional
dissimilarities of secondary metabolites between the different populations with respect to
antifungal activity.

Overall, wild grown sagebrush species and subspecies seem to be a largely untapped
resource for EO with interesting and possibly desirable composition. Some of the accessions
have yielded EO with significant concentrations of compounds such as camphor, eucalyptol,
cis-thujone, α-pinene, α-necrodol-acetate, fragranol, grandisol, para-cymene, and arthole
among others. Therefore, chemotypes can be selected and possibly introduced into culture
and be grown for commercial production of these compounds.

The results of our studies suggest immense chemical diversity exists that presents an
opportunity for the selection of chemotypes/varieties with high concentration of EO with
desirable composition.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11091228/s1, Table S1: Mean (using n = 3) content (%) of constituents in essential
oil obtained by steam distillation of A. tridentata Nutt. var. vaseyana (Rydb.) Boivin accessions
biomass collected from Bighorn Mountains in Wyoming; Table S2: Mean (using n = 3) content (%)
of constituents in essential oil obtained by steam distillation of A. tridentata Nutt. var. tridentata
accessions biomass collected from Bighorn Mountains in Wyoming; Table S3: Mean (using n = 3)
content (%) of constituents in essential oil obtained by steam distillation A. tridentata Nutt. var.
wyomingensis (Beetle and Young) Welsh accessions biomass collected from Bighorn Mountains in
Wyoming; Table S4: Mean (using n = 3) content (%) of constituents in essential oil obtained by
steam distillation of A. cana Pursh var. cana accessions biomass collected from Bighorn Mountains
in Wyoming; Table S5: Mean (using n = 3) content (%) of constituents in essential oil obtained by
steam distillation of A. longifolia Nutt. accessions biomass collected from Bighorn Mountains in
Wyoming; Table S6: Mean (using n = 3) content (%) of constituents in essential oil obtained by
steam distillation of A. ludoviciana Nutt. ssp. ludoviciana accessions biomass collected from Bighorn
Mountains in Wyoming; Table S7: Mean (using n = 3) content (%) of constituents in essential oil
obtained by hydrodistillation of A. tridentata var. vaseyana accessions biomass (leaves) collected
from Bighorn Mountains in Wyoming; Table S8: Mean (using n = 3) content (%) of constituents
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in essential oil obtained by hydrodistillation of A. tridentata var. wyomingensis accessions biomass
(leaves or inflorescences) collected from Bighorn Mountains in Wyoming; Table S9: Mean (using n = 3)
content (%) of constituents in essential oil obtained by hydrodistillation of A. cana var. cana accessions
biomass (leaves or inflorescences) collected from Bighorn Mountains in Wyoming; Table S10: Mean
(using n = 3) content (%) and range of EO obtained by hydrodistillation for accessions from Bighorn
Mountains in Wyoming in the Fall of 2014; Table S11. Evaluation of select essential oils against
Leishmania donovani and Plasmodium falciparum D6. Data are percent inhibition. Primary evaluations
performed at 80 ug/mL for L. donovani and 15,867 ng/mL for P. falciparum D6; Table S12. Evaluation
of select essential oils against opportunistic infection pathogens. Primary evaluations performed at
50 ug/mL and data are percent inhibition.
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Jana Štefániková 3 , Hana Ďúranová 3 , Przemysław Łukasz Kowalczewski 5 , Natália Čmiková 1
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Abstract: Thymus vulgaris essential oil has potential good biological activity. The aim of the research
was to evaluate the biological activity of the T. vulgaris essential oil from the Slovak company. The
main components of T. vulgaris essential oil were thymol (48.1%), p-cymene (11.7%), 1,8-cineole
(6.7), γ-terpinene (6.1%), and carvacrol (5.5%). The antioxidant activity was 85.2 ± 0.2%, which
corresponds to 479.34 ± 1.1 TEAC. The antimicrobial activity was moderate or very strong with
inhibition zones from 9.89 to 22.44 mm. The lowest values of MIC were determined against B. subtilis,
E. faecalis, and S. aureus. In situ antifungal analysis on bread shows that the vapor phase of T. vulgaris
essential oil can inhibit the growth of the microscopic filamentous fungi of the genus Penicillium.
The antimicrobial activity against S. marcescens showed 46.78–87.80% inhibition at concentrations
62.5–500 µL/mL. The MALDI TOF MS analyses suggest changes in the protein profile of biofilm
forming bacteria P. fluorescens and S. enteritidis after the fifth and the ninth day, respectively. Due
to the properties of the T. vulgaris essential oil, it can be used in the food industry as a natural
supplement to extend the shelf life of the foods.

Keywords: Thymus vulgaris; biofilm; DPPH; P. fluorescens; S. enteritidis

1. Introduction

Thymus vulgaris is a flowering plant of the Lamiaceae family. The origin of this plant
is in southern Europe. It is an evergreen shrub with small, strongly aromatic, gray-green
leaves and with purple or pink bunches of flowers [1]. Thyme was used in folk medicine
for centuries for its significant antimicrobial and anti-inflammatory effects. It is often
used in cooking as a seasoning [2]. T. vulgaris is characterized by chemical polymorphism
according to the main volatile component. There are six known chemotypes of T. vulgaris
essential oils: geraniol, linalool, α-terpineol, tujanol-4, thymol, and carvacrol. In the vast
majority of plants and subsequent essential oils, one chemotype occurs, but in some, we
can find two to three different chemotypes [3,4]. Due to the antimicrobial features of the
main constituents, T. vulgaris essential oils are effective not only against bacteria and yeasts
but also show inhibition activity against microscopic filamentous fungi [5,6].

Bacteria are very rarely found in planktonic lifeform as they are often exposed to an
adverse environment. For higher resistance, bacteria begin to form a biofilm which is a
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3D structure surrounded by an extracellular matrix of polysaccharides [7]. These bacterial
forms are difficult to control and are highly resistant to antibiotics [8].

Salmonella enteritidis is a gram-negative bacterium (G−) that causes gastrointestinal
problems due to contamination of predominantly animal products such as meat and
eggs [9]. Its cells can form biofilms and adhere to various surfaces that are in contact
with food. The majority of the biofilms occur in food processing industries, on work
surfaces such as stainless steel, glass, rubber, and polyurethane [10]. As a result, cross-
contamination of products may occur. Due to biofilm formation, the bacteria are more
resistant to commonly used disinfectants which increase the risk of the contamination [11].

Pseudomonas fluorescens is a gram-negative foodborne pathogen that causes the spoilage
of foods with a high-water content. Compared to the other pathogens, it can grow even at
low temperatures [12]. In the dairy industry, it is a source of contamination for milk and
dairy products. P. fluorescens is a suitable and recognized model organism for the study of
biofilms [13].

The most commonly used techniques for studying biofilms are microscopy-based
methods, which are very limited. Mass spectrometry is a suitable option for the study
of biofilms [14]. The MALDI-TOF MS Biotyper is a suitable and new method for the
analysis of phenotypic differences in biofilm progression. Additionally, the changes in
the properties of the growth related to the different surfaces was detectable [15]. To this
date, only a few authors have followed the development and structure of biofilms using
MALDI-TOF MS Biotyper [15–17].

Essential oils from medicinal plants were used since ancient times to treat certain
diseases due to their antimicrobial effects. Currently, there is a trend of increasing antibiotic
resistance of many microorganisms, and it is necessary to look for alternative compounds
to eliminate them. Due to their antimicrobial effects, essential oils represent a promising
potential as a natural alternative to antibiotics [18].

This study’s aim was to analyze the biological activity of the essential oil from T.
vulgaris. To determine the antioxidant, antimicrobial, antibiofilm activity, as well as the
chemical composition, of the essential oil. Moreover, the evaluation of the changes in
biofilm structure on glass and wood surfaces on microorganisms Salmonella enteritidis and
Pseudomonas fluorescens using MALDI-TOF MS Biotyper was performed. We also focused
on the antifungal effect of the vapor phase of essential oil on a food model.

2. Results
2.1. Chemical Composition of T. vulgaris Essential Oil

Using gas chromatography/mass spectrometry (GC/MS) and gas chromatography
(GC-FID), we detected the main components of T. vulgaris essential oil is thymol 48.1%,
p-cymene 11.7%, 1,8-cineole 6.7%, γ-terpinene 6.1%, and carvacrol 5.5% (Table 1). Based on
the chemical composition, we classify the essential oil T. vulgaris into the thymol chemotype.

Table 1. Chemical composition of essential oil of T. vulgaris.

ERI a LRI b Compound c % d

1 926 930 α-thujene 0.5
2 938 939 α-pinene 2.1
3 948 954 camphene 0.7
4 977 975 sabinene 0.2
5 980 979 β-pinene 0.9
6 992 990 β-myrcene 1.0
7 993 991 3-octanol tr
8 1004 1002 α-phellandrene 0.1
9 1009 1011 δ-3-carene tr
10 1016 1017 α-terpinene 0.8
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Table 1. Cont.

ERI a LRI b Compound c % d

11 1023 1024 p-cymene 11.7
12 1028 1029 α-limonene 1.3
13 1033 1031 1,8-cineole 6.7
14 1047 1050 (E)-β-ocimene tr
15 1060 1059 γ-terpinene 6.1
16 1088 1088 α-terpinolene 0.3
17 1089 1086 trans-linalool oxide tr
18 1098 1096 linalool 4.4
19 1148 1146 camphor 1.3
20 1151 1152 menthone 0.2
21 1170 1169 borneol 2.2
22 1178 1177 4-terpinenol 1.9
26 1189 1188 α-terpineol 0.5
27 1245 1244 carvacrol methyl ether 0.3
28 1255 1257 linalool acetate tr
29 1256 1252 geraniol tr
30 1286 1285 bornyl acetate tr
31 1290 1290 thymol 48.1
32 1302 1299 carvacrol 5.5
33 1422 1419 (E)-caryophyllene 2.3
34 1507 1505 β-bisabolene 0.4
35 1525 1523 δ-cadinene 0.1
36 1583 1583 caryophyllene oxide 0.3

total 99.7
a Experimental values of retention indices on HP-5MS column; b literature values of retention indices; c identified
compounds; d the percentage of the identified compound; tr = compounds identified in amounts less than 0.1%.

2.2. Antioxidant, Antimicrobial Activity, and Minimal Inhibition Concentration (MIC)

The antioxidant activity of T. vulgaris essential oil was determined to be 85.2 ± 0.2%
using the DPPH radical and expressed as the equivalent of the standard substance Trolox
479.34 ± 1.1 TEAC. The antimicrobial activity was evaluated by the disk diffusion test
evaluating the effect against gram-positive bacteria (Bacillus subtilis CCM 1999, Enterococcus
faecalis CCM 4224, Staphylococcus aureus,), gram-negative bacteria (Pseudomonas aerugi-
nosa CCM 3955, Yersinia enterocolitica CCM 7204, Salmonella enterica subsp. enterica ser.
Enteritidis CCM 4420, Serratia marcescens CCM 8588), yeast (Candida krusei CCM 8271,
Candida albicans CCM 8261, Candida tropicalis CCM 8223, Candida glabrata CCM 8270), and
biofilm-forming bacteria (Salmonella enteritidis, Pseudomonas fluorescens). In all tested mi-
croorganisms, including biofilm-forming bacteria, we observed moderate and very strong
inhibitory activity except in C. tropicalis, which showed moderate inhibitory activity slightly
below the threshold value of strong activity. MIC 50 and MIC 90 were determined by analy-
sis of the minimum inhibitory concentrations. Low values of MIC 50 (12.12–16.56 µL/mL)
and MIC 90 (16.43–19.26 µL/mL) were found in B. subtilis, E. faecalis, and S. aureus. The
highest MIC 50 and MIC 90 values were determined for S. enteritidis biofilm. Moderate
MIC 50 and MIC 90 values were determined for S. enterica subs. enterica ser. Enteritidis,
P. aeruginosa, Y. enterocolitica, C. albicans, C. krusei, C. tropicalis, C. glabrata, S. marcescens,
and P. fluorescens biofilm. Details of the results of antimicrobial activity and minimum
inhibitory concentrations are given in Table 2.
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Table 2. Antimicrobial activity of essential oil of T. vulgaris.

Microorganism Zone Inhibition (mm) Activity of EO MIC 50 (µL/mL) MIC 90 (µL/mL) ATB

S. enterica subsp.
enterica ser. enteritidis 17.00 ± 0.87 *** 86.35 121.31 28.00 ± 0.06

P. aeruginosa 10.67 ± 0.87 ** 103.28 169.19 25.00 ± 0.03
Y. enterocolitica 10.56 ± 1.67 ** 64.49 71.59 24.00 ± 0.08

S. aureus 10.67 ± 1.00 ** 16.56 19.26 24.00 ± 0.08
B. subtilis 11.33 ± 1.53 ** 12.12 16.56 26.00 ± 0.05
E. faecalis 10.22 ± 1.30 ** 13.85 16.43 25.00 ± 0.08
C. albicans 10.56 ± 1.13 ** 121.56 159.26 26.00 ± 0.08
C. krusei 11.56 ± 1.67 ** 165.46 183.21 24.00 ± 0.09

C. tropicalis 9.89 ± 1.27 * 135.38 164.43 25.00 ± 0.02
C. glabrata 12.22 ± 1.20 ** 146.82 169.34 28.00 ± 0.04

S. marcescens 17,11 ± 1,27 *** 84.27 136.41 22.00 ± 0.04
S. enteritidis biofilm 16.67 ± 1.22 *** 274.37 311.56 25.00 ± 0.02
P. fluorescens biofilm 22.44 ± 1.33 *** 97.78 108.82 24.00 ± 0.01

* Weak antimicrobial activity (zone 5–10 mm). ** Moderate inhibitory activity (zone 5–10 mm). *** Very strong inhibitory activity (zone >
15 mm), ATB—antibiotics, positive control (cefoxitin for G−, gentamicin for G+, fluconazole for yeast).

2.3. Analysis of Biofilm Developmental Phases and Evaluation of Molecular Differences on
Different Surfaces Using MALDI-TOF MS Biotyper

The effect of T. vulgaris essential oil on the molecular structure and growth inhibition
of S. enteritidis and P. fluorescens biofilms was evaluated using MALDI TOF MS Biotyper.
The spectra of biofilms and planktonic cells in the control group developed identically
and, therefore, the spectra of planktonic cells were used for greater clarity than the control
spectrum. For each day, two experimental spectra from different surfaces (glass, wood)
and a planktonic spectrum representing the development of the control group are shown.

Figure 1 shows the mass spectra of S. enteritidis biofilm during the individual days of
the experimental evaluation.

The mass spectra obtained on the third day of the experiment represent very small
differences in peaks between the experimental and control planktonic spectra (Figure 1).
From day 5 of the experiment, we noticed differences between the two experimental spectra
and the control spectrum. During 5 and 7 days, we noticed a more significant difference in
the experimental group on wood. From day 9 to day 14, the differences were significant in
both experimental groups compared to the control. Due to the influence of the essential
oil T. vulgaris, we were able to observe changes in the protein spectrum of the biofilm.
This finding suggests that the essential oil disrupts biofilm homeostasis leading to the
degradation of this form of microorganism.

To visualize the similarity of mass spectra, a dendrogram was constructed based on
MSP distances (Figure 2). The control groups and spectra of young biofilms (3 days) had
the shortest distance together with planktonic cells. From day 5, we could see an increase
in the distance of MSP experimental groups. During days 5 and 7, it can be seen that the
experimental group on glass has a much shorter MSP distance than the experimental group
on wood. This trend was maintained with a smaller difference throughout the duration of
the experiment. The distance MSP of control groups from all tested days was significantly
shorter than in the experimental groups. The increasing length of the MSP in experimental
groups suggests changes in the protein profile of the bacterial biofilm of S. enteritidis.
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Figure 1. MALDI-TOF mass spectra of S. enteritidis biofilm during development after the addition of T. vulgaris EO: (A) 

3rd day, (B) 5th day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day. 
Figure 1. MALDI-TOF mass spectra of S. enteritidis biofilm during development after the addition of T. vulgaris EO: (A) 3rd day,
(B) 5th day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day.
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Figure 2. Dendrogram of S. enteritidis generated using MSPs of the planktonic cells and the control. SE, S. enteritidis; C,
control; G, glass; W, wood; and P, planktonic cells.

Figure 3 shows the mass spectra of P. fluorescens biofilm during the individual days of
the experimental evaluation.

In the first days of the experiment, the experimental groups of P. fluorescens biofilm
with the addition of T. vulgaris essential oil had similar mass spectra as the control group
(Figure 3). From the third to the seventh day of the experiment, there was no change in
the protein spectrum of the experimental group due to the action of T. vulgaris essential
oil. From day 7 of the experiment, we recorded lower peaks of the experimental group
compared to the control group, which indicates the influence of the essential oil in the
experimental group. From the ninth day, the appearance of the spectra of the experimental
group changed more significantly. Due to the change in the protein spectrum of the
experimental group compared to the control spectrum, we evaluate the effect of the essential
oil as positive for disrupting the viability of the biofilm structure of P. fluorescens during the
longer exposure.

To visualize the similarity of mass spectra, a dendrogram was constructed based on
MSP distances. The control groups and spectra of biofilms of the third, fifth, and seventh
day had the shortest distance together with planktonic cells (Figure 4). From day 9, we
observed an increase in the distance of MSP experimental groups. During days 12 and 14,
the MSP distance of the experimental group was the longest. These findings are evidence
of the effect of T. vulgaris essential oil on altering the molecular structure of biofilms. Based
on the constructed dendrogram, it can be stated that the MSP distance of the control
groups was significantly shorter than the distance of the experimental groups from day
9, which confirms the inhibitory effect on the development of P. fluorescens biofilm at a
longer exposure.
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Figure 3. Representative MALDI-TOF mass spectra of P. fluorescens: (A) 3rd day, (B) 5th day, (C) 7th day, (D) 9th day, (E) 

12th day, and (F) 14th day. 
Figure 3. Representative MALDI-TOF mass spectra of P. fluorescens: (A) 3rd day, (B) 5th day, (C) 7th day, (D) 9th day,
(E) 12th day, and (F) 14th day.
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2.4. Antimicrobial Analysis of Bread In Situ

In situ antimicrobial analysis on bread shows that microscopic filamentous fungi of
the genus Penicillium were inhibited by all tested concentrations (Table 3). The highest
percentage of inhibition at 62.5 µL/L was 82.17% for P. commune. The lowest rate of
inhibition at this concentration was observed for P. chrysogenum. At the concentration of
125 µL/L, the inhibition rate was 80–89% for all microorganisms. At the concentration of
250 µL/L, the inhibition was 92–96%. At the highest tested concentration, the inhibition
was 98–100%. For P. glabrum, a significance was noted between concentration 62.5 µL/L
compared to 250 µL/L and 500 µL/L. For P. chrysogenum, differences were visible between
62.5 µL/L and the remaining concentrations. For P. expansum, no significant differences
were observed between the tested concentrations. For P. commune, a significant difference
was observed between concentrations of 62.5 µL/L and 500 µL/L. These findings suggest
the inhibitory effects of T. vulgaris against the potentially pathogenic fungi.

Table 3. In situ analysis of the antibacterial activity of the vapor phase of T. vulgaris essential oil in bread.

Mycelial Growth Inhibition [%]

Concentration of EO
62.5 µL/L 125 µL/L 250 µL/L 500 µL/L

Microorganisms

P. glabrum 62.83 ± 10.81 a 80.65 ± 7.22 ab 94.05 ± 7.75 b 99.48 ± 0.74 b

P. chrysogenum 22.93 ± 15.53 a 86.07 ± 4.30 b 92.18 ± 8.82 b 98.25 ± 2.48 b

P. expansum 75.51 ± 14.95 80.30 ± 3.21 96.38 ± 2.82 100.00 ± 0.00
P. commune 82.17 ± 1.37 a 89.87 ± 4.51 ab 93.67 ± 5.58 ab 99.43 ± 0.11 b

Means ± standard deviation. Values followed by different superscript within the same row are significantly different (p < 0.05). The
statistical differences (p < 0.05) between individual EO concentrations were as follows: P. glabrum: 62.5 µL/L vs. 250 µL/L and 500 µL/L;
P. chrysogenum: 62.5 µL/L vs. 125 µL/L, 250 µL/L and 500 µL/L; P. commune: 62.5 µL/L vs. 500 µL/L.
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2.5. In Situ Antimicrobial Analysis on Carrots

From in situ analysis on carrots, the effect of the vapor phase of T. serpyllum essential
oil against S. marcescens was recorded at all tested concentrations (Table 4). The highest
inhibition was observed at a concentration of 500 µL/L by 87.8%. The lowest inhibition
rate was at a concentration of 125 µL/L by 46.78%. The vapor phase of EO from T. vulgaris
has the inhibitory effect on the growth of the bacteria on the food model.

Table 4. Results of in situ analysis of antibacterial activity of the vapor phase of T. vulgaris essential oil on carrots.

Bacterial Growth Inhibition [%]

Concentration of EO
62.5 µL/L 125 µL/L 250 µL/L 500 µL/L

Microorganisms

S. marcescens 57.35 ± 1.43 a 46.78 ± 2.59 b 69.82 ± 3.23 c 87.80 ± 1.41 d

Means ± standard deviation. Values followed by different superscript within the same row are significantly different (p < 0.05). The
statistical differences (p < 0.05) between individual EO concentrations were as follows: 62.5 µL/L vs. 125 µL/L, 250 µL/L and 500 µL/L;
125 µL/L vs. 250 µL/L and 500 µL/L; 250 µL/L vs. 500 µL/L.

3. Discussion

Plants, and subsequently essential oils of T. vulgaris, can have different chemotypes.
Using chemical composition analysis, we verified that the essential oil we tested belongs to
the thymol chemotype. Al-Asmari et al. [19] analyzed the essential oil of T. vulgaris accord-
ing to its chemical composition was also the thymol type but as other main components
they determined furan 12.19% and p-cymene 2.78%. Micucci et al. [20] determined essential
oil as thymol-type, and as other major components carvacrol and p-cymene was observed.
Thymol and carvacrol are terpenoids that commonly occur as major components of essen-
tial oils [21]. They are recognized as safe in food by the Food and Drug Administration [22].
Thymol and carvacrol are very effective against foodborne pathogens such as Salmonella
spp. and Staphylococcus aureus that can produce biofilms by which they adhere to various
surfaces and thus endanger food operations [23,24].

For the analysis of antioxidant activity of essential oil T. vulgaris, we used DPPH
radical dissolved in methanol. The percentage inhibition of DPPH free radical for T. vulgaris
essential oil was determined to be 85.2 ± 0.2%, which corresponds to 479.34 ± 1.1 TEAC.
Bistgani et al. [25] determined the antioxidant activity of the methanol extract of T. vulgaris
69.7 ± 4.8%. Punya et al. [26] set the DPPH radical scavenging activity at 78.73%. Kulisic
et al. [27] set the percentage inhibition at 91.30 ± 0.30%. Although the method of DPPH
free radical scavenging is not standardized and each of these authors performed it with
modifications, our results agree that T. vulgaris shows strong antioxidant activity.

Using the disk diffusion method, we found moderate to very strong antimicrobial
activity in all tested microorganisms, including biofilm-forming bacteria. For C. tropicalis,
we found a borderline moderate inhibitory activity. Al Maqtari [28] evaluated the effect
of T. vulgaris against B. subtilis, S. aureus, P. aeruginosa, and C. albicans by disk diffusion
method and recorded a zone of inhibition more than 20 mm in all tested microorganisms,
which is considered to be a very strong inhibition. Borugă et al. [29] evaluated the effect
against S. aureus, E. faecalis, C. albicans, S. typhimurium, and P. aeruginosa and recorded zones
of inhibition more than 13 mm when 10 µL per disc was applied. They rated the effect
of the essential oil as very strong. Rota et al. [30] recorded zones of inhibition more than
20 mm in the tested microorganisms and evaluated the essential oil of T. vulgaris as very
effective. Boukhatem et al. [31] reported a marked inhibition of the genus Candida by T.
vulgaris essential oil. Our findings on the strong inhibitory activity of T. vulgaris essential
oil are consistent with the authors work above.

Nikolić et al. [32] evaluated the effect of T. vulgaris against genus Candida strains where
they found MIC 80–160 µL/mL and MBC 160–320 µL/mL. Jafri and Ahmad [33] evaluated
the effect of T. vulgaris essential oil on the elimination of biofilm produced by the genus
Candida. They found that the essential oil has lower MIC values than the tested antibiotics.
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Al-Shuneigat et al. [34] found in their study that T. vulgaris essential oil showed strong
antimicrobial and antibiofilm effects MIC values were 0.0625–2% v/v.

Myszka et al. [35] evaluated the effect of T. vulgaris against P. fluorescens biofilm and
found that the essential oil can degrade the biofilm formed on stainless steel. Čabarkapa
et al. [36] evaluated the effect of several essential oils, including T. vulgaris, against S. enteri-
tidis biofilm. All tested essential oils showed inhibition of S. enteritidis biofilm formation
at subminimum concentrations of essential oils. Al-Shuneigat et al. [34] evaluated the
effect of T. vulgaris against P. aeruginosa biofilm and found that a very small amount is
sufficient to eliminate both biofilms and planktonic cells. De Oliveira et al. [37] stated that T.
vulgaris essential oil has the potential to be used as a biofilm control agent. MALDI-TOF MS
Biotyper was used in only a small number of publications. Li et al. [12] used this method
to analyze B. subtilis biofilm and to determine the spatial distribution of specific peptides
and lipopeptides that are produced in biofilms. Kubesová et al. [38] used MALDI-TOF
MS to analyze the biofilm produced by the genus Candida. Rams et al. [39] found that the
phenotypic identification of culturable P. gingivalis biofilms is 100% accurate using MALDI-
TOF MS because of the differences in the protein profile. The changes in the mass spectra
profile were demonstrated by MALDI-TOF in Kačániová et al. [40,41] where the inhibitory
effects on the biofilm of Coriandrum sativum and Citrus aurantium EOs was detected. Use
of MALDI-TOF can be a fast and easy method for the assessment of the biofilm growth
and degradation due to the structural and molecular changes. Kloucek et al. [42] found
out that vapor phase essential oils represent a suitable alternative to antimicrobials in the
food industry due to the need of lower concentrations of EO than during use of contact
effect of the liquid phase. Reyes-Jurado et al. [43] evaluated the effect of the vapor phase of
T. vulgaris essential oil against filamentous microscopic fungi. Based on the antimicrobial
activity of the vapor phase, they found that the essential oil has the potential to be used
to protect packaged foods. Mani López et al. [44] found that vapor phase essential oils
inhibited the growth of microscopic filamentous fungi of the genus Penicillium on bread
and it would be appropriate to verify the effect on sensory properties.

4. Materials and Methods
4.1. Essential Oil

T. vulgaris EO of thymol chemotype was obtained from Hanus, s.r.o. (Nitra, Slovakia).
The EO was prepared by steam distillation of the partially dried stalk.

4.2. Chemical Characterization of T. vulgaris EO by Gas Chromatography/Mass Spectrometry
(GC/MS) and Gas Chromatography (GC-FID)

GC/MS analysis of T. vulgaris EO was performed using the Agilent 6890N gas chro-
matograph (Agilent Technologies, Santa Clara, CA, USA) coupled to a quadrupole mass
spectrometer 5975B (Agilent Technologies, Santa Clara, CA, USA). A HP-5MS capillary
column (30 m × 0.25 mm × 0.25 µm). The temperature program was set from 60 ◦C to
150 ◦C (increasing rate 3 ◦C/min) and from 150 ◦C to 280 ◦C (increasing rate 5 ◦C/min).
The total run time of the program was 60 min. Helium 5.0 was used as the carrier gas with a
flow rate of 1 mL/min. The injection volume was 1 µL (EO sample was diluted in pentane),
while the split/splitless injector temperature was set at 280 ◦C. The investigated sample
was injected in the split mode with split ratio at 40.8:1. Electron-impact mass spectrometric
data (EI-MS; 70 eV) were acquired in scan mode over the m/z range 35–550. MS ion
source and MS quadrupole temperatures were 230 ◦C and 150 ◦C, respectively. Acquisition
of data started after 3 min of solvent delay time. GC-FID analyses were performed on
the Agilent 6890N gas chromatograph coupled to a FID detector. Column (HP-5MS) and
chromatographic conditions were the same as for GC-MS. The temperature of the FID
detector was set at 300 ◦C.

The individual volatile constituents of T. vulgaris EO sample were identified according
to their retention indices [45] and they were compared with the reference spectra (Wiley
and NIST databases). The retention indices were determined experimentally by a standard
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method that included retention times of n-alkanes (C6-C34) injected under the same
chromatographic conditions [46]. The percentages of the identified compounds (amounts
higher than 0.1%) were derived from their GC peak areas.

4.3. Determination of Antioxidant Activity

The radical scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH, Sigma Aldrich, Ger-
many) was used to measure the antioxidant activity of T. vulgaris EO. The solution of
DPPH (0.025 g/L dissolved in methanol) was adjusted to absorbance 0.7 at wavelength
515 nm. 5 µL of EO sample was added to 195 µL DPPH solution in 96 well microplate
and the reaction solution was incubated for 30 min in the dark with continuous shaking at
1000 rpm. The antioxidant activity was expressed as the percentage of DPPH inhibition and
was calculated according to the formula (A0 − AA)/A0 × 100, where A0 was absorbance
of DPPH and AA was absorbance of the sample.

Antioxidant activity was calculated in relation to standard reference Trolox (Sigma
Aldrich, Schnelldorf, Germany) dissolved in methanol (Uvasol® for spectroscopy, Merck,
Darmstadt, Germany) to concentration range 0–100 µg/mL. Total antioxidant activity was
expressed according to calibration curve as 1 µg of Trolox to 1 mL of the EO sample (TEAC).

4.4. Microorganisms

Gram-positive bacteria (Bacillus subtilis CCM 1999, Staphylococcus aureus subsp. aureus
CCM 8223, Enterococcus faecalis CCM 4224,), gram-negative bacteria (Pseudomonas aeruginosa
CCM 3955, Yersinia enterocolitica CCM 7204, Salmonella enterica subsp. enterica ser. Enteritidis
CCM 4420, Serratia marcescens CCM 8588), and yeasts (Candida krusei CCM 8271, Candida
albicans CCM 8261, Candida tropicalis CCM 8223, Candida glabrata CCM 8270) were obtained
from the Czech collection of microorganisms (Brno, Czech Republic). The biofilm-forming
bacterial strain Pseudomonas fluorescens was obtained from the fish and Salmonella enteritidis
was obtained from the sample of meat. Bacteria were identified with 16S rRNA sequencing
and MALDI-TOF MS Biotyper. A fungi P. glabrum, P. chrysogenum, P. expansum, and P.
commune were obtained from grape samples, and were identified by 16S rRNA sequencing
and MALDI-TOF MS Biotyper.

4.5. Determination of Antimicrobial Activity

Antimicrobial activity of T. vulgaris EO was determined by the disc diffusion method.
The microbial inoculum was cultivated for 24 h on tryptone soya agar (TSA, Oxoid, Bas-
ingstoke, UK) at 37 ◦C for bacteria and sabouraud dextrose agar (SDA, Oxoid, Basingstoke,
UK) at 25 ◦C for yeasts. The inoculum was adjusted to optical density 0.5 McFarland
standard (1.5 × 108 CFU/mL) and 100 µL was added on plates with Mueller Hinton agar
(MHA, Oxoid, Basingstoke, UK). Sterile 6 mm discs were saturated with 10 µL of T. vulgaris
EO and placed on the layer of agar with microbial suspension. Samples were incubated for
24 h at 37 ◦C for bacteria and 25 ◦C for yeasts. Two antibiotics (cefoxitin, gentamicin; Oxoid,
Basingstoke, UK), and one antifungal (fluconazole; Oxoid, Basingstoke, UK) were used as
positive controls for gram-negative, gram-positive bacteria and yeasts, respectively. Disks
impregnated with 0.1% DMSO (dimethylsulfoxid, Centralchem, Bratislava, SK) served as
the negative control.

An inhibition zone above 15 mm was determined as very strong antimicrobial activity,
the inhibition zone above 10 mm was determined as moderate activity, and inhibition
zone above 5 mm was determined as weak activity. Antimicrobial activity was measured
in triplicate.

4.6. Minimum Inhibitory Concentration (MIC)

Microbial inoculum was cultivated for 24 h in Mueller Hinton broth (MHB, Oxoid,
Basingstoke, UK) at 37 ◦C for bacteria and sabouraud dextrose broth (SDB, Oxoid, Bas-
ingstoke, UK) at 25 ◦C for yeasts. A total of 50 µL of inoculum with optical density 0.5
of the McFarland standard was added to a 96-well microtiter plate. Subsequently, the T.
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vulgaris EO was prepared by serial dilution to the concentration range of 400 µL/mL to
0.2 µL/mL in MHB/SDB and 100 µL of suspension was thoroughly mixed with bacterial
inoculum in wells. Bacterial samples were incubated for 24 h at 37 ◦C. Yeast samples
were incubated for 24h at 25 ◦C. MHB/SDB with EO was used as a negative control and
MHB/SDB with inoculum was used as positive control of the maximal growth.

For non-adherent microorganisms, the absorbance was measured after the incuba-
tion period at 570 nm by Glomax spectrophotometer (Promega Inc., Madison, WI, USA).
The MIC of biofilm-forming bacteria was measured with the use of crystal violet. The
suspension with non-attached cells was discarded, the wells were washed with distilled
water three times, and left to dry at room temperature. A total of 200 µL of 0.1% (w/v)
crystal violet was added to the wells and samples were incubated for 15 min. Subsequently,
the wells were repeatedly washed and dried. Stained biofilms were resolubilized with
200 µL of 33% acetic acid [47]. Absorbance was measured at 570 nm. The concentration of
EO which absorbance was lower than the absorbance of the maximal growth control was
determined as the minimum inhibitory concentration. The test was prepared in triplicate.

4.7. Analysis of Differences in Biofilm Development with MALDI-TOF MS Biotyper

The changes of protein spectra during biofilm development after T. vulgaris EO addi-
tion were evaluated by MALDI-TOF MS Biotyper. The biofilm forming bacteria were added
to 50 mL polypropylene tubes with 20 mL of MHB; subsequently, a wooden toothpick
and a glass slide were added as a model of different surfaces. The experimental groups
were treated with 0.1% T. vulgaris EO, and control group samples were left untreated. The
samples were incubated at 37 ◦C on shaker with 170 rpm.

The samples were analyzed after 3, 5, 7, 9, 12, and 14 days. The biofilm samples
were taken from a glass slide and wooden toothpick with a sterile cotton swab and were
imprinted onto a MALDI-TOF metal target plate. The planktonic cells were obtained
from 300 µL of culture medium, cells were centrifuged for 1 min at 12,000 rpm, and the
supernatant was discarded. The pellet was three times resuspended in 30 µL of ultrapure
water and the suspension was centrifuged for 1 min at 12,000 rpm. In the last step, 1 µL of
planktonic cells suspension was applied to a target plate.

The target plate was dried and 1 µL of α-Cyano-4-hydroxycinnamic acid matrix
(10 mg/mL) was applied. The samples were processed with MALDI-TOF MicroFlex
(Bruker Daltonics) linear and positive mode for the range of m/z 200–2000 after crys-
tallization. The spectra were obtained by an automatic analysis and the same sample
similarities were used to generate the standard global spectrum (MSP) and the 19 MSP was
generated from the spectra by MALDI Biotyper 3.0 and were grouped into dendrograms
using Euclidean distance [40].

4.8. Antimicrobial Analysis In Situ on a Food Model

The antifungal effect of the T. vulgaris EO vapor phase was evaluated in 0.5 L sterile
glass jars (Bormioli Rocco, Italy) on a bread used as a food model. The fungi of Penicillium
genus were cultivated for 5 days on sabouraud dextrose agar (SDA; Oxoid, Basingstoke,
UK) at 25 ◦C. The cultures were applied to the bread slices (15 × 15 × 1.5 cm) by three
stabs. A 6 cm sterile filter paper was placed to the jar lid and 100 µL of T. vulgaris EO (62.5,
125, 250, and 500 µL/L diluted in ethyl acetate) were applied. The control group was left
untreated. The jars were hermetically sealed and were incubated in the dark for 14 days at
25 ◦C ± 1 ◦C.

In situ antibacterial analysis in the vapor phase was tested on S. marcescens. Warm
MHA was poured into 60 mm Petri dishes (PD) and the lid. Sliced carrots (0.5 mm) were
placed on agar. Then, an inoculum was prepared as previously described. T. vulgaris EO
was diluted twice in ethyl acetate to 500, 250, 125, and 62.5 µL/L and used for sterile filter
paper inoculation. The filter paper was placed in for 1 min to evaporate the remaining
ethyl acetate, sealed, and incubated at 37 ◦C for 7 days.
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An inhibition of the fungal growth was evaluated by stereological methods. A volume
density (Vv) of fungi was estimated using ImageJ software. The stereological grid points
of the colonies (P) and substrate (p) were counted. The density of fungal growth was
calculated in % according to the formula Vv = P/p × 100. The antifungal activity of EO
was expressed as mycelial growth inhibition in % (MGI): MGI = [(C − T)/C] × 100, where
C was the density of the fungal growth in the control group and T was the density of the
fungal growth in the treatment group [48,49].

In situ bacterial growth was determined using stereological methods. In this concept,
the volume density (Vv) of bacterial colonies was firstly estimated using ImageJ software
and counting the points of the stereological grid hitting the colonies (P), and those (p)
falling to the reference space (growth substrate used). The volume density of bacterial
colonies was consequently 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 were bacterial growth (expressed as Vv) in the control group and the
treatment group, respectively. The negative results represented the growth stimulation.

4.9. Statistical Data Evaluation

There was SAS® software version 8 used for data processing. The results of the
MIC value (concentration that caused 50% and 90% inhibition in bacterial growth) were
determined by logit analysis.

5. Conclusions

The main components of T. vulgaris essential oil were thymol 48.1%, p-cymene 11.7%,
1,8-cineole 6.7%, γ-terpinene 6.1%, and carvacrol 5.5%. The antioxidant activity of the
essential oil was 85.2 ± 0.2%, which corresponds to 479.34 ± 1.1 TEAC. We rate this
antioxidant activity as high. T. vulgaris essential oil had very good antimicrobial effects as
well as antibiofilm effects, as observed on various surfaces and detected by MALDI-TOF
MS Biotyper. In the test of the antimicrobial activity of the vapor phase of the essential
oil, very good antifungal effects against the genus Penicillium were observed on the model
food (bread). Good effects on inhibition of carrots were also observed in the vapor phase
test against S. marcescens. There is a possibility of future use of T. vulgaris essential oil in
extending the shelf life of bakery products and it could find application in the storage
of root vegetables. In the case of essential oils with a dominant proportion of volatile
components, a stronger effect of the vapor phase is often observed compared to contact
application. The vapor phase has a weaker effect on sensory properties than the contact
phase. In the future, it would be necessary to evaluate the influence of essential oil in the
vapor phase on the sensory properties of model foods.
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Abstract: The essential oil of Syzygium (S.) aromaticum (CEO) is known for its good biological activity.
The aim of the research was to evaluate in vitro and in situ antimicrobial and antibiofilm activity
of the essential oil produced in Slovakia. The main components of CEO were eugenol 82.4% and
(E)-caryophyllene 14.0%. The antimicrobial activity was either weak or very strong with inhibition
zones ranging from 4.67 to 15.78 mm in gram-positive and gram-negative bacteria and from 8.22 to
18.56 mm in yeasts and fungi. Among the tested bacteria and fungi, the lowest values of MIC were
determined for Staphylococcus (S.) aureus and Penicillium (P.) expansum, respectively. The vapor phase
of CEO inhibited the growth of the microscopic filamentous fungi of the genus Penicillium when
tested in situ on bread. The strongest effect of mycelia inhibition in a bread model was observed
against P. expansum at concentrations of 250 and 500 µL/mL. The best antimicrobial activity of CEO in
the carrot model was found against P. chrysosenum. Differences between the mass spectra of Bacillus
(B.) subtilis biofilms on the tested surfaces (wood, glass) and the control sample were noted from the
seventh day of culture. There were some changes in mass spectra of Stenotrophomonas (S.) maltophilia,
which were observed in both experimental groups from the fifth day of culture. These findings
confirmed the impact of CEO on the protein structure of older biofilms. The findings indicate that,
besides being safe and sensorially attractive, S. aromaticum has antimicrobial activity, which makes it
a potential substitute for chemical food preservatives.

Keywords: Syzygium aromaticum; in vitro; in situ; antimicrobial activity; antibiofilm activity
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1. Introduction

Syzygium aromaticum is known for its use as spice in the preparation of food. Besides
being valued for its flavoring properties, it can be used as an anti-cancer agent and a tradi-
tional remedy for many diseases such as asthma; digestive system, dental, and respiratory
disorders; headaches; and sore throats [1]. It is also used in traditional medicine. Clove is
widely used for treating dyspepsia, gastritis, and diarrhea. Furthermore, it was found that
it has antipyretic, aphrodisiac, appetizing, expectorant, antiemetic, anxiolytic, myorelaxant,
analgesic, decongestant, anti-inflammatory, and hypnotic effects [2]. The essential oil of S.
aromaticum also shows anti-inflammatory, cytotoxic, and anesthetic activities besides the
reported antimicrobial, antifungal, antiviral, antioxidant, and insecticidal properties [3].

The phenylpropene eugenol is the most important clove component. It is responsible
for the characteristic strong aroma [4]. Inhibition of molds, yeast, and bacteria is one
of the possible applications of clove essential oil [5]. The clove essential oil was proven
to have repressing effects on some microorganisms such as Alternaria spp., Aspergillus
spp., Canninghamella spp., Lactobacillus spp., Fusarium spp., Clostridium spp.; Mucor spp.,
Salmonella spp., Penicillium spp., and Bacillus spp. [6].

While being safe, non-toxic, and biodegradable, clove essential oil (CEO) shows a
broad-spectrum antibacterial activity and can thus be used as bacteriostatic and anti-
biofilm agent. Budri et al. [7] reported that CEO has significant inhibitory effect on biofilm.
Rajkowska et al. [8] confirmed the inhibition of Candida biofilm on the surface of different
materials by CEO. Adil et al. [9] proved that the main component of CEO may inhibit the
adhesion of S. mutans to glass, prevent the formation of biofilm, and inhibit developed
biofilm. While the formation of biofilm is a complex regulatory process, there are studies
available that indicate the effectiveness of CEO as an antibiofilm agent.

The aim of the present study was to analyze the chemical composition and in vitro
antimicrobial and antibiofilm activity of CEO. Molecular changes in bacterial biofilms were
studied. The effectiveness of the gas phase of CEO against Serratia (S.) marcescens and
Penicillium spp. was evaluated using food models.

2. Results
2.1. Chemical Composition of S. aromaticum EO

The essential oil of S. aromaticum was analyzed using gas chromatography with mass
spectrometric (GC/MS) and flame ionization (GC-FID) detection. The main components
were eugenol 82.4% and (E)-caryophyllene 14.0%. (Table 1). Based on the chemical compo-
sition, the analyzed oil was classified as thymol chemotype.

Table 1. Chemical composition of essential oil from S. aromaticum.

No RI a Compound b % c

1 830 furfural Tr

2 983 6-methyl-5-hepten-2-
one Tr

3 1190 methyl salicylate Tr
4 1193 2-allyl-phenol Tr
5 1360 eugenol 82.4
6 1379 a-copaene Tr
7 1422 (E)-caryophyllene 14.0
8 1456 a-humulene 1.8
9 1519 eugenol acetate 0.9
10 1583 caryophyllene oxide 0.7
11 1755 benzyl benzoate Tr

total 99.7
a Values of retention indices on HP-5MS column; b identified compounds; c tr—compounds identified in amounts
less than 0.1%.
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2.2. Antimicrobial Activity of S. aromaticum EO

The antimicrobial activity of CEO was evaluated by disk diffusion test and the results
are presented in Table 2. A weak to moderate inhibitory activity of CEO was observed in
the cases of most of the tested bacteria (including biofilm-forming bacteria), and yeast. S.
aureus was the most susceptible of all the tested bacteria, with CEO showing a very strong
inhibitory activity. MIC 50 and MIC 90 were determined by analysis of the minimum
inhibitory concentrations. There were low values of MIC 50 (85.46 µL/mL), and MIC 90
(93.35 µL/mL) values were found for S. aureus. The highest MIC 50 and MIC 90 values
were determined for Y. enterocolitica. Moderate MIC 50 and MIC 90 values were determined
for B. subtilis and B. subtilis biofilm. Strong antimicrobial activity of CEO against all tested
penicillia was observed, with P. expansum being the most susceptible with inhibition zone
18.56 mm and MIC 50 64.25 and MIC 90 75.12 µL/mL. Details of the results of antimicrobial
activity and minimum inhibitory concentrations are given in Table 2.

Table 2. Antimicrobial activity of S. aromaticum essential oil.

Microorganism Zone Inhibition (mm) Activity of EO MIC 50 (µL/mL) MIC 90 (µL/mL) ATB

S. enteritidis 9.44 ± 1.01 * 216.23 265.41 29.00 ± 0.10
P. aeruginosa 5.22 ± 1.20 * 223.38 284.56 28.00 ± 0.06

Y. enterocolitica 7.67 ± 1.41 * 224.46 278.92 28.00 ± 0.05
S. marcescens 10.44 ± 1.01 ** 112.13 145.25 27.00 ± 0.02

S. aureus 15.78 ± 0.67 *** 85.46 93.35 29.00 ± 0.03
B. subtilis 11.22 ± 0.83 ** 121.13 138.91 26.00 ± 0.05
E. faecalis 4.67 ± 1.32 * 218.36 264.55 29.00 ± 0.03
C. albicans 8.22 ± 1.53 * 221.43 226.32 28.00 ± 0.06
C. krusei 9.89 ± 1.76 * 211.82 265.33 26.00 ± 0.12

C. tropicalis 9.33 ± 0.58 * 214.54 271.36 29.00 ± 0.02
C. glabrata 9.33 ± 1.00 * 217.22 264.36 26.00 ± 0.03

Biofilm S. maltophilia 8.89 ± 1.36 * 223.18 284.32 27.00 ± 0.05
Biofilm B. subtilis 10.44 ± 0.88 ** 103.64 128.64 26.00 ± 0.03

P. commune 16.52 ± 0.15 *** 74.32 81.26 25.00 ± 0.05
P. expansum 18.56 ± 0.22 *** 64.25 75.12 26.00 ±0.11
P. glabrum 18.32 ± 0.21 *** 68.41 78.12 27.00 ± 0.06

P. chrysogenum 17.36 ± 0.08 *** 75.11 86.92 26.00 ± 0.09

* Weak antimicrobial activity (zone 5–10 mm). ** Moderate inhibitory activity (zone > 10 mm). *** Very strong inhibitory activity
(zone > 15 mm). ATB—antibiotics, positive control (Cefoxitin for G−, Gentamicin for G+, Fluconazole for yeast and fungi).

2.3. Antimicrobial Analysis In Situ Using a Food Model

In situ antimicrobial analysis using bread showed that microscopic filamentous fungi
of the genus Penicillium were inhibited by CEO vapors in all tested concentrations (Table 3).
At the lowest concentration of the oil (62.5 µL/L), P. glabrum was the most strongly inhibited
fungus (42.91%). The weakest inhibition at this concentration was observed for P. commune.
The inhibition of P. expansum was 90.49% at the concentration of 125 µL/L and 100% at
250 µL/L and 500 µL/L. A significant difference in inhibition was observed for this species
between 62.5 µL/L and the remaining concentrations. Significant differences in inhibition
of P. glabrum and P. chrysogenum were found between 62.5 µL/L and 250 µL/L or 500 µL/L.
These findings confirm the inhibitory effects of CEO against the potentially pathogenic
fungi tested.
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Table 3. In situ analysis of the antifungal activity of the vapor phase of CEO in bread.

Mycelial Growth Inhibition [%]

Fungi
Concentration of EO

62.5 µL/L 125 µL/L 250 µL/L 500 µL/L

P. commune 16.41 ± 6.84 a 45.72 ± 5.49 b 96.22 ± 1.20 c 98.78 ± 1.72 cd

P. expansum 16.73 ± 6.38 a 90.49 ± 12.26 b 100.00 ± 0.00 bc 100.00 ± 0.00 bd

P. glabrum 42.91 ± 5.87 a 54.50 ± 9.01 a 93.42 ± 9.30 b 100.00 ± 0.00 bc

P. chrysogenum 30.31 ± 9.70 a 12.21 ± 7.87 a 97.90 ± 1.49 b 99.45 ± 0.78 bc

Means ± standard deviation. Values followed by different superscript within the same row are significantly
different (p < 0.05).

The effect of the vapor phase of CEO against P. chrysogenum, P. expansum was recorded
in in situ analysis using carrots at all tested concentrations, while S. marcescens was only in-
hibited when the highest concentration of the oil was used (Table 4). The highest inhibition
of P. chrysogenum (93.53%) and P. expansum (75.94%) was observed at the concentration of
500 µL/L. The lowest concentration of CEO yielded the lowest inhibition results for both
molds. The vapor phase of CEO was shown to have the best inhibitory effect on penicillia
in the in situ tests with the food model.

Table 4. Results of in situ analysis of antimicrobial activity of the vapor phase of CEO on carrots.

Bacterial Growth Inhibition [%]

Microorganisms
Concentration of EO

62.5 µL/L 125 µL/L 250 µL/L 500 µL/L

P. chrysogenum 16.93 ± 0.37 a 51.04 ± 4.43 ab 61.22 ± 15.73 bc 93.53 ± 5.11 c

P. expansum 19.43 ± 0.89 a 59.81 ± 4.33 b 64.98 ± 2.81 b 75.94 ± 0.91 c

S. marcescens 0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a 49.11 ± 13.73 b

Means ± standard deviation. MGI: mycelial growth inhibition, BGI: bacterial growth inhibition; values followed
by different superscript within the same row are significantly different (p < 0.05).

2.4. Analysis of Biofilm Developmental Phases and Evaluation of Molecular Differences on
Different Surfaces Using MALDI-TOF MS Biotyper

The effect of CEO on B. subtilis and S. maltophilia biofilms was analyzed using MALDI
TOF MS Biotyper in order to observe changes in molecular structure that accompany growth
inhibition. The spectra of biofilms and planktonic cells in the control group developed
identically and, therefore, the spectra of planktonic cells were used instead of the control
spectrum for improved clarity. The two experimental spectra from different surfaces (glass,
wood) and the planktonic spectrum representing the development of the control group
are shown for each day of the experiment. Figure 1 shows the mass spectra of B. subtilis
biofilm during individual days of the experimental evaluation.

Mass spectra after days 3 and 5 (Figure 1A,B) of the culture showed the same peaks,
indicating production of the same proteins by new biofilms and control planktonic cells.
There were no changes observed in bacterial cultures at the protein level. Differences
between the mass spectra of biofilms on the tested surfaces (wood, glass) and the control
sample stared to emerge on day 7 (Figure 1C–F). This indicated changes in the protein
profile of the CEO-treated biofilm. It seems that CEO can influence the homeostasis of a
bacterial biofilm formed on wooden and glass surfaces.
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Figure 1. MALDI-TOF mass spectra of B. subtilis biofilm during development after the addition of 
CEO: (A) 3rd day, (B) 5th day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day. 

Using the data obtained with mass spectrometry, a dendrogram was created to visu-
alize similarities in biofilm structure that are based on MSP distance (Figure 2). It can be 
stated from the dendrogram that the planktonic stage (P) together with the control groups 

Figure 1. MALDI-TOF mass spectra of B. subtilis biofilm during development after the addition of
CEO: (A) 3rd day, (B) 5th day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day.

Using the data obtained with mass spectrometry, a dendrogram was created to visu-
alize similarities in biofilm structure that are based on MSP distance (Figure 2). It can be
stated from the dendrogram that the planktonic stage (P) together with the control groups
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and new biofilms had the shortest distance during the third and fifth days (BSG 3, BSW 3,
BSG 5, BSW 5). The similarity in the protein profile of the control groups was confirmed by
the short distances of the MSP. New biofilms and control planktonic cells also showed short
MSP lengths that corresponded to similar mass spectra. The distance of the experimental
groups of SMEs increased gradually over time. The mass spectra analyzed on the 12th
and 14th days of the experiment had the longest MSP lengths, indicating changes in the
molecular profile of B. subtilis.
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Figure 3. MALDI-TOF mass spectra of S. maltophilia during biofilm development: (A) 3rd day, (B) 5th
day, (C) 7th day, (D) 9th day, (E) 12th day, and (F) 14th day.

Analysis of S. maltophilia protein spectra by MALDI-TOF MS Biotyper showed simi-
larity between the experimental spectra and the control planktonic spectrum on the third
day of the experiment (Figure 3A), indicating that the bacterial cells in biofilm developed
similarly to the planktonic cells. Changes in mass spectra were observed in both experi-
mental groups from the fifth day (Figure 3B–F). This finding confirms the effect of CEO on
the protein structure of older biofilms.

Mass spectra dendrogram also confirmed the similarity of the new biofilms to plank-
tonic cells and control cells (Figure 4). The changing distance of MSP during the progression
of the experiment indicates differences in protein production due to the effect of the addi-
tion of CEO.
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3. Discussion

Essential oils are potential sources of novel antimicrobial compounds, especially
those active against bacterial pathogens and microscopic filamentous fungi. Chemical
composition analysis revealed that the tested essential oil was of the eugenol chemotype.
Eugenol was the major compound (90.3%), accompanied by β-caryophyllene (4.83%) and
eugenol acetate (1.87%), in an essential oil extracted from the south of Brazil [10]. In another
study where essential oil of clove from the south of Brazil was analyzed, greater quantities
of caryophyllene (39.63%) and less of eugenol (56.06%) were detected [11]. CEO from
China [12] and Italy [13] also contained eugenol as their major compound, with 90.84%
and 77.9%, respectively. Similar amounts were found in the present study. The amounts of
eugenol and accompanying compounds in the essential oil can be directly related to the
different geographic areas of origin of the plant material. They can also be influenced by
biotic and abiotic factors such as seasonality, stage of development, age of the plant, and
climatic conditions [14]. In addition, the extraction method, such as distillation, which is
used for obtaining the oil, can also have an effect on its chemical composition. Moreover, it
was found that storage conditions may influence the content of its volatile components [15].

CEO, which is used as an antiseptic in oral infections, inhibits Gram-negative and
Gram-positive bacteria as well as microscopic filamentous fungi. There are many reports
that prove that clove oil and its main active component, eugenol, affect common, food-
derived, Gram-negative bacteria such as Escherichia coli, Salmonella, P. aeruginosa, etc., and
Gram-positive bacteria such as Staphylococcus, Streptococcus, Listeria, etc. This conclusion is
based on the reported inhibiting effects on migration, adhesion, expression of virulence
factors, and biofilm formation in these bacteria. Clove oil and eugenol have good prospects
for application in the food antisepsis field [16]. With the disk diffusion method, we found
the antimicrobial activity against the tested microorganisms, including biofilm-forming
bacteria, to be either weak or very strong. S. aureus was found to be the most susceptible to
CEO among the bacteria tested. In another study, CEO was active against standard strains
of Gram-negative and Gram-positive bacteria, showing inhibition zones between 14 and
25 mm in the disk diffusion test [17]. The authors reported intermediate bacterial activity
of the oil against food bacteria with inhibition diameters of 14.6 ± 1.7 mm for P. putida,
15 ± 0.66 mm for E. coli, and 15.6 ± 0.4 mm for S. aureus. In a different research, inhibition
zones ranging from 21.3 ± 2.2 mm for S. aureus ATCC and 35.6 ± 2.7 mm for P. aeruginosa
ATCC were observed [18]. The results of our study differed from the ones referenced
where the zones of inhibition were generally smaller. Cimanga et al. [19] reported that CEO
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could be a strong inhibitor of S. aureus and E. coli and a moderate inhibitor of P. aeruginosa.
Using the microdilution method, Gislene et al. [20], Hili et al. [21], and Nzeako et al. [22]
found that CEO manifested antimicrobial activity against S. aureus, E. coli, and C. albicans at
various concentrations of the extracts. The sensitivity to the antimicrobial effect of CEO (in
descending order) was E. coli with MIC 2 µL/mL, C. albicans with MIC 16 µL/mL, E. faecalis
with MIC 32 µL/mL, and S. aureus with MIC 32 µL/mL [23]. Different results were found
using microdilution methods in our study. Clove oil has a strong antimicrobial activity. Its
minimum inhibitory concentration in the range of 0.2–0.625 mg/mL was recorded against
the bacteria S. aureus, Staphylococcus epidermidis, E. coli, and P. aeruginosa [24–26].

From among the microscopic fungi tested in our study, P. expansum was found to be the
most susceptible to CEO. Among the tested yeasts, C. krusei was the least resistant. Eugenol
from the clove is the essential ingredient that is responsible for its antifungal activity [27].
A strong antifungal activity of CEO was reported against opportunistic fungal pathogens
such as C. albicans, Cryptococcus neoformans, and Aspergillus fumigatus. A considerable
variation in inhibition zone sizes, ranging from 12 to 22 mm, was observed among fungal
isolates depending on their sensitivity to CEO [28]. Nunez et al. [29] reported a strong
fungicidal effect of eugenol against C. albicans, P. citrinum, A. niger, and T. mentagrophytes.
Ahmad et al. [30] also reported strong antifungal activity of clove oil against C. albicans, C.
neoformans, and A. fumigatus. Pinto et al. [31] determined MIC to evaluate the antifungal
activity of the clove oil and its main component, eugenol, against Candida, Aspergillus,
and clinical and ATCC strains of dermatophytes. Similar to our results, the essential oil
and eugenol showed inhibitory activity against all the tested strains. Chami et al. [32]
confirmed carvacrol and eugenol as strong potential antifungal agents and suggested their
use as therapeutic agents for oral candidiasis.

The effect of the vapor phase of CEO against P. chrysogenum and P. expansum was
recorded at all tested concentrations in in situ analysis using carrots. Noteworthy, S.
marcescens was inhibited only when the oil was applied in the concentration of 500 µL/L.
The investigation of inhibition of the microscopic filamentous by vapor phase CEO also
indicated the susceptibility of penicillia. In the bread model studies, the best inhibition
result was observed against P. expansum at concentrations of 250 and 500 µL/mL. In the
carrot model studies, P. chrysogenum was found to be the most susceptible. There exists
a different study in which the antifungal activities of CEO and its volatile vapor against
dermatophytic fungi, including C. albicans, Epidermophyton floccosum. Microsporum audouinii,
Trichophyton mentagrophytes, and Trichophyton rubrum, were studied. Spore germination
and mycelial growth were found to be strongly inhibited by both the oil and its volatile
vapor. Moreover, the volatile vapor of CEO showed fungistatic activity, whereas the direct
application of the oil resulted in a fungicidal effect [33]. Jain and Agrawal [34] noticed
fungistatic activity of volatile vapor of several essential oils. No other authors focused on
antifungal activity of volatile vapor of clove oil. There are studies in which the differences
in inhibitory activity of essential oils in different food model systems were investigated [35].
It was found that CEO did not have a significant effect on the count of E. coli O157: H7
relative to control; however, it showed significant inhibitory effect in blanched spinach at
similar concentration [36]. Aguilar-Gonzalez et al. [37] evaluated the antifungal activity of
the vapor phase of clove and mustard EOs, individually and in combination, against gray
mold (Botrytis cinerea) in strawberries, and noted inhibitory activity.

Bacterial biofilms can be characterized as non-homogenous structures with a high
surface roughness, diversification of cells’ metabolic activity, and presence of extracellular
polymeric substances as well as cells’ and spores’ liberation from the upper parts of the
biofilm matrix [38]. The difference between the mass spectra of B. subtilis biofilms on
the tested surfaces (wood, glass) and the control sample was noticeable from the seventh
day in our study. There were some changes in mass spectra of S. maltophilia in both
experimental groups from the fifth day. These results confirmed the effect of CEO on
the protein structure of older biofilms. CEO is one of the most bioactive essential oils
due to high antimicrobial activity of eugenol [39]. The main compound of the oil used in
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the presented research was eugenol, which constituted 86.99% of it. As demonstrated in
another study, the activity of CEO against Alicyclobacillus biofilm may be related to both its
bactericidal effect, resulting in a decrease in the number of planktonic cells, and the changes
in the adherence capability of cells [40]. MALDI-TOF MS Biotyper has only been used in a
few cases. Li et al. [41] analyzed B. subtilis biofilm and determined the spatial distribution
of specific peptides and lipopeptides that are produced in biofilms by using this method.
Kubesová et al. [42] used MALDI-TOF MS to analyze the biofilm produced by the genus
Candida. Rams et al. [43] found out that the phenotypic identification of culturable P.
gingivalis biofilms is 100% accurate using MALDI-TOF MS because of the differences in the
protein profile. The changes in the mass spectra profile were demonstrated by MALDI-TOF
in Kačániová et al. [44,45], where inhibitory effects on the biofilm of Coriandrum sativum
and Citrus aurantium EOs were detected. The use of MALDI-TOF can be a fast and easy
method for the assessment of the biofilm growth and degradation due to structural and
molecular changes.

4. Materials and Methods
4.1. Essential Oil

The essential oil of S. aromaticum was obtained from Hanus, s.r.o. (Nitra, Slovakia). It
was a product of steam distillation of fresh leaves from 2021. It was stored in the dark at
4 ◦C for the whole time. The analyses were carried out in 2021.

4.2. Chemical Characterization of Essential Oil Samples by Gas Chromatography/Mass
Spectrometry (GC/MS) and Gas Chromatography (GC-FID)

GC/MS analysis of CEO was performed using an Agilent 6890N gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) coupled to a quadrupole mass spectrometer
5975B (Agilent Technologies, Santa Clara, CA, USA) equipped with an HP-5MS capillary
column (30 m × 0.25 mm × 0.25 µm). The temperature ramp was from 60 ◦C to 150 ◦C
(increasing rate 3 ◦C/min) and from 150 ◦C to 280 ◦C (increasing rate 5 ◦C/min). The total
run time of the program was 60 min. Helium 5.0 was used as the carrier gas with a flow
rate of 1 mL/min. The injection volume was 1 µL (EO sample was diluted in pentane),
while the split/splitless injector temperature was set at 280 ◦C. Split mode injection with
split ratio at 40.8:1 was used. The electron-impact mass spectrometric data (EI-MS; 70 eV)
were acquired in scan mode over the m/z range 35–550. MS ion source and MS quadrupole
temperatures were 230 ◦C and 150 ◦C, respectively. Acquisition of data started after 3 min
of solvent delay time.

GC-FID analyses were performed on Agilent 6890N gas chromatograph coupled to
FID detector. Column (HP-5MS) and chromatographic conditions were the same as for
GC-MS. The temperature of the FID detector was set at 300 ◦C.

The individual volatile constituents of S. aromaticum EO sample were identified ac-
cording to their retention indices [46] and they were compared with the reference spectra
(Wiley and NIST databases). The retention indices were determined experimentally by
standard method, which included retention times of n-alkanes (C6–C34), injected under
the same chromatographic conditions [47]. The percentages of the identified compounds
(amounts higher than 0.1%) were derived from their GC peak areas.

4.3. Tested Microorganisms

Gram-positive bacteria (B. subtilis CCM 1999, E. faecalis CCM 4224, S. aureus subsp.
aureus CCM 8223), gram-negative bacteria (P. aeruginosa CCM 3955, S. enterica subsp. enterica
ser. Enteritidis CCM 4420, S. marcescens CCM 8588 Y. enterocolitica CCM 7204), and yeasts
(C. krusei CCM 8271, C. albicans CCM 8261, C. tropicalis CCM 8223, C. glabrata CCM 8270)
were obtained from the Czech collection of microorganisms (Brno, Czech Republic). The
biofilm-forming bacteria B. subtilis and S. maltophilia were obtained from the dairy industry.
Bacteria were identified with 16S rRNA sequencing and MALDI-TOF MS Biotyper. The
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fungi P. glabrum, P. chrysogenum, P. expansum, and P. commune were obtained from grape
samples, and were identified by 16S rRNA sequencing and MALDI-TOF MS Biotyper.

4.4. Antimicrobial Activity: Disc Diffusion Method

Antimicrobial activity of S. aromaticum EO was determined by the disc diffusion
method. The microbial inoculum was cultivated for 24 h on Tryptone soya agar (TSA,
Oxoid, Basingstoke, UK) at 37 ◦C for bacteria and Sabouraud Dextrose Agar (SDA, Ox-
oid, Basingstoke, UK) at 25 ◦C for yeasts. The inoculum was adjusted to optical density
0.5 McFarland standard (1.5 × 108 CFU/mL) and 100 µL was added on plates with Mueller
Hinton agar (MHA, Oxoid, Basingstoke, UK). Sterile 6-mm discs saturated with 10 µL
of S. aromaticum EO were placed on the layer of agar containing the suspension of mi-
croorganisms. The samples were incubated for 24 h at 37 ◦C for bacteria and 25 ◦C for
yeasts. Two antibiotics (Cefoxitin, Gentamicin, Oxoid, Basingstoke, UK), and one antifun-
gal (Fluconazole, Oxoid, Basingstoke, UK) were used as positive controls for gram-negative
and gram-positive bacteria and yeasts, respectively. Disks impregnated with 0.1% DMSO
(dimethylsulfoxid, Centralchem, Bratislava, Slovakia) served as negative control. The
antimicrobial activity was categorized as either very strong, moderate, or weak when the
zone of growth inhibition was larger than 15, 10, and 5 mm, respectively. The analyses
were performed in triplicate.

4.5. Minimum Inhibitory Concentrations (MIC)

Microbial inoculum was cultivated for 24 h in Mueller Hinton Broth (MHB, Oxoid,
Basingstoke, UK) at 37 ◦C for bacteria and Sabouraud Dextrose Broth (SDB, Oxoid, Bas-
ingstoke, UK) at 25 ◦C for yeasts. An aliquot of 50 µL of inoculum with an optical density
of 0.5 McFarland was added to a 96-well microtiter plate. Subsequently, the S. aromaticum
EO was prepared by serial dilution to a concentration range from 400 µL/mL to 0.2 µL/mL
in MHB/SDB, and 100 µL of suspension was thoroughly mixed with bacterial inoculum in
wells. Bacterial samples were incubated for 24 h at 37 ◦C. Yeast samples were incubated
for 24 h at 25 ◦C. MHB/SDB with EO was used as a negative control and MHB/SDB with
inoculum was used as positive control, representing uninhibited growth.

For non-adherent microorganisms, the absorbance was measured after an incubation
period at 570 nm by Glomax spectrophotometer (Promega Inc., Madison, WI, USA). The
MIC of biofilm-forming bacteria was measured with the use of crystal violet. The suspen-
sion with non-attached cells was discarded, the wells were washed with distilled water
three times, and left to dry at room temperature. Following the addition of 200 µL of 0.1%
(w/v) crystal violet to the wells, the plates were incubated for 15 min. Subsequently, the
wells were repeatedly washed and dried. Stained biofilms were solubilized with 200 µL
of 33% acetic acid [48], and absorbance was measured at 570 nm. Minimum inhibitory
concentration was determined as the concentration of CEO at which absorbance was lower
than the absorbance of the maximal growth control. The test was performed in triplicate.

4.6. Antimicrobial Analysis In Situ on a Food Model

Antifungal effect of S. aromaticum EO vapor phase was evaluated in 0.5-L sterile, glass
jars (Bormioli Rocco, Fidenza, Italy) on a bread surface used as a food model. The fungi
of Penicillium genus were cultivated for 5 days on Sabouraud Dextrose agar (SDA, Oxoid,
Basingstoke, UK) at the temperature 25 ◦C. The cultures were applied to the bread slices
(15 × 15 × 1.5 cm) by three stabs. A 6-cm sterile, filter paper was placed to the jar lid
and 100 µL of CEO (62.5, 125, 250, and 500 µL/L diluted in ethyl acetate) were applied.
The control group was left untreated. The jars were hermetically sealed and they were
incubated in the dark for 14 days at 25 ◦C ± 1 ◦C.

Antibacterial analysis of the vapor phase of CEO in situ was tested on S. marcescens.
Warm MHA was poured into 60-mm Petri dishes (PD) and in the lid too. Sliced carrots
(0.5 mm) were placed on agar. Then, an inoculum was prepared, as previously described.
CEO was diluted in ethyl acetate to 500, 250, 125, and 62.5 µL/L and applied to sterile filter
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paper. After evaporation of the remaining ethyl acetate (1 min), the dishes were sealed and
incubated at 37 ◦C for 7 days.

Inhibition of the fungal growth was evaluated by stereological methods. Volume
density (Vv) of fungi was estimated using ImageJ software. The stereological grid points
of the colonies (P) and substrate (p) were counted. The density of fungal growth was
calculated as percentage (%) according to the formula Vv = P/p × 100. The antifungal
activity of EO was expressed as mycelial growth inhibition in percentage (%) (MGI):
MGI = [(C − T)/C] × 100, where C was density of the fungal growth in the control group
and T was density of the fungal growth in the treatment group [49,50].

In situ bacterial growth was determined using stereological methods. In this concept,
the volume density (Vv) of bacterial colonies was first estimated using ImageJ software
counting the points of the stereological grid hitting the colonies (P) and those (p) falling
to the reference space (growth substrate used). The volume density of bacterial colonies
was consequently 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 were bacterial growth (expressed as Vv) in the control group and the
treatment group, respectively. Negative results represented growth stimulation.

4.7. Analysis of Differences in Biofilm Development with MALDI-TOF MS Biotyper

The changes of protein spectra during biofilm development after CEO addition were
evaluated by MALDI-TOF MS Biotyper. S. maltophilia was used as a representative of
gram-negative biofilm-forming bacteria and B. subtilis was representative of gram-positive
biofilm-forming bacteria, and both bacterial strains were isolated from the milk industry.
The biofilm-forming bacteria were added to 50-mL polypropylene tubes with 20 mL of
MHB; subsequently, a wooden toothpick and a glass slide were added as models of different
surfaces. The experimental groups were treated with 0.1% CEO, and control group samples
were left untreated. The samples were incubated at 37 ◦C on a shaker at 170 rpm. The
samples were analyzed after 3, 5, 7, 9, 12, and 14 days. The biofilm samples were taken from
a glass slide and wooden toothpick with a sterile cotton swab, and they were imprinted
onto a MALDI TOF metal target plate. The planktonic cells were obtained from 300 µL of
culture medium, cells were centrifuged for 1 min at 12,000 rpm, and the supernatant was
discarded. The pellet was resuspended in 30 µL of ultrapure water and the suspension was
centrifuged for 1 min at 12,000 rpm. This cycle was repeated three times. Then 1 µL of the
so-prepared planktonic cell suspension was applied to a target plate. The target plate was
dried and 1 µL of α-Cyano-4-hydroxycinnamic acid matrix (10 mg/mL) was applied. The
samples were processed with MALDI-TOF MicroFlex (Bruker Daltonics) linear and positive
mode for the range of m/z 200–2000 after crystallization. The spectra were obtained by an
automatic analysis and the same sample similarities were used to generate the standard
global spectrum (MSP) and the 19 MSP was generated from the spectra by MALDI Biotyper
3.0 and were grouped into dendrograms using Euclidean distance [44].

4.8. Statistical Data Evaluation

SAS® software version 8 was used for data processing. The results of the MIC value
(concentration that caused 50% and 90% inhibition in bacterial growth) were determined
by logit analysis.

5. Conclusions

The main components of the essential oil of S. aromaticum were eugenol 82.4% and
(E)-caryophyllene 14.0%. A very strong antifungal effect of the vapor phase of the essential
oil against the genus P. expansum was observed in the experiments that employed the
food model (bread). Strong inhibiting effects of the vapor phase against P. chrysogenum
were also noted in the test with carrots. The results indicate that CEO has potential for
future use in extension of the shelf life of bakery products and that it could find application
in the storage of root vegetables. The tested oil had moderate antimicrobial as well as
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antibiofilm effects that were observed on various surfaces and detected by MALDI-TOF
MS Biotyper. In the case of EOs with a dominant proportion of volatile components,
a stronger effect was often observed in the vapor phase in comparison to direct contact
application. The decrease in microbial population caused by the addition of CEO depended
on the concentration, and the inhibitory activity of the oil was lower in food systems when
compared to in vitro systems.
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42. Kubesová, A.; Šalplachta, J.; Horká, M.; Růžička, F.; Šlais, K. Candida “Psilosis”—Electromigration Techniques and MALDI-TOF
Mass Spectrometry for Phenotypical Discrimination. Analyst 2012, 137, 1937–1943. [CrossRef] [PubMed]

43. Rams, T.E.; Sautter, J.D.; Getreu, A.; van Winkelhoff, A.J. Phenotypic Identification of Porphyromonas Gingivalis Validated with
Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry. Microb. Pathog. 2016, 94, 112–116. [CrossRef]
[PubMed]
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Abstract: The metabolites profile of a plant is greatly influenced by geographical factors and the
ecological environment. Various studies focused on artemisinin and its derivates for their antiparasitic
and antitumoral effects. However, after the isolation and purification stage, their pharmaceutical
potential is limited due to their low bioavailability, permeability and lifetime. The antibacterial
activity of essential oils has been another topic of interest for many studies on this plant. Nevertheless,
only a few studies investigate other metabolites in Artemisia annua. Considering that secondary
metabolites act synergistically in a plant, the existence of other metabolites with antitumor and high
immunomodulating activity is even more important. Novel nano-carrier systems obtained by loading
herbs into magnetic nanoparticles ensures the increase in the antitumor effect, but also, overcoming
the barriers related to permeability, localization. This study reported the first complete metabolic
profile from wild grown Romanian Artemisia annua. A total of 103 metabolites were identified under
mass spectra (MS) positive mode from 13 secondary metabolite categories: amino acids, terpenoids,
steroids, coumarins, flavonoids, organic acids, fatty acids, phenolic acids, carbohydrates, glycosides,
aldehydes, hydrocarbons, etc. In addition, the biological activity of each class of metabolites was
discussed. We further developed a simple and inexpensive nano-carrier system with the intention to
capitalize on the beneficial properties of both components. Evaluation of the nano-carrier system’s
morpho-structural and magnetic properties was performed.

Keywords: secondary metabolites; GC-MS; mass-spectra; bioactive compounds; nano-carrier system;
magnetic nanoparticles

1. Introduction

Romanian phytotherapy has an ancient and very rich tradition based on a very wide
diversity of medicinal plants. Thus, in the spontaneous flora of Romania there are about
800 species of medicinal plants. Additionally, plants of the genus Artemisia (Asteraceae)
form part of this phytopharmacological treasure.

Artemisia annua (common name: wormwood or năfurica in Romanian) is one of the
ancient healing plants recognized in traditional medicine from Europe and Asia. Romanian
traditional medicine has exploited its therapeutic properties: antihemorrhagic, antiseptic,
antioxidant, digestive, antipyretic, immunomodulatory, antibacterial and antitumoral [1–5].
Artemisia annua is used also in Romania to prepare a digestive wine [1–5]. In traditional
Asian pharmacopoeia, it was recommended, especially for the treatment of fevers and
colds.
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Chemical screening of bioactive compounds isolated from this plant has highlighted
the rich content in volatile compounds, terpenes, sesquiterpenes, alkaloids, flavonoids,
coumarins and phenolic compounds.

Studies on biological properties of secondary metabolites isolated from extracts of
Artemisia annua have confirmed its therapeutic properties (antioxidant, antidiabetic, an-
tiviral, antitumor, immunomodulatory, antiparasitic, antibacterial and antifungal activity)
described in traditional medicine [4–10].

Additionally, the latest studies in the field aim to evaluate its potential application in
the prevention and treatment of SARS-CoV 19 [6–23].

In recent years, numerous studies have been conducted on the main classes of phy-
toconstituents (phenolic compounds, alkaloids, terpenes and volatile compounds) in
sweet wormwood. Special attention was paid to the isolation and chemical synthesis
of artemisinin, considered the main bioactive compound of the plant, with antiparasitic
activity. This was an important step in modern research in medicinal plants and in the
fight against malaria, an infectious disease that affects the lives of millions of people [6–20].
According to World Health Organization estimates, malaria killed more than 400 million
people globally in 2019 alone [24].

Artemisinin is widely used for malaria treatment, and recent studies demonstrated
its antitumoral activity on several cancer cell lines. However, at present, the production
costs of artemisinin are high. Moreover, its low bioavailability, permeability and life-time
in biological media represent the main biomedical limitations [25].

It is known that the biological activity of a plant is due to the synergistic effect of
different types of phytoconstituents [26,27]. Therefore, the chemical screening and complete
identification of bioactive components from a plant is especially important.

Recent studies have shown that the antitumor activity of the plant is not only due to
artemisinin. This might be just one of the plant metabolites with high biological activity [6].

Although the plant has been studied for a long time, its chemical composition is
influenced by many understudied factors, among which we only mention geographical
position, climate, soil pH and so on [28].

For these reasons, studies on this plant are particularly important given its special
therapeutic potential.

Additionally, some small peptides in the composition of this plant could be another
key constituent to antitumor activity.

Currently, there are several therapeutic approaches to cancer, including drugs, genet-
ics and anticancer peptides. The results of studies regarding peptide anticancer therapy
showed that the sequence of these small anticancer peptides can include several amino
acids, such as: arginine, glycine, lysine and leucine, glutamic and aspartic, tyrosine, pheny-
lalanine, proline and protonated histidine. Moreover, recent research has showed that
arginine has a key role in the function of the immune system and antitumor activity [29–31].

Nevertheless, there are very few studies that have investigated the amino acid compo-
sition of Artemisia genus [32].

Studies regarding wild Romanian Artemisia genus are few and targeted, especially on
bioactive components of Artemisia absinthium [33,34]. Furthermore, regarding Romanian
Artemisia annua wild plant, the present research only investigates the content of artemisinin
and volatile oils [35–37].

Despite its high therapeutic potential, the chemical screening of the biologically active
compounds of this medicinal plant from the spontaneous flora of Romania has not been
performed yet.

On the other hand, it should be mentioned that several herbal supplements of Artemisia
annua are marketed globally, which are recommended, according to the manufacturers, for
malaria, arthritis and even cancer.

Recently, several cases of liver disease have been reported, especially following self-
medication with herbal supplements to manage cancer or prevent malaria [38,39].
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The development of highly efficient, selective, simple and inexpensive nano-carrier
systems could be an effective method to avoid these risks while ensuring the controlled
intake of phytoconstituents with biological activity [40,41].

Modern drug delivery systems based on magnetic nanoparticles could easily ac-
complish these requirements. Moreover, the latest developments regarding magnetite
nanoparticles have demonstrated their benefits and recommend their use in drug de-
livery and other different biomedical applications (magnetic resonance imaging, tumor
therapeutic hyperthermia, etc.) [25,42].

Magnetic/superparamagnetic nanoparticles could represent a more than interesting
alternative due to their advantages: their capability for local delivery and the ability to
act selectively. However, the possibility of an immune response is the main drawback
of these nanoparticles. Therefore, the design of new drug delivery systems based on
magnetic/superparamagnetic nanoparticles for use as early detection methods and in the
diagnosis, prognosis and monitoring of the evolution of the cancer treatment is required
given the social impact of these diseases [25,43–49].

Recent studies have shown that nano-carriers based on magnetic nanoparticles lead
to a high drug tissue permeability and retention effect and thus enhance the beneficial
therapeutic effects [45–47].

To our best knowledge, this study investigates the metabolite profile of Artemisia
annua grown wild in Romania for the first time. Subsequently, a simple and inexpensive
nano-carrier system that capitalizes both the therapeutic properties of Artemisia annua
(whole plant) and magnetic Fe3O4 nanoparticles was developed.

2. Results and Discussion

Extensive research in the field of plants and especially on those with high therapeutic
potential has shown that they have a very complex composition of compounds with high
biological activity that act synergistically in the body [26,27].

Additionally, a full description of a general metabolic profile for a specific herb is all
the more difficult, as significant differences in secondary metabolites was reported among
the same plants harvested from various geographic regions of the world. Studies in this
area confirmed that the content of specific plant secondary metabolites is the result of
several environmental stress factors (climate, soil and biological conditions) which directly
influence plant growth, development and topography distribution [28,50–52].

The pharmacological properties of different plant secondary metabolites were ex-
tensively investigated. However, their therapeutic benefits have not been completely
understood [11,21,22]. Plant metabolites with peptide structures are just an example
of this [51].

Bioactive metabolite chemical screening of sweet wormwood (năfurica) was ten-
tatively carried out via gas-chromatography coupled with mass spectroscopy (GC-MS)
and electrospray ionization–quadrupole time-of-flight mass spectrometry (ESI-QTOF-MS)
analysis.

In addition, the amino acid profile was investigated using GC-MS techniques (Figure 1).
The mass spectra of components identified were determined via comparison of their reten-
tion indices and mass spectra with those of NIST/EPA/NIH, the Mass Spectral Library
2.0 data base, as well as by reviewing the literature [32,53].
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Figure 1. TIC chromatograms of GC-MS for Artemisia annua.

The results are listed in Table 1, which presents tentative amino acid identification via
GC-MS corresponding to Artemisia annua sample [32,54,55].

Table 1. Main compounds identified by GC-MS analysis of plant extract.

Proposed Structure Abbreviation SIM (Selected Ion
Monitoring)

Alanine Ala 130, 70

Leucine Leu 172, 86

Glycine Gly 116, 74

Isoleucine Ile 172, 130

Methionine Met 203, 277

Phenylalanine Phe 206, 190

Lysine Lys 170, 128

Threonine Thr 160, 101

4-Hydroxyproline HYP 172, 86

2.1. Mass Spectrometry Analysis of Romanian Artemisia annua

The plant sample was diluted in methanol and analyzed using ESI-TOF mass spec-
troscopy (ESI-QTOF-MS). The plant extract sample analysis was carried out in the positive
mode. The mass spectra (Figure 2) showed the presence of complex metabolite composition.
A total of 103 compounds were detected and identified, which covered various chemical
categories, including amino acids, sterols, terpenoids, flavonoids, coumarins, alcohols,
aldehydes, glycosides, carbohydrates, fatty acids and so on, which confirmed the data
reported in the literature [6–24,28,31–39,46,53–60]. Additionally, the presence of amino
acids identified through GC-MS was confirmed via ESI-QTOF-MS analysis. However, only
a few studies reported the amino acid profile of Artemisia annua [32].
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Figure 2. Positive ion mode MS-TOF of Artemisia annua sample.

The identified metabolites are listed in Table 2 and classified according to their m/z
ratio (mass-to-charge-ratio) (theoretical and measured), chemical name and formula and
the related literature.

Table 2. Phytoconstituents identified in Artemisia annua sample through MS analysis.

Compound Name m/z Detected Theoretic m/z Formula Tentative
Identification References

1 76.09 76.07 C2H5NO2+ Glycine [32,61]

2 90.11 90.097 C3H7O2+ Alanine [32,61]

3 103.19 103.17 C6H14O+ Hexanol [7,8,10,18,23,28,33,36,37,62]

4 106.12 106.09 C3H7NO3+ Serine [32,61]

5 113.10 113.09 C4H4N2O2+ Uracil [7,8,10,18,24,30,35,38,39,61]

6 118.13 118.14 C5H11NO2+ Valine [32,61]

7 120.05 120.03 C4H9NO3+ Threonine [32,61]

8 129.23 129.21 C8H16O+ Caprylaldehyde [7,8,18,23,28,32,36,37,62]

9 132.14 132.13 C5H9NO3+ L-hydroxyproline [32,61]

10 132.17 132.18 C6H13NO2+ Leucine [32,61]

11 134.09 134.10 C4H7NO4+ Aspartic acid [32,61]

12 135.23 135.22 C10H14+ p-Cymene [63]

13 136.21 136.19 C7H5NS+ Benzothiazole [7,8]

14 137.25 137.23 C10H16+ Limonene [9–12,14,19,20,22,23,46,52,59,63–
65]

15 139.15 139.12 C7H6O3+ Salicylic acid [7–9,18,23,28,33,36,37,62]

16 147.16 147.14 C9H6O2+ Coumarin [9–12,14,19,20,22,23,46,52,59,60,
63,64]

17 147.20 147.19 C6H14N2O2+ Lysine [32,61]

18 148.12 148.13 C5H9NO4+ Glutamic acid [32,61]

19 149.21 149.205 C10H12O+ 4-Isopropylbenzaldehyde [7,8,18,23,28,33,36,37]
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Table 2. Cont.

Compound Name m/z Detected Theoretic m/z Formula Tentative
Identification References

20 150.22 150.20 C6H11NO2S+ Methionine [32,61]

21 151.19 151.22 C10H14O+ Cuminol [7,8,18,23,28,33,36,37,62]

22 153.25 153.233 C10H16+ Artemisia ketone [5–7,9,11–14,16,19–23,35,46,58–
60,63,65]

23 155.23 155.21 C12H10+ Capillene [7,8,18,23,28,33,36,37,62]

24 155.27 155.25 C10H18O+ Geraniol [9–12,14,19,20,22,23,46,52,59,61,
63,64]

25 156.17 156.16 C6H9N3O2+ Histidine [32,61]

26 157.29 157.26 C10H20O+ Menthol [9–12,14,19,20,22,23,46,52,59,63,
64,66]

27 162.15 162.13 C9H5O3+ 4-Hydroxycoumarin [7,8,10,18,23,28,33,36,37,62]

28 165.19 165.16 C9H8O3+ 4-Hydroxycinnamic
acid [7,8,10,18,23,28,33,36,37,62]

29 165.18 165.20 C10H12O2+ Eugenol [9–12,14,19,20,22,23,46,52,59,63,
64,66]

30 166.22 166.19 C9H11NO2+ L-phenylalanine [32,61]

31 171.29 171.33 C12H26+ Dodecane [7,8,18,23,28,33,36,37,62]

32 175.19 175.20 C6H14N4O2+ L-arginine [32,61]

33 181.17 181.16 C9H8O4+ Caffeic acid [7,8,18,23,28,33,36,37,62]

34 183.19 183.17 C9H10O4+
2,4-Dihydroxy-6

methoxyacetophe-
none

[7,8,18,23,28,33,35,37]

35 193.15 193.17 C10H8O4+ Scopoletin [9–12,14,19,20,22,23,46,52,59,63,
64,66]

36 197.21 197.20 C10H12O4+ Xanthoxylin [7,8,18,23,28,33,36,37,62]

37 197.30 197.29 C12H20O2+ Artemisyl acetate [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

38 207.21 207.19 C11H10O4+ Scoparone [9–12,14,19,20,22,23,46,52,58,63,
64,66]

39 205.33 205.35 C15H24+ Germacrene D [9–12,14,19,20,22,23,46,52,58,63,
64,66]

40 207.39 207.37 C15H26+ Cadinene [9–12,14,19,20,22,23,46,52,58,63,
64,66]

41 220.23 220.24 C10H13N5O+ Zeatin [7,8,18,23,28,33,36,37,62]

42 221.36 221.35 C15H24O+ Spathulenol [9–12,14,19,20,22,23,46,52,58,63,
64,66]

43 223.38 223.37 C15H26O+ Farnesol [9–12,14,19,20,22,23,46,52,58,63,
64,66]

44 229.35 229.37 C14H28O2+ Myristic acid [7,8,18,23,28,33,36,37,62]

45 233.30 233.32 C15H20O2+ Alantolactone [64]

46 235.29 235.33 C15H22O2+ Artemisinic acid [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

47 237.37 237.35 C15H24O2+ Corymbolone [9–12,14,19,20,22,23,46,52,59,63,
64,66]

48 246.33 246.32 C15H19NO2+ Rupestine [9–12,14,19,20,22,23,46,52,59,63,
64,66]

49 265.31 265.32 C15H20O4+ Abscisic acid [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

50 241.48 241.5 C17H36+ Heptadecane [7,8,18,23,28,33,36,37,62]

51 247.29 247.30 C15H18O3+ α-Santonin [64]
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Table 2. Cont.

Compound Name m/z Detected Theoretic m/z Formula Tentative
Identification References

52 249.30 249.32 C15H20O3+ Arteannuin B [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

53 255.35 255.5 C18H38+ n-Octadecane [7,8,18,23,28,33,36,37,62]

54 257.43 257.42 C16H32O2+ Palmitic acid [7,8,18,23,28,33,36,37,62]

55 263.42 263.40 C17H26O2+ α-Bergamotol acetate [7,8,18,23,28,33,36,37,62]

56 267.30 267.33 C15H22O4+ Germacranolide [64]

57 271.39 271.40 C15H10O5+ Apigenin [56–60,67–71]

58 273.27 273.25 C15H12O5+ Naringenin [56–60,67–71]

59 281.34 281.32 C15H20O5+ Artemisitene [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

60 283.34 283.33 C15H22O5+ Artemisinine [5–7,9,11–14,16,19–22,35,46,58–
60,63,65]

61 285.27 285.26 C16H12O5+ Acacetin [56–60,67–71]

62 287.26 287.24 C15H10O6+ Luteolin [56–60,67–71]

63 289.27 289.25 C15H12O6+ Eriodyctiol [56–60,67–71]

64 297.51 297.50 C20H40O+ Phytol [9–12,14,19,20,22,23,46,52,59,63,
64,66]

65 301.28 301.26 C16H12O6+ Rhamnocitrin [56–60,67–71]

66 303.21 303.23 C15H10O7+ Quercetin [56–60,68,69]

67 305.22 305.25 C15H12O7+ Taxifolin [56–60,64,67–71]

68 315.31 315.29 C17H14O6+ Cirsimaritin [56–60,64,67–71]

69 317.24 317.26 C16H12O7+ Rhamnetin [56–60,67–71]

70 317.37 317.40 C19H24O4+ Capillartemisin B [56–60,64]

71 319.20 319.23 C15H10O8+ Quercetagetin [56–60,64,67–71]

72 324.57 324.60 C22H44O+ 2-Docosanone [7,8,18,23,28,33,36,37,62]

73 331.26 331.29 C17H14O7+ Rhamnazin [56–60,64,67–71]

74 333.24 333.26 C16H12O8+ Laricitrin [56–60,64,67–71]

75 339.67 339.70 C24H50+ n-Tetracosane [7,8,18,23,28,33,36,37,62]

76 345.32 345.30 C18H16O7+ Eupatorine [56–60,64,67–71]

77 347.27 347.30 C17H14O8+ Syringetin [56–60,64,67–71]

78 353.68 353.70 C25H52+ n-Pentacosane [7,8,18,23,28,33,36,37,62]

79 354.29 354.31 C16H18O9+ Scopoline [9–12,14,19,20,22,23,46,52,59,63,
64,66]

80 359.31 359.30 C19H18O7+ Retusin [56–60,64,67–71]

81 361.33 361.30 C18H16O8+ Chrysosplenol D [56–60,64,67–71]

82 367.71 367.7 C26H54+ n-Hexacosane [7,8,18,23,28,33,36,37,62]

83 375.28 375.30 C19H18O8+ Chrysosplenetin [56–60,64,67–71]

84 389.39 389.40 C20H20O8+ Artemitin [9,16,17,21,23,56–60,65]

85 375.28 375.30 C19H18O8+ Casticin [56–60,64,67–71]

86 377.41 377.40 C20H24O7+ Euparotin [56–60]

87 411.68 411.70 C30H50+ Squalene [9–12,14,19,20,22,23,46,52,59,63,
64,66]

88 413.72 413.70 C29H48O+ Stigmasterol [7,8,18,24,30,35,38,39]

89 415.67 415.70 C29H50O+ β-Sitosterol [7,8,18,23,28,33,36,37,62]

90 425.69 425.70 C30H48O+ Taraxasterone [9–12,14,19,20,22,23,46,52,59,63,
64,66]

91 427.71 427.70 C30H50O+ Beta-amyrin [9–12,14,19,20,22,23,46,52,59,63,
64,66]
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Table 2. Cont.

Compound Name m/z Detected Theoretic m/z Formula Tentative
Identification References

92 433.37 433.40 C21H20O10+ Apigenin
7-O-glucoside [64]

94 443.52 443.50 C25H30O7+ Tomentin A [9–12,14,19,20,22,23,46,52,59,63,
64,66]

95 447.38 447.40 C22H22O10+ Kaempferide
3-rhamnoside [57]

96 449.37 449.40 C21H20O11+ Cymaroside [56–60,64,67–71]

97 457.71 457.70 C30H48O3+ Oleanic acid [7,8,18,22,27,31,34,35,60]

98 465.38 465.40 C21H20O12+ Isoquercetin [56–60,64,67–71]

99 495.43 495.40 C22H22O13+ Patuletin 3-glucoside [64]

100 505.37 505.40 C18H32O16+ Sophorotriose [64]

101 517.42 517.40 C25H24O12+ Cynarine [7,8,18,22,27,31,34,35,60]

102 577.77 577.80 C35H60O6+ Daucosterol [7,8,18,22,27,31,34,35,60]

103 611.51 611.50 C27H30O16+ Rutin [56–60,64,67–72]

2.2. Screening and Classification of the Differential Metabolites

The 103 phytochemicals identified through mass spectroscopy were assigned to differ-
ent chemical classes: terpenoids and sesquiterpenoids (27.2%), flavonoids (24.2%), amino
acids (12.6%), hydrocarbons (6.8%), coumarins (4.85%), phenolic acids (2.9%), sterol and
steroids (2.9%), fatty acids (2.9%), glycosides (1.9%), hydrocarbons (6.8%), organic acids
and esters (3.8%), carbohydrates (0.97%) and miscellaneous (Table 3). Terpenoids and
sesquiterpenoids, flavonoids and amino acids constitute the largest group of bioactive
compounds from Artemisia annua. The distribution of identified metabolites in various
chemical categories is listed in Table 3.

Table 3. Classification of metabolites from Artemisia annua sample on various chemical categories.

Chemical Class Metabolite Name

Amino Acids

Glycine

Alanine

Serine

Valine

Threonine

L-hydroxyproline

Leucine

Aspartic acid

Lysine

Glutamic acid

Methionine

Hystidine

L-phenylalanine

L-arginine
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Table 3. Cont.

Chemical Class Metabolite Name

Terpenoids and Sesquiterpenoids

Artemisine

Artemisinine

Limonele

p-Cymene

Beta-amyrin

Artesimic acid

Eugenol

Menthol

Artemisia ketone

Spathulenol

Artemisyl acetate

Artemisinic acid

Phytol

Rupestine

α-Santonin

Arteannuin B

Farnesol

Corymbolone

Abscisic acid

Alantolactone

Artemisitene

Geraniol

Squalene

Taraxasterone

Beta-amyrin

Germacranolide

Germacrene D

Cadinene

Coumarins

Scopoletin

Tomentin A

Coumarin

Scopolin

Scoparone
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Table 3. Cont.

Chemical Class Metabolite Name

Flavonoids

Apigenin

Chrysosplenetin

Rhamnazin

Luteolin

Naringenin

Capillartemisin B

Rutin

Quercetin

Quercetagetin

Acacetin

Rhamnetin

Eupatorin

Syringetin

Laricitrin

Eriodictiol

Casticin

Chrysosplenol D

Retusin

Cynaroside

Artemitin

Taxifolin

Isoquercetin

Rhamnocitrin

Kaempferide 3-rhamnoside

Cirsimaritin

Phenolic Acids

4-Hydroxycoumarin

4-Hydroxycinnamic acid

Caffeic acid

Sterol and Steroids

β-Sitosterol

Stigmasterol

Daucosterol

Fatty Acid

Oleanic acid

Palmitic acid

Myristic acid

Hydrocarbons

n-Octadecane

Heptadecane

n-Tetracosane

n-Hexacosane

Dodecane

n-Pentacosane

Capillene

Glycoside
Patuletin 3-glucoside

Apigenin 7-O-glucoside

Carbohydrates Sophorotriose

Aldehyde and Ketone

Caprylaldehyde

4-Isopropylbenzaldehyde

Hexanol

2-Docosanone

2,4-Dihydroxy-6-methoxyacetophenone

Organic Acids and Esters

Salicylic acid

α-Bergamotol acetate

Xanthoxylin

Cynarine
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Table 3. Cont.

Chemical Class Metabolite Name

Other

Uracil

Cuminol

Benzothiazole

Zeatin

On the basis of the data analysis reported in Table 3, the metabolites classification
chart was obtained, represented in Figure 3.
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Amino acids a total of 14 different amino acids were identified in the plant extract.
Additionally, the essential amino acids (valine, leucine, methionine, hystidine and L-
phenylalanine) represent 35% of them. The non-essential amino acids are present in a
much larger proportion (65%), being representatives of: glycine, alanine, serine, arginine,
threonine, acid aspartic, lysine and glutamic acid [31–33,73]. As was reported, amino acids
exhibit antitumoral, antiproliferative and immunomodulant activity [31–33,73].

Terpenoids found in the Artemisia annua sample are the one of the major constituents
of the total identified metabolites. Previous studies on the therapeutic effect of terpenoids
have demonstrated their antimicrobial, antibacterial, antifungal, analgesic and anti-insect
activity [74].

Sesquiterpenes, another important class of metabolites from Artemisia annua, were
shown to have antitumoral, antiplasmodial, anti-inflammatory and anti-allergic properties.
Sesquiterpenes lactones isolated from Artemisia annua are used in antimalaria drugs [75,76].

Coumarins are metabolites highly relevant to human health. Recent studies on
coumarins isolated from plants have shown antioxidant, antimicrobial, antiviral, antifungal,
and antiparasitic, anti-diabetic, analgesic, anti-neurodegenerative, and anti-inflammatory
activity. Moreover, coumarins have been demonstrated to stimulate the immunologic
response and are used in the therapy of different tumors: leukemia, renal and prostate
tumors, melanoma and breast cancer [77,78].

Flavonoids were another major category of metabolites identified in the plant sample.
A total of 25 different flavonoids were found in the Artemisia annua sample. These com-
pounds exhibit antioxidant, antitumoral, anti-inflammatory, antimicrobial, anti-cholinesterase,
neurodegenerative disease (Alzheimer) and atherosclerosis prevention effects [9–81].
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Phenolic acids have shown anti-inflammatory, antioxidant, antimicrobial, neuropro-
tective, antidiabetic and anticancer effects [82,83].

Sterol and steroids from herbs act as antitumoral, anti-inflammatory, antioxidant
antiatherosclerotic agents [84].

Fatty acids are involved in neuroprotection and cardiovascular protection mecha-
nisms. Recent studies reported their beneficial role in autoimmune and neurodegenerative
diseases, including Alzheimer disease (AD) [85].

Carbohydrates have shown anti-inflammatory, antioxidant, antiviral, antibacterial,
antidiabetic, antitumoral, immunomodulatory and cardioprotective activity [86–88].

Glycosides from herbs showed antitumoral activity, mainly on leukemia and gastric
cancer [89].

2.3. Nano-Carrier System Based on Magnetic Nanoparticles of Fe3O4

The development of an efficient and selective drug nano-carrier system required
an optimal ratio between the herb and magnetic nanoparticles in order to provide the
highest biological activity and functionality (selectivity and vectorization). Recent studies
regarding types of nano-drug systems have reported the specific bioactive phytochemicals
that were loaded into the magnetic nanoparticles [90,91].

2.4. FT-IR Spectroscopy

The incorporation of herb phytochemicals into the pores of Fe3O4 nanoparticles was
successfully achieved and was confirmed through FT-IR spectroscopy. Figure 4 presents
the spectra of the herb, Fe3O4 nanoparticles and the nano-carrier system.
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The FT-IR spectra of the herb display the characteristic absorption peaks of Artemisia
annua (Figure 4). The characteristic group frequencies of different organic molecules
detected in Artemisia annua can be attributed to flavonoids (1703, 1580, 1460, 630 and
575 cm−1), amino acids (1651, 1580, 1555 and 1545 cm−1), terpenoids (1740, 1651 and
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810 cm−1), carbohydrates (3381, 1462, 1126 and 840 cm−1) and fatty acids (2925, 2852, 1250
and 720 cm−1) [47,92–101].

Withal, the band at 1737 cm−1 is the characteristic absorption peak of Artemisia annua
assigned to δ-lactone group [47].

Two main broad metal–oxygen bands are seen in the IR spectra of Fe3O4 nanoparticles
(Figure 4) in the range 400–600 cm−1. The highest vibration band at 576 cm−1 is assigned
to the stretching vibrations of MtetraO bond in the tetrahedral voids, and the lowest band
at 410 cm−1 (partially visible) corresponds to the stretching vibrations of the MoctaO bond
in the octahedral void peak [102–104].

The spectra of the nano-carrier system (Figure 4) display the characteristic peaks of
the herb as well as the metal–oxygen vibration bands at 576 cm−1 and at 410 cm−1, which
confirm the incorporation of the herb into the pores of Fe3O4 nanoparticles [47].

2.5. X-ray Diffraction Spectroscopy

Figures 5–8 present the XRD patterns of Fe3O4 nanoparticles, the herb and the nano-
carrier system.
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Figure 8. Overlap of the XRD patterns of herb, magnetite and nano-carrier system.

Regarding the diffraction pattern of the herb (Figure 5), in the range of 13–26◦, a wide
band that is characteristic of some amorphous phases can be observed. This wide band is
also found attenuated in the diffraction pattern of the nano-carrier system (Figure 7 and
Figure 8). Additionally, in the diffraction pattern of the Fe3O4 nanoparticles (Figure 6),
only the peaks of the single crystalline spinel phase Fe3O4 (average crystallite size 10.9 nm)
are present.

In the diffraction pattern of the mixture (Figures 7 and 8), crystalline spinel phase
Fe3O4 nanoparticles with an average crystallite size of 12.9 nm were identified. A peak at
~26.5◦ and a band between 13–26◦ were also present but much attenuated in the spectrum
of Artemisia annua.

2.6. Scanning Electron Microscopy (SEM)

The SEM micrographs of the herb, magnetic nanoparticles and the nano-carrier system
are shown in Figures 9–11.
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Figure 10. High-resolution SEM images of Fe3O4 nanoparticles.

As can be seen in the SEM image (Figure 9), the particles of Artemisia anuua shown are
in the form of micron-sized fibers and irregular shape particles. The incorporation of herb
phytochemicals into the pores of Fe3O4 nanoparticles was also confirmed via the scanning
electron microscopy (SEM) images of Fe3O4 nanoparticles (Figure 10) and Fe3O4 loaded
with the herb (Figure 11). The SEM image of Fe3O4 nanoparticles loaded with the herb
(Figure 11b) shows a powder that consists of agglomerations of round nanoparticles with
dimensions between 5 and 30 nm, as well as irregular shapes with dimensions greater than
60 nm. In the SEM image at high magnification (Figure 11a), irregular shape particles in
Fe3O4 nanoparticles’ surface modification with herbs can be seen.

121



Plants 2021, 10, 2245Plants 2021, 10, x FOR PEER REVIEW 15 of 22 
 

 

  
(a) (b) 

Figure 11. (a) SEM images of Fe3O4 nanoparticles loaded with herb at high magnification. (b) SEM images of Fe3O4 
nanoparticles loaded with herb at low magnification. 

2.7. Magnetic Properties 
The magnetic properties of the Fe3O4 nanoparticles and the nano-carrier system were 

investigated at a low-frequency driving field (50 Hz) by means of an induction hysteresis 
graph [105]. It was found that both samples exhibit ferromagnetic behavior with narrow 
hysteresis loops (see Figures 12 and 13). 

 
Figure 12. The hysteresis loop of Fe3O4 nanoparticles sample. 

 
Figure 13. The hysteresis loop of nano-carrier system. 

Figure 11. (a) SEM images of Fe3O4 nanoparticles loaded with herb at high magnification. (b) SEM images of Fe3O4

nanoparticles loaded with herb at low magnification.

2.7. Magnetic Properties

The magnetic properties of the Fe3O4 nanoparticles and the nano-carrier system were
investigated at a low-frequency driving field (50 Hz) by means of an induction hysteresis
graph [105]. It was found that both samples exhibit ferromagnetic behavior with narrow
hysteresis loops (see Figures 12 and 13).

Plants 2021, 10, x FOR PEER REVIEW 15 of 22 
 

 

  
(a) (b) 

Figure 11. (a) SEM images of Fe3O4 nanoparticles loaded with herb at high magnification. (b) SEM images of Fe3O4 
nanoparticles loaded with herb at low magnification. 

2.7. Magnetic Properties 
The magnetic properties of the Fe3O4 nanoparticles and the nano-carrier system were 

investigated at a low-frequency driving field (50 Hz) by means of an induction hysteresis 
graph [105]. It was found that both samples exhibit ferromagnetic behavior with narrow 
hysteresis loops (see Figures 12 and 13). 

 
Figure 12. The hysteresis loop of Fe3O4 nanoparticles sample. 

 
Figure 13. The hysteresis loop of nano-carrier system. 

Figure 12. The hysteresis loop of Fe3O4 nanoparticles sample.

Plants 2021, 10, x FOR PEER REVIEW 15 of 22 
 

 

  
(a) (b) 

Figure 11. (a) SEM images of Fe3O4 nanoparticles loaded with herb at high magnification. (b) SEM images of Fe3O4 
nanoparticles loaded with herb at low magnification. 

2.7. Magnetic Properties 
The magnetic properties of the Fe3O4 nanoparticles and the nano-carrier system were 

investigated at a low-frequency driving field (50 Hz) by means of an induction hysteresis 
graph [105]. It was found that both samples exhibit ferromagnetic behavior with narrow 
hysteresis loops (see Figures 12 and 13). 

 
Figure 12. The hysteresis loop of Fe3O4 nanoparticles sample. 

 
Figure 13. The hysteresis loop of nano-carrier system. Figure 13. The hysteresis loop of nano-carrier system.

122



Plants 2021, 10, 2245

From the measured hysteresis loops, the saturation magnetization (σS), the coercive
field (Hc) and the remanent magnetization (σR) were determined. The results are presented
in Table 4.

Table 4. Magnetic properties of Fe3O4 nanoparticles and nano-carrier system.

Sample σS (emu/g) HC (Oe) σR (emu/g)

Fe3O4 nanoparticles 67.22 61.18 6.83

Nano-carrier system 27.17 82.10 2.77

As expected, the saturation magnetization of the sample Fe3O4 nanoparticles is larger
than that of nano-carrier system. Both samples have small values regarding the remnant
ratio σR/σS (in order of 0.1), which is an indication of the ease with which the magneti-
zation reorients to the nearest easy axis magnetization direction after the removal of the
magnetic field. The frequency dependence on the complex magnetic permeability of the
samples (Equation (1)) over the frequency range of 1 kHz to 2 MHz was measured at room
temperature, and the obtained results are presented in Figure 14 [106].

µ( f ) = µ′( f )− iµ′′ ( f ) (1)

where µ′( f ) is the real part;µ′′ ( f ) is the imaginary part.

Plants 2021, 10, x FOR PEER REVIEW 16 of 22 
 

 

From the measured hysteresis loops, the saturation magnetization (σS), the coercive 
field (Hc) and the remanent magnetization (σR) were determined. The results are presented 
in Table 4. 

Table 4. Magnetic properties of Fe3O4 nanoparticles and nano-carrier system. 

Sample σS (emu/g) HC (Oe) σR (emu/g) 
Fe3O4 nanoparticles 67.22 61.18 6.83 

Nano-carrier 
system 

27.17 82.10 2.77 

As expected, the saturation magnetization of the sample Fe3O4 nanoparticles is larger 
than that of nano-carrier system. Both samples have small values regarding the remnant 
ratio σR/σS (in order of 0.1), which is an indication of the ease with which the 
magnetization reorients to the nearest easy axis magnetization direction after the removal 
of the magnetic field. The frequency dependence on the complex magnetic permeability 
of the samples (Equation (1)) over the frequency range of 1 kHz to 2 MHz was measured 
at room temperature, and the obtained results are presented in Figure 14 [106]. 

( ) ( ) ( )fiff μμμ ′′−′=  
(1)

where ( )fμ′  is the real part; ( )fμ ′′  is the imaginary part. 
In the investigated frequency range, there are no magnetic relaxation peaks that 

provide clues about the characteristic magnetization processes. However, given the small 
sizes of the particles and also the low value of the imaginary component of complex 
magnetic permeability, it can be assumed that the dominant magnetization mechanism is 
the Neel process, correlated with the rotation of the magnetic moment inside the particles 
by overcoming the magneto-crystalline anisotropy barrier [107,108]. 

 

Figure 14. Frequency dependence of the real, μ′ , and imaginary, μ ′′ , components of the complex 
magnetic permeability of samples. 

The obtained results indicate that the nano-carrier system, wherein the selected ratio 
of plant:magnetic nanoparticles is 3:1, exhibits magnetic properties. 
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magnetic permeability of samples.

In the investigated frequency range, there are no magnetic relaxation peaks that
provide clues about the characteristic magnetization processes. However, given the small
sizes of the particles and also the low value of the imaginary component of complex
magnetic permeability, it can be assumed that the dominant magnetization mechanism is
the Neel process, correlated with the rotation of the magnetic moment inside the particles
by overcoming the magneto-crystalline anisotropy barrier [107,108].

The obtained results indicate that the nano-carrier system, wherein the selected ratio
of plant:magnetic nanoparticles is 3:1, exhibits magnetic properties.

3. Materials and Methods

All used reagents were GC grade. Methanol and chloroform were purchased from
VWR (Wien, Austria). The Fe3O4 nanoparticles (nanoparticle size: 23 nm) were provided
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by the National Research and Development Institute for Non-Ferrous and Rare Metals,
Pantelimon, Romania. The plant samples (whole plant) were collected in August 2020 from
the area of Timis, Romania and were taxonomically authenticated at Victor Babes University
of Medicine and Pharmacy, Timisoara, Romania. The plant samples were rapidly frozen in
liquid nitrogen (−194 ◦C), ground and sieved to obtain a particle size lower than 0.5 mm,
and they were kept at −80 ◦C to avoid enzymatic conversion or metabolite degradation.
For each analysis, 1.8 g of dried sample was subject to sonication extraction in 25 mL of
solvent (methanol/chloroform = 1:1) for 25 min at 40 ◦C with a frequency of 50 kHz. The
solution was concentrated using a rotavapor and the residue was dissolved in MeOH. The
extract was centrifuged, and the supernatant was filtered through a 0.2 µm syringe filter
and stored at –18 ◦C until analysis.

3.1. Nano-Carrier System Preparation

For each analysis, 1.5 g of sample was prepared from dried herb (whole plant, ground
and sieved to obtain a particle size lower than 0.5 mm), and Fe3O4 nanoparticles were added
(herb/Fe3O4 nanoparticles = 3:1). The obtained mixture was subjected to micronization at
room temperature for 5 min.

3.2. GC-MS Analysis

Gas chromatography was carried out using ClarusSQ8 GC/MS (Perkin Elmer) appa-
ratus with a ZB-AAA GC column (10 m × 0.25 mm) (Phenomenex, Torrance, CA, USA);
carrier gas, He; flow rate, 1 mL/min, following 3.3. GC-MS Separation Conditions (the
standard conditions provided with the EZ: faast GC-MS free amino acids kit).

The oven temperature was 80 ◦C (held for 9 min) to 220 ◦C (held for 5 min) at
320 ◦C/min (held for 10 min); the equilibration time was 1 min. The injection parameters
were: split 1:5; 250 ◦C; 2.5 µL. The carrier gas was helium; 1.1 mL/min; 110 ◦C. The
inlet pressure was 5.9 kPa/min; the detector used was: MS; mode: Scan Transfer Line;
temperature: 250 ◦C; analyzer type: MS; electron energy: 70 eV.

3.3. Mass Spectrometry

MS experiments were conducted using EIS-QTOF-MS from Bruker Daltonics, Bremen,
Germany. All mass spectra were acquired in the positive ion mode within a mass range of
(100–3000) m/z, with a scan speed of 2.1 scans/s. The source block temperature was kept
at 80 ◦C. The reference provided a spectrum in positive ion mode with fair ionic coverage
of the m/z range scanned in full-scan MS. The resulting spectrum was a sum of scans over
the total ion current (TIC) acquired at 25–85 eV collision energy to provide the full set of
diagnostic fragment ions.

3.4. Identification of Metabolites

The total ion current (TIC) and selected ion monitoring (SIM) values were compared
with those from Phenomenex-EZ: faast amino acid analysis user guide and the results
are presented in Table 1. The metabolites were identified via comparison of their mass
spectra with those of the standard library NIST/NBS-3 (National Institute of Standards
and Technology/National Bureau of Standards) spectral database, and the identified
phytoconstituents are presented in Table 2.

3.5. FT-IR Spectroscopy

The FT-IR spectrum of the sample was recorded via KBr pellet using a Shimadzu
Prestige-21 spectrometer in the range 400–4000 cm−1, with a resolution of 4 cm−1.

3.6. XRD Spectroscopy

The phase composition of the sample was determined via powder X-ray diffractom-
etry (XRD) using monochromatic CuKα radiation (λ = 1.5406Å) on a Rigaku Ultima IV
diffractometer equipped with a D/teX Ultra detector and operating at 40 kV and 40 mA.
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The analysis was performed in the 2θ range of 10–80◦, with a scan speed of 5 ◦/min and a
step size of 0.01◦ 2θ. The average crystallite size was calculated using the whole pattern
profile fitting method (WPPF). The XRD patterns were compared with those from the ICDD
Powder Diffraction Database (ICDD file 04-015-9120).

3.7. Scanning Electronic Microscopy (SEM)

The SEM analyses were performed using an SEM-EDS system (QUANTA INSPECT
F50) equipped with a field emission gun (FEG), 1.2 nm resolution and an energy dispersive
X-ray spectrometer (EDS) with an MnK resolution of 133 eV.

3.8. Magnetization Experiments

The frequency dependence of the Fe3O4 nanoparticles and nano-carrier system was
measured using an Agilent LCR-meter (E-4980A type) at room temperature over the
frequency range (1 kHz to 2 MHz) and various values of polarizing field. The duration of
the measurement into a constant magnetic field over the entire frequency range was about
40 s.

Complex magnetic susceptibility measurements were made using the short-circuited
coaxial transmission line technique at different values of the polarizing field, H, over the
range 0–170 kA/m and at the frequency range (100 MHz–6 GHz). The static magnetiza-
tion measurements for the Fe3O4 nanoparticle sample and the nano-carrier system were
performed using a ballistic galvanometer.

4. Conclusions

In the current study, the complete metabolite profiling of A. annua growing wild in
Romania was accomplished. A total of 14 amino acids were identified for the for the first
time in plant samples. The biological activities were discussed for each metabolite category.
Furthermore, a simple and economical nano-carrier system was developed. A ratio of
herb:magnetic Fe3O4 nanoparticles was used, which allowed for the synergic effect of A.
annua bioactive compounds and its inorganic component properties to be taken advantage
of. The morpho-structural characterization of the nano-carrier system was performed.
In addition, the magnetic properties of the nano-carrier were evaluated. Further studies
are necessary to investigate the biological properties and the bioavailability of the new
nano-carrier system.
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excelenţă prin sprijinul cercetatorilor din UVT).

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

References
1. Dihoru, G.; Boruz, V. The List of Main Spontaneous Medicinal Plants from Romania, Annals of the University of Craiova—Agriculture,

Montanology, Cadastre Series; XLIV 328; University of Craiova: Craiova, Romania, 2014.

125



Plants 2021, 10, 2245

2. Pantu Zach, C. Plantele Cunoscute de Poporul Roman-Vocabular Botanic Cuprinzand Numirile Romane, Franceze, Germane si Stiintifice;
Institutul de Arte Grafice, Ed.; Minerva: Bucuresti, Romania, 1906.

3. Cântar, I.C.; Dincă, M. Curiosities about the Artemisia Collections from “Alexandru Beldie” Herbarium, Annals of the University of
Craiova—Agriculture, Montanology, Cadastre Series; XLIX; University of Craiova: Craiova, Romania, 2019.

4. Clinciu Radu, R.A.; Zaharia, M.S.; Lungoci, C.; Vodă, A.D.; Nit,u, S.; Robu, T. Studies Regarding the Growth Dynamics of Some
Species from Artemisia Genus, Annals of the University of Oradea. Fascicle 2017, 29, 29–34.

5. Stan, R.L.; Sevastre, B.; Ionescu, C.; Olah, N.K.; Vicas, , L.G.; Páll, E.; Moisa, C.; Hanganu, D.; Sevastre-Berghian, A.C.; Andrei,
S.; et al. Artemisia Annua L. extract: A new phytoproduct with sod-like and antitumour activity. Farmacia 2020, 68, 812–821.
[CrossRef]

6. Weathers, P.J.; Arsenault, P.R.; Covello, P.S.; McMickle, A.; Teoh, K.H.; Reed, D.W. Artemisinin production in Artemisia annua:
Studies in planta and results of a novel delivery method for treating malaria and other neglected diseases. Phytochem. Rev. 2011,
10, 173–183. [CrossRef] [PubMed]
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et al. Chemical Composition,

Antioxidant, and Antimicrobial

Activity of Dracocephalum moldavica L.

Essential Oil and Hydrolate. Plants

2022, 11, 941. https://doi.org/

10.3390/plants11070941

Academic Editor: Fabrizio Araniti

Received: 25 February 2022

Accepted: 14 March 2022

Published: 31 March 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

Chemical Composition, Antioxidant, and Antimicrobial
Activity of Dracocephalum moldavica L. Essential Oil
and Hydrolate
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Abstract: Steam distillation was used for the isolation of Dracocephalum moldavica L. (Moldavian
dragonhead) essential oil (DMEO). This aromatic herbaceous plant is widespread across the Northern
Hemisphere regions and has been utilized in health-improving studies and applications. In addition
to the DMEO, the hydrolate (DMH), a byproduct of the distillation process, was also collected. The
DMEO and DMH were analyzed and compared in terms of their chemical composition, as well as
their in vitro biological activities. The main component in DMEO was geranyl acetate, while geranial
was dominant in DMH. The DMEO demonstrated better antioxidant and antimicrobial activities
compared with the DMH against Staphylococcus aureus, Escherichia coli, Salmonella Typhimurium, and
Listeria monocytogenes, which represent sources of food-borne illness at the global level. The DMEO
and DMH show promise as antioxidant and antimicrobial additives to various products.

Keywords: Moldavian dragonhead; phytochemicals; large-scale distillation; in vitro biological activity;
time-kill kinetics modeling

1. Introduction

Medicinal and aromatic plants have been utilized in traditional medicine around the
world for millennia and continue to play an important role in treating diseases and provid-
ing nutritive support [1]. Dracocephalum moldavica L., known as Moldavian dragonhead,
or Moldavian balm, is an aromatic herbaceous plant native to the temperate climate of
Asia, however, nowadays it is found across the Northern Hemisphere [2]. D. moldavica
essential oil (DMEO) has a citrus-like flavor due to the contents of geranial, neral, and
geranyl acetate, and reassembles other lemon-scented plants such as lemon balm and
lemon catnip [3,4]. Previous research showed that this plant had antioxidant [5–9] and
antimicrobial properties [10–13]. In addition, the plant also displayed sedative [14,15],
antidepressant [16], antinociceptive [17], anti-inflammatory [18,19], as well as neuroprotec-
tive [20,21] and cardioprotective effects [22–25].

Recently, there has been an increased interest in its therapeutic benefits due to reports
on its biological activities. Indeed, medicinal plants are being used in healthcare and
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everyday nutrition, mainly as functional food and nutraceuticals [26,27], but also as natural
preservatives [28,29]. Medicinal plants can be used fresh or dry, in the form of herbal
tea, extract, essential oil, or pharmaceutical formulations (tablets, capsules, etc.). Plant
essential oils possess a wide spectrum of biological activities, and are used in the food
industry, but also in human and veterinary medicine [30]. Hydrolates (hydrosols and
distillate waters) are byproducts of steam distillation. Generally, hydrolates contain a
small amount of dissolved essential oil and other constituents and possess some biological
activities [31]. Therefore, hydrolates may have potential application in the food industry
for flavoring, preservation, and in soft drinks, but can also be applied in aromatherapy,
cosmetics, agriculture, and veterinary medicine [32].

This investigation aimed to determine the composition of essential oil and hydrolate
of D. moldavica (DMEO and DMH, respectively), grown as an essential-oil-bearing crop
in the Republic of Serbia and distilled under semi-industrial conditions, and the in vitro
antioxidant and antimicrobial activities.

2. Results
2.1. Volatile Compounds of Essential Oil and Hydrolate

The main compounds detected in the DMEO and DMH are presented in Table 1
(GC-FID chromatograms of essential oil and hydrolate are given in the Supplementary
Materials, Figures S1 and S2, respectively). The most abundant compounds in the DMEO
(20 compounds, comprising 98.1%) were geranyl acetate (53.2%), followed by geranial
(16.8%), and neral (10.7%), while in the hydrolate, there were 23 identified compounds
(comprising 96.0%), and the most abundant were geranial (23.4%), neral (22.4%), and
geraniol (21.3%) (Table 1).

Table 1. Chemical composition of D. moldavica essential oil (DMEO) and hydrolate (DMH).

No Compound RI DMEO DMH

1 1-octen-3-ol 974 - 0.5
2 6-methyl-5-hepten-2-one 986 0.1 3.3
3 dehydro-1,8-cineole 988 - 1.3
4 3-octanol 995 - 0.2
5 1,8-cineole 1028 - 0.6
6 Benzene acetaldehyde 1041 - 0.6
7 cis-linalool oxide (furanoid) 1069 - 1.7
8 trans-linalool oxide (furanoid) 1086 - 0.7
9 Linalool 1096 1.6 8.7
10 Camphor 1141 - 0.5
11 trans-chrysanthemal 1147 - 0.3
12 Nerol oxide 1149 0.1 0.4
13 Borneol 1159 0.6 2.9
14 Terpinen-4-ol 1171 0.1 1.7
15 Cryptone 1185 - 0.1
16 α-Terpineol 1188 - 0.9
17 trans-Isocitral 1777 0.4 -
18 Nerol 1227 - 2.2
19 Neral 1234 10.7 22.4
20 Linalool acetate 1247 7.9 -
21 Geraniol 1254 - 21.3
22 Geranial 1266 16.8 23.4
23 Lavandulyl acetate 1285 0.1 -
24 Methyl geranate 1318 0.1 -
25 Eugenol 1356 - 0.5
26 Neryl acetate 1358 4.6 0.1
27 α-Copaene 1369 0.2 -
28 Geranyl acetate 1379 53.2 1.7
29 trans-caryophyllene 1412 0.6 -
30 α-humulene 1447 0.1 -
31 trans-β-farnesene 1451 0.1 -
32 γ-muurolene 1474 0.4 -
33 E,E-α-farnesene 1502 0.1 -
34 Caryophyllene oxide 1575 0.3 -

Total 98.1 96.0
RI—Retention Indices on non-polar capillary column HP-5MS.
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2.2. Antioxidant Activity

The results of in vitro antioxidant activity of DMEO and DMH are shown in Table 2.
As a consequence of the high content of geranyl acetate, the DMEO exhibited a significantly
stronger antioxidant potential than the DMH. The DMEO at concentration of 250 mg/mL
showed the highest scavenging activity against lipid radicals (397.20 µmolTE/100 mL),
followed by ABTS•+ (312.54 µmolTE/100 mL), superoxide anion (294.77 µmolTE/100 mL),
and DPPH• (246.39 µmolTE/100 mL). The reducing power of DMEO was lower than
presented scavenging abilities but still with a high value of 171.46 µmolTE/100 mL.

Table 2. In vitro antioxidant activity of D. moldavica essential oil (DMEO) and hydrolate (DMH).

Antioxidant Activity
(µmolTE/100 mL) DMEO DMH

DPPH• 246.39 ± 1.17 b 8.82 ± 0.36 a

ABTS•+ 312.54 ± 11.63 b 25.44 ± 1.98 a

SOA 294.77 ± 13.29 b 19.58 ± 0.11 a

BCB 397.20 ± 36.12 b 41.63 ± 2.17 a

RP 171.46 ± 2.56 b 9.50 ± 0.64 a

Results are expressed as mean ± standard deviation (n = 3). Values in the row with different superscripts are
significantly different at p < 0.05 according to Fisher’s least significant differences (LSD) test. DPPH•—2,2-
diphenyl-1-picrylhydrazyl; ABTS•+—2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid; SOA—superoxide
anion; BCB—β-carotene bleaching; and RP—reducing power.

2.3. Antimicrobial Activity

According to the obtained results of in vitro antimicrobial activity, a significant antimi-
crobial effect against almost all of the tested bacteria was gained, but not against the tested
strains of yeasts and fungi (Table 3). The tested DMEO did not show an antimicrobial effect
against B. cereus and P. aeruginosa strains, while in the case of the tested DMH, the antimi-
crobial effect was also absent against S. Typhimurium. Pseudomonas aeruginosa represents a
very resistant strain, well-known as bacteria resistant to numerous antibiotics, and indeed,
showed resistance to the antibiotics in this study.

Table 3. Assessment of the antimicrobial effect.

Test Organisms

The Inhibition Zone * (mm)

D. moldavica Controls

DMEO DMH Antibiotic Actidione

B. cereus ATCC 11778 16.0 ± 0.0 11.0 ± 0.0 27.0 ± 0.0 -
S. aureus ATCC 25923 40.0 ± 0.0 28.33 ± 0.0 28.0 ± 0.0 -
L. monocytogenes ATCC 35152 40.0 ± 0.0 27.0 ± 0.0 26.3 ± 0.6 -
E. coli ATCC 25922 40.0 ± 0.0 34.33 ± 0.58 27.0 ± 0.0 -
P. aeruginosa ATCC 27853 21.0 ± 0.0 nd 21.0 ± 0.0 -
S. Typhimurium ATCC 13311 40.0 ± 0.0 10.33 ± 0.58 29.33 ± 0.6 -
S. cerevisiae ATCC 9763 11.33 ± 0.58 nd - 34.0 ± 0.0
C. albicans ATCC 10231 nd nd - 37.0 ± 0.0
A. brasiliensis ATCC 16404 nd nd - 27.3 ± 0.6

* Mean value diameter of zone including disc (6 mm) ± standard deviation; nd—not detected.

The antimicrobial potential of DMEO and DMH toward sensitive microorganisms was
conducted by the microdilution method after the satisfactory results of the preliminary
screening. As shown in Table 4, the obtained MICs of DMEO showed relatively low activity
against all bacteria (MIC ≤ 3.125%). Conversely, higher MICs (between 3.125–12.5%) of
DMH were noted for sensitive bacteria. Consequently, the tested essential oil and hydrolate
can be utilized as antimicrobial agents for the worldwide struggle for prolonged shelf-life
of food, absence of food-borne pathogens, and epidemic crisis, but also can be used as an
eco-based substance in antimicrobial formulations in the pharmaceutical and cosmetics
industries.
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Table 4. Minimal inhibitory concentration (%).

Test Organisms DMEO DMH

B. cereus ATCC 11778 >100 * >100
S. aureus ATCC 25923 0.78 12.5
L. monocytogenes ATCC 35152 1.56 6.25

E. coli ATCC 25922 3.125 3.215
P. aeruginosa ATCC 27853 >100 >100
S. Typhimurium ATCC 13311 0.78 >100

S. cerevisiae ATCC 9763 >100 >100
C. albicans ATCC 10231 >100 >100
A. brasiliensis ATCC 16404 >100 >100

* According resistance on the initial concentration (see Table 3).

The in vitro antimicrobial potential of tested substances can be further clarified by the
time-kill or pharmacodynamics kinetics monitoring. In this way, in vitro examination of
antimicrobial substances can be quantified in view of the path of antimicrobial activity as
a function of contact time between sensitive microorganisms and targeted concentration
of tested essential oil and hydrolate [33]. Therefore, a pharmacodynamics pathway of the
antimicrobial effect of tested samples was conducted for all sensitive bacteria. The first step
was to determine bacterial profile growth curves without the addition of either DMEO nor
DMH. Non-treated bacterial suspensions were verified at the same time as the essential
oil- or hydrolate-treated samples. Bacterial growth profile curves (Figure 1) indicated
the number of live bacterial cells over an incubation period. There are noticeably three
growth phases for all four tested bacteria: lag phase, exponential (log), and stationary
phase. The initial phase is especially emphasized for L. monocytogenes and S. aureus,
while this period of cell adaption is minimal for the other two sensitive bacteria. The
differences are detected for maximum yield, which was obtained after approximately 12 h of
incubation. Briefly, the highest concentration of bacterial cells was 7.6 CFU/mL, 8 CFU/mL,
8.4 CFU/mL, and 8.8 log CFU/mL for S. aureus, L. monocytogenes, S. Typhimurium, and E.
coli, respectively. Regression coefficients for the obtained growth profile curves are shown
in Table 5. Additionally, the fit between experimental and model calculated results are
given in the Supplementary Materials, Table S1, indicating a very good predictive capacity
of the obtained models, with a coefficient of determination of 0.99 for all tested bacteria.
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Table 5. Regression coefficients for bacterial growth kinetics (control samples).

Coefficient
Bacterial Concentration (Log CFU/mL)

S. aureus L. monocytogenes E. coli S. Typhimurium

d 7.72 8.12 9.04 9.27
a 5.7 5.53 5.52 5.38
c 4.29 4.60 1.64 4.95
b 2.58 5.59 1.65 1.30

The regression coefficients could be depicted as follows: a–minimum of the experimentally gained values (t = 0);
d–the maximally gained values (t = ∞); c–the infection point (the point between a and d); b–the steepness of the
infection point c.

The pharmacodynamics potential of DMEO at different concentrations is graphically
represented in Figure 2. Kinetics profiles for MIC value indicate the biocide effect for S.
aureus and S. Typhimurium after a contact time of 3 h, while the same effect was observed for
L. monocytogenes and E. coli for 4 h and 12 h, respectively. A bactericidal effect was achieved
in twice as short a time for S. aureus when 2- and 4-time MIC were applied. Interestingly,
the effect of double MIC concentration did not decrease contact time which is necessary for
complete inhibition of L. monocytogenes but quadruple MIC enabled achieving bactericidal
effect after only 1 h of contact. Similar behavior was observed for S. Typhimurium, but
with a biocide effect after 3 h and 2 h for 2- and 4-time MIC, respectively. The killing rate
of 2- and 4-time MIC of DMEO for E. coli was achieved for 2 h or 4 h shorter contact time
compared with the MIC effect.
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Additionally, Table 6 summarizes regression coefficients of the kinetics models. This
parameter simplifies the speed and intensity of MIC and multiple MIC values. Furthermore,
Table S1 of the Supplementary Materials involves the goodness of fit between experimen-
tally and model obtained results. It can be concluded that the kinetics models (Figure 2)
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were precise, with high coefficients of determination (0.93–1), and can be used to under-
stand the antimicrobial effect of the DMEO against sensitive bacteria.

Table 6. Regression coefficients for time-kill kinetics models for DMEO-treated samples.

Coefficients

DMEO Concentration

S. aureus L. monocytogenes E. coli S. Typhimurium

MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC

d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a 5.05 5.6 5.6 5.13 5.27 5.4 5.77 4.97 5.31 5.20 5.05 5.39
c 3.03 1.05 0.96 2.06 2.59 0.96 2.78 3.25 1.53 2.45 3.03 0.77
b 11.64 14.9 11.7 2.34 3.65 11.89 2.26 3.9 2.06 5.72 11.64 1.99

The regression coefficients could be depicted as follows: a–minimum of the experimentally gained values (t = 0);
d–the maximally gained values (t = ∞); c–the infection point (the point between a and d); b–the steepness of the
infection point c.

As previously noticed, MIC values for DMH are significantly higher compared with
DMEO in the case of L. monocytogenes and S. aureus. The same concentration of DMH
and DMEO is necessary for the inhibition of E. coli activity. Regardless of the mentioned
difference, the same pharmacodynamics study was done for hydrolate-treated samples
(Figure 3). The biocide effect of MIC values for all three sensitive bacteria indicated a rapid
bacteriostatic effect, showing a decrease in cell viability after the first three hours of contact
time. The final biocide effect was observed after 6 h. The biocide effect of MIC and double
MIC values was observed in the same contact time for in the case of L. monocytogenes and
E. coli. On the other hand, using a 2-time MIC value reduced the required contact time
for S. aureus. The complete reduction in bacterial viability was detected for 4 h, 5 h, or 6 h
contact time in the case of using 4-time MIC values for L. monocytogenes, S. aureus, and E.
coli, respectively. In this study, the antimicrobial effect of DMH as a byproduct in DMEO
production was reasonable suggesting new possibilities for the utilization of DMH.
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According to the regression coefficients for the gained kinetics models (Table 7) and
the fitness between experimentally and model obtained results (Supplementary Materials,
Table S1), it can be concluded that the models were accurate, with high coefficients of
determination (0.95–1) and the proposed models fit well with the experimental data. In
summary, the obtained models for DMH-treated samples can be used for the prediction of
antimicrobial effect based on contact time between bacterial cells and DMH.

Table 7. Regression coefficients for time-kill kinetics models for DMH-treated samples.

Coefficients
DMH Concentration

S. aureus L. monocytogenes E. coli S. aureus

MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC MIC 2×MIC 4×MIC

d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a 5.65 5.36 5.53 5.31 5.59 5.25 5.36 5.4 5.46 5.65 5.36 5.53
c 2.68 2.40 1.43 2.47 1.76 2.43 1.76 1.52 1.05 2.68 2.40 1.43
b 2.65 3.01 1.65 4.35 3.05 3.85 1.44 1.32 1.16 2.65 3.01 1.65

The regression coefficients could be depicted as follows: a–minimum of the experimentally gained values (t = 0);
d–the maximally gained values (t = ∞); c–the infection point (the point between a and d); b–the steepness of the
infection point c.

3. Discussion
3.1. Volatile Compounds of Essential Oil and Hydrolate

According to referenced data from the literature about DMEO chemical composition
(Table 8), as well as cluster analysis performed using this data for the construction an
unrooted phylogenetic tree (Figure 4), it could be assumed that the largest number of
accessions belonged to the geranial + neral + geranyl acetate chemotype [2,9,10,12,17,34–46].
The D. moldavica plants grown and utilized in this study also belonged to the above
chemotype. Other previously reported chemotypes of D. moldavica include: the geranyl
acetate + geranial + geraniol one [42,47–51], the 1,8 cineole + 4-terpineol [52], and the
linalool + geranial + fenchone [53].

Table 8. Chemical composition of DMEO according to the literature data.

No Reference 1,8-Cineole 4-Terpineol Fenchone Geranial Geraniol Geranyl
Acetate Linalool Methyl

Chavicol Neral Nerol Neryl
Acetate

1 [2] 0.0 0.0 0.0 29.6 5.4 27.2 0.4 0.0 19.4 0.4 3.0
2 [34] * 0.3 0.0 0.1 16.3 22.3 35.6 0.3 0.0 11.9 1.0 2.6
3 [35] * 0.0 0.0 0.0 26.2 4.6 35.0 0.2 0.0 20.7 0.0 4.1
4 [36] 0.0 0.0 0.0 25.5 0.5 15.2 1.3 16.0 9.7 0.3 1.2
5 [37] 0.0 0.0 0.0 27.3 20.7 23.2 0.8 0.0 18.6 0.0 2.1
6 [47] 0.0 0.0 0.0 21.6 39.5 12.4 0.8 0.0 17.1 1.5 1.6
7 [38] * 0.0 0.0 0.0 9.3 16.0 52.7 0.6 0.0 5.1 0.3 2.9
8 [9] * 0.0 0.0 0.0 36.6 2.9 26.7 0.3 0.0 25.7 0.1 1.2
9 [39] 0.0 0.0 0.0 26.3 16.9 22.5 1.5 0.0 21.3 1.0 0.4
10 [12] 0.0 0.0 0.0 28.5 19.6 16.7 0.8 0.0 21.2 1.9 1.8
11 [40] * 0.0 0.0 0.0 23.6 16.8 29.2 2.0 0.0 20.2 1.9 0.0
12 [48] 0.0 0.0 0.0 11.2 24.3 36.6 0.8 0.0 16.3 0.4 0.9
13 [52] 31.3 22.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14 [41] 0.0 0.0 0.0 19.8 15.1 27.9 2.4 0.0 18.0 2.2 4.2
15 [42] 0.0 0.0 0.0 30.9 34.2 25.4 0.6 0.0 0.3 0.0 1.5
16 [42] 0.0 0.0 0.0 27.8 36.0 27.5 1.0 0.0 0.4 0.0 1.8
17 [43] 0.0 0.0 0.0 8.4 15.9 46.7 0.5 0.0 5.8 0.3 2.6
18 [17] 0.0 0.0 0.0 31.1 0.0 0.0 1.5 0.0 31.1 17.1 4.8
19 [44] 0.0 0.0 0.0 19.1 9.3 30.4 2.7 0.0 17.8 2.9 2.5
20 [10] 0.0 0.0 0.0 21.6 17.6 19.9 1.1 0.0 32.1 0.0 1.6
21 [53] * 0.4 0.0 13.8 15.9 6.9 1.3 28.1 1.2 0.0 1.4 0.9
22 [45] * 0.01 0.0 0.0 50.7 3.4 10.0 0.1 0.0 26.8 0.0 0.0
23 [49] 0.0 0.0 0.0 44.0 28.0 14.0 0.4 0.0 6.3 0.2 2.6
24 [46] 0.3 0.0 0.1 41.9 5.3 19.0 0.5 0.0 25.3 0.3 0.6
25 [50] 0.0 0.0 0.0 18.3 19.5 34.9 0.4 0.0 14.8 0.0 2.9
26 [51] 0.0 0.0 0.0 24.5 8.8 32.6 0.8 0.0 22.7 2.4 3.4
27 TS 0.0 0.1 0.0 16.8 0.0 53.2 1.6 0.0 10.7 0.0 4.6

* Average value from different agrotechnical measures (cropping patterns, fertilization, and irrigation); TS—this
study.
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The phylogenetic cluster tree for DMEO was estimated and drawn using R software
4.0.3, as it is previously described for essential oil of white horehound [54], immortelle [55],
hyssop [56], naked catmint [57], and sweet wormwood [58].

3.2. Antioxidant Activity

Plant essential oils represent natural sources of bioactive compounds with several
models of action, among them, scavenging of free radicals, prevention of chain reactions
initiation, reducing agents, and termination of peroxides, quenching of singlet oxygen, and
binding of metal ion catalysts [59]. Different in vitro assays have been used to estimate the
antioxidant potential of DMEO, while the data of DMH antioxidant activity have not been
previously published in the scientific literature. In general, for complex systems such as
essential oils, using at least three methods with different mechanisms is preferable and
in some cases required to evaluate antioxidant activities. The DPPH• and ABTS•+ assays
are efficient tools for the determination of antioxidant activity; although these methods
have an identical mechanism, the mediums for the assay are different which means there
is a dissimilar solubility of the isolated bioactive compounds [60]. The SOA, like ABTS•+

assay, share the water medium, but at a different pH level. Superoxide anion is the most
frequent free radical in vivo and deals as a precursor for other reactive oxygen species that
possess the capability to induce damage of important biological molecules. In the BCB
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assay, due to the absence of antioxidants, β-carotene undergoes rapid discoloration; this
could be explained by the integrated oxidation of β-carotene and linoleic acid-generating
free lipid species. Another defense mechanism in preventing the body from the dangerous
effect of free radicals is reducing these molecules by the antioxidants. In the present study,
reducing power was monitored through measurement of the ferrous ions transformation
in presence of antioxidants.

Geranyl acetate is known for its strong antioxidant properties due to its capacity to
reduce free radical stability via electron or hydrogen donating mechanisms [61]. As well,
geranyl acetate is insoluble in water but soluble in organic solvents and oil, which is the
reason for its low concentration in DMH.

Investigation of the DMEO antioxidant capacity obtained from D. moldavica plants
grown as a single-crop vs. intercropping systems with soybean in response to the applica-
tion of chemical fertilizer (urea and triple superphosphate) and organic manure had the
IC50 values in the range from 1.45 to 5.28 µg/mL [9]. Furthermore, the evaluation of the
antioxidant activity of DMEO using DPPH•, ABTS•+, and BCB assays showed that essential
oil possesses weaker scavenger activity for DPPH• and ABTS•+ radicals than ascorbic acid
and BHT, while higher activity was reported for peroxyl radicals [12]. The results from the
latter study were in agreement with the results of the present study. Generally, both DMEO
and DMH contain very efficient bioactive compounds such as geranyl acetate, geranial,
geraniol, and neral, which are responsible for the antioxidant activity. There is not enough
information about antioxidant mechanisms and other biological activities of DMEO and
DMH.

3.3. Antimicrobial Activity

The gained antimicrobial effect (see Section 2.3) can be the result of the chemical com-
position of the DMEO and DMH, due to the fact that geranyl acetate, as an ester derived
from geraniol, as well as geranial and neral (together known as citral) have good antibac-
terial properties and good thermal stability [62,63]. The mentioned group of bioactives
as well as this group of bioactives are especially dominant in DMEO, but also in DMH
(Table 2).

Resistance of B. cereus on the tested samples was not in line with the results of El-
Baky and El-Baroty [11] that reported the inhibitory effect of DMEO from Egypt in a
concentration of 0.07 mg/mL. This may suggest the difference in antimicrobial effect based
on the origin of the plant and differences in its chemical profile, which has been reported
previously [64–66]. Both DMEO and DMH samples in this study showed an antimicrobial
effect on S. aureus, L. monocytogenes, and E. coli strains that is strongly correlated to the
results of Eshani et al. [12], which demonstrated a significant antimicrobial effect of DMEO
against the mentioned bacteria. Notably, the obtained max of 40 mm was registered for
all the tested bacteria in the case of DMEO, while this value for the tested DMH was
lower. Moreover, the inhibition zones of both DMEO and DMH were even higher than
that in the positive control, i.e., cefotaxime and clavulanic acid combination, indicating
the significant potential of using the DMEO and DMH as natural ingredients in various
products to improve microbial antibiotic resistance. To the best of our knowledge, the high
antimicrobial performance of DMH has not been previously reported. In addition to the
antibacterial effect, several scientific groups reported antifungal activity of DMEO [10,67,68]
which did not correlate with the results of this research.

Additional observation can be directed to the fact that all four sensitive bacteria
represent common pathogenic bacteria that cause foodborne diseases [69], while alimentary
infection and intoxications caused by these pathogens represent a growing public health
problem [70]. Due to the mentioned facts, the obtained results are promising in view of
finding alternative agents with rapid biocide effect for the food or packaging production.

139



Plants 2022, 11, 941

4. Materials and Methods
4.1. Plant Material

D. moldavica was grown during the 2021 cropping season in the Institute of Field and
Vegetable Crops Novi Sad (IFVCNS), experimental fields in Bački Petrovac (Vojvodina
Province, North Serbia) on gleyed calcareous chernozem soil type. The species were confirmed
by Milica Rat, research associate at the botanical collection, and deposited under the
voucher number 2-1513 at the Herbarium BUNS (Faculty of Sciences, University of Novi
Sad). The previous crop was barley. Granular mineral fertilizer (70 kg NPK in formulation
15:15:15) was applied in the previous fall prior to the fall plowing and disking.

The seeds were sown in pots in a greenhouse, in March, and the seedlings were
transplanted at the end of April in an experimental plot of 70 m × 10 m, with a 70 cm
spacing between rows and 50 cm between plants. During the vegetation period, only hand
weeding and hoeing were performed. Plants were harvested in August, at full bloom, by
cutting the plants at 5 cm above the ground, dried in a flat-bed solar dryer at temperatures
less than 40 ◦C for two days, and the essential oil was isolated via steam distillation.

4.2. Essential Oil Isolation

The steam distillation of the dried aerial plant parts of D. moldavica was performed
in a semi-industrial distillation unit at IFVCNS [71]. Briefly, 50 kg of dried biomass was
put in the distillation vessel (0.8 m3), which was supplied with hot dry steam from a
separate steam generator. After 20 min, a condensate (essential oil and condensed water)
started to accumulate in the glass Florentine flask. After 4 h of distillation, the essential
oil and the hydrolate were separated: the DMEO was decanted from the aqueous layer,
dried over anhydrous sodium sulfate, while the DMH was purified by filtration using
MN 651/120 filter paper. The essential oil yield was 0.65% in dried biomass. In order to
prepare the DMH sample for analysis of volatile compounds, 400 mL of hydrolate were
extracted by dichloromethane via a Likens–Nickerson apparatus for 2 h.

4.3. Analysis of Volatile Compounds

Gas chromatograph (Agilent 7890A) with two detectors, flame ionization (FID) and mass se-
lective (Agilent 5975C), and non-polar capillary column HP-5MS (30 m × 0.25 mm × 0.25 µm)
were used for the analysis of DMEO and DMH. The operating conditions were the same as
in our previous works [58,71]. Identification of the components was conducted according
to their linear retention indices (RI), and comparison with mass spectral libraries (Adams
ver. 4, Wiley ver. 5, and NIST ver. 17). The relative abundance of each detected compound
was calculated from GC/FID chromatograms as a percentage area of each peak (only
identified compounds are shown).

4.4. In vitro Assessment of Antioxidant Activity

The potential antioxidant activity of DMEO and DMH were assessed using five
common in vitro antioxidant assays. The tests were performed with DMEO dissolved in
methanol at the concentration of 250 mg/mL. For all assays, the Trolox equivalents were
used for expression of antioxidant activities as µmol per 100 mL (µmolTE/100 mL). The
DMH was tested in its original eluted form after filtration.

4.4.1. DPPH• (2,2-diphenyl-1-picrylhydrazyl)

The DPPH assay was performed according to Aborus et al. [72]. Briefly, 250 µL DPPH•

solution in methanol (0.89 mM) was mixed with 10 µL of the sample in a microplate well
and left in the dark at ambient temperature for 50 min. Absorbance was measured at
515 nm, and methanol was used as a blank.

4.4.2. ABTS•+ (2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic Acid)

The ABTS•+ radical scavenging assay was evaluated employing the method according
to Aborus et al. [72]. The absorbances of 250 µL activated ABTS•+ (with MnO2), before and
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35 min (incubated at 25 ◦C) after the addition of 2 µL of juice were measured at 414 nm.
Water was used as blank.

4.4.3. SOA (Superoxide Anion)

Superoxide anion radical scavenging activity was determined by the nitroblue tetra-
zolium reduction method, adapted for a 96-well microplate [73]. An amount of 50 µL of
each sample solution dissolved in phosphate buffer, or 50 µL of buffer (blank test), was
mixed with 50 µL of 166 mM nicotinamide adenine dinucleotide (NADH), 150 µL of 43 mM
nitrotetrazolium blue (NBT), and 50 µL of phenazine methosulfate (PMS) in triplicate. The
tests were conducted at room temperature with two readings of 560 nm, being the initial
when PMS is added, and the final after 2 min.

4.4.4. RP (Reducing Power)

Reducing power (RP) was determined by the method of Oyaizu [74] adapted for a
96-well microplate. In brief, a 25 µL sample or 25 µL water (blank test), 25 µL sodium
phosphate buffer (pH = 6.6), and 25 µL of 1% potassium iron(III) cyanide were mixed and
incubated in a water bath for 20 min at 50 ◦C. After cooling, 25 µL of 10% trichloroacetic
acid was added and solutions were centrifuged at 2470× g for 10 min. After centrifugation,
50 µL of supernatant was mixed with 50 µL of distilled water and 10 µL of 0.1% iron(III)
chloride in the microplate. Absorbances were measured immediately at 700 nm.

4.4.5. BCB (β-Carotene Bleaching)

The β-carotene bleaching capacity of samples was evaluated by the β-carotene linoleate
model system of Al-Saikhan et al. [75]. The absorbances of all the samples were taken at
470 nm at zero time and after 180 min, while during this time the microplate was incubated
at 50 ◦C.

4.5. In Vitro Assessment of the Antimicrobial Activity

Observation of the antimicrobial activity of the DMEO and DMH was performed
using references strains of bacteria Bacillus cereus, Escherichia coli, Listeria monocytogenes,
Pseudomonas aeruginosa, Salmonella Typhimurium, and Staphylococcus aureus, as well as
referent representatives of yeasts and fungi (Aspergillus brasiliensis, Candida albicans, and
Saccharomyces cerevisiae). All tested strains were obtained from the American Type Culture
Collection (ATCC).

4.5.1. Screening of Antimicrobial Effect of DMEO and DMH (Disk Diffusion Method)

Evaluation of antimicrobial activity of the DMEO and DMH was completed by the
disk-diffusion method. As Micić et al. [76] reported in detail, the nutrient medium (Müller–
Hinton agar or Sobouraud maltose agar) was inoculated with microbial suspensions (ap-
prox. 6 log CFU/mL) and the samples (15 µL) were applied onto three sterile cellulose discs.
Bacteria were grown on Müller–Hinton agar (HiMedia, Mumbai, India) at 37 ◦C for 24 h
and at 30 ◦C (B. cereus) for 18 h. Yeast and fungi were grown on Sabouraud maltose agar
(HiMedia, Mumbai, India) at 25 ◦C for 48 h. Cells were suspended in a sterile 0.9% NaCl
solution. As a negative control, sterile distilled water was used, while positive controls
were commercially available antibiotics chloramphenicol and tetracycline (Sigma-Aldrich,
St. Louis, MO, USA) as well as actidione (Biochemica, Billingham, U.K.). The obtained
results were interpreted as follows: sensitive (diameter of inhibition zone above 26 mm),
intermediary (inhibition zone 22–26 mm), and resistance (inhibition zone below 22 mm).

4.5.2. Minimal Inhibitory Concentration (MIC)

The MIC was evaluated for all bacteria, yeast, and fungi that are sensitive to the
DMEO and DMH using the microdilution method labeled by Pavlić et al. [77]. The initial
concentration was defined as 100%, while other concentrations were prepared using succes-
sive dilutions (100–0.39%) using dimethyl sulfoxide (50 mg/mL) for essential oil or sterile
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distilled water for hydrolate. The used dissolvents were inert for all tested microorganisms
and did not have a biocide effect on bacterial and yeast growth [66]. MIC represents the
lowest concentration of antimicrobial agents that, under defined in vitro conditions, pre-
vents the appearance of visible growth of a microorganism within a defined period of time.
MIC is calculated based on the numbers of cells of positive control and treated samples
with DMEO or DMH. The test microtiter plate had a positive control (inoculated media
without DMEO or DMH) and a negative control (100 µL of medium mixed with 100 µL of
DMEO or DMH).

4.5.3. Assessment of Antimicrobial Activity Using a Time-Kill Procedure

The pharmacodynamics potential of antimicrobial activity was followed using moni-
toring of the time-kill kinetics as reported by Ferro et al. [78]. All sensitive bacteria (approx.
6 log CFU/mL) were tested during contact time with 1, 2, and 4-time MIC concentrations
in several samples times (0 h, 2 h, 3 h, 4 h, 5 h, 6 h, 12 h, and 24 h of incubation for bac-
teria at 37 ◦C). An inoculated medium without the sample was positive control, while a
non-inoculated medium was a blank. The four-parameter sigmoidal model established by
Romano et al. [79] performed kinetic modeling.

4.6. Statistical Analyses

The collected data were processed statistically using the software package STATISTICA
10.0 (StatSoft Inc., Tulsa, OK, USA). All analyses were performed in three replicates. The
obtained results were expressed as the mean value with standard deviation (SD). Analysis
of variance (ANOVA) with Tukey’s HSD post hoc test for comparison of the sample means
were used to explore the variations of parameters. All observed samples were checked for
variance equality (using Levene’s test) and normal distribution (using Shapiro–Wilk’s test).

5. Conclusions

Expressed needs for natural materials and phytochemicals, as well as needs to find
antimicrobial substances that are substitutes for antibiotics, inspire researchers to look for
new sources of these compounds. Herbs, such as D. moldavica, could be important raw
materials in the pharmaceutical and food industry. The main compounds in the essential oil
were geranyl acetate, geranial, and neral, while in the hydrolate these were geranial, neral,
and geraniol. Geranyl acetate, a monoterpene, is commonly used at an industrial level in a
wide range of products such as powders, soaps, perfumes, as well as flavoring agents, due
to its intensely fruity and floral aroma. Due to its low solubility in water, it was not detected
in the hydrolate. Citral (a mixture of two monoterpene aldehydes—geranial and neral) is
widely used as a flavoring agent in food, beverage, and cosmetic products. Geraniol is a
commercially important terpene alcohol used in the food, fragrance, and cosmetic industry,
as well as insecticidal and repellent compounds in pesticides and household products.
D. moldavica essential oil (DMEO) and hydrolate (DMH) as significant sources of these
compounds are prospective raw materials for many purposes.
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Figure S2: GC-FID Chromatogram of Dracocephalum moldavica hydrolate (DMH).
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Abstract: This study compared the essential oils (EO) composition of Helichrysum arenarium (Bulgarian
populations) with that of the cultivated species H. italicum. The EO composition of H. arenarium and
H. italicum were analyzed via gas chromatography. In general, 75 components were identified in
H. arenarium EO and 79 in H. italicum EO. The predominant constituents in H. arenarium EO were
α-pinene (34.64–44.35%) and sabinene (10.63–11.1%), which affirmed the examined population as a
new chemical type. Overall, the main EO constituents of H. italicum originating in France, Bosnia and
Corsica were neryl acetate (4.04–14.87%) and β-himachalene (9.9–10.99%). However, the EOs profile
of H. italicum introduced from the above three countries differed to some extent. D-limonene (5.23%),
italicene, α-guaiene and neryl acetate (14.87%) predominated in the H. italicum introduced from France,
while α-pinene (13.74%), δ-cadinene (5.51%), α-cadinene (3.3%), β-caryophyllene (3.65%) and α-
calacorene (1.63%) predominated in plants introduced from Bosnia. The EOs of the plants introduced
from France and Corsica had similar chemical composition and antimicrobiological activity.

Keywords: Bulgaria; Bosnia; Corsica; France; essential oil; Helichrysum; protected species; α-pinene;
sabinene; neryl acetate

1. Introduction

Plants species belonging to Helichrysum Mill. genus (Asteraceae) have long been
known for their healing properties, and preparations based on Helichrysum species have
been and continue to be used around the world [1]. The pharmaceutical, cosmetic and
perfume industries have taken a strong interest in Helichrysum species because of the
specific essential oil (EO) aroma and composition [2]. Extracts from Helichrysum species
possess a wide range of pharmacological activities such as antioxidant, antimicrobial,
antiatherosclerotic, antiproliferative, antidiabetic, neuroprotective and antiinflammatory
activities [3–6]. There are 16 species in the Helichrysum genus spread across Europe [7].
Two species, H. arenarium (L.) Moench. and H. plicatum DC. [8], are naturally occurring in
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Bulgaria, while H. italicum (Roth) G. Don. is an introduced cultivated species in this country.
Products derived from H. italicum are widely used in the traditional medicine, cosmetics
and the food industry and are particularly popular in the Mediterranean countries [9,10].
In recent years, there has been increasing interest in products from H. italicum. As a result,
the species has been commercially cultivated in France [11], Portugal [12], Bosnia and
Herzegovina [2,13], Italy [14,15], Serbia [10] and recently in Bulgaria. There has been
significant interest in the phytochemical composition and pharmacological activity of H.
italicum during the last decade and a half [13,15–18].

Helichrysum arenarium has a long tradition as a medicinal plant in the European
ethnomedicine [19]. Medicines based on Helichrysi flos were enlisted in the State Pharma-
copoeia of the USSR [20], Pharmacopoeia Helvetica [21] the Polish Pharmacopoeia [22],
as well as in a herbal monograph on H. arenarium [23]. Because of its healing properties,
H. arenarium has been collected from its natural populations; hence, wild collection has
the potential to disturb stable populations of this species. In some European and Asian
countries, such as Sweden, Poland, Kazakhstan and Serbia, the species is protected and
cultivated [24–26]. In Bulgaria, H. arenarium is protected according to the Biodiversity Act,
included in Annex 4 of this act and in the List of Species of Medicinal Plants under special
regimen of conservation [27,28].

Research studies related to its phytochemical composition have focused mainly on the
content of phenols and flavonoids [29–52] (Table 1). This is not accidental because phenolic
compounds, including flavonoids (like in Helichrysi flos), used in traditional medicine (bio-
logical source H. arenarium) have been demonstrated to have cholagogue, choleretic, hepato-
protective and inhibitory effects on tumor necrosis; in addition, these compounds are used
to make a detoxifying herbal drug [19,30,40]. Studies on EO composition of H. arenarium
are limited and the existing data for EO composition diverge widely [4,30–33,35] (Table 1).
For example, in a study of the Hungarian population, the predominant EO constituents
were linalool, carvacrol, anethole, anisaldehyde and thymol [31,32]; in Serbia, major EO
constituents included diepi-α-cedrene, α-ylangene, cyclosativene and limonene [4]; in Iran,
spathulenol, β-pinene, limonene, alpha-cadinol and borneol were observed [43,45]. The
latter authors concluded that the observed differences in the EO composition were due
to the different geographical habitats of the species [4,31–33,43,45]. So far, phytochemical
studies of the Bulgarian wild populations of H. arenarium have not been conducted. To
preserve the natural population of the species, it may need to be cultivated ex situ through
its development as a cultivated crop. Phytochemical studies are necessary for the selec-
tion of accessions possessing high content and desirable composition of the EO. Overall,
information on the EO composition of H. italicum cultivated in Bulgaria is limited.

Table 1. Literature data of phytochemical research on Helichrysum arenarium.

Reference Main Compounds Country

Rančić et al. [4] diepi-α-cedrene (17.9%), α-ylangene (13.9%), cyclosativene
(11.9%), limonene (11.4%) Serbia

Mao et al. [5] narirutin, naringin, eriodictyol, luteolin, galuteolin,
astragalin, kaempferol China

Smirnova and Pervykh [29] flavonoids-astragalin, luteolin, kaempferol Russian Federation
Czinner et al. [30] phenolic compound Hungary

Czinner et al. [31] linalool (1.7%), anethole (3.2%), carvacrol (3.6%),
α-muurolol (1.3%), 1.5% of β-asarone Hungary

Lemberkovics et al. [32]

linalool, alpha-terpineol, carvone monoterpenes; anethole,
anisaldehyde, thymol, carvacrol, eugenol, beta-asarone,

butylhydroxyanisole aromatic components;
alpha-humulene, beta-caryophyllene, gamma-muurolene,
delta-cadinene, copaene, alpha-gurjunene, caryophyllenol,

delta-cadinol and globulol sesquiterpenes, caprylic acid,
pelargonic, caprinic, lauric acids, methyl palmitate

Hungary
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Table 1. Cont.

Reference Main Compounds Country

Judzentiene and Butkiene [33] β-caryophyllene; δ-cadinene; octadecane; heneicosane Lithuania
Bryksa-Godzisz et al. [34] phenolic compounds Poland

Radušienė and Judžentienė [35]
1.8-cineole (2.3–7%); α-copaene (2.2–3.6%);

trans-caryophyllene (4.4–8.8%); epi-a-cadinol (2–4%);
m/z-149 (phthalide)(0.6–5.6%); heneicosane (1.5–5.1%)

Lithuania

Yang et al. [36] Flavonoids (naringenin-7-O-β-d-glycoside, isoquercitrin,
astragalin) China

Lv et al. [37] prenylated phthalide glycosides China

Zhang et al. [38]
6,7-dimethoxy-4-hydroxy-1-naphthoic acid

(1),(Z)-5-hydroxy-7-methoxy-4-[3-methyl-4-(O-β-d-
xylopyranosyl)but-2-enyl]isobenzofuran-1(3H)-one (2).

China

Eshbakova and Aisa [39] naringenin, helichrysum phthalide, diosmin, oleanolic acid Republic of Uzbekistan

Morikawa et al. [40]
naringenin 7-O-β-D-glucopyranoside, apigenin

7-O-β-D-glucopyranoside, apigenin 7-O-gentiobioside,
apigenin 7,4′-di-O-β-D-glucopyranoside

cultivated in Poland
purchased Tochimoto Tenkaido

Co., Ltd., Osaka, Japan
Albayrak et al. [41] phenolic compounds Turkey

Yong et al. [42] β-sitosterol, stigmasterol, β-sitosterol, β-D-glucopyranoside,
stigmasterol, caffeic acid ethyl ester. China

Oji et al. [43]
limonene (21.2%), alpha-cadinol (18.2%), borneol (11.9%),

delta-cadinene (9%), bornyl acetate (8%),
alpha-humulene (7.3%).

Iran

Gradinaru et al. [44] caffeic acid; flavonoids (apigenin, naringenin,
apigenin-7-O-glucoside, naringenin-O-hexosides) Romania

Moghadam et al. [45] spathulenol (36.6%), β-pinene (12.5%) Iran
Bandeira Reidel et al. [46] β-caryophyllene (27–46%); (E)-2-hexenal; β-pinene (7.4%); Italy

Bandeira Reidel et al. [47] β-pinene (7.4%); β-caryophyllene (27.5%); δ-cadinene (3.2%);
pentadecanoic acid, methyl ester (31%) Italy

Babotă et al. [48] phenolic compound; methoxylated flavone;
sterolic compound; Romania

Judzentiene et al. [49]
1,8-cineole (8.9%, one sample), β-caryophyllene

(5.8–36.2%, 14 oils), γ- and δ-cadinene (5.8% and 9%);
octadecane (7.1–22.3%).

Lithuania

Liu et al. [50]

linalool (2.81%); 4-acetyl-1-methylcyclohexene (1.88%);
β-spathulenol (24.03%); caryophyllene oxide (3.05%); ledol
(6.22%); hinesol (3.86%); β-eudesmol (2.56%); α-eudesmol

(4.37%); α-cadinol (7.76%); α-bisabolol (5.71%)

Inner Mongolia, China

Stankov et al. [51] oleic acid (30.28%), ethyl hexadecanoate (20.19%), linoleic
acid (18.89%), sclareol (4.22%) Turkey

Ivanović et al. [52] phenolic compounds Slovenia

Previous research showed that H. italicum EO exhibited antioxidant, antimicrobial,
antiviral, anti-inflammatory, and antiproliferative activity [13]. H. italicum showed low
or no activity against tested bacteria. However, for all Gram-negative bacteria (E. coli,
P. aeruginosa, Salmonella typhimurium, S. enteritidis, K. aerogenes and P. hauseri) minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) values were
higher than 454.5 µL/mL EO. For the Gram-positive bacteria (B. cereus, L. monocytogenes,
R. equi, and S. epidermidis) MIC and MBC values was 454.5 µL/mL, while for other (B.
spizizenii, E. faecalis, L. innocua, L. ivanovii, and S. aureus) MIC and MBC values were higher
than 454.5 µL/mL of EO [10].

The present study analyzed the EO composition of the Bulgarian population of H.
arenarium and compared it with the EO of H. italicum, which already has an established
international market. The working hypothesis was that EO composition of H. italicum and
H. arenarium would be similar.
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2. Results
2.1. Qualitative Composition of the Essential Oil (EO)
2.1.1. Helichrysum arenarium

The analysis of variance (ANOVA) results that identified significant (bold) and non-
significant differences among the mean constituents of H. arenarium are shown in Table 2.
Data from EO analysis of H. arenarium are presented in a Supplementary Table S1. Overall,
75 EO constituents were identified and grouped into the following classes: monoterpenes,
sesquiterpenes, diterpenoids and long-chain alkane, in total 90.82–94.4% of the total oil.
The monoterpenes predominated in the three tested samples (65.72–73.99%) (Table 3):
α-Pinene (34.64–44.35%) and sabinene (10.63–11.1%) were predominant in the three sam-
ples and β-pinene, trans-verbenol and D-limonene were observed in similar quantity
(Table 3) (Figure 1). With respect to the sesquiterpenes in H. arenarium EO, (16.08–19.41%),
germacrene D (3.56–4.86%) and β-gurjunene (3.61%) were predominant (Table 3). The
concentrations of sabinene, D-limonene, trans-verbenol, n-tetradecane and β-gurjunene in
H. arenarium EO were not significantly different between the three locations; the overall
means of these compounds are shown in Table 4.

Table 2. ANOVA p-values showing the significance of the differences among the three collections in
terms of H. arenarium concentrations.

Constituent p-Value Constituent p-Value Constituent p-Value

α-pinene 0.033 * β-gurjunene 0.322 1-terpinen-4-ol 0.002
sabinene 0.716 germacrene D 0.027 long-chain alkane 0.017

β-pinene 0.073 germacra-
4(15),5,10(14)-trien-1 0.089 n-tetradecane 0.138

D-limonene 0.403 monoterpenes 0.004 diterpenoids 0.355
trans-verbenol 0.400 sesquiterpenes 0.084

* Significant effects that require multiple means comparison are shown in bold.

Table 3. Mean H. arenarium concentration (%) of α-pinene, β-pinene, 1-terpinen-4-ol, germacrene D,
germacra-4(15),5,10(14)-trien, monoterpenes, sesquiterpenes, diterpenoids and long-chain alkane
obtained from three collections (Location 1, Location 2 and Location 3) within the natural populations.

Collection α-Pinene β-Pinene 1-Terpinen-4-ol Germacrene D Germacra-4(15),5,10(14)-trien

689 Location 1 44.35 a * 2.85 a 0.92 c 3.56 b 1.14 ab
691 Location 2 36.60 b 2.30 b 2.11 a 5.33 a 1.09 b
699 Location 3 34.64 b 2.67 ab 1.26 b 4.83 a 1.37 a

Collection Monoterpenes Sesquiterpenes Long-chain alkane Diterpenoids
689 Location 1 73.99 a 16.08 b 4.33 b 3.25 b
691 Location 2 68.96 b 18.01 ab 6.23 a 3.45 ab
699 Location 3 65.72 c 19.41 a 5.69 a 4.27 a

* Within each constituent, means sharing the same letter are not significantly different.

Table 4. Overall mean H. arenarium concentration (%) of sabinene, D-limonene, trans-verbenol,
n-tetradecane and β-gurjunene where there was no significant difference among the three collections.

Constituent Overall Mean Concentration
√

MSE *

Sabinene 10.80 0.607
D-limonene 2.11 0.151

trans-verbenol 3.18 0.217
n-tetradecane 2.36 0.135
β-gurjunene 3.61 0.259

*
√

MSE = square root of the mean square error (MSE) that estimates the common standard deviation (σ).
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2.1.2. Helichrysum italicum

The ANOVA results that identified significant (bold) and nonsignificant differences
among the mean constituents of H. italicum are shown in Table 5. The chemical composition
of EO of H. italicum is presented in Supplementary Table S2, Tables 6 and 7. The Gas
chromatography-mass spectrometry (HS/GC-MS) analyses showed 79 EO constituents
(Supplementary Table S2). Generally, sesquiterpenes were predominant in the EO from
all three locations: 45.23% (France), 47.9% (Corsica) and 54.8% (Bosnia). β-Himachalene
was found to be present in the three analyzed samples in the range of 9.9% to 10.9%
(Table 6), although EO of each of those samples possessed a specific profile. For example,
italicene and α-guaiene were present in higher quantity in the plants introduced from
Corsica and France (Table 6). The EO of plants introduced from Bosnia was characterized
by higher content of δ-cadinene (5.51%), α-cadinene (3.3%), β-caryophyllene (3.65%) and
α-calacorene (1.63%) compared with the other samples (Supplementary Table S2). The
structural formulas of some of the main compounds are presented on Figure 1.

Table 5. ANOVA p-values showing the significance of the differences among the three countries in
terms of H. italicum concentrations.

Constituent p-Value Constituent p-Value

α-Pinene <0.001 * β-Caryophyllene 0.001
D-Limonene 0.019 p-Cymen-7-ol acetate 0.004

2-Methyl butyl-2-methyl butyrate <0.001 α-Guaiene <0.001
Isoamyl tiglate 0.004 γ-Curcumene 0.002
1-Terpinen-4-ol 0.001 β-Himachalene 0.467

Nerol 0.001 β-Curcumene 0.232
Neryl acetate 0.001 Germacrene D-4-ol 0.025

α-Copaene 0.049 γ-Eudesmol 0.027
Italicene 0.016 tau.-Muurolol 0.751

α-cis-Bergamotene 0.002 β-Eudesmol 0.120
Sesquiterpenes 0.048 Monoterpenes <0.001

Ester 0.669 Long-chain alkane 0.069
* Significant effects that require multiple means comparison are shown in bold.
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Table 6. Mean H. italicum concentration (%) of α-pinene, D-limonene, 2-methyl butyl-2-methyl bu-
tyrate, isoamyl tiglate, 1-terpinen-4-ol, nerol, neryl acetate, α-copaene, italicene, α-cis-bergamotene,
β-caryophyllene, p-cymen-7-ol acetate, α-guaiene, γ-curcumene, ger-macrene D-4-ol, γ-eudesmol, β-
himachalene, monoterpenes, sesquiterpenes, ester and long-chain alkane obtained from three countries.

Country α-Pinene D-Limonene 2-Methyl butyl-2-methyl
butyr Isoamyl tiglate 1-Terpinen-4-ol Nerol Neryl acetate

Bosnia 13.74 a * 3.37 b 0.087 c 0.83 b 0.29 c 0.19 b 4.04 c
France 4.84 b 5.23 a 4.31 a 1.74 a 1.37 b 2.26 a 14.87 a
Corsica 2.83 c 4.94 a 3.44 b 1.93 a 1.67 a 2.50 a 12.37 b

Country α-Copaene Italicene α-cis-Bergamotene β-Caryophyllene p-Cymen-7-ol
acetate α-Guaiene γ-Curcumene

Bosnia 2.38 a 2.93 b 0.38 b 3.65 a 5.27 a 1.71 b 2.46 a
France 1.99 ab 4.67 a 1.19 a 0.38 b 2.47 b 3.98 a 0.93 b
Corsica 1.71 b 4.23 a 1.19 a 0.48 b 2.50 b 4.08 a 0.65 b

Country Germacrene D-4-ol γ-Eudesmol β-Himachalene Monoterpenes Sesquiterpenes Long-chain alkane Ester

Bosnia 2.49 a 1.71 b 10.80 ab 29.83 c 54.80 a 0.74 b 7.84 ab
France 0.80 b 3.35 a 9.90 b 37.30 a 45.23 b 0.84 ab 7.96 a
Corsica 1.81 a 3.47 a 10.99 a 35.29 b 47.90 ab 0.99 a 7.09 c

* Within each constituent, means sharing the same letter are not significantly different.

Table 7. Overall mean H. italicum concentration (%) of β-Himachalene, β-Curcumene. tau.-Muurolol,
β-Eudesmol, and Ester where there was no significant difference among the three collections.

Constituent Overall Mean Concentration
√

MSE

β-Himachalene 10.57 0.832
β-Curcumene 2.05 0.411
tau.-Muurolol 1.13 0.083
β-Eudesmol 1.44 0.208

Ester 7.63 0.982
√

MSE = square root of the mean square error (MSE) that estimates the common standard deviation (σ).

Monoterpenes represented the second major class of the H. italicum EO. In the EO
of plants introduced from France, monoterpenes were observed in the greatest quan-
tity (37.3%), with D-limonene (5.23%) and neryl acetate (14.87%) being the predominant
monoterpenes (Table 6). The main EO constituents of plants introduced from Bosnia were
α-pinene (13.74%) and p-cymen-7-ol acetate (5.27%) (Table 6).

2.1.3. Antimicrobial Activity of the H. italicum EO

The H. italicum EO of plants introduced from Bosnia, Corsica, and France were tested
for antimicrobial activity against nine microorganisms using the disc diffusion method. An-
timicrobial activity of different microorganisms and location ranged from 2.33 to 14.67 mm.
Overall, the EO of H. italicum from all locations was more effective against S. aureus and
ranged between 9.33 and 14.67 mm (Table 8). Moderate antimicrobial effect was found
against C. krusei and C. tropicalis. The lowest antimicrobial activity was found against Y.
eneterocolitca. In general, the tested EOs were more effective against Gram-positive bacteria.

Table 8. Mean antimicrobial activities obtained from the three locations where H. italicum were collected.

Location SA EF SP PA YE SE CA CK CT

Bosnia 9.33 b 4.00 b 8.33 b 2.33 b 2.33 b 5.67 a 5.33 a 4.67 b 5.67 a
Corsica 14.67 a 1.67 c 6.67 c 2.67 b 5.33 a 3.33 b 5.33 a 5.67 b 4.33 a
France 14.67 a 12.33 a 10.67 a 5.33 a 5.00 a 4.00 b 5.67 a 10.67 a 6.33 a

Within each constituent, means sharing the same letter are not significantly different. SA-Staphylococcus aureus
subs. aureus CCM 4223, EF-Enterococcus faecalis CCM 4224, SP-Streptococcus pneumonia CCM 4501, PA-Pseudomonas
aeroginosa CCM 1959, YE-Yersinia enterocolitica CCM 5671, SE-Salmonella enterica subsp. enterica CCM 3807, CA-
Candida albicans CCM 8186, CK-C. krusei CCM 8271 and CT-C. tropicalis CCM 8223 (CT).
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3. Discussion
3.1. Helichrysum arenarium

Results of the present study on H. arenarium show that α-pinene (34.64–44.35%),
sabinene (10.63–11.1%), germacrene D (3.56–4.86%), β-gurjunene (3.61%), β-pinene, trans-
verbenol and D-limonene were the predominant constituents of H. arenarium EO. Unlike
in previously published data on the species, the results from this study affirmed a new
chemical type (chemotype) of H. arenarium in Bulgaria.

In Bulgaria, H. arenarium grows on sandy and coastal habitats at up to 500 m above
sea level: the Black Sea coast, the Danube Plain (central part), north-eastern Bulgaria and
south-eastern Bulgaria [8]. Previously, Czinner et al. [31] analyzed steam-distilled EO of H.
arenarium plants collected in the Caucasus region and established that the largest group of
compounds was the aliphatic acids (34.6%), among which were dodecanoic acid (11.9%)
and decanoic acid (9.8%), followed by ester methyl palmitate (28.5%) and further aromatic
compounds (10.2%) such as carvacrol and anethole (3.6 and 3.2%, respectively). On the
other hand, Lemberkovics et al. [32], using the same analytical approach, reported that
the predominant compound in the EOs of Polish and Hungarian commercial samples was
methyl palmitate (21.7–28.5%), while caprinic acid (19.8%) was the main EO constituent in
a cultivated plant sample from Hungary. These discrepancies in chemical profiles could be
a consequence of different environmental factors, such as isolation, soil type, precipitation,
etc. Furthermore, Judzentiene and Butkiene [33] reported chemical profiles of H. arenarium
EOs from inflorescences and leaves of yellow and orange flowering plants. Apparently,
the EO from inflorescences of both types of plants, yellow and orange, had two dominant
constituents, β-caryophyllene and heneicosane, followed by α-copaene (9–25.6%, 3–32.1%
and 1.5–7.2%, respectively). One of the main constituents in the EOs extracted from leaf in
both plant types with yellow and orange inflorescences, excluding β-caryophyllene, was
δ-cadinene (9.8–22.3% and 6.6–11.8%, respectively). Other EO constituents included 1,8-
cineole, α-copaene, (E)-β-ionone, γ-cadinene, selina-3,7(11)-diene, epi-α-cadinol, α-cadinol,
octadecane, isophytol and tricosane [33].

Analyses of the composition of the EO from Central European samples were conducted
by several authors [31,33,35]. These analyses also reported differences between EO obtained
from different geographic locations. Samples from the Caucasus region analyzed by Czinner
et al. [31] showed the presence of 1.5% of β-asarone, which was not found in the samples
from Central Europe.

3.2. Helichrysum italicum

Helichrysum italicum is a thermophilic plant species, which is among the most fre-
quently studied species [13]. The plants introduced from Bosnia, France and Corsica had
differing and specific composition of EO. For example, the basic constituents in EO of
the plants introduced from Bosnia were α-pinene, β-caryophyllene, p-cymen-7-ol acetate
and β-himachalene (Table 5), while the predominant constituents in EO of the plants
introduced from France and Corsica were D-limonene, neryl acetate, nerol, italicene, α-
guaiene, γ-eudesmol, 2-methyl butyl-2-methyl butyr and β-himachalene. The established
differences could be due to the fact that H. italicum is characterized by high polymor-
phism, spontaneous hybridization and variations in EO composition [3,13]. Review of
the literature provided evidence that variation in the H. italicum EO composition could
be due to numerous factors, such as geographical origin, ecological factors, geographical
features of the habitat, the sampled part of the plant, the relevant stage of growth and the
extraction methods [10,47,53,54]. Depending on the geographical origin, some researchers
reported several chemotypes of H. italicum. For example, based on literature data, Ninčević
et al. [13] named the following chemotypes for H. italicum: (1) EO from Corsica (neryl
acetate, neryl propionate, aliphatic ketones and β-diketones); (2) EO from Serbia (α-pinene,
then y-curcumene, β-selinene, neryl acetate and β-caryophyllene); (3) EO from the Adri-
atic Coast (α-curcumene or γ-curcumene or α-pinene, neryl acetate); (4) EO from Greece
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(geraniol, geranil acetat and nerolidol); and (5) EO from Tuscana (α-pinen, or neryl acetate,
β-selinene, β-cariophylene and α-selinene).

Another classification of the chemotypes of H. italicum was generated by Aćimović
et al. [10]. Depending on the main constituents, the authors identified 10 chemotypes
of H. italicum, namely (1) high neryl acetate chemotype (50.5–83.4%), (2) moderate neryl
acetate chemotype (19.5–48%), (3) neryl acetate + ar-curcumene (3.9–20.3% and 0.8–14.5%,
respectively), (4) ar-curcumene + γ-curcumene (17.9–28.6% and 12–22%, respectively),
(5) γ-curcumene (13.6–27.7%), (6) high α-pinene chemotype (25.2–53.5%), (7) moderate
α-pinene (5.6–20%), (8) juniper camphor (25.3–45.1%), (9) β-selinene (11.6–38%) and (10)
italidiones chemotype [10].

The samples examined in this study showed different EO profiles and could not be
assigned to any of the above-mentioned chemotypes of H. italicum. The predominant
constituents in EO of plants introduced from Bosnia were α-pinene (13.74%), δ-cadinene
(5,51%), α-cadinene (3.3%), β-himachalene (9.9%) and β-caryophyllene (3.65%). The EOs of
the plant samples introduced from France and Corsica had similar profiles; these contained
neryl acetate (12.37–14.87%), β-himachalene (9.9–10.99%) and D-limonene (5.23–4.94%).

3.3. Comparing the EOs between H. arenarium and H. italicum

The species from the genus Helichrysum are widely used in traditional medicine
worldwide and they are known as everlasting flowers [1]. As noted in the introduction,
some Helichrysum species are widespread and others are cultivated in the Mediterranean,
Iberian Peninsula and Eastern Europe [13,19,55]. The EO composition of H. italicum has
been studied widely, while H. arenarium has been studied mainly for the content of phenols
and flavonoids (Table 1). Data comparing the composition of the EO between the two
species have not been published. The samples of H. arenarium collected and analyzed in
this study contain a specific EO profile that differs from the EO composition of H. italicum.
Monoterpenes (α-pinene, sabinene) were the predominant class of compounds in the EO
of H. arenarium, while the EO of H. italicum was dominated by the class of sesquiterpenes
(neryl acetate and β-himachalene). However, the EO samples of H. italicum from three
regions differed from each other to some extent. D-limonene (5.23%), italicene, α-guaiene
and neryl acetate (14.87%) predominated in the H. italicum plants introduced from France,
while the H. italicum plants introduced from Bosnia had predominantly α-pinene (13.74%)
and δ-cadinene (5, 51%). This difference in the EO composition between H. arenarium and
H. italicum refutes our working hypothesis.

3.4. Antimicrobial Activity of the H. italicum EO

Djihane et al. [56] studied antimicrobial activity of H. italicum EO against Gram-
positive bacteria (G+), Gram-negative (G−) bacteria and fungi. Gram positive bacteria were
more sensitive to the presence of EO than G− bacteria or fungi. The results from this study
were similar with our results.

In the current study, fungi were the most resistant class of microorganisms to the
presence of the EO. Oliva et al. [57] tested H. italicum EO against methicillin-sensitive
Staphylococcus aureus (ATCC 29213), Escherichia coli (ATCC 25922), Candida albicans (ATCC
14053) and the clinical strains of methicillin-resistant S. aureus, carbapenem-resistant Kleb-
siella pneumoniae, carbapenem-resistant Acinetobacter baumannii and carbapenem-resistant
Pseudomonas aeruginosa. Interestingly, fungicidal/bactericidal potency against C. albicans
and carbapenem-resistant A. baumannii was revealed at a concentration of 5% v/v. Staver
et al. [58] conducted antimicrobial assays and showed that EO had weak to moderate
antimicrobial potential with S. aureus and S. epidermidis as the most sensitive bacterial
strains. In the study of Dzamic et al. [59], the most sensitive bacteria to H. italicum EO
were Bacillus cereus and Salmonella typhimurium, while the most sensitive fungus was yeast,
Candida albicans. Similar to our study, Mollova et al. [60] showed H. italicum EO from France
had more pronounced antimicrobial activity against the G+ bacteria Staphylococcus aureus,
Bacillus subtilis, and the fungus Aspergillus brasiliensis, as well as a stronger antioxidant
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potential compared with the other EOs. The obtained results from this study are in good
agreement with the findings of Cantore et al. [61] who reported that G+ bacteria are more
sensitive to plant EOs than G− bacteria. Mesic et al. [62] reported that immortelle essential
oil inhibited only Gram-positive bacteria and possessed antifungal effects.

With respect to the antibacterial properties of H. italicum EO and its related constituents,
Rossi et al. [63] demonstrated that the EO obtained from endemic plants of Corsica was more
effective against the G+ bacterium S. aureus than against the G− strains E. coli, Enterobacter
aerogenes and P. aeruginosa. In our study, the most resistant microorganisms tested were
G− bacteria. It is commonly known that G− bacteria are less susceptible to EO than G+

bacteria, and this is directly connected to the bacterial cell wall structure. In G− bacteria, the
cell wall is a complex envelope constituted by the cytoplasmic membrane, the periplasm
and the outer membrane. Results reported in Cantore et al. [61] and Rossi et al. [63] are
consistent with those in our study. Antimicrobial activity of H. italicum EO from Algeria
with α-cedrene, α-curcumene and geranyl acetate as dominant compounds assayed by disk
diffusion method inhibited growth of S. aureus, M. luteus, E. cereus, B. cereus, S. epidermidis,
B. subtilis, P. aeruginosa, E. faecalis and P. mirabilis, but did not affect E. coli, K. pneumonia and
L. monocytogenes. In addition, yeasts (C. albicans and S. cervisae), as well as fungi (F. solani, A.
niger, A. alternata and A. rabiei), were also inhibited by H. italicum EO [64].

4. Materials and Methods
4.1. Plant Material

The materials utilized in this study were aerial parts in full flowering. The plant
materials of H. arenarium were collected from three locations (numbered 689; 691; 699)
of population Pobitite kamani, near Varna town (Figure 2A) (43.228196 N; 27.705116 E;
114 masl) with an official permit (#790/19.04.2019 of MOCB). The collected samples were air-
dried at room temperature until a constant weight. Voucher specimens of H. arenarium were
deposited at the Herbarium of the Agricultural University, Plovdiv, Bulgaria (SOA) [65].
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Figure 2. Wild population of Helichrysum arenarium of population Pobitite kamani, near Varna town
(A), cultivated Helichrysum italicum (B).

Samples of H. italicum introduced from Bosnia, France and Corsica and grown side by
side in Bulgaria were obtained from experimental fields at the Institute of Roses, Essential
and Medical Plants in Kazanlak, Bulgaria (Figure 2B). These plantations were established
via vegetative propagation/rooting of fresh green cuttings prepared from the original
imported plants. The plants originating from Bosnia and Herzegovina and Corsica were
imported to Bulgaria as seedlings in trays, while the plants from France were imported and
grown from collected seeds.
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4.2. Essential Oil (EO) Extraction

The EO of all samples was extracted via hydrodistillation in a 2 L Clevenger-type
apparatus (Laborbio Ltd. Sofia, Bulgaria, laborbio.com, accessed on 12 June 2021). Since the
samples from H. arenarium were much smaller, the EO of H. arenarium was isolated from
45 g of flowering aerial parts of each accession by hydrodistillation in a Clevenger-type
distillation unit for 2 h plus in 0.8 L of water. The duration of the hydrodistillation was 2 h
and all samples were extracted in two replicates.

Samples from the introduced and grown in Bulgaria materials of H. italicum were
1000 g of fresh aboveground plant material in the full flowering stage. In addition, to obtain
larger EO samples for biological activity testing, steam distillation was performed in 5 L
metal cylindrical containers using 1.5 L of water under the grate on which the raw material
was placed. The steam distillation time was 1.5 h. The EO extraction was done at the
Institute of Roses, Essential and Medical Plants in Kazanlak, Bulgaria, and each extraction
was performed in two replicates. After isolation of each subsample, EO volume and weight
were measured, and the EO samples were stored in a freezer at 4 ◦C for further analyses.

4.3. Gas Chromatography (GC) Flame Ionization Detection (FID) and Gas Chromatography–Mass
Spectroscopy (MS) Analyses of the Essential Oils (EO)

The chemical profiles of the H. italicum and H. arenarium EO, in two replications, were
determined by GC-FID and GC/MS techniques using a 7890A gas chromatograph (Agilent
Technologies Inc., Santa Clara, CA, USA), according to the methods described in our
previous study [66]. The GC-MS analysis was performed on a 7890A gas chromatograph
(Agilent Technologies Inc., Santa Clara, CA, USA) coupled directly to an Agilent mass
selective detector (MSD-5975C). The system was equipped with a HP-5ms fused silica
capillary column (5% phenyl 95% dimethylpolysiloxane, 30 m× 0.32 mm i.d., film thickness
0.25 µm, Agilent Technologies, USA). The oven temperature was programmed from 40 ◦C
to 300 ◦C at a rate of 5 ◦C/min, and held for 10 min. The temperatures of the injector, the
MS quadrupole and the ion source were 250 ◦C, 150 ◦C and 230 ◦C, respectively. The MSD
transfer line was maintained at 270 ◦C.

All mass spectra were acquired in the EI mode (scan range of m/z 50–500 at 1 s/decade;
ionization energy of 70 eV). Split ratio was 1:10. The constituents present in the EO samples
were identified by comparing their linear retention indices, estimated using a mixture
of a homologous series of aliphatic hydrocarbons from C8 to C40 and MS fragmentation
patterns with those from an Adams mass spectra library and NIST′08 (National Institute of
Standards and Technology).

The GC analysis was performed on an Agilent GC-7890A gas chromatograph (Agilent
Technologies, USA) equipped with a flame ionization detector (FID) and HP-5 silica fused
capillary column (30 m length × 0.32 mm i.d. × 0.25 µm film thickness) under the same
conditions as described above. The FID temperature was maintained at 280 ◦C for the
oil analyses. The relative composition of the investigated samples was calculated on the
basis of the GC-FID peak areas (measured using the HP-5 ms column) without using a
correction factor.

The GC-FID analysis of the EO was performed with a gas chromatograph 7890A
gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) coupled to a flame
ionization detector (FID) and HP-5 silica fused capillary column (30 m length× 0.32 mm i.d.
× 0.25 µm film thickness). The oven temperature was programmed as mentioned above.
The detector and injector temperatures were 280 ◦C and 220 ◦C, respectively. The carrier
gas was helium at a flow rate of 1 mL/ min. Essential oil samples (1µL) were injected using
the split mode. The percentage composition of EO samples was calculated using the peak
normalization method.

4.4. Method for Testing Antimicrobial Activity

The EO of H. italicum (plant material originated in Bosnia, France and Corsica) was
tested against nine microorganisms with an agar disc diffusion method according to in
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our previous study [66]. In this study, 0.1 mL of microbial suspension was spread on the
Mueller Hinton Agar (MHA, Oxoid, UK) for bacteria and Sabouraud Dextrose agar (SDA,
Oxoid, UK) for yeasts. Six mm diameter filter paper discs were used for testing. The filter
paper was impregnated with 15 µL of EO and placed on MHA, SDA, respectively, with a
microbial inoculum. The MHA was maintained at 4 ◦C for 2 h and then at 37 ◦C for 24 h
and SDA was maintained at 4 ◦C for 2 h and then at 25 ◦C for 24 h. After a 24 h incubation
period, the diameter of the inhibition zones was measured (in mm). Chloramphenicol
(30 µg, Oxoid, UK) and fluconazole (25 µg, Oxoid, UK) served as positive antimicrobial
controls. Antimicrobial activity was measured in triplicate.

Microorganisms

Nine strains of microorganisms were used to determine antimicrobial activity of the
EOs, including three Gram-positive bacteria (SA-Staphylococcus aureus subs. aureus CCM
4223, EF-Enterococcus faecalis CCM 4224, SP-Streptococcus pneumonia CCM 4501), Gram-
negative bacteria (PA-Pseudomonas aeroginosa CCM 1959, YE-Yersinia enterocolitica CCM
5671, SE-Salmonella enterica subsp. enterica CCM 3807), and yeasts (CA-Candida albicans
CCM 8186, CK-C. krusei CCM 8271, CT-C. tropicalis CCM 8223 (CT)). The microorganisms
were obtained from the Czech Collection of Microorganisms (Brno, Czech Republic).

4.5. Statistical Analyses of the Data

One-way analysis of variance was conducted to determine the effect of (1) collec-
tion location of H. arenarium on the concentration (%) of α-pinene, sabinene, β-pinene,
D-limonene, trans-verbenol, 1-terpinen-4-ol, n-tetradecane, β-gurjunene, germacrene D,
germacra-4(15),5,10(14)-trien-1, monoterpenes, sesquiterpenes, long-chain alkane and diter-
penoids, and (2) country of origin of H. italicum (Bosnia, France and Corsica) on the concen-
tration (%) of α-pinene, D-limonene, 2-methyl butyl-2-methyl butyrate, isoamyl tiglate, 1-
terpinen-4-ol, nerol, neryl acetate, α-copaene, italicene, α-cis-bergamotene, β-caryophyllene,
p-cymen-7-ol acetate, α-guaiene, γ-curcumene, β-himachalene, β-curcumene, germacrene
D-4-ol, γ-eudesmol, tau.-muurolol, β-eudesmol, monoterpenes, sesquiterpenes, ester and
long-chain alkane.

One-way analysis of variance was also conducted to determine if there were significant
differences among the three locations where H. italicum was collected in terms of nine
antimicrobial activities (SA, EF, SP, PA, YE, SE, CA, CK and CT).

For each response variable, the validity of model assumptions was verified by examin-
ing the residuals as described in Montgomery [67]. When the effect was either marginally
significant (0.05 < p-value < 0.1) or significant (p-value < 0.05), multiple means comparison
was completed using Fisher’s LSD at the 5% level of significance, and letter groupings were
generated. The analysis was completed using the GLM Procedure of SAS [68].

5. Conclusions

This study assessed the chemical profile of Helichrysum arenarium (Bulgarian pop-
ulations) with that of the cultivated species H. italicum introduced from three different
countries and grown side by side in Bulgaria. The main components in H. arenarium
EO were α-pinene (34.64–44.35%) and sabinene (10.63–11.1%), indicating a possible new
chemotype not previously reported in the literature. The chemical profile of H. italicum
EO originating in France, Bosnia and Corsica were neryl acetate (4.04–14.87%) and β-
himachalene (9.9–10.99%); however, there were differences between the EO from plants
introduced from the above countries. The H. italicum EO plants originating in France,
Bosnia and Corsica were evaluated for antimicrobial activity and it was revealed that the
EO of plants from France and Corsica had similar composition and antimicrobial activity.
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.3390/plants11070951/s1, Table S1: Constituents and concentrations of Helichrysum arenarium from
Bulgaria. The min-max range represents the H. arenarium essential oil constituents from the three
locations in Bulgaria. Table S2: Constituents and concentrations of Helichrysum italicum introduced
from France, Corsica and Bosnia. The min-max range includes variation in concentrations of the
essential oil constituents from all three locations; France, Corsica, and Bosnia.
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19. Pljevljakušić, D.; Bigović, D.; Janković, T.; Jelačić, S.; Šavikin, K. Sandy everlasting (Helichrysum arenarium (L.) Moench): Botanical,
chemical and biological properties. Front. Plant Sci. 2018, 9, 1123. [CrossRef]

20. The State Pharmacopoeia of the USSR, 11th ed.; Part 2; USSR: Moscow, Russia, 1999.
21. Pharmacopoeia Helvetica, 7th ed.; Département Fédéral de L’intérieur: Berne, Switzerland, 1987; Volume 1.
22. Farmakopea Polska–Wydanie VI/Polish Pharmacopoeia, 6th ed.; Rzeczpospolita Polska Minister Zdrowa, Urzad Rejestracji Produktów

Leczniczych: Warszawa, Poland, 2002; Wyrobów Medycznych i Produktów Biobójczych.
23. WHO Monographs on Medicinal Plants Commonly Used in the Newly Independent States (NIS); World Health Organization: Geneva,

Switzerland, 2015.
24. Butorac, B. Helichrysum arenarium (L.) Moench subsp. arenarium. In Red Data Book of Flora of Serbia; 1. Extinct and critically
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Abstract: Sambucus ebulus L. (SE) fruits are used for their immunostimulation, hematopoietic and
antiviral potential. Recently, we focused on analyzing the mechanism underlying SE fruit aqueous
extract’s (FAE) immunomodulation and anti-inflammatory activities, with attention to its endoplas-
mic reticulum (ER) stress-reducing potential. J774A.1 macrophages were treated with SE FAE alone
or in conditions of lipopolysaccharides (LPS) stimulation. Using GC–MS and LC–MS/MS, its phyto-
chemical composition was analyzed. To measure transcription and protein levels, we used qPCR
and Western blot, respectively. The prevailing phytochemicals in SE FAE were hydroxycinnamic
acids, proanthocyanidins and anthocyanins. The content of some amino acids, organic acids, alcohols,
fatty acids and esters were newly reported. Extracts exerted an immunostimulation potential by
stimulating IL-6, TNFα, Ccl2, COX2 and iNOS transcription, without inducing ER stress. SE FAE
suppressed the LPS-induced transcription of inflammation related genes (IL-1β, IL-6, TNFα, Ccl2,
Icam-1, Fabp4, COX2, iNOS, Noxo1, IL-1ra, Sirt-1) and reduced the protein levels of iNOS, peIF2α,
ATF6α and CHOP. The effects were comparable to that of salicylic acid. SE suppresses LPS-stimulated
inflammatory markers on the transcription and translation levels. Targeting ER stress is possibly
another mechanism underlying its anti-inflammatory potential. These findings reveal the potential
of SE fruits as a beneficial therapeutic of inflammation and ER stress-related pathological conditions.

Keywords: Sambucus ebulus L.; phytochemical composition; anti-inflammatory; ER stress; lipopolysac-
charides; macrophages

1. Introduction

Traditional medicine is a good source of knowledge about therapeutics, which are
consequently researched and successfully implicated in modern pharmaceutical prepara-
tions. Sambucus ebulus L. (SE), also known as dwarf elder or dwarf elderberry, is a widely
used as wound-healing, anti-nociceptive, anti-rheumatoid, anti-influenza, antibacterial
and diuretic medicinal plant in Bulgaria, Turkey, Iran, Lebanon, Romania and Bosnia–
Herzegovina [1–5]. Fresh fruits, jam, tea or decoction of SE fruits are used as immunostim-
ulating and hematopoietic herbal preparations, as well as for the treatment of rheumatoid
arthritis and gastrointestinal disorders [1,2,6]. The number of modern studies focusing
on SE biological activities are growing, but there is still insufficient knowledge regarding
molecular mechanisms of action of fresh or dry fruits and various fruit extracts.

Only ripe fruits are used in traditional medicine recipes and the chemical content
varies depending on the types of the extract [3,7]. Data from phytochemical analyses in
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the literature reveal that SE fruits are high in polyphenolics, especially anthocyanins and
proantchocyanidins, phenolic acids, hydroxycinnamic acids, flavonol glycosides, as well as
organic acids, tannins, pectins, resins, vitamin C, volatile substances (eugenol, valeric acid,
citronellal etc.), amino acids (including some essential ones), and plant sterols [3,7–16].
Many chromatographic analyses of SE fruit extracts have been carried out up to date, and,
still, the information about the presence of certain specific organic compounds remains
unclear, especially with regard to soil characteristics, variety of extragents used for sample
preparation. Therefore, a detailed phytochemical analysis could be useful, especially in
examining the molecular mechanisms of SE fruits on human health.

Numerous studies have established the strong in-vitro antioxidant activity of SE fruit
extracts, analyzing its iron chelating, NO radical scavenging, and ABTS cation radical decol-
orization activity, and their interrelations with polyphenolic and anthocyanin content [3,7,8].
The presence of different functional groups in polyphenolics and organic acids found in the
tested SE fruit extracts is considered to determine, to a great extent, their antioxidant and
anti-inflammatory activities. In oxidatively challenged 3T3-L1 preadipocytes, SE fruit aque-
ous extract (FAE) acts as modulator of antioxidant genes’ transcription [17]. In macrophages
treated with ethanol- or lipopolysaccharides (LPS), SE FAE suppresses the ethanol- and
LPS-stimulated transcription of glutamate–cysteine ligase, glutathione peroxidase and
nuclear factor kappa B (NFκB) [9,18]. Acetone extracts, hydrophilic and anthocyanin-rich
fractions of SE fruits possessing high in-vitro antioxidant activity protect macrophages from
the oxidative stress-mediated cytotoxicity caused by tert-Butyl hydroperoxide [19]. Ethyl
acetate fraction of SE fruits possesses cytoprotective and anti-inflammatory activity reduc-
ing ethanol-induced cell death, proinflammatory gene transcription in macrophages [9].
Methanolic extracts of SE fruits reduce carrageenan-induced paw edema in rats [20]. Others
describe the antiemetic, neuroprotective and anti-herpes-simplex-virus activities of SE fruit
extracts [12,21].

In an intervention study on healthy adult volunteers, SE fruit tea enhances serum
antioxidant potential, improves lipid profile [22], decreases serum CRP, IL-1β, leptin and
adiponectin levels [23], thus indicating an immune- and fat metabolism-modulating activity.
A clinical trial reported the effectiveness of SE fruit ethanol extract for the treatment of
paederus dermatitis, proving its anti-inflammatory and wound healing potential [24].

LPS-stimulated macrophages are widely used in-vitro models for testing anti-
inflammatory activity of medicinal plant extracts. The macrophages are source of a variety
of pro-inflammatory cytokines, chemokines, and may act in a paracrine and endocrine
mode. In low grade inflammation, such as in adiposity, where the activation of chemokine
release is associated with macrophage recruitment and unlocking a self-feeding inflamma-
tory process that leads to such complications as insulin resistance and related atheroscle-
rosis [25]. The released cytokines and chemokines, such as TNFα, IL-6, IL-1β, NO, as a
product of iNOS, activate signaling pathways mediated by Jun N-terminal kinase (JNK),
the inhibitor of κB-kinase (IKK)β and other serine kinases [25–28], and resulting in NFκB
activation. The latter stimulates the transcription of pro-inflammatory genes [29].

Along with the protein synthesis, endoplasmic reticulum (ER) plays an important role
in sensing nutrients and responds to different stress conditions by activating the unfolded
protein response and subsequently implicating it into insulin resistance and cardiovascular
diseases [30,31]. ER stress can promote inflammation, and vice versa [32,33]. ER stress-
related inflammation could be mediated by iNOS [34]. Therefore, the enzyme iNOS as a
cross point of inflammation and ER stress could be a possible therapeutic target.

There are data that ER stress and inflammation in different pathological conditions
could be reduced by compounds such as resveratrol [35,36], epigallocatechin gallate [37]
and proanthocyanidins found in herbal extracts [38]. SE fruits, being rich polyphenolics,
anthocyanins and stilbenes, could be effective in combating ER stress and inflammation.
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We aimed to analyze the phytochemical composition of SE FAE and to test its immune-
and ER stress-modulating potential in a model of unstimulated and LPS-challenged J774A.1
mouse macrophages. The phytochemical analysis of SE FAE revealed the presence of
numerous compounds with anti-inflammatory and ER stress-reducing activity. For first
time it was established that the transcription-modulating effect of SE FAE on inflammatory
cytokines, chemokines, and enzymes in non-stimulated macrophages. In LPS-challenged
macrophages, SE FAE suppresses the translation of iNOS and ER stress-related proteins.

2. Results
2.1. Phytochemical Content and Composition

Among the phytochemical compounds identified in the tested SE FAE 15 amino acids
(AAs), 10 organic acids (OAs), 36 sugar acids and alcohols, 25 mono-, di- and trisaccharides,
13 fatty acids (saturated and unsaturated) and their esters (Table 1), and 38 phenolic
compounds were detected and quantified (Table 2).

Table 1. List of polar phytochemicals identified in the analyzed polar fraction (A) of SE FAE using
GC-MS technique. The concentration was given in µg/mL extract. Results are presented as mean ±
standard deviation.

Compound Content, µg/mL

Amino Acids
L-Valine 3.02 ± 0.21

L-Leucine 8.06 ± 0.56
L-Isoleucine 8.48 ± 0.59

L-Proline 20.01 ± 1.40
L-Threonine 3.89 ± 0.27

L-Phenylalanine 10.25 ± 0.72
L-Lysine 4.37 ± 0.31
Glycine 3.78 ± 0.26
Serine 2.59 ± 0.18

L-Aspartic acid 16.32 ± 1.14
L-Asparagine 6.19 ± 0.43

L-Glutamic acid 1.34 ± 0.09
L-Glutamine 22.99 ± 1.61
DL-Ornithine 12.36 ± 0.86

L-Tyrosine 2.66 ± 0.19
Organic Acids

Succinic acid 12.64 ± 0.88
Fumaric acid 6.61 ± 0.46

Malic acid 9.22 ± 0.65
Pyroglutamic acid (5-oxoproline) 33.63 ± 2.35

4-Aminobutyric acid 5.69 ± 0.40
2-Hydroxyglutaric acid 4.07 ± 0.29

2-Ketoglutaric acid 8.02 ± 0.56
Phenylpyruvic acid 2.18 ± 0.15

2,3-Dihydroxybutanedioic acid 10.49 ± 0.73
Isocitric acid 18.12 ± 1.27

Sugar Acids and Alcohols
Glycerol 36.12 ± 2.53

Digalactosylglycerol 6.99 ± 0.63
Glyceric acid 17.05 ± 1.19

Threitol 7.66 ± 0.54
Erythreol 2.09 ± 0.15

Erithreonic acid 2.65 ± 0.19
Threonic acid 8.40 ± 0.59
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Table 1. Cont.

Compound Content, µg/mL

Sugar Acids and Alcohols
Xylitol 4.20 ± 0.29

Arabinitol 34.65 ± 2.43
Pentonic acid 7.69 ± 0.54

L-Glycerol-3-phosphate 17.72 ± 1.24
Ribonic acid 4.76 ± 0.33

Manitol 2.98 ± 0.21
Sorbitol 49.26 ± 3.45

Glucuronic acid isomer 8.49 ± 0.59
Galactitol 1.91 ± 0.13

Galacturonic acid isomer 15.91 ± 1.11
Glucuronic acid isomer 13.03 ± 0.91
Gluconic acid isomer 1.78 ± 0.12

Galacturonic acid isomer 2.89 ± 0.20
Glucuronic acid isomer 3.87 ± 0.27

Galactonic acid 6.33 ± 0.44
Gluconic acid isomer 3.71 ± 0.26

Glucaric acid 14.00 ± 0.98
Galactaric acid 3.38 ± 0.24
Myo-inositol 6.71 ± 0.47

Galactosylglycerol 22.50 ± 1.58
Sorbitol-6-phosphate 43.32 ± 3.03

myo-Inositol-1-phosphate isomer 5.64 ± 0.39
myo-Inositol-2-phosphate isomer 7.43 ± 0.52

Gluconic acid-6-phosphate 1.54 ± 0.11
myo-Inositol-1-phosphate isomer 3.30 ± 0.23
myo-Inositol-2-phosphate isomer 6.87 ± 0.48

Maltitol; alpha-D-Glc-(1,4)-D-sorbitol 4.90 ± 0.34
Galactinol isomer; alpha-D-Gal-(1,3)-myo-Inositol 0.69 ± 0.05
Galactinol isomer; alpha-D-Gal-(1,3)-myo-Inositol 3.67 ± 0.26

Saccharides (mono-, di-, and tri-)
Xylose methoxyamine 5.94 ± 0.42

Arabinose methoxyamine 12.65 ± 0.89
Fructose isomer 14.31 ± 1.00
Fructose isomer 18.89 ± 1.32
Sorbose isomer 28.11 ± 1.97
Sorbose isomer 21.35 ± 1.49

Galactose isomer 35.19 ± 2.46
Galactose isomer 13.86 ± 0.97
Glucose isomer 17.34 ± 1.21
Glucose isomer 13.59 ± 0.95

Fructose-6-phosphate isomer 16.20 ± 1.13
Mannose-6-phosphate isomer 3.47 ± 0.24
Galactose-6-phosphate isomer 18.79 ± 1.32
Glucose-6-phosphate isomer 30.27 ± 2.12
Fructose-6-phosphate isomer 5.81 ± 0.41

Galactose-6-phosphate isomer 3.32 ± 0.23
Glucose-6-phosphate isomer 4.52 ± 0.32

Sucrose; alpha-D-Glc-(1,2)-beta-D-Fru isomer 24.81 ± 1.74
Trehalose; alpha-D-Glc-(1,1)-alpha-D-Glc isomer 10.10 ± 0.71

Melibiose isomer; alpha-D-Gal-(1,6)-D-Glc isomer 18.59 ± 1.30
Melibiose isomer; alpha-D-Gal-(1,6)-D-Glc isomer 18.80 ± 1.32

Sucrose; alpha-D-Glc-(1,2)-beta-D-Fru isomer 20.55 ± 1.44
Trehalose; alpha-D-Glc-(1,1)-alpha-D-Glc isomer 16.13 ± 1.13

Raffinose; alpha-D-Gal-(1,6)-alpha-D-Glc-(1,2)-beta-D-Fru isomer 12.91 ± 0.90
Raffinose; alpha-D-Gal-(1,6)-alpha-D-Glc-(1,2)-beta-D-Fru isomer 25.61 ± 1.79
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Table 1. Cont.

Compound Content, µg/mL

Saturated, unsaturated acids and esters
9-(E)-Hexadecenoic acid 8.52 ± 0.77
9-(Z)-Hexadecenoic acid 6.57 ± 0.59

Heptadecanoic acid 7.56 ± 0.68
Hexadecatrienoic acid 4.85 ± 0.44

Hexadecanoic acid (Palmitic acid) 6.56 ± 0.59
Heptadecanoic acid 6.06 ± 0.55

9,12-(Z,Z)-Octadecadienoic acid (Linoleic acid) 9.69 ± 0.87
9,12,15-(Z,Z,Z)-Octadecatrienoic acid (Linolenic acid) 8.42 ± 0.76

Octadecanoic acid (Stearic acid) 11.12 ± 1.00
(2E,4E)-2,4-Octadecadienoic acid 15.65 ± 1.41

1-Monopalmitin 13.80 ± 1.24
Monooctadecanoylglycerol 8.62 ± 0.78

beta-Sitosterol 15.22 ± 1.37
All metabolites are trimethylsilyl derivatives; SE FAE–Sambucus ebulus L. fruit aqueous extract; essential AAs
are given in italic. Additional data regarding chromatographic parameters and total ion chromatogram of tested
polar compounds are given in Table S1 and Figure S1, respectively.

Table 2. Polyphenolic compounds identified in non-anthocyanin fraction (B) and anthocyanin fraction
(C) of the SE FAE using LC-PDA-ESI-MS/MS technique. The concentrations are given in µg/mL
extract. Results are presented as mean ± standard deviation.

Compound Content, µg/mL

Anthocyanins
Cyanidin-3-O-galactoside (idaein) 382.15 ± 13.19

Cyanidin-3-O-glucoside (chrysanthemin) 31.07 ± 1.10
Cyanidin-3-O-arabinoside 85.87 ± 2.80

Cyanidin-3-O-xyloside 14.35 ± 0.53
Proanthocyanidin monomers

Catechin 40.19 ± 1.33
Epicatechin 322.37 ± 11.75

Proanthocyanidin dimers
EC→EC (1) 171.40 ± 6.23
EC→EC (2) 169.24 ± 6.15
EC→EC (3) 189.86 ± 6.90
EC→EC (4) 157.91 ± 5.74

Proanthocyanidin trimers
EC→EC→EC (1) 225.23 ± 8.16
EC→EC→EC (2) 242.27 ± 8.78
EC→EC→EC (4) 198.92 ± 7.21
EC→EC→EC (4) 249.36 ± 9.04

Stilbenes
trans-Resveratrol-3-O-glucoside 51.92 ± 1.94

Cyclohexanecarboxylic acid
Quinic acid 108.00 ± 4.02
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Table 2. Cont.

Compound Content, µg/mL

Hydroxycinnamic acids
3-O-Caffeoylquinic acid (chlorogenic acid) 567.06 ± 20.55

Caffeic acid-O-galactoside 98.72 ± 3.58
Caffeic acid-O-glucoside 74.66 ± 2.71

5-O-Caffeoylquinic acid (neochlorogenic acid) 906.08 ± 32.84
p-Coumaric acid-O-glucoside 236.37 ± 8.57
3-O-p-Coumaroylquinic acid 399.47 ± 14.48

Feruloylquinic acid 248.93 ± 9.02
4-O-p-Coumaroylquinic acid 219.83 ± 7.97

Ferulic acid-O-galactoside 131.66 ± 4.77
Ferulic acid-O-glucoside 122.26 ± 4.43

Flavonol glycosides
Quercetin-3-O-rhamnosyl-galactoside 25.57 ± 0.93

Quercetin-3-O-galactoside (hyperoside) 29.17 ± 1.06
Kaempferol-3-O-galactoside 11.15 ± 0.40

Quercetin-3-O-rhamnosyl-glucoside 20.35 ± 0.74
Quercetin-3-O-glucoside (isoquercetin) 22.80 ± 0.83
Kaempferol-3-O-glucoside (astragalin) 9.94 ± 0.36
Quercetin-3-O-arabinoside (guaiaverin) 16.77 ± 0.61

Quercetin-3-O-xyloside 13.97 ± 0.51
Kaempferol-3-O-rhamnosyl-galactoside 12.52 ± 0.45
Kaempferol-3-O-rhamnosyl-glucoside 9.15 ± 0.33

Kaempferol-3-O-arabinoside 11.15 ± 0.40
Kaempferol-3-O-xyloside 12.80 ± 0.46

Total analyzed polyphenols 5840.50
EC–epicatechin; SE FAE–Sambucus ebulus L. fruit aqueous extract. Additional data regarding precursor ion and
fragment ion mass-to-charge ratios (m/z) of the analyzed polyphenols are given in Table S2. Representative
LC-PDA-ESI-MS/MS chromatograms of detected polyphenols are given in Figure S2 (anthocyanins), Figure S3
(proanthocyanidin monomers), Figure S4 (proanthocyanidin proanthocyanidin di- and trimers), Figure S5 (stil-
benes), Figure S6 (hydroxycinnamic acids), Figure S7 (hydroxycinnamic acids), Figures S8–S11 (flavonols).

2.1.1. Polar Compounds

The most abundant AAs were L-glutamine (18.20% of AAs content) followed by L-
proline (15.84% of AAs), L-aspartic acid (12.92% of AAs), DL-ornithine (9.78% of AAs). Six
of all fifteen identified AAs were essential (Val, Leu, Ile, Thr, Phe and Lys). Among them
phenylalanine was found to be in highest concentration (10.25 ± 0.75 µg/mL), followed by
isoleucine (8.48 ± 0.49 µg/mL) and leucine (8.06 ± 0.56 µg/mL) (Table 1). All essential AA
comprise 30% of all detected AA content in SE extract.

Among the identified polar OAs, pyroglutamic acid (30.39% of OAs content) and
isocitric acid (16.37% of OAs) are found to be in highest concentrations (Table 1). Sorbitol
and its 6-phosphate are pre-dominant (92.58 ± 3.24 µg/mL, 34.47% of alcohols) alcohols
in the SE FAE, followed by glycerol and its 3-phosphate (60.84 ± 3.35 µg/mL, 22.65%
of alcohols) and arabinitol (34.65 ± 2.43 µg/mL, 12.90% of alcohols). Glucuronic and
galacturonic acid isomers and glyceric acid were among the prevailing sugar acids (Table 1).

Dominating saccharides were galactose and its 6-phosphate form (57.30 µg/mL),
followed by glucose and its 6-phosphate form (52.13 µg/mL) and sorbose (49.46 µg/mL).
Sucrose (45.36 µg/mL) was the prevailing disaccharide in the extract. In total, the amount
of saccharides was 411.11 µg/mL (Table 1).

Among the tested fatty acids and fatty esters, we found the highest concentration for
octadecadienoic acid (15.65 ± 1.41 µg/mL, 18.41% of fatty acids) and for beta-sitosterol
(15.22 ± 1.37 µg/mL, 40.43% of esters and sterols) (Table 1).
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2.1.2. Polyphenolic Content

S. ebulus L. fruits are a rich source of polyphenolics especially anthocyanins, proantho-
cyanidins and phenolic acids (Table 2). Cyanidin-3-O-galactoside (382.15 µg/mL, 74.43% of
anthocyanins) was at highest concentration among anthocyanins and epicatechin was the
major proanthocyanidin (322.37 µg/mL). Among proanthocyanidin polymers dominate
epicatechin dimers (688.42 µg/mL) and trimers (915.79 µg/mL) comprising 11.79% and
15.68%, respectively, of all detected polyphenolics in our samples. All together antho-
cyanins and proanthocyanidins were 1966.76 µg/mL representing 33.67% of all analyzed
polyphenols. Trans-Resveratrol-3-O-glucoside (51.93 µg/mL) was the only detected stil-
bene. Dominating hydroxycinnamic acids found in S. ebulus fruits are neochlorogenic and
chlorogenic acid, followed by 3-O-p-coumaroylquinic acid and feruloylquinic acid. In
total, the amount of hydroxycinnamic acids in the tested SE extract was 3005.02 µg/mL
(300.5 mg/g DW) and represented 51.45% of all detected polyphenols. Hyperoside was
one the major flavonol detected in our samples.

2.2. Investigation of Inflammation Related Biomarkers in a Model of LPS-Stimulated
J774A.1 Macrophages

Aiming to study the anti-inflammatory action of the aqueous extract of dwarf el-
derberry under conditions of LPS-stimulated inflammatory response in J774A.1 mouse
macrophages, the transcriptional levels of genes coding for proteins mediating and in-
volved in the inflammatory process as well as the translation levels of iNOS were analyzed.
Macrophage cells were pre-treated with increasing concentrations of 2.5%, 5% and 10% v/v
(0.25 mg DW/mL, 0.5 mg DW/mL, 1 mg DW/mL respectively) SE FAE or salicylic acid
(SA) for 24 h followed by LPS stimulation for an additional 24 h, and included respective
control treatments. It was previously reported that the concentrations of extract used in
recent experiment are non-toxic for the J774A.1 cell line [18]. The analyzed genes included
interleukin 1 beta (IL-1β), interleukin 6 (IL-6), tumor necrosis factor alpha (TNFα), monocyte
chemoattractant protein-1 (MCP-1, chemokine nomenclature: C–C motif chemokine ligand
2 (Ccl2)), intercellular adhesion molecule-1 (Icam1), fatty acid binding protein 4 (Fabp4,
adipocyte protein 2 (aP2), prostaglandin-endoperoxide synthase 2 (Ptgs2, cyclooxygenase-2
(COX2)), inducible NO synthase (iNOS), NADPH oxidase organizer 1 (Noxo1), interleukin
1 beta receptor antagonist (IL-1ra) and sirtuin 1 (Sirt-1). The intracellular iNOS protein
levels were analyzed as well.

2.2.1. The Effect of LPS-Stimulation on Inflammation Related Biomarkers in
J774A.1 Macrophages

As an inflammatory agent, LPS increased transcription levels of IL-1β, IL-6, TNFα,
Ccl2, Icam1 and Fabp4 by fold-changes of 182 (p < 0.001), 27 (p < 0.001), 6 (p < 0.001), 14.9
(p < 0.001), 7 (p < 0.01) and 1.9 (p < 0.001), respectively (Figures 1a–c and 2a–c). Similarly,
LPS-stimulated transcription of COX2, iNOS, and of Noxo1 by 18 (p < 0.001), 18 (p < 0.001),
3.4 (p < 0.05) folds, respectively, and of iNOS protein levels as well by 11.7 (p < 0.01)
folds (Figure 3a–d). Concerning anti-inflammatory genes’ expression, we observed a 12-
(p < 0.001) and 5-fold (p < 0.01) increase for IL-1ra and Sirt-1, respectively (Figure 4a,b).
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Figure 1. Changes in mRNA levels of IL-1β (a), IL-6 (b), and TNFα (c) in J774A.1 mouse macrophages 

pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and 

subsequently stimulated or not with LPS. Results were obtained using qPCR technique. Data are 

presented as mean ±SEM. Legend: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 μM 

salicylic acid; LPS–200 ng/mL lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated 

cells; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS. 

Figure 1. Changes in mRNA levels of IL-1β (a), IL-6 (b), and TNFα (c) in J774A.1 mouse macrophages
pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and
subsequently stimulated or not with LPS. Results were obtained using qPCR technique. Data are
presented as mean ± SEM. Legend: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 µM
salicylic acid; LPS–200 ng/mL lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated
cells; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS.
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Figure 2. Changes in mRNA levels of Ccl2 (a), Icam1 (b), and Fabp4 (c) in J774A.1 mouse macro-

phages pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 

h and subsequently stimulated or not with LPS. Results were obtained using qPCR technique. Data 
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Figure 2. Changes in mRNA levels of Ccl2 (a), Icam1 (b), and Fabp4 (c) in J774A.1 mouse macrophages
pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and
subsequently stimulated or not with LPS. Results were obtained using qPCR technique. Data are
presented as mean ± SEM. Legend: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 µM
salicylic acid; LPS–200 ng/mL lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated
cells; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS.
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Figure 3. Changes in mRNA levels of COX2 (a), iNOS (b), Noxo1 (c), and of protein levels of iNOS 

(d) in J774A.1 mouse macrophages pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) 

of SE FAE or with SA for 24 h and subsequently stimulated or not with LPS. Results were obtained 

using qPCR ((a), (b) and (c)) or western blot technique (d). Data are presented as mean ±SEM. Leg-

end: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 μM salicylic acid; LPS–200 ng/mL 

lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated cells; # p < 0.05, ## p < 0.01 vs. 

LPS treatment. 

Figure 3. Changes in mRNA levels of COX2 (a), iNOS (b), Noxo1 (c), and of protein levels of iNOS
(d) in J774A.1 mouse macrophages pre-treated with increasing concentrations (2.5%, 5%, 10% v/v)
of SE FAE or with SA for 24 h and subsequently stimulated or not with LPS. Results were obtained
using qPCR ((a), (b) and (c)) or western blot technique (d). Data are presented as mean ± SEM.
Legend: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 µM salicylic acid; LPS–200 ng/mL
lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated cells; # p < 0.05, ## p < 0.01 vs.
LPS treatment.
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# p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS treatment. 
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of TNFα (by 121%, p < 0.001) and of Fabp4 (by 68%, p < 0.01) (Figures 1c and 2c). SA, applied 

alone, similarly to SE FAE, it enhanced transcription levels of Ccl2 (by 200%, p < 0.01), but 

in contrast with SE FAE, it slightly reduced those of Icam1 (by 91%, p < 0.01) and of Fabp4 
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Figure 4. Changes in mRNA levels of IL-1ra (a) and of Sirt-1 (b) in J774A.1 mouse macrophages
pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and
subsequently stimulated or not with LPS. Results were obtained using qPCR technique. Data are
presented as mean ± SEM. Legend: SE FAE–Sambucus ebulus L. fruit aqueous extract; SA–100 µM
salicylic acid; LPS–200 ng/mL lipopolysaccharides. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. untreated
cells; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. LPS treatment.

2.2.2. The Effect of SE FAE on Inflammation-Related Biomarkers in Non-Stimulated
J774A.1 Macrophages

When applied alone, 2.5% v/v and 10% v/v SE FAE slightly reduced the gene expres-
sion of IL-1β by 60% (p < 0.01) and 77% (p < 0.05), respectively, as compared to untreated
cells (Figure 1a). While 2.5% v/v of herbal extract induced the gene expression of IL-6
(by 67%, p < 0.05), TNFα (by 115%, p < 0.01), Ccl2 (by 95%, p < 0.01), and Fabp4 (by 36%,
p < 0.05) (Figures 1b,c and 2a,c). The higher concentration of SE FAE (5% extract) in culture
media stimulated transcription of TNFα (by 92%, p < 0.001) and of Ccl2 (by 39%, p < 0.05)
(Figures 1c and 2a), while the highest concentration (10% extract) induced transcription of
TNFα (by 121%, p < 0.001) and of Fabp4 (by 68%, p < 0.01) (Figures 1c and 2c). SA, applied
alone, similarly to SE FAE, it enhanced transcription levels of Ccl2 (by 200%, p < 0.01),
but in contrast with SE FAE, it slightly reduced those of Icam1 (by 91%, p < 0.01) and of
Fabp4 (by 16%, p < 0.05) (Figure 2a–c), while no significant effects on IL-1β, IL-6 and TNFα
transcription levels were observed (Figure 1a–c).

The treatment with 2.5% v/v of SE FAE alone significantly induced the transcription
levels of COX2 (by 210%, p < 0.05) and of iNOS (by 230%, p < 0.05) and both 2.5% v/v and
5% v/v of the extract induced iNOS protein levels by 9% (p < 0.05) and by 38% (p < 0.01),
respectively (Figure 3). No effect of SA alone was observed on the gene expression levels
of all analyzed inflammation and phagocytosis-related enzymes (Figure 3).
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SE FAE in concentrations of 2.5% v/v and 10% v/v induced the transcription levels
of IL-1ra by 98% (p < 0.01) and 41% (p < 0.05), respectively (Figure 4a). In contrast, SA
treatment reduced IL-1ra transcription by 57% (p < 0.05) (Figure 4a). Transcription of the
so-called longevity gene Sirt-1 was stimulated upon 2.5% v/v and 5% v/v SE FAE treatment
by 343% (p < 0.05) and by 274% (p < 0.05), respectively (Figure 4b). There was no significant
effect of SA applied alone on Sirt-1 transcription levels (Figure 4b).

2.2.3. The effect of SE FAE on Inflammation-Related Biomarkers in LPS-Stimulated
J774A.1 Macrophages

In LPS-stimulated macrophages, the pre-treatment with all three increasing concen-
trations of SE FAE (2.5% v/v, 5% v/v and 10% v/v), as compared with LPS treatment,
significantly reduced the transcription levels of IL-1β, IL-6, TNFα, Ccl2, and of Icam1 with
up to 83% (p < 0.001), 67.7% (p < 0.01), 49% (p < 0.01), 64% (p < 0.01), and 94.9% (p < 0.01),
respectively (Figures 1a–c and 2a,b). The effect followed a dose-dependent manner. Simi-
larly, all concentrations reduced LPS-stimulated Fabp4 mRNA levels, with stronger effect
exerted by 2.5% v/v (by 60.2%, p < 0.05) and by 10% v/v (by 72.4%, p < 0.001) SE FAE
(Figure 2c). Considering the effect of SE FAE alone on Fabp4, we may recognize that the
same concentrations stimulating its gene expression (2.5% v/v and 10% v/v) are the ones
exerting the stronger reducing effect in the case of LPS-stimulated cells.

Pre-treatment with the SA as a known anti-inflammatory compound, significantly
reversed the LPS stimulation of all genes except Fabp4, as follows: IL-1β (31%, p < 0.001);
IL-6 (76%, p < 0.001); TNFα (53%, p < 0.01); Ccl2 (32%, p < 0.05); Icam1 (96%, p < 0.05)
(Figures 1a–c and 2a,b). The inhibitory effect of SE FAE on LPS-stimulated transcription of
pro-inflammatory genes was similar to the effect of the positive control SA. In the case of
Icam1, both the extract and the SA reduced the LPS-induced mRNA levels back to normal.
When applied in highest concentration (10% v/v) the herbal extract had a reducing effect on
the LPS-stimulated gene expression of IL-1β, Ccl2, and of Fabp4, which was even stronger
than that of the SA.

SE FAE significantly inhibited the LPS-stimulated transcription levels of COX2, iNOS
and of Noxo1, by up to 73% (p < 0.05), 93% (p < 0.01) and 78% (p < 0.05), respectively, and the
protein levels of iNOS by up to 33% (p < 0.01) (Figure 3a–d). When SA was applied prior to
LPS stimulation mRNA levels of COX2, iNOS and Noxo1 were reduced by 85% (p < 0.05),
92.9% (p < 0.01), and by 90.7% (p < 0.05), respectively (Figure 3a–c). The effect shown by
SE FAE was similar to that of SA and they both independently reduced LPS-stimulated
transcription of iNOS and of Noxo1 back to the normal levels. Pre-treatment with herbal
extract showed a stronger iNOS mRNA- and protein levels-reducing effect than the SA did
in LPS-challenged cells.

Application of SE FAE suppressed the LPS-induced transcription of IL-1ra by up to
88.95% (p < 0.01) in a dose-dependent manner and that of Sirt-1 by up to 54% (p < 0.05)
(Figure 4). Similar effect was observed in the SA pre-treated cells, where LPS-induced
IL-1ra and Sirt-1 mRNA transcription levels were decreased by 46% (p < 0.05) and by 82%
(p < 0.01), respectively (Figure 4). SE FAE exerted stronger reducing activity than that of
SA on LPS-stimulated IL-1ra transcription, decreasing it to the normal levels.

2.3. Investigation of ER Stress-Related Biomarkers in a Model of LPS-Stimulated
J744A.1 Macrophages

Regarding the well-known relationship between inflammation and ER stress, we
have analyzed intracellular protein levels of ER stress-related proteins: activating tran-
scription factor 6 alpha (ATF6α), phosphorylated eukaryotic translation initiation factor 2
alpha (peIF2α), and their downstream target gene’s product C/EBP homologous protein
(CHOP, growth arrest and DNA damage-inducible gene 153 (GADD153)) in a model of
LPS-stimulated J744A.1 macrophages (Figure 5). Cells were pre-treated with increasing
concentrations of 2.5%, 5% and 10% v/v (0.25 mg DW/mL, 0.5 mg DW/mL, 1 mg DW/mL
respectively) SE FAE or SA for 24 h followed by LPS-stimulation for additional 24 h, and
respective control treatments were performed as well.
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Figure 5. Changes in the protein levels of peIF2α (a), ATF6α (b), and CHOP (c) in J774A.1 mouse
macrophages pre-treated with increasing concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA
for 24 h and subsequently stimulated or not with LPS. Results were obtained using the Western blot
technique. Data are presented as mean ± SEM. Legend: SE FAE–Sambucus ebulus L. fruit aqueous
extract; SA–100 µM salicylic acid; LPS–200 ng/mL lipopolysaccharides. * p < 0.05, ** p < 0.01 vs.
untreated cells; # p < 0.05, ## p < 0.01 vs. LPS treatment.

2.3.1. The Effect of LPS-Stimulation on ER Stress-Related Biomarkers in
J774A.1 Macrophages

LPS treatment significantly induced the levels of peIF2α (Figure 5a), ATF6α (Figure 5b),
and CHOP (Figure 5c) proteins by 38% (p < 0.05), 28% (p < 0.05), and 54% (p < 0.05), respec-
tively.
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2.3.2. The Effect of SE FAE on ER Stress-Related Biomarkers in Non-Stimulated
J744A.1 Macrophages

Applied alone, SE FAE in concentration of 2.5% v/v slightly increased peIF2α (by 16%,
p < 0.05) (Figure 5a), but also slightly decreased the expression of ATF6α (by 11%, p < 0.05),
similarly to the effect of SA (Figure 5b). The higher concentrations of the extract, 5% v/v
and 10% v/v, reduced, in a dose-dependent manner CHOP levels by 20% (p < 0.05) and by
34% (p < 0.01), respectively (Figure 5c). The effect of SE FAE on CHOP levels was opposite
to the effect of SA in non-stimulated with LPS macrophages. 2.3.3. The effect of SE FAE on
ER stress-related biomarkers in LPS-stimulated J744A.1 macrophages.

2.3.3. The Effect of SE FAE on ER Stress-Related Biomarkers in LPS-Stimulated
J744A.1 Macrophages

Pre-treatment of macrophages with 10% v/v SE FAE significantly altered the LPS-
stimulated levels of peIF2α (by 30%, p < 0.01), similarly to the effect of the SA (by 16%,
p < 0.05). The same concentration of the extract similarly affected the expression of ATF6α
(reduced by 27%, p < 0.05) (Figure 5b). Both, the 5% v/v and 10% v/v of the extract in the
culture media significantly reduced in a dose-dependent manner the LPS-stimulated levels
of CHOP by 19% (p < 0.05) and by 36%, respectively (Figure 5c). LPS-stimulated ATF6α
and CHOP levels were not reduced by the pre-treatment with SA.

The original western blot gels presenting the changes in protein levels of iNOS,
peIF2α, ATF6α and CHOP in J774A.1 mouse macrophages pre-treated with increasing
concentrations (2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and subsequently
stimulated or not with LPS, are given in Figure S12.

2.3.4. Correlation Analyzes of ER Stress-Related Biomarkers

Based on the established clear and consistent dose-dependent effect of SE FAE in
conditions of ± LPS stimulation, a subsequent correlation analyzes of transcription factors
peIF2α and ATF6α and their downstream target CHOP were performed. High positive
correlations between ATF6α and CHOP (r = 0.83, p < 0.05) and between peIF2α and CHOP
(r = 0.67, p = 0.08) were established (Figure 6).
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3. Discussion
3.1. Newly Detected Phytochemicals in SE Fruit Aqueous Extract

In the recent study we recognized as newly reported 10 AAs including 3 essential
AAs, 8 OAs, 12 sugar acids and their phosphates, 16 alcohols, alcohol phosphates and their
glycosides, 11 saccharides (mono-, di-, and tri-), 6 saturated and unsaturated fatty acids
and 3 of their esters and 3 anthocyanins.

3.1.1. Amino Acids

AAs are important for building cellular proteins, nucleotides, for maintaining acid-
base balance and as neurotransmitters. Especially the essential AAs are valuable food
components for living organisms. Other authors have reported three essential (Val, Leu
and Thr) and three non-essential AAs (Ala, Gln and Tyr) in SE extracts [13]. In our study
we have identified all of them except Ala. In addition, we have found three newly detected
essential AAs (Ile, Phe and Lys) and six non-essential AAs (Pro, Gly, Ser, Asp, Asn, Gln)
and Orn. In total, the content of AAs in the tested SE extract was 126.30 µg/mL, where
the essential AAs comprise 30% of all AA content. Considering these findings, it could be
concluded that SE fruits are a good source of both essential and non-essential AAs.

3.1.2. Organic Acids

The total amount of all detected OAs was 110.66 µg/mL. We identified, for first
time, seven OAs, including isocitric acid (16.37%) and succinic acid (11.42%), important
substrates for the normal functioning of citric acid cycle and cell energy production. Fu-
maric and malic acid were previously reported in SE fruit extract [13]. Additionally, other
authors reported the presence of citric acid in SE fruit extract, also important for energy
metabolism [13]. Pyroglutamic acid (5-oxoproline) was found in the highest content (30.39%
of all OA) in our samples. Pyroglutamic acid is very important as an intermediate in γ-
glutamyl cycle involved in transmembrane amino acid transportation and for synthesis
of the antioxidant glutathione. We may speculate that the high content of pyroglutamic
acid in our samples may be due to a high amount of its keto derivative L-proline (15.84%
of AAs) found in SE fruits [39].

3.1.3. Sugar Acids and Alcohols

Regarding the content of sugar acids and sugar alcohols, the presence of pectic acid
and sorbitol have been reported in the fruit of S. nigra [40,41]. Data in the literature
concerning SE fruits content of sugar acids and sugar alcohols are not available.

In our study, the total amount of sugar alcohols was 268.62 µg/mL. For first time, we
identified 17 sugar alcohols and their derivatives: sorbitol and its phosphate form (34.47%
of sugar alcohols), glycerol, glycerol-3-phosphate and digalactosylglycerol (22.65%) and
arabinitol (12.90%). Summarizing, the newly identified sugar alcohols and their derivatives
comprise more than 68% of all quantified sugar alcohols in our samples. Therefore, SE fruits
should be considered as a good natural source of sorbitol, glycerol and their derivatives.

The total amount of sugar acids in our samples was 115.49 µg/mL. For the first time,
12 sugar acids were identified; of them, the highest content was found for glucuronic
acid (21.98%), galacturonic acid (16.28%), and glyceric acid (14.76%). Glucuronic and
galacturonic acids are the most abundant sugar acids in the tested SE fruit extract, as they
are the major components of plant polysaccharides, like cellulose and pectin.

3.1.4. Saccharides

Literature data provide information mostly about glucose and sucrose content in
SE fruit extracts [13]. We report new data regarding the saccharide content of SE fruit
extract: the monosaccharides comprise 64.12% (263.61 µg/mL), followed by disaccharides
26.51% (108.98 µg/mL), and trisaccharides (mainly raffinose) 9.37% (38.52 µg/mL). Other
identified monosaccharides were fructose, fructose-6-phosphate, arabinose, xylose, and
mannose-6-phosphate. Disaccharides were presented by melibiose and trehalose as well.
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3.1.5. Fatty Acids and Fatty Esters

Data regarding the lipid composition of SE fruits are very limited. Most studies
identified four sterols in SE fruit extract: brassicasterol, campesterol, stigmasterol, β-
sitosterol [11,12]. In our samples, β-sitosterol (15.22 µg/mL) was the only sterol we
detected. The newly identified fatty esters included 1-monopalmitin and monooctade-
canoylglycerol. Other authors provide data regarding the presence of octadecanoic and
octadecadienoic acids as well as palmitic, octadecenoic, dehydroabietic, oleic, oleanolic,
ursolic, and maslinic acid [12]. We found the highest amount of any fatty acid for octadeca-
dienoic acid (15.65 ±1.41 µg/mL) comprising 18.41% of all fatty acids (84.98 µg/mL), and
five newly identified fatty acid (hexadecenoic, heptadecanoic, hexadecatrienoic, hexade-
canoic and octadecatrienoic).

Oleanolic, ursolic, and maslinic acid are pentacyclic triterpenes known to possess
anticancer properties [42,43]. Ursolic acid, particularly, reduces LPS-stimulated NFκB
signaling [44], inflammatory cytokine production by inhibition JNK signaling [45], ER
stress induced by high fat diet, and NFκB related inflammation [46]. It is assumed that
ursolic acid may also improve insulin sensitivity [47,48]. In our previous study on healthy
volunteers we reported that SE fruit tea intake improves lipid profiles, reducing total
and LDL cholesterol serum levels and improving volunteers’ HDL/LDL ratios [22]. The
intake of phytosterols including β-sitosterol may reduce total serum cholesterol [49] and
low-density cholesterol [50]. As brassicasterol, campesterol [11] and β-sitosterol are among
the phytosterols with known cholesterol-lowering activity [51–53], it is not surprisingly
that SE fruit tea exerts a cholesterol-lowering effect.

3.1.6. Phenolic Compounds

Compared with other species of the Sambucus genus, such as S. nigra, S. cerulea, and S.
racemose, S. ebulus is the richest in total hydroxycinnamic acids, catechin, epicatechin and
flavonols [15].

Anthocyanins are the predominant colored polyphenols in elderberries. In our study
we identified three new anthocyanins: cyanidin-3-O-galactoside (the major anthocyanin
in most plants), cyanidin-3-O-arabinoside and cyanidin-3-O-xyloside. In accordance with
other studies, we also found in our samples cyanidin-3-O-glucoside, but not cyaniding-3-
O-sambubioside [14]. Anthocyanins exerts numerous beneficial health effects including
antioxidant, anti-inflammatory, anticancer, antidiabetic, anti-toxic, cardiovascular and
nerve-protective capacities [54].

Flavanols, including catechin and epicatechin, were previously reported in SE
fruits [15,16], as were proanthocyanidin dimers and trimers [55]. SE is the richest among the
Sambucus sp. in catechins and epicatechins [15]. Epicatechin is the major proanthocyanidin
monomer and a component of proanthocyanidin dimers and trimers. It is considered that
one of the richest sources of proanthocyanidins are grape seeds [56]; proanthocyanidin
dimer and trimer content in SE fruits is comparable to that in the grape seeds [55].

Resveratrol is the most abundant stilbene in plants. Grape peels are known as one of
the best sources of resveratrol, containing on average 0.169 mg/g DW [57]. We found that
trans-resveratrol-3-O-glucoside represents 5.19 mg/g DW. Thus, SE fruits and its FAE seems
to be considerable sources of resveratrol. Resveratrol exerts a wide range of biological
activities. It acts as calorie-restriction mimetic, increasing the levels of so-called survival
protein SIRT1 and improves energy metabolism, decreases plasma glucose, triglycerides
and inflammatory cytokines [58]. Its positive impacts on human heath are complemented
by improved plasma antioxidant activity and reduced oxidative stress [59,60]. In obese
individuals, resveratrol improves insulin sensitivity [61] and mitochondrial oxidative
capacity when used in combination with epigallocatechin gallate [62].

Quinic acid is a compound conjugating with hydroxycinnamic acids to form their
esters. Its presence in SE fruit tea (hot extraction) was reported previously by our group [55].
Recently, we also confirmed its availability in SE FAE (cold extraction).

176



Plants 2021, 10, 2446

Hydroxycinnamic acids are the most abundant phenolic acids in fruits, vegetables,
and coffee beans [63]. They present as esters of hydroxycarboxylic acids, such as quinic acid
or as glycosylated derivatives. Among them are caffeic acid, ferulic acid, chlorogenic acid,
isoferulic acid and coumaric acid. There are data showing that SE fruits contain highest
concentration of neochlorogenic acid and chlorogenic acid among all Sambucus sp., followed
by Sambucus cerulea [15]. The same authors report also presence of p-coumaric acid-O-
glucoside, 3-O-p-coumaroylquinic acid, and 4-O-p-coumaroylquinic acid in SE fruits. A
study on SE fruit tea confirmed the presence of these hydroxycinnamic acids and those that
we have also found in SE FAE [55]. There was no significant difference in hydroxycinnamic
acid content between SE fruit tea prepared by hot and cold FAE extraction. In accordance
with others, we have also found that the neochlorogenic acid followed by chlorogenic
and 3-O-p-coumaroylquinic acid were the main hydroxycinnamic acids in SE FAE. The
beneficial effects of hydroxycinnamic acids as potential chemo-preventives are associated
to their antioxidant activity [64]. Coumaric and ferulic acid and their amides significantly
reduce LPS-stimulated NO synthesis, iNOS protein content and mRNA levels in RAW
264.7 macrophages, thus presuming a mechanisms of their anti-inflammatory activity [65].
Plant extracts rich in neochlorogenic acid possess various biological activities, including
antioxidant and anti-inflammatory [66–68]. As SE FAE is rich in hydroxycinnamic acids
and their derivatives, it could be suggested that hydroxycinnamic acids are the main
bioactive components determining its antioxidant, and anti-inflammatory.

The most abundant flavonol glycoside in Sambucus sp. is quercetin-3-O-rutinoside
(rutin) [15]. Other flavonol glycosides detected in SE include quercetin glycosides, followed
by kaempferol glycosides, and isorhamnetin glycosides [12,15,55]. In our samples the total
amount of flavonols was 195.35 µg/mL, comprising only 3.35% of all analyzed polyphe-
nols. In addition, the quercetin glycosides (128.63 µg/mL) dominate over kaempferol
glycosides (66.72 µg/mL), representing 65.85% and 34.15% respectively of all identified
flavonols in SE FAE. The presence of flavonols, quercetin and kaempferol in SE fruit
extracts was widely reported in the literature [16]. Other studies provide data regard-
ing the content of rutin [9,16,55], isoquercetin and hyperoside [9,15,55], kaempferol 3-
O-rutinoside [15], isorhamnetin-3-O-laminaribioside [12], isorhamnetin 3-O-rutinoside
(narcissin) [12,15], isorhamnetin 3-O-glucoside [9,12], and myricetin [16] in SE fruit ex-
tracts. In accordance with the data of others, we have also identified quercetin-3-O-
rhamnosyl-galactoside, quercetin-3-O-rhamnosyl-glucoside, guaiaverin, quercetin-3-O-
xyloside, kaempferol-3-O-galactoside, astragalin, kaempferol-3-O-rhamnosyl-galactoside,
kaempferol-3-O-rhamnosyl-glucoside, kaempferol-3-O-arabinoside, kaempferol-3-O-
xyloside in our samples [55]. Flavonoid-rich herb extracts possess strong antioxidant
and anti-inflammatory activities [69,70]. Both isoquercetin and hyperoside exert antiox-
idant and anti-inflammatory [71,72] effect. Similarly, quercetin and rutin exhibit anti-
inflammatory, anti-cancer, anti-bacterial and anticonvulsant activities [73–75].

3.2. SE FAE Modulates mRNA and Protein Levels of Inflammation-Related Biomarkers in
LPS-Challenged J774A.1 Macrophages

The anti-inflammatory effect of polyphenols is due to the decreased activation of
macrophages and T-lymphocytes and the suppressed production of cytokines and chemokines
or their receptors. Polyphenols such as resveratrol, catechin and quercetin, found in SE
fruits, inhibit NFκB-dependent production of ICAM and VCAM in endothelial cells, as
well as the expression of MCP-1 receptors CCR1 and CCR2 [76,77]. Inhibition of the lat-
ter reduces the chemotaxis of leukocytes to the site of inflammation and the subsequent
increased production of IL-6. Anthocyanin metabolites reduce TNFα-induced expres-
sion of MCP-1 and ICAM, and thus combat oxidative stress. In models of LPS-induced
inflammatory response of macrophages, anthocyanidin- and anthocyanin-rich extracts
inhibit iNOS transcription and iNOS and COX-2 translation by targeting the NFκB and
MAPK kinase signaling pathways [78,79]. Karlsen et al. [80] reported that blackcurrant
and blackberry polyphenols significantly inhibited NFκB in LPS challanged monocytes
isolated from healthy adults.
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In our previous study we found that SE FAE reduces LPS activated mRNA expression
of NFκB, which correlated with decreased transcription levels of glutamate–cysteine ligase
and glutathione peroxidase enzymes [18]. Neochlorogenic and chlorogenic acid, also found
in SE FAE, suppress LPS-stimulated activation of NFκB patway resulting in reduced iNOS
synthesis and activation of COX-2, thus decreasing NO, prostaglandin E2, TNFα, IL-1β,
and IL-6 levels in RAW 267 macrophages [81]. Neochlorogenic and chlorogenic acid-rich
plant extracts significantly reduce the carrageenan-induced paw edema in rats, in vivo [81].
Coumaric and ferulic acids were found to reduce LPS-stimulated iNOS protein and mRNA
levels [65]. Few studies have reported the strong antioxidant, anti-inflammatory and
antidiabetic properties of cyanidin-3-O-galactoside, one of the main anthocyanin in SE
FAE [54]. Ursolic acid, found in SE leaves, reveals anti-inflammatory activity by reducing
TNFα-induced expression of ICAM-1 and VCAM-1 in human umbilical vein endothelial
cells [82]. Ursolic acid reduces LPS-stimulated NFκB [44] and JNK signaling, thus inhibiting
inflammatory cytokine production [45]. It was reported, also, that it may combat ER stress-
and NFκB-related inflammation in animals on a high-fat diet [46]. We also found an anti-
inflammatory effect of SE FAE, which may be due to the presence of ursolic acid in SE
fruits reported by others [12].

LPS stimulates the gene expression of cytokines IL-1β, TNFα and IL-6, chemokine
ICAM-1 and the enzymes COX-2 and iNOS by activating the NFκB-dependent signaling
pathway [83–88]. The activation of iNOS results in increased production of ONOO¯ and
further stimulation of COX2 gene expression and prostaglandin E2 production [89]. Re-
cently we observed that the pre-treatment with SE FAE significantly reduces LPS-stimulated
transcription of pro-inflammatory cytokines IL-1β, TNFα, IL-6, the chemokines MCP-1,
ICAM-1, enzymes COX-2, iNOS, as well as the protein levels of iNOS.

The effect was comparable to that of salicylic acid, a known anti-inflammatory agent,
used in our study as a positive control. The possible mechanism behind the observed
anti-inflammatory effect of SE extract might due to the presence of neochlorogenic acid,
chlorogenicacid, ursolic acid, resveratrol, catechin and quercetin, by suppressing the NFκB
signaling pathway. Additional mechanism for reducing COX2 activity and prostaglandin
production might be the direct NO. radical-scavenging activity of SE FAE [8].

Moreover, when applied alone, the lower doses of SE FAE induce the transcription of
IL-6, TNFα and MCP-1 by two-fold; COX2 and iNOS transcription by three-fold and iNOS
protein expression (p < 0.05). These results support the traditional application of dwarf
elderberries in folk medicine as an effective immunostimulant. Our previous study reported
increased NFκB, glutamate–cysteine ligase and glutathione peroxidase transcription and
thus confirms the immunostimulatory effect of SE FAE [18]. Immunostimulatory effect was
also proven for S. nigra, another member of the genus Sambucus [90].

NADPH oxidase (NOX), is one of the major enzymes in vascular endothelial cells,
catalyzing the formation of a superoxide radical anion [91]. Endothelial eNOS, as well as
iNOS, produce NO, which reacts with a superoxide radical anion forming highly reactive
ONOO¯ [92,93] and contributing to the development of oxidative stress. NOX is highly
active in activated macrophages, taking part in a respiratory burst for destroying bacterial
cell walls [94]. NOX is among the newly established target molecules in the treatment
of hypertension and atherosclerosis, and concomitant pathologies such as diabetes and
cardiovascular diseases [91,95].

By suppressing the LPS-induced gene expression of NOX subunit Noxo1, SE FAE
exhibits strong antioxidant and anti-inflammatory activity. The effect of the extract on
LPS-induced Noxo1 transcription was similar to that of SA. Both SE FAE and SA are very
effective in completely neutralizing LPS-induced Noxo1 overexpression. Compounds
such as epigallocatechin gallate, quercetin and isorhamnetin, the derivatives of which are
found in SE fruits, were shown to target Noxo1 [96–101], while resveratrol decreases NOX
activity [102]. NOX, and in particular its Noxo1 subunit, has been suggested as playing an
important role in the IL-1β-dependent activation of NF-κB [103]. Therefore, the inhibition
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of Noxo1 gene expression is one potential mechanism by which SE fruits suppress the
NFκB-dependent expression of pro-inflammatory genes and proteins such as iNOS.

FABP4 one of the fatty acid-binding proteins is expressed in both adipocytes and
macrophages [104,105]. Macrophages are specific target cells for Fabp4 and its deficiency
prevents atherosclerosis [100]. High FFA contribute to the development of atherosclerosis,
are proinflammatory and activate TLR4 signaling cascades. The same signaling pathway is
also activated by LPS [25]. In animal models of obesity and insulin resistance it was shown
that the inhibition of FABP4 protein in macrophages reduces inflammatory cytokines
(MCP-1, IL-1β, IL-6 and TNFα) and the formation of atherosclerotic lesions and foam
cells and improves insulin sensitivity [106,107]. Recently, we studied the effect of SE FAE
on the transcription levels of the Fabp4 gene. SE FAE, applied alone, slightly stimulated
Fabp4, as was observed for other studied inflammatory genes. On the other hand, in
LPS-stimulated cells, pre-treatment with the same concentrations of SE FAE completely
prevents LPS-stimulated Fabp4 transcription. These findings suggest another possible
anti-inflammatory mechanism of SE FAE action.

SIRT-1 is among the most studied sirtuins from class III histone deacetylases, which ac-
tivation improves obesity related insulin resistance [108] and possesses anti-inflammatory
potential [25]. Sirt-1 activators, such as resveratrol, may inhibit ICAM1 and TNFα induc-
tion [109]. In our study, SE FAE induces the expression of Sirt-1. The same result is observed
in macrophages pre-treated with the extract and stimulated by LPS. SIRT-1 decreases serine
phosphorylation in IRS-1, improves insulin signaling and, as a consequence, increases
glucose transport [110]. The same mechanism is involved in improving insulin sensitivity
decreased by TNF-alpha. These findings suggest another possible anti-inflammatory and
insulin sensing mechanism of SE FAE, although these mechanisms are unclear and require
additional studies in future.

3.3. SE FAE Modulates Levels of ER Stress-Related Proteins in LPS-Challenged
J774A.1 Macrophages

Activation of ER stress may lead to the phosphorylation of JNK and IKK, which is well-
known to promote NFκB signaling and the consequent inflammation [32] accompanied by
JNK-mediated phosphorylation of IRS 1/2 [111] to impair insulin signaling. On the other
hand, triggered by viral or bacterial infections, the production of TNFα, IL-6, IL-1β, and
INFγ may amplify the ER stress in many cell types including macrophages, pancreatic β

cells and hepatocytes [112,113]. Since both the processes of inflammation and ER stress
may result from each other, we analyzed the expression of three important ER stress-related
proteins as potential mechanisms to explain the observed anti-inflammatory potential of
SE FAE.

We have observed a significant increase in protein levels of transcription factors ATF6α
and peIF2α and their downstream target CHOP in LPS-stimulated macrophages. Applied
alone SE FAE downregulated the synthesis of CHOP at a dose-dependent manner and
slightly that of ATF6α. SE FAE significantly reduced LPS-stimulated CHOP levels. The
decrease in ATF6α levels and the phosphorylated eIF2α in LPS-stimulated macrophages
provides evidence for a possible mechanism by which the extract inhibits CHOP synthesis.
This cytoprotective mechanism in the case of stimulated ER stress is confirmed by the
established high significant correlation between protein levels of CHOP and transcription
factors (Figure 5). This may explain the previously reported cytoprotective effects of SE
fruits as well [9,19]. SA reduced only the LPS-stimulated peIF2α protein levels. It should
be noted that the SE FAE effect was in a similar direction, however it was stronger than
that of SA. With regard to the well-known anti-inflammatory activities of SA [114] and the
links between inflammation and the activation of ER stress, we expected that SA might
have reducing effect on ER stress-related biomarkers. However, SA did not exhibit any
protective effect against LPS-stimulated ATF6α and CHOP levels, as SE FAE, in contrast,
did. According to this observation, we may suggest that the SE FAE uses mechanisms
different from those of SA, resulting not only in reduced transcription of inflammatory
markers but also in the translation of ER stress-related ones.
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ER stress could be activated by high levels of FFAs, similarly to inflammation, ex-
cess nutrients, improperly folded proteins and local hypoxia, which is characteristic of
obesity. This results in increased oxidative stress in the liver and in adipose tissue of
obese animals [115]. An interesting fact is the established activated expression of Fabp4 in
macrophages and its association with the development of ER stress and inflammation [106].
In accordance with previous analyses, the suppression of Fabp4 in macrophages protects
cells from the FFA-induced inflammatory process, which may result in increased insulin
sensitivity and glucose tolerance [106]. The ability of the SE FAE to inhibit LPS-induced
transcription of Fabp4 suggests that it would also have a protective effect in combating
ER stress. FFA and glucose activate PERK-mediated phosphorylation and activation of
eIF2α and RNA splicing of Xbp-1 in obese rat and human adipocytes [116,117]. CHOP
is induced predominantly by the PERK/eIF2α/ATF4 signaling cascade associated with
ER stress, as well as by the IRE1α/Xbp-1 signaling pathway and the ATF6α transcription
factor in different pathological conditions, including diabetes [118–121].

The induction of CHOP is associated with the activation of apoptosis and DNA dam-
age. Its induction in humans and animal macrophages is associated with the detachment
of atherosclerotic plaques in atherosclerosis [122]. The production of superoxide by NOX
in atherosclerotic plaque-associated macrophages activates CHOP and subsequent ER
stress-mediated cell death [123]. ER stress may stimulate NFκB, by Ca2+- and reactive
oxygen species-dependent mechanisms [124] and the activation of PERK/eIF2α-mediated
phosphorilation of IKK [125]. Another important mediator of the ER stress-related activa-
tion of NFκB signaling and the consequent TNFα, IL-6 and IL-1β cytokines production is
iNOS [34]. This transforms iNOS enzyme into a cross point of inflammation and ER stress,
and, consequently intoa possible therapeutic targets.

By preventing the LPS-induced transcription of iNOS and Noxo1 and the subsequent
translation of iNOS protein, SE FAE may reduce superoxide radical and ONOO- production,
thus reducing the activation of ER stress-related inflammation; whereas, suppressing CHOP
synthesis by suppression of peIF2 and ATF6α possess another important mechanism for
combating ER stress-related activation of inflammation and cytokine production. These are
the first results confirming that SE, and in particular SE fruits, could suppress the induction
of inflammation by suppressing the activation of ER stress.

The complex phytochemical composition of SE FAE presumes that it acts at different
levels on inflammation and ER stress regulatory cascades. SE FAE acts at different cross-
points starting from the direct scavenging of reactive oxygen species, through the regulation
of gene transcription, to protein synthesis.

Our results contribute to the relationship between inflammation, ER stress and insulin
resistance. We may speculate that SE FAE could have a beneficial effect in preventing
atherosclerosis, insulin resistance and diabetes type 2, but this requires additional specific
studies to confirm the possible insulin sensing effect of the SE fruits.

4. Materials and Methods
4.1. Plant Material

Well-ripened fruits of Sambucus ebulus L. were harvested from North-Eastern Bulgaria
in the period August–September, 2014 and were dried in the dark at room temperature.
SE FAE was prepared using 150 mg finely grounded dry fruits, extracted three times
with 3 mL distilled water for 3 min in a vortex mixer (2000 rpm), at room temperature.
After centrifugation (5 min, 3500 rpm) the supernatants were collected and diluted up
to 15 mL with PBS buffer (pH = 7.4) for cell-culture experiments or with distilled water
for phytochemical analyses. A specimen from S. ebulus L. fruits was deposited under
No. 108144 in the Herbarium SO (by Index Herbariorum) of Sofia University St. Kliment
Ohridski, Faculty of Biology.
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4.2. Phytochemical Analysis
4.2.1. Extraction

The samples were filtered through a 0.45-µm PTFE filter (Waters, USA) and the filtrates
were loaded onto a reverse phase solid phase extraction column (Discovery® DSC-18, 5 g,
20 mL) (Sigma-Aldrich Co. LLC, St. Louis, MO, USA). The SPE columns were activated
rinsed with 40.0 mL distilled water and 1 mL of the filtered sample was loaded onto
the SPE column. Three fractions were isolated: anthocyanin fraction (C)—eluted with
2 × 12 mL 0.1% (v/v) formic acid in acetonitrile; non-anthocyanin fraction (B) containing
phenolic acids, flavonols, flavonols, eluted with a 2 × 12-mL ethyl acetate; polar fraction
(A), containing organic acids, aminoacids and carbohydrates-eluted with 2 × 12-mL 0.2%
(v/v) formic acid in water. The eluates were evaporated to dryness under reduced pressure
at a temperature below 40 ◦C.

4.2.2. Analysis of Polar Fraction (A)

An aliquot (0.2 mL) of fraction A was submitted to lyophilisation for 6 h at −20 ◦C.
The dry residue was subjected to the following derivatization protocol: 300.0 µL solution
of methoxyamine hydrochloride (20.0 mg/mL in pyridine) was added to a residue and
the mixture was heated on Thermo-Shaker TS-100 (1 h/70 ◦C/300 rpm). After cooling,
100.0 µL N,O-Bis (trimethylsilyl)trifluoroacetamide (BSTFA) were added to the mixture,
then heated on Thermoshaker, Analytik Jena AG, Jena, Germany (40 min/70 ◦C/300 rpm).
Then, 1.0 µL of the solution was injected in the GC–MS system (Agilent GC 7890, Agilent
MD 5975). The separations were done on a chromatographic column HP-5ms (length 30 m,
diameter 0.32 mm, film thickness 0.25 µm) at a gradient temperature mode: initial 100 ◦C
for 2 min; ramp up to 180 ◦C with 15 ◦C/min for 1 min; ramp up to 300 ◦C with 5 ◦C/min
for 10 min. Injector and detector temperatures were set at 250 ◦C; the velocity of the carrier
gas helium was set at 1.0 mL/min. The MS scanning was in the range 50–550 m/z.

4.2.3. Analysis of Fractions B and C

Fractions B and C were analyzed using LC-PDA-ESI-MS/MS chromatographic system;
in negative ESI mode for fraction B, and in positive ESI mode for fraction C as previously
described [55].

For the analysis of polyphenolics, the dry residues of fraction B and C were dissolved
in 200 µL metahnol:formic acid, (99:1 v/v), the solution was filtered through a 0.22 µm
PTFE filter and 2 µL of the filtrate were injected into LC-PDA-ESI-MS/MS system.

An LTQ Orbitrap mass spectrometer (Thermo Scientific, Hemel Hempstead, UK)
equipped with an ESI source (in negative mode) was used for accurate mass measurements.
Operation parameters were as follows: source voltage—4 kV; sheath, auxiliary and sweep
gas −20, 10 and 2 arbitrary units, respectively; capillary temperature was275 ◦C. The
samples were analyzed in full-scan mode at a resolution of 30,000 at m/z 400 and data-
dependent MS/MS events were acquired at a resolving power of 15,000. The most intense
ions were detected during full-scan MS-activated data-dependent scanning. Ions that were
insufficiently intense were analyzed in MS2 mode with a resolution power of 15,000 at
m/z 400. An isolation width of 100 amu was used. Precursors were fragmented by a
collision-induced dissociation with energy of 30 V and an activation time of 10 ms. The
mass range in FTMS mode was from m/z 100 to 1000. The data analyses were performed
using XCalibur software v2.0.7 (Thermo Fisher Scientific, Hemel Hempstead, UK).

Chromatographic separations were performed on an Accela chromatograph (Thermo
Scientific, Waltham, MA, USA) equipped with a quaternary pump, a photodiode array
detector (PDA) and a thermostated autosampler. A Kinetex C18 column (100 Å, 2.6 µm,
150 × 2.1 mm) was used to perform chromatographic separations (Phenomenex Inc.,
Torrance, CA, USA). The elution was done in a gradient mode with water/0.1% formic acid
(solvent A) and acetonitrile (solvent B) at a constant flow rate of 0.3 ml/min. The gradient
composition of the mobile phase was as follows: 0 min, 10% B; 1 min, 10% B; 15 min, 30%
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B; 22 min, 50% B; 28 min, 100% B; 34 min, 100% B, 36 min, 10% B. prior each analysis the
column was equilibrated for 6 min. The total run time was 36 min.

4.2.4. Identification and Quantitative Analysis

The identification of compounds in fraction A was done either by comparison the
retention times and Kovats indexes (RI) of the tested compounds with the same parameters
of the corresponding pure standards or with mass spectra from the Golm Metabolome
Database (http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html, 30 August 2021)
and NIST’08 (National Institute of Standards and Technology, Gaithersburg, MD, USA)
libraries.

The quantification of phenolics in fractions B and C was performed by the external
standard method as previously described [55]. Fifteen phenolic compounds were con-
firmed by comparing their retention times, exact masses and fragmentation patterns with
corresponding standards. The identification of the remaining compounds without avail-
able standards was based on accurate mass measurements of the [M − H]− ions and the
fragmentation patterns, which was compared with the literature data.

4.3. Cell Culture

J774A.1 mouse macrophages were purchased from American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). Cells were cultured in 75 cm3 flasks at 37 ◦C in a
humidified chamber (CO2CELL48, MMM Medcenter Einrichtungen GmbH, Planegg, Ger-
many) with 95% air and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM, with
4.5 g/L of glucose and L-glutamine) (LONZA, Verviers, Belgium) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, Taufkirchen, Germany) and 1%
antibiotics (100 U/mL penicillin, 100 µg/mL streptomycin) (LONZA, Verviers, Belgium).
Cells were sub-cultivated until they reach 80% confluence. Cell counts were prepared in
quadruplicate by 0.4% trypan blue exclusion dye (Chemapol, Prague, Czech Republic)
using a counting Burker chamber.

4.4. Study Design

The experimental model involved macrophage cells seeded in 6-well plates
(2 × 105 cells/well) and allowed to adhere overnight. The study design included the
following experimental groups: (1) cells treated only with LPS; (2) cells treated with
SE FAE; (3) cells pre-treated with SE FAE and consequently challenged with LPS. For
control groups, we used untreated cells (blank); salicylic acid-treated cells (positive, anti-
inflammatory control) and cells pre-treated with salicylic acid and consequently challenged
with LPS.

Cells were pre-treated with SE FAE with increasing concentrations of 2.5%, 5% and
10% v/v (0.25 mg DW/mL, 0.5 mg DW/mL, 1 mg DW/mL, respectively) or salicylic
acid (100 µM) (Merck, Germany) dissolved in DMEM (with 4.5 g/L glucose, w/o phenol
red and L-glutamine) supplemented with 10% heat-inactivated FBS, 100 U/mL peni-
cillin/100 µg/mL streptomycin mixture and 2 mM L-glutamine. After 24 h cells were
treated with 200 ng/mL LPS (Escherichia coli 026:B6, Sigma-Aldrich, Taufkirchen, Germany)
or not, by the simple refreshing of culture media and incubated for additional 24 h. Fol-
lowing the last incubation period, the cells were lysed and total RNA or total protein
were extracted and subjected to subsequent analyses. All treatments were performed
in triplicate.

4.5. Gene Expression Analysis
4.5.1. RNA Extraction and cDNA Synthesis

Total RNA was extracted using TRI reagent (Ambion, Waltham, MA, USA) according
to the manufacturers’ requirement. RevertAid First Strand cDNA Synthesis kit (Ther-
moFisher Scientific, Waltham, MA, USA) was used to reversely transcribe 20 ng of total
RNA using oligo (dT)18 priming strategy. Following the manufacturers’ protocol reaction
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conditions in final volumes of 10 µL were provided. cDNA synthesis was performed on
GeneAmp PCR 7500 thermal cycler (Applied Biosystems, Waltham, MA, USA). After syn-
thesis cDNA was diluted by adding of 30 µL nuclease-free distilled water to each sample
and stored at −80 ◦C.

4.5.2. qPCR Analysis

Gene transcription levels were analyzed using the qPCR method and performed on an
ABI PRISM 7500 (Applied Biosystems, Waltham, MA, USA). KAPA SYBR®® FAST qPCR
Master Mix (2X) with low ROX (KAPA Biosystems, Cape Town, South Africa) was used.
The amplification reaction’s final volume was 5 µL in 96-well plates, with 0.39 µL of cDNA
template. Final concentration of primers’ was 300 nM. Reaction conditions were as follows:
95 ◦C/5 min; 40 cycles at 95 ◦C/15 sec and 60 ◦C/1 min. A dissociation step was added to
the instrument’s protocol to check for nonspecific amplification. As an internal control, the
β-actin gene was used. Relative gene expression levels were calculated using the 2−∆∆Ct

method [126]. The used primer sequences (Sigma-Aldrich, Taufkirchen, Germany) for
each gene analyzed are presented in Table 3. Expression levels of mRNA are presented as
relative units (RU) compared to the untreated control group of cells, where the levels of
mRNA expression were considered to be equal to 1. Analyses were performed in triplicate
and included all cell groups in one plate while testing the expression of each gene.

Table 3. Oligonucleotide sequences of all used qPCR primer sets.

Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′)

Actb (β-actin) ACGGCCAGGTCATCACTATTG CAAGAAGGAAGGCTGGAAAAG
Ptgs2 (COX2) TGAGCAACTATTCCAAACCAGC GCACGTAGTCTTCGATCACTATC

iNOS GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC
TNFα CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
IL-6 GAGTTGTGCAATGGCAATTCTG GCAAGTGCATCATCGTTGTTCAT

IL-1β TTCAGGCAGGCAGTATCACTC CCACGGGAAAGACACAGGTAG
Ccl2 (MCP-1) AGGTGTCCCAAAGAAGCTGTA ATGTCTGGACCCATTCCTTCT

Sirt-1 TGATTGGCACCGATCCTCG CCACAGCGTCATATCATCCAG
IL-1ra GCTCATTGCTGGGTACTTACAA CCAGACTTGGCACAAGACAGG
Icam1 GACCCCAAGGAGATCACATTC GAAGATCGAAAGTCCGGA
Noxo1 AGAGGAGCCCTTATCCCAACC TGTCCAGAATTTCTTGAGCCTTG

Fabp4 (aP2) AGTGAAAACTTCGATGATTACATGAA GCCTGCCACTTTCCTTGTG

4.6. Protein Expression Analysis
4.6.1. Protein Extraction and Quantification

Total protein was extracted using Pierce™ IP Lysis Buffer (25 mM Tris-HCl pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40 and 5% glycerol) (Thermo Fisher Scientific, Waltham,
MA, USA) with freshly added Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo
Fisher Scientific, Waltham, MA, USA), according to the manufacturers’ requirement. Prior
to our analyses, total protein concentration was measured using a Bradford reagent (Protein
assay dye concentrate, Bio-Rad Laboratories; Hercules, CA, USA) and calculated against
a standard curve of standard bovine serum albumin (BSA) (Thermo Fisher Scientific,
Waltham, MA, USA) dilutions.

4.6.2. Western Blotting

Protein lysates were subjected to SDS-PAGE, electrotransferred to a polyvinylidene
difluoride membranes (PVDF; Merck Millipore; Billerica, MA, USA) and subsequently
incubated with the following antibodies: ATF6α (90 kDa) (1:1000, sc-166659), CHOP
(GADD153) (26 kDa) (1:1000, sc-7351), peIF2α (Ser52) (36 kDa) (1:1000, sc-12412), iNOS
(1300 kDa) (1:1000, sc-7271) (Santa Cruz Biotechnology; Santa Cruz, CA, USA) and β-actin
(42 kDa) (1:5000; A5316) (Sigma; St. Louis, MO, USA) after incubating the membranes
with 3% BSA (β-actin, ATF6α), 5% BSA (peIF2α) or 5% skim milk (CHOP, iNOS) blocking
buffer. Specific antigen–antibody bindings were detected using horseradish-peroxidase
conjugated secondary antibodies (Dako Denmark; Glostrup, Denmark) and an enhanced
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chemiluminescence detection method, according to the manufacturer’s instructions (Pierce
ECL Western Blotting Substrate; Thermo Scientific, Waltham, MA, USA) as described
previously [127,128]. Autoradiographic films (Fujifilm; Tokyo, Japan) were scanned and
the band’s signal was quantified by densitometry using ImageJ-1.53 software (National
Institutes of Health, Bethesda, MD, USA). Values were expressed relative to β-actin.

4.7. Statistical Analysis

GraphPad Prism v7.0 software (GraphPad Software, Inc.; La Jolla, CA, USA) was
used to perform the statistical analyses (Student’s t-tests, Spearman correlation, 95% CI).
The values of p < 0.05 were considered as significant. Data were presented as mean ± SD
(concentration of phytochemical) or ±SEM (mRNA and protein expression levels). All
analyses and treatments were performed in triplicates.

5. Conclusions

The SE FAE is confirmed to be rich in phytochemicals, predominantly hydroxycin-
namic acids, anthocyanins, proanthocyanidins and resveratrol, with strong antioxidant-,
anti-inflammatory- and ER stress-reducing potential, as well as in AAs including essential
ones, organic acids, alcohols and saturated and unsaturated fatty acids and esters, some of
them reported for first time in SE fruits.

Considering the results, we may conclude that SE FAE, applied alone, possesses
immunostimulating potential, without promoting any additional stress, such as ER stress.
It may reduce the ER stress-related expression of the CHOP protein, independently from
its immunostimulating potential. The SE fruit extract exerted significant antioxidant and
anti-inflammatory action, decreasing the LPS-stimulated transcription of oxidative stress,
inflammation, atherosclerosis and insulin resistance-related cytokines, chemokines and
enzymes, as well as the translation of iNOS. The herb extract possesses significant ER stress-
reducing potential, by suppressing the LPS-stimulated synthesis of peIF2α, ATF6α and
CHOP proteins. Taken together, these results reveal a new possible mechanism explaining
the anti-inflammatory potential of SE fruits, by targeting ER stress and related biomarkers.

These findings are in concordance with the traditional usage of SE fruits and its FAE as
potential natural immunomodulation preparation, beneficial in the prevention or treatment
of oxidative stress- and inflammation-related conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10112446/s1, Figure S1: Representative chromatogram of analyzed polar compounds
(fraction A) by GC-MS technique, Figure S2: Representative LC-PDA-ESI-MS/MS chromatogram
of Sambucus ebulus L. fruit anthocyanins (1-Cyanidin-3-O-Galactoside, 2-Cyanidin-3-O-Glucoside,
3-Cyanidin-3-O-Arabinoside, 4-Cyanidin-3-O-Xyloside), Figure S3: Representative LC-PDA-ESI-
MS/MS chromatogram of Sambucus ebulus L. fruit proanthocyanidin monomers, Figure S4: Rep-
resentative LC-PDA-ESI-MS/MS chromatogram of Sambucus ebulus L. fruit proanthocyanidin
di-and trimers, Figure S5: Representative LC-PDA-ESI-MS/MS chromatogram of Sambucus ebu-
lus L. fruit stilbenes, Figure S6: Representative LC-PDA-ESI-MS/MS chromatogram of Sambucus
ebulus L. fruit hydroxycinnamic acids (1–3-O-Caffeoylquinic acid, 2–Caffeic acid-O-galactoside,
3–Caffeic acid-O-glucoside, 4–5-O-Caffeoylquinic acid, 5–p-Coumaric acid-O-glucoside, 6–3-O-p-
Coumaroylquinic acid, 7–Feruloylquinic acid; 8–4 -O-p-Coumaroylquinic acid; 9–Ferulic acid-O-
galactoside; 10–Ferulic acid-O-glucoside), Figure S7: Representative LC-PDA-ESI-MS/MS chro-
matogram of Sambucus ebulus L. fruit flavonols (1-Kaempferol-3-O-arabinoside, 2-Kaempferol-3-
O-xyloside), Figure S8: Representative LC-PDA-ESI-MS/MS chromatogram of Sambucus ebulus L.
fruit flavonols (1-Quercetin-3-O-galactoside, 2-Quercetin-3-O-glucoside), Figure S9: Representative
LC-PDA-ESI-MS/MS chromatogram of Sambucus ebulus L. fruit flavonols (1-Kaempferol-3-O-
rhamnosyl-galactoside, 2-Kaempferol-3-O-rhamnosyl-glucoside), Figure S10: Representative LC-
PDA-ESI-MS/MS chromatogram of Sambucus ebulus L. fruit flavonols (1-Quercetin-3-O-rhamnosyl-
galactoside, 2-Quercetin-3-O-rhamnosyl-glucoside), Figure S11: Representative LC-PDA-ESI-MS/MS
chromatogram of Sambucus ebulus L. fruit flavonols (1-Kaempferol-3-O-galactoside, 2-Kaempferol-3-
O-glucoside), Figure S12: Original Western blot gels presenting the changes in protein levels of iNOS,
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peIF2α, ATF6α and CHOP in J774A.1 mouse macrophages pre-treated with increasing concentrations
(2.5%, 5%, 10% v/v) of SE FAE or with SA for 24 h and subsequently stimulated or not with LPS,
Table S1: Relative Kovat’s retention index (RI) of analyzed polar compounds (fraction A) presented
in Table 1, using GC-MS technique, Table S2: Precursor ion and fragment ion mass-to-charge ratios
(m/z) of the analyzed polyphenols using the LC-PDA-ESI-MS/MS technique.
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Abstract: Jacaranones are a small group of specific plant metabolites with promising biological activi-
ties. The occurrence of jacaranones is limited to only a few plant families, with Asteraceae being the
most abundant source of these compounds. Therefore, jacaranones can also serve as chemotaxonomic
markers. Our phytochemical investigation of Crepis pulchra L. (Asteraceae) resulted in three jacara-
none derivatives (jacaranone, 2,3-dihydro-2-hydroxyjacaranone, 2,3-dihydro-2-methoxyjacaranone),
and (6R,9S)-3-oxo-α-ionol-β-D-glucopyranoside, fulgidic acid, 12,15-octadecadienoic acid methyl es-
ter, scopoletin and apigenin-7-O-β-D-glucoside. This is the first report on the isolation of jacaranones
from a species belonging to the Cichorioideae subfamily of Asteraceae. Jacaranone derivatives were
subjected to an in vitro antiproliferative assay against a panel of human cancer cell lines (MCF-7,
MDA-MB-231, HeLa, and C33A), revealing high or moderate activities, with IC50 values ranging
from 6.3 to 26.5 µM.

Keywords: jacaranones; Crepis pulchra; Cichorioideae; Asteraceae; antiproliferative activity

1. Introduction

Jacaranone derivatives, bearing an unsaturated cyclohexanone skeleton, occur rarely in
the plant kingdom. Jacaranone [methyl 2-(1-hydroxy-4-oxocyclohexa-2,5-dien-1-yl)acetate] (2),
the methyl ester derivative of quinolacetic acid (1), was first isolated from Jacaranda caucana
(Bignoniaceae) by Ogura et al. in 1976 [1]. Since then, jacaranone derivatives (n = 35)
have been isolated from other plant species as well, most of them belonging to the family
Asteraceae. Almost all of the isolated compounds have been studied for their biological
activities (e.g., cytotoxic, antimicrobial, anti-inflammatory, antioxidant, sedative, antiproto-
zoal, and antifeedant effects), and many of them showed multiple activities [2–8].

The genus Crepis (family Asteraceae) includes about 200 annual, biennial, or perennial
plant species occurring widely in Eurasia, Africa, and North America [9]. In folk medicine,
decoctions prepared from aerial parts of members of the genus Crepis are used for the
treatment of various diseases, e.g., cough (Uganda) [10]; hepatitis, jaundice, and gallstones
(Yemen) [11]; tumors (USA and China) [12]; and cardiovascular diseases, diabetes, cold,
catarrh, and eye diseases (Turkey) [13–16]. Some species are traditionally used for their
diuretic or laxative properties (Italy) [17,18] or externally for healing wounds, bruises,
or inflammation (Spain and Bangladesh) [19,20].
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Crepis species are rich sources of guaianolide- and eudesmane-type sesquiterpenes [21–23]
and flavonoids [24,25]. In vitro pharmacological assessments revealed that Crepis ex-
tracts possess hepatoprotective [11], antimicrobial [21], antiviral [26], antioxidant [27],
anti-inflammatory [28], and antiproliferative [26,27] activities.

Smallflower hawksbeard (Crepis pulchra L.) occurs in different ruderal stands. The
species can be found in dry, open habitats, grasslands, pastures, abandoned fields, waste ar-
eas, alongside railroads, and roadsides [29,30]. According to the literature data, previously,
guaianolide-type sesquiterpenes (8-epi-isoamberboin, vernoflexuoside, macrocliniside A,
and diaspanoside A) were isolated from the plant by Kisiel et al. [31].

In continuation of our research aiming at the discovery of new bioactive specific
metabolites from medicinal plants, the methanol extract of Crepis pulchra L. was investigated.
The isolated special metabolites are discussed in comparison with the literature dealing
with naturally occurring jacaranones.

2. Results
2.1. Isolation of Compounds from C. pulchra

The dried and ground whole plant material (1.25 kg) was extracted with methanol at
room temperature. After evaporation, the extract was dissolved in 50% aqueous methanol,
and solvent–solvent partition was performed with n-hexane, chloroform, and ethyl ac-
etate. The chloroform phase was purified by a combination of different methods, including
column chromatography (CC), vacuum liquid chromatography (VLC), thin layer chro-
matography (TLC), and HPLC to afford eight compounds. The structural determination
was carried out by extensive spectroscopic analysis using 1D (1H, JMOD) and 2D NMR
(1H-1H COSY, HSQC, HMBC, NOESY) spectroscopy, HRESIMS measurements, and the
comparison of the spectral data with the literature values.

The isolated compounds were identified as jacaranone [5], 2,3-dihydro-2-
hydroxyjacaranone [5]; 2,3-dihydro-2-methoxyjacaranone [5]; (6R,9S)-3-oxo-ionol-β-D-
glucopyranoside [32]; fulgidic acid [33]; 12,15-octadecadienoic acid methyl ester, scopo-
letin [34]; and apigenin-7-O-β-D-glucoside [35] (Figure 1). All compounds were isolated for
the first time from the plant. Moreover, this was the first time jacaranone derivatives were
isolated from a Crepis species.

2.2. Antiproliferative Investigation of the Isolated Jacaranones

The jacaranone derivatives, isolated from C. pulchra, were subjected to an in vitro
cytotoxicity (MTT) assay against human cancer (breast cancer (MCF-7 and MDA-MB-231),
and cervical cancer (HeLa and C33A) cell lines (Table 1). Jacaranone proved to be the
most active against all four tested cell lines (IC50 6.27–14.61 µM). Its activity was compa-
rable with that of the positive control, cisplatin. 2,3-Dihydro-2-hydroxyjacaranone and
2,3-dihydro-2-methoxyjacaranone differ from jacaranone only in the substitution of C-2
(a hydroxy group in the case of 2,3-dihydro-2-hydroxyjacaranone, and a methoxy group
in 2,3-dihydro-2-methoxyjacaranone) and in the saturation of the double bond between
C-2–C-3. These modifications resulted in the decrease of the antiproliferative activity in
the case of the two jacaranone derivatives. Our results confirm that the presence of an
α,β-unsaturated carbonyl group in the molecule is essential for the antiproliferative activity
of jacaranones [36].
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Table 1. Antiproliferative activity of the isolated jacaranone derivatives.

Compound
IC50 (µM) [95% Confidence Intervals]

MCF-7 MDA-MB-231 HeLa C33A

jacaranone 10.22 [8.96–11.66] 6.89 [6.29–7.55] 14.61 [13.40–15.93] 6.27 [5.66–6.95]

2,3-dihydro-2-hydroxyjacaranone >30 26.49 [21.61–32.41] >30 21.56 [18.86–24.64]

2,3-dihydro-2-methoxyjacaranone 21.30 [19.44–23.35] 17.85 [15.39–20.70] 23.47 [21.36–25.78] 12.52 [11.27–13.92]

cisplatin 6.01 [5.33–6.79] 18.65 [16.67–20.85] 14.02 [12.65–15.56] 3.69 [3.22–3.95]

3. Discussion
3.1. Occurrence of Jacaranones in Nature

Altogether, 35 jacaranones were isolated from 37 plant species; three-quarters of the
compounds are monomers (n = 26), and the others are dimers (n = 9) (Figures 2 and 3).
Although the best sources of jacaranones are Asteraceae species, certain species of the Acan-
thaceae [3], Bignoniaceae [1,2,37–41], Delesseriaceae [42], Gesneriaceae [43,44], Oleaceae [45],
and Theaceae [4,5] families were also found to be sources of jacaranones (Table 2). Among
Asteraceae species, the genus Senecio is represented by 20 jacaranone derivative-producing
plant species [36,46–62]. Besides the Bethencourtia [8], Packera [63], and Pentacalia [6,7]
genera, each is represented by one species. All species belong to the Asteroideae (Tubuliflo-
rae) subfamily of Asteraceae. Crepis pulchra is the first representative of the Cichorioideae
(Liguliflorae) subfamily. Jacaranone (2) is the most common compound, isolated from
28 plant species of the Asteraceae, Bignoniaceae, and Theaceae families.

The basic monomer structure of jacaranones can be modified by different substituents.
Regarding the cyclohexanone ring, substitution occurs mainly at C-2, where hydroxy- (12),
methoxy- (24, 35), or ethoxy- (14, 15) groups are linked to the ring, or even an epoxide ring
can be formed, as in the case of compound 25. A rare substituent can be found in cases of
marinoid F (10) and marinoid G (11), where a chlorine atom is joined to the cyclohexanone
ring at C-3. Most frequently, an ester is formed via the carboxyl group with aliphatic
alcohols, e.g., methanol (2, 16, 18, 21, 22, 24, 25), ethanol (3, 13–15, 17, 23), or butanol (4),
or with a sugar molecule (5–8). A sugar molecule can also be attached to the hydroxy
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group forming an acetal (9, 22). Compound 26, isolated from Senecio giganteus, is the only
compound containing a lactone ring. Jacaranone dimers are formed from two monomers
linked through one or two sugar molecules.
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Table 2. List of plant families and species containing jacaranones.

Family Species Compound Ref.

Asteraceae Bethencourtia hermosa 3, 17 [8]
Jacobaea gigantea = Senecio giganteus 2, 26 [46]
Packera bellidifolia 2, 21 [63]
Pentacalia desiderabilis 1–3, 21 [6,7]
Senecio ambiguous subsp. ambiguus 2 [47]
Senecio anonymus 3 [48]
Senecio argunensis 2, 18, 19, 21, 24, 25 [36]
Senecio cannabifolius 2, 3, 18, 19, 24 [49,50]
Senecio cannabifolius var. integrilifolius 21 [51]
Senecio carpathicus 2, 4 [62]
Senecio clevelandii 2, 21 [52]
Senecio chrysanoides 13–15, 23 [53]
Senecio erucifolius 2, 4 [62]
Senecio fendleri 3 [54]
Senecio leucanthemifolius 2 [55]
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Table 2. Cont.

Family Species Compound Ref.

Senecio minutus 2, 24 [56]
Senecio othonnae 2, 4 [62]
Senecio palmatus 2 [57]
Senecio paludosus 2, 4 [62]
Senecio scandens 1–3, 5–7, 9, 17, 20, 27, 28 [58–60]
Senecio scandens var. incisus 6, 7, 12 [61]
Senecio subalpinus 2, 4 [62]
Senecio wagneri 2, 4 [62]

Acanthaceae Avicennia marina 10, 11, 34, 35 [3]

Bignoniaceae Jacaranda arborea 2, 3 [2]
Jacaranda caucana 2 [1]
Jacaranda glabra 2, 29–32 [37]
Jacaranda macrantha 2 [38]
Jacaranda mimosifolia 2, 33 [39]
Jacaranda oxyphylla 8 [40]
Jacaranda puberula 2 [41]

Delesseriaceae Delesseria sanguineu 2 [42]

Gesneriaceae Sinningia mauroana 2 [43]
Sinningia reitzii 2 [44]

Oleaceae Forsythia suspensa 22 [45]

Theaceae Ternstroemia japonica 2, 16, 18 [5]
Ternstroemia pringlei 2 [4]

3.2. Antiproliferative Activity of Jacaranones

According to the relevant literature, the most promising biological effect of jacara-
nones is their anticancer activity. The methanolic extract of Jacaranda caucana and jacara-
none (2) were tested against P-388 lymphocytic leukemia and Eagle’s 9KB carcinoma cells,
and substantial antiproliferative activity was detected [1,64]. The cytotoxicity of 2 was
investigated against six tumors (lung large cell carcinoma (COR-L23), colorectal adenocarci-
noma (Caco-2), amelanotic melanoma (C32), hepatocellular carcinoma (HepG-2), renal cell
adenocarcinoma (ACHN), and hormone dependent prostate carcinoma (LNCaP) and one
normal (human fetal lung (MRC-5) cell lines [47,55]. Jacaranone (2) showed outstanding
action against all tested cell lines (IC50 values ranging from 11.31 to 40.57 µM), which
was comparable with that of the positive control vinblastine, while 2 did not adversely
affect MRC-5 cells. Furthermore, 2 exerted antiproliferative and proapoptotic effects in
eight human (A2058, SK-MEL-28, HCT-8, LS160, SiHa, HL-60, SK-BR-3) and one murine
(B16F10-Nex2) tumor cell lines in vitro by downregulating Akt and activating p38 MAPK
signaling pathways through the generation of reactive oxygen species (ROS). IC50 values
varied from 9 to 145 µM for human cancer cells and was 17 µM for murine melanoma
B16F10-Nex2 cells [65]. Moreover, the protective effect of this quinone (2) was also proved
in a melanoma syngeneic model in vivo [65]. Jacaranone ethyl ester (3) was tested in KB
screen and was found to be highly active (ED50 value 16.82 µM) [48]. Tian et al. investi-
gated the cytotoxic effect of seven jacaranone analogs against various tumorous cell lines
(HCT8, CaEa-17, A2780, HeLa, BEL-7402, KB, PC-3M, A549, BGC-823, and MCF-7) [59].
Jacaranone ethyl ester (3) possessed the most potent cytotoxic effect with IC50 values at a
range of 2.85–4.33 µM. Fluorouracil was applied as a positive control (IC50s 4.15–6.84 µM).
Apart from jacaranone ethyl ester (3), quinolacetic acid (1), jacaranone (2), and a new
jacaranone-derivative (17) also showed relatively high cytotoxic activity. Based on the
results of their cytotoxicity assay, the authors found that all the active compounds share
the same structural moiety, the α,β-unsaturated carbonyl group, a segment that is known
to be of crucial importance for the cytotoxic effect of other compounds as well [59].
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Presser et al. synthesized 13 nitrogen-containing jacaranone derivatives from the
natural-product-derived cyclohexadienone scaffold and investigated their antiproliferative
activity against four human tumorous cell lines (MDA-MB-231 breast cancer, CCRF-CEM
leukemia, HCT-116 colon cancer, and U251 glioblastoma), and one non-tumorigenic cell
line (MRC-5 lung fibroblasts) at 5 µg/mL and 50 µg/mL concentrations [66]. The positive
control vinblastine was applied at 0.01 µg/mL. At 50 µg/mL concentration, almost all
derivatives were found to have cytotoxic effect against MDA-MB-231 and CCRF-CEM
cells. During their investigations, the authors managed to reveal some structure–activity
relationships of jacaranone-based nitrogenous cyclohexadienones as well. It was observed
that the most potent compounds shared an α,β-unsaturated imide structural element.
In the absence of this structural moiety, no cytotoxic effect could be detected [66].

4. Materials and Methods
4.1. General Experimental Procedures

NMR spectra were recorded in methanol d4 on a Bruker Avance DRX 500 spectrometer
at 500 MHz (1H) and 125 MHz (13C). The signals of the deuterated solvents were chosen as
references. The chemical shift values (δ) were given in ppm, and the coupling constants
(J) are in Hz. Two-dimensional (2D) experiments were performed with standard Bruker
software. In the 1H–1H COSY, HSQC, and HMBC experiments, gradient-enhanced versions
were used. Column chromatography (CC) was performed on polyamide (MP Biomedi-
cals Germany GmbH, Eschwege, Germany). Normal and reversed-phase vacuum liquid
chromatography (VLC) was carried out on silica gel (Kieselgel 60 GF254, 15 µm, Merck,
Darmstadt, Germany) and on reversed phase silica gel [RediSep C-18, 40–60 µm, Teledyne
Isco, Lincoln, NE, USA]. Thin-layer chromatography was performed on a Kieselgel 60 RP-
18 F254 and a Kieselgel 60 F254 (Merck, Darmstadt, Germany). Spots on UV active silica gel
were detected under UV light (245 nm and 336 nm) and made visible with vanillin sulfuric
acid and heating at 105 ◦C for 2 min. The high-performance liquid chromatographic (HPLC)
separation was carried out on a Waters HPLC (Waters 600 controller, Waters 600 pump,
and Waters 2998 photodiode array detector), using a normal phase (LiChrospher Si 100
(250 × 4 mm, 5 µm, Merck)) column. The flow rate was 1 mL/min, and the injection
volume was 25 µL. The data were acquired and processed with Empower software. All sol-
vents used for CC were of at least analytical grade (VWR Ltd., Szeged, Hungary). Ultrapure
water was prepared with a Milli-Q water purification system (Millipore, Molsheim, France).

4.2. Plant Material

The whole plants of Crepis pulchra (1.25 kg dried plant material) were collected in the
flowering period at Hegyeshalom (Hungary) in July 2019, and were identified by one of
the authors, Gyula Pinke (Department of Water and Environmental Sciences, Széchenyi
István University). A voucher specimen (No. 895) has been deposited at the Department of
Pharmacognosy, University of Szeged, Szeged, Hungary.

4.3. Extraction and Isolation

The dried and ground whole plant of C. pulchra (1.25 kg) was percolated with methanol
(12.5 L) at room temperature. The crude extract was concentrated in vacuo (152.5 g), redis-
solved in water, and subjected to solvent–solvent partition with n-hexane (5 × 500 mL),
chloroform (5 × 500 mL), and ethyl acetate (5 × 400 mL), respectively. The concentrated
chloroform-soluble fraction (35.7 g) was further separated by polyamide open-column
chromatography with a gradient system of MeOH–H2O (2:3, 3:2, and 4:1 (600 mL/eluent);
each eluent was collected as a fraction (Fractions I–III). Fraction I obtained with 40% MeOH
(3.04 g) was subjected to vacuum liquid chromatography (VLC) on silica gel with a gradient
system of CHCl3–MeOH (from 99:1 to 7:3 (300 mL/eluent) to yield 10 major fractions
(I/1-10). Fraction I/3 (219 mg) was further purified by VLC on reversed phase silica gel
using a MeOH–H2O gradient system (1:9→ 9:1, 100 mL/eluent) to afford 8 subfractions
(I/3/1-8). Subfraction I/3/1 (159 mg) was subjected to normal phase VLC (n-hexane–
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isopropanol, gradient, 95:5→ 6:4, 25 mL/eluent), followed by reversed phase preparative
TLC (using MeOH–H2O 1:1 as an eluent) to yield 4 (2 (27.3 mg), 16 (4.4 mg), 18 (3.6 mg),
and scopoletine (12.9 mg) compounds. Fraction I/9 (1.0 g) was separated by normal phase
VLC with a gradient system of CHCl3–MeOH (from 98:2 to 7:3 (50 mL/eluent) to afford
10 subfractions (I/9/1-10). Fraction I/9/6 (345.5 mg) was purified by reverse-phase VLC
(gradient system of MeOH–H2O 1:9→ 8:2, 25 mL/eluent) and gel chromatography on
Sephadex LH-20 (using CH2Cl2–MeOH 1:1 as an eluent) followed by normal-phase prepar-
ative TLC with EtOAc–MeOH–H2O (100:16:0,5) as a solvent system to yield fulgidic acid
(5.19 mg). Fraction I/9/7 (185.0 mg) was separated by gel chromatography on Sephadex
LH-20 (using CH2Cl2–MeOH 1:1 as an eluent) and then by preparative TLC on reverse-
phase silica gel with MeOH–H2O (1:1) to yield (6R,9S)-3-oxo-ionol-β-D-glucopyranoside
(3.34 mg). Fraction II obtained with 60% MeOH (2.08 g) was subjected to reverse-phase
VLC, applying a gradient system of MeOH–H2O (from 1:9 to 1:0, 200 mL/eluent) to obtain
nine main fractions (II/1-9). Separation of fraction II/1 (236.3 mg) by gel chromatography
on Sephadex LH-20 afforded five subfractions (II/1/1-5). Subfraction II/1/4 (60.8 mg)
was further purified by normal-phase VLC using CHCl3–MeOH as a mobile phase [from
pure 1:0 to 6:4 (40 mL/eluent)] followed by preparative TLC on normal-phase silica gel
with EtOAc–HCOOH–H2O (85:10:5) as a solvent system to obtain apigenin-7-O-glucoside
(7.8 mg). Fraction II/9 (165.1 mg) was subjected to normal-phase VLC, applying a gradi-
ent system of cyclohexane–EtOAc–MeOH [from 9:1:0 to 6:3:1 (50 mL/eluent)] to afford
ten subfractions (II/9/1-10). Subfraction II/9/2 (4.4 mg) was purified by normal-phase
HPLC [isocratic, cyclohexane–EtOAc (8:2)] to yield 12,15-octadecadienoic acid methyl
ester (1.5 mg).

4.4. Antiproliferative (MTT) Assay

The growth-inhibition properties of jacaranone derivatives were determined by stan-
dard MTT assays on four human malignant gynecological cell lines (breast cancer: MCF-7
and MDA-MB-231, and cervical cancer: HeLa and C33A). All cell lines were maintained
in minimal essential medium (MEM) supplemented with 10% fetal bovine serum, 1%
nonessential amino acids, and 1% penicillin–streptomycin–amphotericin B mixture in hu-
midified air containing 5% CO2 at 37 ◦C. All cell types were seeded into 96-well plates at a
density of 5000 with the exception of C33A, which was seeded at a density of 10,000 and
treated by increasing concentrations (0.1–30 µM) of the compounds for 72 h under cell
culturing conditions. After the incubation, 5 mg/mL MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] solution was added to samples for 4 h and precipitated
blue formazan crystals were dissolved in DMSO. Absorbance values of the samples were
measured at 545 nm using a microplate reader (Stat Fax-2100, Awareness Technologies Inc.,
Palm City, FL, USA), and untreated cells were used as a control. Normalized sigmoidal
concentration−response curves were fitted to the determined data, and the IC50 values
were calculated by GraphPad Prism 5.01 (GraphPad Software, San Diego, CA, USA). Cis-
platin (Ebewe Pharma GmbH, Unterach, Austria) was used as a reference agent in the same
concentration range.

5. Conclusions

In our experiment, a combination of different chromatographic techniques resulted in
the isolation of eight compounds, among them three jacaranone derivatives from C. pulchra
for the first time. Jacaranone (2) showed the highest antiproliferative activity against
MDA-MB-231 (human breast cancer) and C33A (human cervical cancer) cells. Although
jacaranones represent a small group of plant special metabolites, they can be interesting
either for organic chemists or for pharmacologists because of their promising biological
effects. Moreover, they can serve as chemotaxonomic markers. The importance of our
results is that smallflower hawksbeard is the first representative of the Cichorioideae
subfamily of Asteraceae in which jacaranones have been detected.
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9. Eliáš, P.; Turisová, I.; Ťavoda, O. Occurrence of small flower hawksbeard (Crepis pulchra L.) in Slovakia. Thaiszia J. Bot. 2010,
20, 127–135.

10. Namukobe, J.; Kasenene, J.M.; Kiremire, B.T.; Byamukama, R.; Kamatenesi-Mugisha, M.; Krief, S.; Dumontet, V.; Kabasa, J.D.
Traditional plants used for medicinal purposes by local communities around the Northern sector of Kibale National Park, Uganda.
J. Ethnopharmacol. 2011, 136, 236–245. [CrossRef]

11. Fleurentin, J.; Hoefler, C.; Lexa, A.; Mortier, F.; Pelt, J.M. Hepatoprotective properties of Crepis rueppellii and Anisotes trisulcus:
Two traditional medicinal plants of Yemen. J. Ethnopharmacol. 1986, 16, 105–111. [CrossRef]

12. Hartwell, J.L. Plants used against cancer. A survey. Lloydia 1968, 31, 71–170.
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Abstract: The volatile compounds of eight peach varieties (Prunus persica L.)—“Filina”, “Gergana”,
“Ufo-4”, “July lady”, “Laskava”, “Flat Queen”, “Evmolpiya”, and “Morsiani 90”—growing in Bulgaria
were analyzed for the first time. Gas chromatography–mass spectrometry (GC–MS) analysis and the
HS-SPME technique revealed the presence of 65 volatile compounds; the main identified components
were aldehydes, esters, and fatty acids. According to the provided principal component analysis
(PCA) and hierarchical cluster analysis (HCA), the relative quantities of the identified volatile
compounds depended on the studied peach variety. The results obtained could be successfully
applied for the metabolic chemotaxonomy of peaches.

Keywords: Prunus persica L.; gas chromatography–mass spectrometry (GC–MS); volatile compounds;
principal component analysis (PCA); hierarchical cluster analysis (HCA); headspace-solid phase
micro extraction (HS-SPME)

1. Introduction

The diversity of volatile compounds is responsible for the unique flavors each food
matrix expresses. Aroma is a particularly important and valued feature that illustrates
the complex mixture of volatile compounds in foods. The human nose can sense a broad
selection of volatile compounds. Although many studies focus on the volatile profiles of
various fruit and vegetables, there is a particular need to enhance the available information.

Peaches and nectarines are aroma-dense fruits with a specific, pleasant, and recogniz-
able aroma [1]. Nectarines (Prunus persica var. nectarina) may have developed from peach
seeds, but their origin is still unknown. The peach (Prunus persica L. Batsch), also known as
Persian apple, is native to China and Iran. Subsequently, it has spread worldwide. Peaches
have a large number of commercial varieties with different shapes, sizes, flesh colors (red,
white, or yellow), skin types, seeds, among other variable aspects in relation to this popular
fruit, representing a diverse international germplasm [2,3]. The largest producer is China,
followed by Italy, Spain, and the United States [2].

The peach is a widely appreciated fruit for consumption, but has not yet been fully
studied. The chemical composition of peaches depends on several factors, such as genotype,
geographical and climatic conditions, seasonal and meteorological conditions, agronomic
practices, stage of maturity, storage conditions, and processing methods [4]. In addition,
it has been shown, over the years, that the phytochemicals are not evenly distributed
in the fruit tissue; most are concentrated in the rind, particularly in the epidermal and
subepidermal layers [5–7].
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Volatile compounds, together with sugars and acids, are the main chemical com-
pounds that determine the characteristic aroma and flavor of foods. The peach species
holds remarkable characteristics. More than a hundred volatiles have been identified in
different peach varieties, with C6 compounds, esters, benzaldehyde, linalool, C13 noriso-
prenoids, and lactones being the most abundant [8,9]. In general, polyunsaturated fatty
acids (PUFAs), such as linoleic acid (18:2) and linolenic acid (18:3), are the main precursors
for aroma-related volatiles of peach fruit generated via the lipoxygenase (LOX) pathway
or β-oxidation [10]. β-Oxidation leads to the production of the primary aroma in fruits,
whereas the LOX system may account for the widest assortment of lipid-derived precursors
of aroma compounds in disrupted plant tissues [11]. In addition to their contribution to
fruit quality, peach volatiles are also important for the food and fragrance industry, where
they are used as flavoring agents. A notable example of a sought-after industrial product
with a peach-like aroma is γ-decalactone [12].

Numerous studies demonstrated the large variability in the volatile compound compo-
sition of peaches depending on the cultivar, ripening stage, and geographical origin [13–15].
Nectarines generate fewer volatiles than peaches, but have more fruity and floral aroma
notes due to greater ester, linalool, and terpinolene production [16]. Authors report changes
in volatile aroma-related substances during peach fruit development and ripening after
harvest [17–19].

Although the volatile profiles of peaches have been generally widely studied, no
information exists on Bulgarian peach varieties. Thus, the goal of this study was to
investigate the difference in volatile profiles between eight peach and nectarine varieties in
order to provide a tool to evaluate and compare the data on volatiles.

2. Results and Discussion

Peach fruit produces a number of volatile organic compounds (VOCs) [20,21]. The
investigation of different peach varieties showed that C6 compounds, alcohols, aldehy-
des, and lactones are the most powerful aroma-active compounds [13,14]. Nectarines
usually contain C9 aldehydes, γ-decalactone, and terpenes; peaches contain a majority
of C6–10 lactones; and flat peaches are dominant in benzaldehyde, γ-decalactone, and
δ-dodecalactone [22].

It is no coincidence that volatile compounds are of scientific interest. A quantitative
comparison is not always feasible because of the variations in the extraction procedures and
quantification procedures used. Different conclusions can be made based on the methods
used for collection, the compound concentrations, and the nature of the volatiles produced
by fruit. A recent study confirmed significant differences in the number of identified
compounds and their quantities exist [23].

The typical taste of most fruits is not present during early formation, but develops
after the ripening process [21]. During this period, metabolism changes to catabolism and
volatile compounds are formed from the main plant constituents by various biochemical
pathways [24]. The climacteric respiration of the fruit aids in the flavor formation during
the post-climacteric maturation phase [25]. The richness of the aromatic compounds is of
primary importance for consumer acceptance.

Many researchers have confirmed that the same cultivars act differently when sub-
jected to another environment. The varieties “Morsiani 90”, “Ufo- 4”, “July Lady”, and
“Flat Queen” are varieties that have been introduced to the Bulgarian geographical re-
gion, which means that the orchard management and the ecological factors can result
in a different VOCs profile. “Evmolpiya”, “Laskava”, “Filina”, and “Gergana”, on the
other hand, are local varieties, and their volatile profile is yet to be reported. “Filina” is
a result of the breeding selection of “Maycrest” × “July Lady”. “Gergana” is created by
combining Goldengrand and Aureliogrand varieties. “Laskava” is created by cross-species
hybridization, with the participation of the species Prunus persica L. Batsch and Prunus
ferganensis (Kost. and Rjab.) from the parent combination “Hale” × (“Elberta” × “Fer-
gana Yellow”). “Evmolpiya” is a variety obtained by the interspecific hybridization with

204



Plants 2022, 11, 166

the participation of P. persica var. nucipersica, P. persca and P. davidiana, from the parent
combination “Fantasia” × (“Halle” × Prunus davidiana).

2.1. Gas Chromatography–Mass Spectrometry (GC–MS) Profiling of Volatile Compounds of
Analyzed Peach Samples

The volatile profiles of eight peach varieties (four local and four introduced) grown in
Bulgaria were analyzed by GC–MS. Table 1 is a visual presentation of the results; sixty-five
volatile compounds, belonging to seven chemical classes (aldehydes, ketones, alcohols,
fatty acids, esters, hydrocarbons, and terpenes), were identified.

Table 1. Identified volatile compounds in peach varieties analyzed by GC–MS. The results are given
as % of Total Ion Current *.

Compound Flavor
Contribution ** RIlit RIcalc “Filina” “Gergana” “Ufo-4” “July

Lady” “Laskava” “Flat
Queen” “Evmolpiya” “Morsiani

90”

Aldehydes

Pentanal FB 738 741 0.70* 1.17 0.25 1.09 1.14 1.54 0.80 0.99
Hexanal FFr 800 798 1.95 6.55 3.20 7.13 4.40 2.68 2.24 5.57

(E)-2-
Hexenal N/A 849 850 2.83 4.00 1.35 2.04 7.36 5.30 3.26 6.40

Heptanal CF 907 909 4.35 1.47 1.58 1.38 1.14 3.95 3.00 1.25
Benzaldehyde FSw 948 946 0.71 0.49 0.53 0.46 0.48 0.65 0.82 0.42

(E)-2-
Heptenal FW 960 960 0.51 0.35 1.64 1.42 1.49 0.46 0.58 1.30

Octanal CF 999 1000 1.06 0.73 0.79 0.68 0.71 0.97 1.22 0.62
(E)-2-

Octenal FW 1051 1047 1.43 0.98 0.59 3.12 3.26 1.30 1.65 2.83

2-methyl-
Benzaldehyde FB 1070 1073 0.83 0.57 0.53 0.46 1.71 0.76 0.96 1.49

4-methyl-
Benzaldehyde FB 1084 1085 0.24 0.16 1.44 1.25 1.31 0.21 0.27 1.14

Nonanal CW 1102 1104 3.89 2.21 2.37 2.06 1.99 3.54 1.48 1.88
(E)-2-

Nonenal CW 1160 1159 1.57 1.07 2.42 2.10 2.20 1.42 1.80 1.91

Decanal CW 1204 1205 0.39 0.27 0.28 0.25 0.26 0.35 0.44 0.23
(E)-2-

Decenal FW 1250 1253 0.31 0.22 1.50 1.30 1.36 0.29 0.36 1.18

Total
aldehydes 20.77 20.24 18.47 24.74 28.81 23.42 18.88 27.21

Ketones

3-Octanone N/A 975 977 0.71 0.49 0.52 0.45 0.25 0.64 0.82 0.41
2-Octanone NH 991 992 0.56 0.38 0.41 0.36 0.14 0.51 0.64 0.32

γ-
hexalactone FSw 1045 1045 0.29 0.20 0.21 0.19 0.42 0.26 0.33 0.17

2-
Nonanone FW 1090 1088 0.64 0.44 0.47 0.41 0.14 0.58 0.73 0.37

γ-
octalactone SW 1250 1251 1.78 1.22 0.58 2.24 2.80 1.62 1.04 2.04

γ-
decalactone SP 1461 1464 1.11 1.52 1.63 1.42 1.48 1.01 1.28 1.29

γ-
dodecalactone N/A 1673 1675 1.47 2.52 4.00 3.48 3.64 1.34 1.69 3.16

Total ketones 6.56 6.77 7.82 8.55 8.87 5.96 6.53 7.76

Alcohols

Pentanol SW 770 772 1.63 1.12 1.21 1.05 1.10 1.49 1.88 0.95
Hexanol FFl 851 848 0.49 0.34 0.36 0.32 0.13 0.45 0.57 0.29
Heptanol NH 920 921 0.74 0.51 0.55 0.47 0.50 0.67 0.85 0.43

Benzyl
Alcohol FFl 1035 1035 0.26 0.18 1.03 0.90 0.94 0.23 0.30 0.81

Nonanol N/A 1149 1150 1.36 0.93 1.00 0.87 0.39 1.24 1.57 0.79
Total alcohols 4.48 3.08 4.15 3.61 3.06 4.08 5.17 3.27
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Table 1. Cont.

Compound Flavor
Contribution ** RIlit RIcalc “Filina” “Gergana” “Ufo-4” “July

Lady” “Laskava” “Flat
Queen” “Evmolpiya” “Morsiani

90”

Fatty Acids

Butanoic
acid SW 759 760 1.99 1.36 3.31 2.88 3.01 1.81 2.29 2.62

2-methyl-
Pentanoic

acid
FSw 926 924 1.77 2.72 2.93 2.55 2.66 1.61 2.03 2.31

Hexanoic
acid SS 964 966 2.59 4.80 6.84 5.95 1.22 2.36 2.98 5.41

Octanoic
acid SW 1165 1166 1.74 1.19 2.55 2.21 2.31 1.58 2.00 2.01

Nonanoic
acid NH 1270 1272 2.98 2.05 2.20 1.91 1.20 2.71 3.43 1.74

n-Decanoic
acid CW 1367 1368 2.53 1.74 1.87 1.63 1.07 2.30 2.91 1.48

Dodecanoic
acid FC 1558 1559 3.25 2.23 2.40 2.08 1.18 2.95 3.74 1.89

n-
Hexadecanoic

acid
FC 1960 1960 1.30 0.89 0.96 0.83 0.49 1.18 1.49 0.76

Total fatty
acids 18.15 16.98 23.06 20.04 13.14 16.5 20.87 18.22

Esters

Ethyl
acetate FSw 607 610 1.60 1.86 1.99 1.73 1.81 1.46 1.84 1.58

Ethyl
pentanoate FSw 903 905 1.29 1.64 1.76 1.53 1.60 1.17 1.48 1.39

Ethyl tiglate FFl 940 938 4.76 3.27 3.51 3.06 3.19 4.33 5.48 2.78
Ethyl

hexanoate FSw 998 886 3.99 5.76 1.59 1.38 5.63 3.63 4.59 4.90

Ethyl
Heptanoate FSw 1096 1097 2.08 1.43 1.54 1.34 1.40 1.89 2.40 1.21

Ethyl
Benzoate BD 1170 1173 3.58 2.45 2.64 2.30 2.40 3.25 1.11 2.09

Ethyl
Octanoate FSw 1195 1198 2.04 2.09 2.24 1.95 2.04 2.76 2.35 1.77

Methyl
Nonanoate FC 1226 1225 1.70 2.67 0.88 2.50 2.61 1.54 1.95 2.27

Ethyl oct-
(2E)-enoate FSk 1242 1240 1.55 1.07 1.15 1.00 1.04 1.41 0.79 0.91

1-Octen-3-
yl-

butanoate
FB 1280 1280 2.19 1.50 0.61 1.40 1.47 1.99 1.52 1.28

Methyl
Decanoate FFl 1320 1322 1.16 0.80 0.72 0.62 0.65 1.06 1.34 0.57

Benzyl
butanoate SP 1344 1345 1.24 2.36 0.76 0.66 0.69 1.13 0.43 0.60

(2E)-
Octenyl

butanoate
FB 1388 1385 1.63 1.12 1.20 1.05 1.09 1.48 1.87 0.95

Linalool
butanoate FFl 1423 1425 1.19 2.19 1.35 2.04 2.14 2.90 1.36 1.86

2-Phenyl
ethyl

butanoate
FFl 1435 1436 2.75 1.88 2.03 1.76 1.84 2.50 3.16 1.60

2-Phenyl
propyl

butanoate
FS 1482 1480 1.86 1.28 3.37 1.19 1.25 1.69 2.14 1.08

Total esters 34.61 33.37 27.34 25.51 30.85 34.19 33.81 26.84
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Table 1. Cont.

Compound Flavor
Contribution ** RIlit RIcalc “Filina” “Gergana” “Ufo-4” “July

Lady” “Laskava” “Flat
Queen” “Evmolpiya” “Morsiani

90”

Hydrocarbons

Undecane N/A 1098 1095 1.06 0.73 0.79 0.68 0.71 0.97 0.22 0.62
Dodecane N/A 1200 1202 1.51 1.30 1.40 1.22 1.27 1.37 0.73 1.11
Tridecane N/A 1302 1304 0.33 1.74 1.87 1.62 0.70 0.30 0.38 1.48

Tetradecane FW 1400 1401 2.03 2.31 2.05 2.16 1.26 1.85 1.03 1.97
Pentadecane FW 1497 1495 0.97 0.66 0.71 0.62 0.65 0.88 0.61 0.56
Hexadecane N/A 1600 1601 0.52 0.36 0.39 0.34 0.35 0.48 0.60 0.31
Heptadecane N/A 1701 1700 0.85 0.58 0.63 0.54 0.26 0.77 0.97 0.49
Total hydro-

carbons 7.27 7.68 7.84 7.18 5.2 6.62 4.54 6.54

Terpenes

β-Myrcene FW 980 985 1.13 2.53 0.96 0.84 2.15 1.02 1.29 2.15
p-Cymene CF 1018 1020 0.15 1.06 1.14 0.99 0.36 1.40 0.18 0.90
Limonene CS 1024 1022 0.66 1.96 3.26 2.83 1.49 0.60 0.76 1.67

(Z)-β-
Ocimene NH 1035 1036 0.79 0.54 0.58 0.51 0.25 0.72 0.91 0.46

(E)-β-
Ocimene NH 1042 1041 1.42 0.97 1.04 0.91 0.90 1.29 1.63 0.83

Linalol FFl 1093 1094 2.22 1.86 2.00 1.74 1.48 1.10 2.75 1.58
(Z)-β-

Farnesene CS 1440 1443 0.26 0.87 0.93 0.81 0.80 1.15 0.30 0.74

(E)-β-
Farnesene N/A 1452 1455 0.60 0.41 0.24 0.39 0.84 0.55 0.69 0.35

Total
terpenes 7.23 10.2 10.15 9.02 8.27 7.83 8.51 8.68

* RI—Kovats retention index; ** FB—fruity, berry; FSw—fruity, sweet; FFr—fruity, fresh; FFl—fruity, floral;
CW—citrus, waxy; CF—citrus, fresh; CS—citrus, sweet; SS—sour, sweet; SP—sweet, peachy; SW—sweet, waxy;
FC—fatty, coconut; FW—fresh, waxy; BD—bitter, dry; NH—natural, herbal; FSk—fruit skin; N/A—not available.

Aldehydes comprise 21% of the identified compounds, with the dominance of hexanal,
(E)-2-hexenal, and nonanal in all peach varieties (Table 1). Some aldehyde compounds are
formed in the event of frost damage: octanal, heptanal, and pentanal [26]. The different
amounts in the studied samples prove that chilling injuries are variety-dependent, and do
not follow the ripening period of the peach.

Aldehydes are flavor-contributing for premature fruit. They bring out a specific fresh-
green odor to the fruit. C6 aldehyde compounds are desired, especially in not fully ripe
pears, plums, and apples. Such compounds decrease in quantity during the process of full
ripening of the fruit [27]. Following the abovementioned, it can be concluded that in the
absence of other unfavorable conditions, the “Laskava” variety, which contains the most
aldehydes, can be stored for the longest period, while “Ufo-4” and “Evmolpiya” should
reach the market within the shortest time. The melon-like flavor of the “Laskava”, “Ufo-4”,
and “July Lady” varieties could be related to (E)-2-nonenal detection [28]. Hexanal is
reported in literature [29] as a major compound in the volatile analysis of nectarines, which
is further supported in the currently established results for the “Gergana” and “Morsiani
90” varieties. It is associated with a sweet, fruity taste [30]. Heptanal, 2-hexenal, and
octanal, typical for peach varieties, were found to contribute to the fresh odor [31].

Lactones possess high aromatic values in peaches due to their low odor threshold. Lac-
tones, as intramolecular esters of 4- and 5-hydroxy acids, shape the basic peach aroma [22],
and have high aroma effects in stone fruits, in general. Among the seven identified ke-
tones, γ-octalactone and γ-dodecalactone, that give peach-like aroma, were in the highest
relative concentrations. These lactones act in association with aldehydes, alcohols and
terpenoids, which are responsible for the spicy, floral and fruity features in the peach [32].
γ-Decalactone and γ-octalactone are characteristic volatile compounds for peaches. The
compound γ-octalactone, which confers a sweet herbaceous, coconut-like odor and taste,
was predominant in the “July Lady” and “Laskava” varieties [33]. γ-Decalactone was most
abundant in the two nectarine varieties object of analysis, which supports the literature
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stating that this is the most common compound identified in the pulp of nectarines [13]. It
has to be noted that lactone identification is highly dependent on the extraction conditions,
which can be identified as a limitation in every study on the subject. The absence or pres-
ence of certain lactones can be due to the assessment methodology being used [34,35]. For
example, other authors have managed to identify more than ten C5-C10 γ-lactones [8,36]. It
has been suggested that lactones in peaches are a result of the β-oxidation pathway of fatty
acids [21].

The biosynthesis of fatty acids has been reported to being highly influential on the
volatile profile. Eight fatty acids were identified, with hexanoic acid (1.22–6.84% of TIC)
being the principle one (Table 1). Nonanoic and dodecanoic acid were the second most
abundant of the investigated peach fruits. Fatty acids are important as they serve as carriers
for some lipophilic vitamins and bioactive compounds present in fruits, and the presence of
essential fatty acids is believed to play an important role in the prevention of cardiovascular
diseases [37,38]. Acids most likely contribute little to the aroma profile though, because
they normally have high odor detection thresholds [39].

Alcohols represent approximately 8% of the total identified compounds, with pentanol
and nonanol predominating. Pentanol, which is responsible for the bouquet and astringent
aroma description [40], was the main alcohol in all the studied samples (in the range from
0.95% to 1.88% of TIC). Benzyl alcohol, found in the highest concentrations in “Ufo-4”,
is described as having a floral aroma [41]. Alcohol dehydrogenase in the fruit mesocarp
accumulates throughout ripening [20], and alcohols are usually left undetectable by the
consumers. Relatively low alcohol quantities suggest that the fruit is not overripe [42].
Fruit juice pH effectively converts alcohols and aldehydes into flavoring agents [42].

Esters are the main VOCs produced by horticultural crops. Esters, especially straight
chain esters, are generally metabolized from fatty acids [43]. The higher the amount of
esters, the more pronounced the aroma and the taste of the fruit [44]. Esters, accounting for
25% of the identified compounds, represented the largest group. The composition of esters
differed both qualitatively and quantitatively among the peach samples. It has to be noted
that the ester distribution is reported to be different within the part of the fruit [36]. The
total ester content varied between 25.51% and 34.61% of TIC. Esters contribute to the fruity
aroma of peaches [45]. Ethyl hexanoate (in the range from 1.38% to 5.76% of TIC) and ethyl
tiglate (between 2.78% and 5.4% of TIC) were present at the highest relative concentrations
among the estimated esters. Although the amount of esters was predominant in all eight
varieties, the relative TIC was two times smaller than the reported literature average [46].
This is most likely due to the specificity of orchard location, light availability, temperature,
and season specificity, as well as ecological location.

The presence of butanoates (B) and hexanoates (H) confirms the ripeness of the studied
varieties from the averages of 9.48 (B) and 3.89 (H), 10.5 (B) and 2.61 (H), and 7.19 (B) and
5.33 (H) of the TIC in peaches, flat peaches, and nectarines, respectively.

Seven hydrocarbons were identified, of which tetradecane and tridecane were domi-
nant. The total content of hydrocarbons was in the range from 7.23 to 10.20% of the TIC
among the peach varieties. Lu et al. [47] reported the presence of several hydrocarbons
in peaches. Tetradecane is considered a creamy descriptor, whereas dodecane is a woody
descriptor [48]. The authors reported the presence of (E)-2-nonen-1-ol, 2-methylpropyl
acetate, ethyl butanoate, butyl acetate, 3-methyl-1-butyl acetate, ethyl pentanoate, ethyl
hexanoate, hexyl acetate, methyl octanoate, and hexyl hexanoate [47]. Other researchers
differentiate ethyl acetate as the major ester compound in both peaches and nectarines [49].

Limonene, linalool, and p-cymene are listed as key flavor compounds that form the
characteristic aroma profile [27,50]. The predominant compound in the nectarine varieties
was β-mycrene, while linalool was the most abundant in the peach varieties, bringing
out the floral aroma in them. Terpenes contribute to a floral flavor of fruits [51], and a
sweetening taste [20], and are the principal components in plant essential oils. Among the
eight identified terpenes, limonene (0.60–3.26% TIC) and linalool (1.1–2.75% TIC) were in
the highest relative concentrations. Linalool was also the major terpenoid compound in
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other peaches and nectarines [13]. Linalool is reported to possess a floral and citrus-like
aroma [52]. Mycrene is a precursor of linalool and is reported as an usual representative
in peaches and nectarines, characterizing their aroma with a woody note. The currently
established results also prove that the more the linalool, the less the myrcene. Other authors
also advocate the thesis that myrcene is found in higher amounts in nectarines [35], which
is further supported by the current values.

Terpene compounds (i.e., linalool) and alcohols (i.e., 1-hexanol) are reported to be
less abundant than aldehydes in apricots and were detected to decrease with ripening [53].
The relative presence of terpenes in the eight studied varieties was lower compared to the
aldehydes, in accordance with the results mentioned above.

The distribution of the main chemical families is presented in Figure 1. The volatile
compounds were relatively uniformly distributed. The most abundant in all the varieties
was esters, followed by aldehydes and fatty acids. The results are in line with those of
Ortiz et al. [19], who stated that volatile esters often represent the major contribution in
peaches (Prunus persica L.). However, fruit flavor is usually a complex mixture of a wide
range of compounds [21]. The volatile composition provides significant information about
the healthy composition of food, as it is synthesized from essential nutrients [54].
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Figure 1. Distribution of volatile compounds according to their chemical families in the studied
peach varieties.

The “Laskava” variety had the highest relative total content of aldehydes (28.82% of the
TIC) and ketones (8.87% of the TIC), while “Ufo-4” and “Flat Queen” had the lowest content.
“Ufo-4” was the variety with the highest total relative quantity of fatty acids (23.05% of TIC)
and hydrocarbons (7.83% of TIC). Alcohols and fatty acids were at the lowest total relative
concentration in the “Laskava” variety, and the “Evmolpiya” variety had the highest total
relative content of alcohols. “Gergana” and “Ufo-4” varieties were with the highest total
relative content of terpenes (10.20% of TIC and 10.16% of TIC, respectively).

Based on the odor descriptors, volatile compounds in peaches can be divided
into several sensory groups, including green, fruity, and peach-like aromas [13]. To
obtain a clear picture of the overall contribution of the identified compounds on the
general flavor of the studied peaches, several figures were created. Figure 2 shows the
odor/taste distribution [55] in the nectarine varieties based on the VOCs identified in
the studied samples.
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Figure 2. Flavor component distribution (%) in nectarine varieties.

The two nectarine varieties had a dominant fruity, sweet vibe, as well as the sour sweet
and sweet peachy descriptors. The “Gergana” variety can be seen as more citrus sweet and
the “Morsiani 90” variety is more fruity fresh. Both varieties are considered sweet, but not
as floral but fruity.

The results for the two flat peach samples are given in Figure 3. The two flat peach
samples are mostly fruity sweet, and floral. The “Ufo-4” variety possesses more sweet citrus
scents than the “Flat Queen”, which is probably the reason for the more sour sweetness of
“Ufo-4” compared to “Flat Queen”. This is quite distinctive for the white flesh peaches, as
they are usually described as mildly acidic with a distinct sweet taste.

Plants 2022, 11, x FOR PEER REVIEW 8 of 16 
 

 

 
Figure 3. Flavor component distribution (%) in flat peach varieties. 

When characterizing the four peach samples (Figure 4), it is evident that they are 
mainly fruity sweet. 

 
Figure 4. Flavor component distribution (%) in peach varieties. 

Figure 3. Flavor component distribution (%) in flat peach varieties.

When characterizing the four peach samples (Figure 4), it is evident that they are
mainly fruity sweet.
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The “Filina” variety has a moderate citrus fresh scent contributing to its overall flavor,
while “July Lady” has a citrus sweet scent. “Evmolpiya” is more sour sweet than “Laskava”,
while “Laskava” has a specific sweet waxy flavor.

2.2. Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) of
GC–MS Data

PCA is an exploratory technique that is typically used as a descriptive analysis for vari-
able selection in a propensity model. The result quality fluctuates significantly by the num-
ber of factors or the factors-to-variables ratio. Considering the variables-to-observations
ratio is not a good way to determine the required number of observations [56].

In order to confirm sample differences or similarities, principal component analysis
(PCA) and hierarchical cluster analysis (HCA) of the volatile compounds identified were
applied. According to the PCA plot obtained, the first two principal components PC1
(47.4%) and PC2 (17.6%) accounted for 65% of the total variance of all identified volatile
compounds in the analyzed peach varieties (Figure 5).

(E)-2-Hexanal, pentanal, γ-octalactone, methyl nonanoate, dodecane, ethylbenzoate,
hexanal, linalool, 2-methyl-benzaldehyde, β-myrcene, and (Z)-β-farnesene showed high
positive loading scores in PC1 that distinguished the “Laskava”, “Morsiani 90”, and “Ger-
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gana” varieties from the other five. Volatile compounds with high negative scores in
PC1 were 1-octen-3-yl-butanoate, ethyl hexanoate, (E)-β-farnesene, pentadecane, heptanal,
methyl decanoate, nonanal, γ-hexalactone, and ethyl octanoate, which distinguished the
“Flat Queen” and “Filina” varieties from the others. The “Evmolpiya” variety appeared
clearly different from the other peach varieties, shown by the high negative loading values
in PC2 of (E)-2-decenal, n-decanoic acids, 2-nonanone, linalool, and 2-phenyl propyl bu-
tanoate. Tetradecane, p-cymene, butanoic acid, 2-methyl-pentanoic acid, ethyl pentanoate,
ethyl acetate, hexanoic acid, and limonene clearly differentiated the “July lady” and “Ufo-4”
varieties from the other six.
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No clear distinguishment between nectarines, peaches, and flat fruits could be stated
based on the results. The early season fruits were quite similar to the late season and to the
mid-season, and in reverse. Moreover, when clustering the metabolites in polar fractions
(phenolic acids, amino acids, organic acids, sugar alcohols, carbohydrates, and saturated
and unsaturated fatty acids [57]), different phytochemical similarities were reported.

HCA was performed to understand the relationships between the analyzed varieties.
According to the dendrogram and heatmap obtained (Figures 6 and 7), the “Filina” variety
had the highest phytochemical similarity to “Flat Queen” and these were grouped in one
cluster, with “Morsiani 90” and “July lady” grouped in another cluster. The observed
clusters can be explained by the similar quantities of the identified metabolites. HCA also
showed the highest diversity among the “Evmolpiya” and “Morsiani 90” varieties because
of the significant differences in the quantities of the identified metabolites. According to
the results obtained by PCA and HCA, the relative amounts of the identified volatile com-
pounds differed between the studied varieties. In addition, many studies [13,15,51,58,59]
also report that the volatile composition of peaches depends on the variety.
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3. Materials and Methods
3.1. Fruit Material

Eight peach and nectarine varieties, from early to late harvesting dates, were the
objects of analysis: “Filina” (peach, mid-June), “Ufo-4” (flat peach, white flesh, late June),
“Gergana” (nectarine, late June), “Laskava” (peach, early August), “July Lady” (peach,
mid-July), “Flat Queen” (flat peach, white flesh, early September), “Evmolpiya” (peach,
mid-September), and “Morsiani 90” (nectarine, late September). All were grown on the
same plantation in the 2020 season. “Filina”, “Gergana”, “Laskava”, and “Evmolpiya” are
Bulgarian varieties created at the Fruit Growing Institute, Plovdiv, through interspecific
hybridization. “Flat Queen”, “Morsiani 90”, “July Lady”, and “Ufo-4” are introduced
varieties. No bactericides were applied to plants during testing. The undamaged peach,
nectarine, and flat fruit were harvested at full ripeness, corresponding to their size, skin
color, firmness and total soluble solids values. Fruit on the trees was considered ripe when
the growth of the fruit had stopped and the fruit began to soften, exhibited a yellow or
orange ground color (which is also specific to each variety), and was easily detached.
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3.2. Headspace-Solid Phase Micro Extraction (HS-SPME) and Gas Chromatography–Mass
Spectrometry Analysis (GC–MS)

For headspace sampling, a 2 cm SPME fiber assembly Divinylbenzene/Carboxen/
Polydimethylsiloxane (DVB/CAR/PDMS, Supelco, Bellefonte, PA, USA) was used.

The HS-SPME technique was used for the extraction of the peach volatile according
the procedure described by Uekane et al. [60]. The sampling procedure was automatically
performed with a G1888 Network Headspace Sampler that was integrated on-line with the
corresponding GC–MS system. An Agilent 7890A GC unit coupled to an Agilent 5975C
MSD and a DB-5ms (30 m × 0.25 mm × 0.25 µm) column were used to analyze the volatile
compounds in all investigated samples. The oven temperature program was as follows:
from 40 ◦C (hold 1 min) to 250 ◦C (hold 5 min) at 2 ◦C/min; carrier gas: helium with flow
rate: 1.0 mL/min; transfer line temperature: 270 ◦C; ion source temperature: 200 ◦C, EI
energy: 70 eV, mass range: 50 to 550 m/z at 1.0 s/decade.

AMDIS software, version 2.64 (Automated Mass Spectral Deconvolution and Iden-
tification System, NIST, Gaithersburg, MD, USA) aided in the reading of the obtained
mass spectra and the identification of the metabolites. For identification, the separated
compounds were compared to the GC–MS spectra and Kovats retention index (RI) of
reference compounds in the Golm Metabolome Database (http://csbdb.mpimp-golm.mpg.
de/csbdb/gmd/gmd.html, accessed on 25 August 2021) and NIST’08 database (NIST Mass
Spectral Database, PC-Version 5.0, 2008 from National Institute of Standards and Technol-
ogy, Gaithersburg, MD, USA). The 2.64 AMDIS software recorded the RIs of the compounds
with a standard n-hydrocarbon calibration mixture (C8–C36, Restek, Teknokroma, Spain).

3.3. Statistical Analysis

PCA and HCA of GC–MS data were conducted using MetaboAnalyst, a web-based
platform (www.metaboanalyst.ca, accessed on 17 September 2021) [61]. Three analyses
were performed for each of the eight peach varieties. The concentrations of the identified
compounds were employed for PCA. All zero values were replaced with a small value
(half of the minimum positive values in the original data) assumed to be the detection
limit. First, PCA was applied in order to calculate the eigenvector loading values and to
identify the major statistically different components among the observations (samples).
The GC–MS data were mean-centered and the PCA model was obtained at a confidence
level of 95%. The GC–MS data were also subjected to HCA, which produced a dendrogram
by Ward’s method of hierarchical clustering and Euclidean distance measurement between
the analyzed samples. The values were normalized by log10 transformation.

4. Conclusions

Aroma is particularly important in sensory evaluation. The human nose is sophisti-
cated enough to be able to distinct the odor and flavor volatiles but the association between
VOCs and aroma/flavor perception is not straightforward. Identifying odor-active com-
pounds is an important stepping stone in the study of volatiles.

No data on VOCs profile for the local (“Filina”, “Laskava”, “Gergana”, “Evmolpiya”)
or introduced (“Flat Queen”, “Morsiani 90”, “July Lady”, “Ufo-4”) peach varieties are
available in the scientific literature, which makes this the first report on the subject. In
total, sixty-five volatile compounds were identified; aldehydes, esters, and fatty acids were
predominant. The overall contribution of the identified compounds on the general flavor
of the studied peaches was explored. Some of the main groups represented were sweet,
fruity, and floral flavors.

According to the obtained results, the PCA and HCA of volatile compounds can be
successfully applied for the metabolic chemotaxonomy of peaches.
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Abstract: In this study, three types of extracts isolated from leaves of Plantain (Plantago lanceolata) were
tested for their chemical content and biological activities. The three bioproducts are combinations of
polysaccharides and polyphenols (flavonoids and iridoidic compounds), and they were tested for
antioxidant, antifungal, antitumor, and prebiotic activity (particularly for polysaccharides fraction).
Briefly, the iridoid-enriched fraction has revealed a pro-oxidant activity, while the flavonoid-enriched
fraction had a high antioxidant potency; the polysaccharide fraction also indicated a pro-oxidant
activity, explained by the co-presence of iridoid glycosides. All three bioproducts demonstrated
moderate antifungal effects against Aspergillus sp., Penicillium sp., and dermatophytes, too. Studies
in vitro proved inhibitory activity of the three fractions on the leukemic tumor cell line THP-1, the
main mechanism being apoptosis stimulation, while the polysaccharide fraction indicated a clear
prebiotic activity, in the concentration range between 1 and 1000 µg/mL, evaluated as higher than
that of the reference products used, inulin and dextrose, respectively.

Keywords: Plantago lanceolata; derivative products; antitumor activity; prebiotic activity

1. Introduction

Plantain (Plantago lanceolata) has been used since ancient times in traditional medicine,
either as such or in the form of tinctures, decoctions, or infusions. At the base of the
medicinal properties are the active principles [1–5], with antioxidant, and antitumor prop-
erties [6–9] as polysaccharides [10–12], polyphenols [3,5,8] alkaloids, terpenoids (ursolic
acid, oleanolic acid), caffeic acid derivatives (plantamajoside, acteoside or verbascoside),
iridoid glycosides (aucubin, catalpol), fatty acids (palmitic acid, linolenic acid, linoleic acid,
myristic acid), vitamins [1–3], macroelements and microelements [13]. Analytical studies
performed on the essential oil obtained by hydrodistillation from the leaves of Plantain
showed that it contains a wide range of organic compounds, with fatty acids represent-
ing about 41% of the oils fraction [2]. According to the reported data, Plantago lanceolata
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contains up to 1 g of total phenolic compounds per 100 g of vegetal material, regardless of
whether the plant is obtained from controlled crops or spontaneous flora [5–7]. The main
phenolic compounds are caffeic acid and luteolin and apigenin derivates [5,7,8,11].

Caffeic acid derivatives found in Plantaginaceaea are the plantamajoside or acteoside
type, the last one is also known as verbascoside [7]. The most prominent flavonoid derivates
are luteolin 7-O-glucoside, hispidulin 7-O-glucuronide, luteolin 7-O-diglucoside, apigenin
7-O-glucoside, nepetin 7-O-glucoside, luteolin 6-hydroxy 4′-methoxy 7-galactoside, and
homoplantaginin, baicalein, hispidulin, plantaginin, and scutallarein [9]. Studies also evi-
denced the presence of alkaloid compounds, for example, indicain and plantagonin [1]. The
terpenoid compounds isolated from the leaves and leaf wax of Plantago sp. were loliolid,
ursolic acid, oleanolic acid, and sitosterol acid 18 β-glycyrrhetinic. Another important
class in Plantaginaceae is that of iridoid glycosides; aucubin was noticed as the main iridoid
glycoside in Plantago major—this species may also contain small quantities of asperuloside,
majoroside, 10-hydroxymajoroside, 10-acetoxymajoroside, catapol, gardoside, geniposidic
acid, melittoside [1,8]. The iridoid glycosides content from Plantago lanceolata attain 2–3%
(w/w); the main compounds found here are acucubin, catalpol, asperuloside, globularin,
and desacetylasperuloside-acid methyl ester [11,14]. Generally, iridoids are oxygenated
monoterpenoids, derived from geraniol [15]; these compounds play a major role in plant
defense against herbivores, insects [16], ambient stress (temperature, drought) [17], and
are respectively in control of interactions between plant roots and mycorrhiza [15]. Other
important compounds in Plantago sp. are soluble polysaccharides, mucilage-type polymers
based on sugars, and uronic acids, respectively [10–12]. The main sugars in polysaccharide
fraction hydrolysate were arabinose, rhamnose, galactose, and galacturonic acid [12]. Par-
ticularly, the seeds of Plantago sp., namely Psyllium, contain xylose, arabinose, galacturonic
acid, galactose, glucuronic acid, rhamnose, galactose, glucose, and a highly esterified pectin
polysaccharide, acidic arabinogalactan, composed of arabinose, galactose, rhamnose, and
galacturonic acid [1]. Furthermore, the crude mucilage also revealed the copresence of
protein compounds, following essential amino acids (the evidenced amino acids were
lysine, histidine, arginine, aspartic acid, threonine, serine, glutamic acid, proline, glycine,
alanine, valine, methionine, isoleucine, leucine, tyrosine, and phenylalanine) [10]. The main
fatty acids identified in Plantago sp. are lignoceric acid, palmitic acid, stearic acid, oleic acid,
linoleic acid, linolenic acid, myristic acid, 9-hydroxy-cis-11-octadecenoic acid, arachidic
acid, and behenic acid [1,2]. Literature data also indicates Plantago sp. as containing impor-
tant amounts of minerals and microelements, for example, K, P, Cl, Na, Mg, Fe, Mn, Sr, Sc,
Ti, V, Cr, Co, Ni, Ga, As, Br, Rb, Mo, Ag, Au, and Sb essential and trace elements [13,18–20].

Regarding the biological activities [18–23], the alcoholic extracts of Plantaginaceae have
been proven to exhibit antimicrobial [18–20], antiviral [21], antioxidant [23,24], and anti-
tumor activities [24–27]. Antimicrobial behavior was manifested against: bacteria (such
as Staphylococcus aureus, Bacillus subtilis, Escherichia coli, and Salmonella typhimuium); fungi
(such as Candida albicans, Candida galabrata, Candida krusei [28]); as well as micromycetes
(such as Alternaria alternata, Pyrenophora teres, Pyrenophora tritici-repentis [29], Fusarium
solani [30], and Ustilago scitaminea [31]). Antioxidant activity [3,7,23] was attributed to con-
tained secondary metabolites, mainly polyphenolics content as well as antitumor potency,
proved on numerous human cancer cell lines (e.g., human gastric cancer cells, human solid
tumor cell lines, human non–small-cell lung cancer, human colorectal cancer, and human
renal cell carcinoma) [24–27]. Research performed on Plantain from Isparta, Turkey, by
Bahadori et al. [7] reveals the existence of compounds such as verbascoside, phenylethanoid
glycosides, phenolic acids (chlorogenic acid, rosmarinic acid), as well flavonoid glycosides
(i.e., hesperidin, hyperoside) in the alcoholic extract, analyzed by LC–ESI–MS/MS [7].
Sanna and collab [8], in the studies performed on alcoholic extracts obtained from Plantain
developed from germplasm of Sardinia, Italy, found that in the case of plants cultivated on
three types of soils, the content of polyphenolic compounds attains a maximum level in
leaves in January and April. Researchers found in the alcoholic extract of Plantain leaves
compounds such as chlorogenic acid, neo chlorogenic acid, cryptochlorogenic acid, and ver-
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bascoside. Luteolin was found only in an ethanolic extract from Plantain leaves harvested
in July.

Luteolin derivates were proved able to reduce gastric acid synthesis, via smooth
muscle inhibition, while caffeic acid normalized gall bladder function. The mucilage
fraction from Plantago lanceolata has major therapeutic importance because it helps the
regeneration of tissue damaged by forming a protective layer, under which the diseased
tissue is regenerated [32–34].

Based on the scientific data presented in the literature, the present work aimed to
study the biological activities of three extracts obtained from Plantain. In this regard, three
fractions derived from Plantain, the polysaccharidic fraction (PP), the flavonoidic fraction
(PF), and the iridoidic fraction (PI), respectively, were used. For these fractions, studies
“in vitro” to determine their antioxidant, antifungal (using common micromycetes and
dermatophytes), and antitumor properties were performed. The polysaccharides fraction
was used in studies regarding the prebiotic properties.

2. Materials and Methods
2.1. Plant Bioproducts

Three types of solid products were obtained from dry leaves of Plantago lanceolata L.
(source: Romanian indigenous plants, cultivated at Orastie, Romania, and marketed by
Fares Company as dry plants, voucher specimen deposited in ICCF Plant Material Storing
Room). These plants, ground and sifted (mesh diameter: 1 mm), were used to obtain solid
bioproducts, according to the methodology presented below, established by the National
Institute for Chemical-Pharmaceutical R&D (ICCF Bucharest), Romania [20,35].

(a) A quantity of 500 g of plantain powder firstly was extracted with 5000 mL of distilled
water, by boiling under reflux. The aqueous extract was concentrated at 250 mL at
50 ◦C, using a rotary evaporator (Heidolph, Schwabach, Germany); then, the concen-
trate was treated with 1250 mL of 96% methanol solvent. The resulting precipitate was
then dissolved into 250 mL distilled water and then treated with 1250 mL methanol
(the operation was repeated twice). The final precipitate was dried in the oven (Gal-
lenkamp, UK) at 45 ◦C and resulted in a fine gray powder, which was considered as
the polysaccharidic fraction (PP).

(b) The solid vegetal material from the first extraction was re-extracted with the me-
thanolic solution resulting from the polysaccharides precipitation (approx. 4500 mL
total volume) for 1 h, at boiling temperature under reflux, in a continuous stirring
system operated at 300 rpm. The resulting methanolic extract was concentrated at
solid residue at 50 ◦C using a rotary evaporator after that, the residue was dissolved
into 250 mL of distilled water. The aqueous solution was further extracted (three times)
with 250 mL ethyl acetate, at boiling, under reflux, and the combined ethyl acetate
fractions were concentrated in a rotary evaporator at 50 ◦C. The residue obtained was
dissolved into ethanol and precipitated with ethyl ether. The final precipitate was
considered the flavonoidic fraction (PF).

(c) The three aqueous fractions resulting from (a) and (b) were combined and then
filtrated on the active charcoal. The resulting aqueous extract was concentrated in a
rotary evaporator at 50 ◦C and the obtained solid residue was considered the iridoidic
fraction (PI).

The three Plantain extracts PP, PF, and PI were qualitatively analyzed by high-performance
thin-layer chromatography (HPTLC) and X-ray diffraction (XRD). The biological properties
of these extracts were assessed in vitro by studies regarding antioxidant, antifungal, and
antitumor activity. Additionally, for the extract enriched in polysaccharides (PP), studies
regarding the probiotic activity were performed.

2.2. Regents Used in HPTLC Analysis

Chemical solvents (i.e., methanol, ethanol, ethyl acetate, formic acid, acetic acid) as
well as the reference products (i.e., hyperoside (>97%), rutin (min. 95%), kaempferol (95%),
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cosmosiin (97%), vitexin (>96%), cynaroside (95%), chlorogenic acid (>95%), caffeic acid
(99%), gallic acid (98%), and kaempferol (97%)) were purchased from Fluka and Sigma-
Aldrich Co (Bucharest, Romania); reference compounds were prepared as 10−3M solution
in 70% ethanol solution.

2.3. Qualitative Determination

High-performance thin-layer chromatography studies were performed using specific
solvent systems (ethyl acetate-glacial acetic acid-formic acid-water, 100:12:12:26) [11] in
order to assess the polyphenols distribution in the three extracts (PP, PF, and PI).

Crystallographic properties of the three solid extracts were assigned with X-ray diffrac-
tion analysis (XRD), using a Rigaku SmartLab 9 kW diffractometer (Rigaku Corp., Tokyo,
Japan), operated at 45 kV and 200 mA, CuKα radiation 1.54059 Å, in 2θ/θ scanning mode,
between 2 and 90◦ (2θ). The obtained diffractograms were analyzed using the dedicated
software PDXL and were processed for graphical representation using the graphing soft-
ware Origin 2016 Pro (OriginLab Corporation, Northampton, MA, USA).

2.4. Antioxidant Activity Estimation

The antioxidant activity (AA) was assessed by the chemiluminescence (CL) method
with luminol, using a GLOMAX 20/20 luminometer, single reagent injector, Model E 5321-
PROMEGA, operated at wavelength λ = 430 nm. For this purpose, a quantity of 0.01 g from
each solid extract was dissolved into 3 mL dimethyl sulfoxide (DMSO) in an ultrasonic bath,
obtaining three stock solutions that contain 3.33 mg/mL for each extract. These solutions
were stored in the refrigerator at 5 ◦C until use. From these solutions (samples for analysis),
aliquots of 10–100 µL were used in the chemiluminescence studies. Reagents: solution LH2
(5-amino-2,3-dihydro-1,4-ftalazindione), with concentration c = 2.5 × 10−5M, in DMSO;
buffer solution TRIS HCl with c = 50 mM with pH = 8.5; H2 O2 with c = 30 mM. Samples
for analysis. Reagent blank (witness): 200 µL LH2 + 750 µL buffer solution + 50 µL H2O2.
The testing of each sample was made by adding the reagents in the following order: 200 µL
LH2 + 700 µL buffer solution + 50 µL sample + 50 µL H2O2. The volume of the added
sample was subtracted from the volume of buffer solution so that the final volume of all
reagents (with the analyzed sample) was 1000 µL.

Antioxidant activity (%), by means of the oxygen free radicals scavenging, of used
extracts was calculated using Relation (1):

A.A. =
(Iw− Is)× 100

Iw
(1)

with Iw and Is as the CL intensity measured 5 s from the beginning of the CL reaction for
the witness (Iw) and for each plant extract containing the sample (Is), respectively.

All measurements were made in triplicate; the average values of them in all represen-
tations were used, with standard deviations.

2.5. Antifungal Activities
2.5.1. Strains Used in Antifungal Studies

(a) micromycetes: Aspergillus niger ATTC 1015, (A. niger), Aspergillus terreus ATTC 1012
(A. terreus), Penicillium citrinum ATTC 10105 (P. citrinum), Penicillium digitatum ATTC
9849 (P. digitatum), Penicillium sp. 1, and Penicillium sp. 2 (the last two species were
isolated from infected wood).

(b) dermatophytes: Microsporum canis ATTC 10214 (M. canis), Trichophyton mentagrophytes
ATTC 18748 (T. mentagrophytes), Microsporum gypseum ATTC 24102 (M. gypseum), and
Scopulariopsis brevicaulis ATTC 1102 (S. brevicaulis).

2.5.2. Methodology Used in Antifungal Studies

All the fungus strains were cultivated on Petri plates with PDA (potato dextrose agar)
by spore inoculation; after 7 days, the spores of each strain were inoculated in a Petri plate
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(90 mm diameter) on PDA. After 15 min, in each Petri plate, three discs of cellulosic sterile
paper of 5 mm diameter were placed at equal distance, impregnated with 20 µL from each
extract prepared at the point 2.4. Separately, the solvent effect (DMSO) was evaluated
by placing three discs of cellulosic papers impregnated with DMSO in Petri plates. The
Petri plates used in quantification of the DMSO effect were previously inoculated with
each studied fungal strain. All the plates were incubated for 48 h at 25 ◦C; after that, the
inhibition diameters were measured. All results were presented as the average of three
measurements, with corresponding standard deviation.

2.6. Antitumor Activities
2.6.1. Cell Viability Assay by Flow Cytometry Analysis

The cell viability was assessed by the ability of Propidium Iodide (PI) to pass through
the membrane of dead cells interacting with the DNA of the nuclei and emitting red
fluorescence light. THP1 cells (2 × 103 cell/well) were seeded in 96-microwell plates and
treated with different concentrations of each of the PP, PF, and PI extracts at different
concentrations (i.e., 0.05 mg/mL; 0.1 mg/mL; 0.2 mg/mL; 0.5 mg/mL; 1 mg/mL) for 24 h.
Each solid extract was dissolved in a culture medium with 0.01% DMSO. The cells without
PI staining were used as a negative control. Tumor cells THP-1 either untreated or treated
with Plantago bioproducts for 24 h were incubated for 10 min with a 2 µg/mL solution
of PI on ice in the dark. A total of 10,000 cells/sample were acquired using a BD Canto
II flow cytometer. The flow cytometric analysis was performed using DIVA 6.2 software
(Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) to discriminate viable
cells (FITC − PI−) from necrotic cells (FITC + PI).

2.6.2. Cell Cultures

A leukemic THP-1 cell line (ATCC TIB 202) was used in experiments regarding the
antitumor properties. This cell line was grown in RPMI 1640 medium, supplemented with
the following reagents: 10% heat-inactivated fetal bovine serum (FBS); 2 mM glutamine;
100 U/mL penicillin, and 100 µg/mL streptomycin, at 37 ◦C in a humidified incubator
with 5% CO2 atmosphere. Cultures were maintained by the addition of fresh medium
or the replacement of medium every 2 to 3 days. Before treatment, the cell cultures were
centrifugated and resuspended at 4 × 105 viable cells/mL.

2.6.3. Apoptosis Assay—Annexin V-FITC/PI Double Staining

The apoptosis assay was carried out with the Annexin V-FITC kit using the manufac-
turer’s protocol [36–38]. Cells were washed with cold PBS three times and resuspended in
1 mL PBS. To determine the rate of apoptosis, the treated and untreated 1 × 105 cells/mL
were resuspended in cold binding buffer and stained simultaneously with 5 µL FITC-
Annexin V (green fluorescence) and 5 µL propidium iodide (PI) in the dark at room temper-
ature for 15 min. Then, 400 µL of Annexin V binding buffer was added and 10,000 cells/per
sample were acquired using a BD Canto II flow cytometer. The analysis was performed
using the DIVA 6.2 software to discriminate viable cells (FITC − PI−) from necrotic cells
(FITC − PI+) and early apoptosis (FITC + PI−) from late apoptosis (FITC + PI).

2.7. Prebiotic Activities
2.7.1. Microorganisms

In prebiotic activities, we use four types of strains, respectively: Lactobacillus plantarum
ATTC 8014 (L. plantarum), Lactobacillus casei ATTC 393 (L. casei), Lactobacillus reuteri ATTC
55730 (L. reuteri), and Saccharomyces cerevisiae (S. cerevisiae) (isolated from commercially Dr.
Oetker bakery yeast). Lactobacillus species were incubated for 24 h on a liquid MRS medium
without agar at 37 ◦C. Saccharomyces cerevisiae was grown on the specific media YPG.
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2.7.2. Methodology Used in Prebiotic Activities

For screening activities, 24-well microplates were used; for Lactobacillus sp. we used
liquid MRS medium with or without dextrose; for Saccharomyces sp. we used YPG medium
with or without dextrose. Into each well of the plate, the same volume of MRS or YPG
medium with or without dextrose was distributed. In each well, a serial dilution was
made with a volume of 0.25 mL sterile water (in the case of culture medium with dextrose)
or with sterile stock solution, which contains PP or inulin. The solutions which contain
polysaccharides, inulin, or dextrose were made in sterile water. Each row of the plate
had the following concentrations of prebiotics (µg/mL): 5000; 1000; 200; 40; 8; and 1.6. In
each well, the inoculum of the studied probiotic strain was evenly distributed, at the rate
of inoculation of 1:10, from each probiotic strain, which contains 4 × 108 CFU/mL. As a
reference, the culture mediums MRS (for Lactobacillus sp.) or YPG (for Saccharomyces sp.)
were used. The influence of PP, inulin, and dextrose on each probiotic microorganism was
studied by replacing dextrose from MRS or YPG with PP or inulin, using serial dilutions.
All tests were made in three replications, and each measurement was performed three
times. The OD (optical density) of the well plate was measured after 24 h and 48 h at
620 nm using a DYNEX plate reader (DYNEX Technologies, MRS, VA, USA).

3. Results
3.1. Plant Bioproduct Characterization

Quantification of polyphenolic compounds in the three extracts (PP, PF, and PI) by
HPTLC (Figure 1) reveals that the polyphenols were distributed in all the three fractions.
This analysis indicates some differences regarding the quality distributions of polyphenolic
compounds between the three bioproducts; therefore, in PP and PI, the bands obtained ap-
pear to be almost identical, and most probably the PP extract contains iridoidic compounds,
too. Regarding the PF extract, this fraction contains luteolin and hyperoside derivatives
compounds (s1, s2), rutin (s3), chlorogenic acid (s4) hyperoside (s5), cynaroside (s6), caffeic
acid (s8), and kaempferol (s9).
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Figure 1. Qualitative assessment of polyphenolic compounds distribution in the three ex-
tracts obtained from Plantago lanceolata, by HPTLC analysis. T1: quercetin-3-O-rutinoside/rutin,
quercetin-3-O-galactoside/hyperoside and gallic acid; T2: quercetin-3-O-rutinoside/rutin, chloro-
genic acid, quercetin-3-O-galactoside/hyperoside, luteolin-7-O-glucoside/cynaroside, apigenin-8-C-
glucoside/vitexin, caffeic acid; T3: rutin, chlorogenic acid, apigenin-7-O-glucoside/cosmosiin and
kaempferol; T4–T5: polysaccharides fraction PP; T6–T7: polyphenols fraction PF; T8–T9: iridoids
fraction PI.

The PI fraction may contain luteolin and hyperoside derivatives (s1, s2), rutin (s3),
traces of hyperoside (s5), and chlorogenic acid (s4). The quantitative analyses performed on
the same plant (i.e., plant source: Fares, Orastie, Romania), and already reported [4,6,11,35],
showed that the content of polyphenolic compounds in the bioproducts separated from
aqueous media (polysaccharidic fraction) can reach 0.89% GAE/g dry plant [4]. Regarding
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the bioproducts separated from alcoholic media, from the same source of raw materials,
the reported data showed that the crude extract may contain 0.89% total polyphenols [6].
The polyphenolcarboxilic acids represent 0.7% and flavonoids 0.63% [6]. The analysis
performed on the bioproducts obtained from the alcoholic fractions by electrospray ioniza-
tion mass spectrometry indicated the presence of apigenin, luteolin, aucubin, chlorogenic
acid, catalpol, and luteolin 7-O-β glucosides as polyphenolic compounds. Regarding iri-
doidic compounds, Plantain may contain iridoid glycosides such as aucubin and catalpol
in quantities of a maximum 3%/plant [11].

Results obtained from X-ray diffraction analysis (Figure 2a,b) revealed the fact that
the three extracts obtained are different: the PF fraction has a classical diffractogram,
specific to amorphous substances (without crystalline structure) (Figure 2a, black line).
Regarding the PI extract, the obtained diffractogram indicates a crystalline structure, with
two high-intensity diffraction peaks, located at 14.178 and 20.2693 theta and at 29.2959 theta,
respectively (Figure 2a red line and details in Figure 2b), and interplanar distances ranging
between 1.5742 to 18.0627 Å (Table 1). As for the PP fraction, it has a weakly crystalline
structure, indicating a low-intensity diffraction peak located at 15.625 theta (Figure 2a, blue
line), and other very low diffraction peaks situated at 7.5, 9.75, and 12.5 theta.

Figure 2. X-ray diffraction analysis. (a) Diffractograms obtained for extracts of Plantago lanceolata:
a = PP; b = PI; c = PF; (b) Diffractogram details from the sample PI (iridoidic fraction).

Table 1. Interplanar distances obtained for the sample PI.

Peak 2θ (◦) θ (◦) d, Å Peak Intensity

1 4.8883 2.4442 18.0626 456.9

2 25.5078 12.7539 3.4892 51.02

3 27.2186 13.6093 3.2736 79.41

4 27.9222 13.9611 3.1927 321.18

5 28.3559 14.1780 3.1449 21501.72

6 40.5385 20.2693 2.2235 14142.32

7 47.7775 23.8888 1.9021 40.15

8 50.1652 25.0826 1.8170 162.86

9 58.5917 29.2959 1.5742 2821.06

3.2. Antioxidant Properties

Due to the high sensitivity and rapidity, the addition of compounds into a chemi-
luminescence (CL) system leads to the reduction of the CL emission, thus scavenging
the reactive oxygen species. Experimental data on PP/PF/PI fractions obtained from CL
studies revealed a strong antioxidant effect for the PF fraction (Figure 3b inset) for all
tested doses (10–100 µL), whereas, for the PP (tested doses, 10–40 µL) and PI (tested doses,
10–50 µL) samples, a strong prooxidant effect was observed (Figure 3a inset, Figure 3c inset).
Moreover, the prooxidant effect of the PP fraction (Figure 3a inset) is more pronounced
than that of the PI fraction (Figure 3c inset).
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Figure 3. (a). Studies regarding chemiluminescence/prooxidant properties of PP fraction. (b) Studies
regarding chemiluminescence/antioxidant properties of PF fraction (with the same witness as in (a)).
(c) Studies regarding chemiluminescence/prooxidant properties of PI fraction.
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3.3. Antifungal Properties of Plantago Bioproducts

Studies performed with DMSO reveal that after 48 h the aprotic solvent did not have
an inhibitory effect on fungal strains involved in this study. Regarding the action of the
PP bioproduct on fungal dermatophytes (Figure 4a), the moderate action is obtained at
48 h of exposure for M. canis (8.4 mm inhibition diameter), followed by T. mentagrophytes
(7.8 mm inhibition diameter), M. gypseum (7.4 mm inhibition diameter), and S. brevicaulis
(inhibition diameter 5.7 mm). In the case of micromycetes, the PP fraction has a moderate
effect on Penicillium sp. 2 (inhibition diameter of 8.8 mm) and Penicillium sp. 1 (inhibition
diameter of 6.4 mm) (Figure 4a). The flavonoidic fraction acts similarly on dermatophytes
(Figure 4b), hence moderate activity is obtained for M. canis (inhibition diameter 8.4 mm),
followed by T. mentagrophytes (6.8 mm inhibition diameter), S. brevicaulis (6.7 mm diameter
of inhibition), and M. gypseum (6.2 mm inhibition diameter).

Moderate effects of the PF fraction were also observed for micromycetes (Figure 4b)
such as A. terreus (inhibition diameter 8.8 mm) followed by P. citrinum (inhibition diameter
8 mm), P. digitatum (inhibition diameter 7.9 mm), A. niger (inhibition diameter 6.9 mm),
Penicillium sp. 2 (inhibition diameter 6.8 mm), and Penicillium sp. 1 (inhibition diameter
6.1 mm).

The studies regarding the effect of PI fraction on fungal dermatophytes (Figure 4c) re-
vealed a moderate action on M. canis (inhibition diameter 8.2 mm), followed by S. brevicaulis
(inhibition diameter of 7.9 mm), T. mentagrophytes (7.4 mm inhibition diameter), and
M. gypseum (diameter of inhibition of 6.8 mm). In the case of micromycetes, the PI fraction
(Figure 4c) showed a moderate effect on A. terreus (inhibition diameter 7.1 mm), followed
by Penicillium sp. 2 (inhibition diameter of 6.9 mm), P. citrinum, (diameter of inhibition
of 6.1 mm), P. digitatum (inhibition diameter of 5.8 mm), A. niger (inhibition diameter of
5.3 mm) and Penicillium sp. 1 (inhibition diameter of 5.1 mm).

Figure 4. Cont.
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Figure 4. (a) The effect of polysaccharidic fraction on different fungal strains. (b) Effect of flavonoidic
fraction on different fungal strains. (c) Effect of iridoidic fraction on different fungal strains.

3.4. Antitumor Properties of Plantago Bioproducts

The study performed on the THP-1 cell line regarding the action of PP (Figure 5a–c)
showed that under the action of this bioproduct, the viability of the cells decreased with
increasing PP concentration in the culture medium (Figure 5a), followed by a decreasing
power function so that at 1 mg PP/mL the viability of the cells became 65%. The apoptosis
values obtained for the same PP concentrations in culture media indicated that up to

228



Plants 2022, 11, 1827

0.1 mgPP/mL, the apoptotic process increased up to 35% and after this concentration the
level of apoptotic cells decreased, even if the PP concentration in culture media increased.
The apoptotic process of THP-1 cells that have been exposed to the action of PP bioproduct
can be approximated with a polynomial function of degree three, with a good correlation
coefficient (0.9171) (Figure 5b). The necrosis process appears to attain maximal value (20%)
at 0.05 mg PP/mL (Figure 5c), and this fact suggests that most of the cells that are in the
apoptotic state pass into the necrosis stage. By matching all experimental data obtained for
the PP bioproduct, it can be estimated that the mechanism of destroying the THP-1 cell line
is complex and the apoptosis process affects it to a large extent. The antitumor effect of PP
bioproduct can be due to some polyphenolic compounds that pass in the PP fraction when
it is separated from the Plantain leaves.

Figure 5. Effect of exposure at PP fraction on THP–1 cell lines. (a) Viability of THP–1 cell line under
action of PP fraction; (b) Apoptosis of THP–1 cell line under action of PP fraction; (c) Necrosis of
THP–1 cell line under action of PP fraction.
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Investigations performed with the PF fraction (Figure 6a–c) indicated that for the
increasing concentration of PF in the culture medium, the cell viability decreased, and
reached 63% at 1 mg PF/mL. This process can be mathematically characterized by a
decreasing power function (Figure 6a), as in the case of the PP fraction as well. At the
same time, by increasing the PF concentration in the culture medium, the cells found
in the apoptosis and necrosis stages increased (Figure 6b,c) and both processes can be
mathematically characterized by an increasing power function (Figure 6a). Based on a
mathematical model established in this study, it can be observed that the necrosis process
is relatively faster in comparison with apoptosis. Thus, at 1 mg PF/mL, 21% of THP-1
cells were in the apoptosis stage and 23% in the necrosis stage. The mechanisms appear
to be complex, involving the apoptotic and necrosis processes. Interesting for this type of
bioproduct is the fact that all investigated parameters (i.e., viability, apoptosis, necrosis)
can be mathematically characterized by the same type of function (i.e., a decreasing or
increasing power function).

Figure 6. Effect of exposure at PF fraction on THP–1 cell lines. (a) Viability of THP–1 cell line under
action of PF fraction; (b) Apoptosis of THP–1 cell line under action of PF fraction; (c) Necrosis of
THP–1 cell line under action of PF fraction.
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The results obtained in the case of the fraction which contains iridoidic compounds
(Figure 7a–c) are much more spectacular. Under the action of PI bioproduct in the range of
(0–1) mg/mL, the viability of the THP-1 cell line decreased from 95% to 42%; this process can
be mathematically approximated with a decreasing power function (Figure 7a). Regarding
the influence of the PI fraction on apoptosis, the results indicated a maximum effect at
0.05 mg/mL when 26% of the THP-1 cell line found it in the apoptotic stage (Figure 7b).
At a concentration greater than 0.05 mg PI/mL, the apoptotic process decreased until
14% for 1 mg PI/mL. This apoptotic process due to the presence of PI bioproduct in the
studied concentration range can be well described by a polynomial function of degree six
(Figure 7b). The necrosis process of THP-1 cells due to the presence of PI in the culture
medium is characterized by an increasing power function, and ranged from 3% for 0 mg
PI/mL to 27% at 1 mg PI/mL (Figure 7c).

Figure 7. Effect of exposure at PI fraction on THP–1 cell lines. (a) Viability of THP–1 cell line under
action of PI fraction; (b) Apoptosis of THP–1 cell line under action of PI fraction; (c) Necrosis of
THP–1 cell line under action of PI fraction.

3.5. Prebiotic Activity of Plantain Bioproducts

Experiments regarding prebiotic activity were performed on the PP extract only,
because both PF and PI extracts contain large quantities of polyphenolic compounds
without prebiotic effects. The growth of L. plantarum after 24 h of exposure appears to be
well influenced by the presence of PP fraction, in comparison with inulin (small growth) and
dextrose (no growth) (Figure 8a). At 24 h, the best results are obtained at a concentration of
5 mgPP/mL (OD = 0.98) for L. plantarum.
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Figure 8. (a) Influence of PP on Lactobacillus plantarum growth at 24 h. (b) Influence of PP on
L. plantarum growth at 48 h.

At 48 h of exposure, the measurements performed reveal that in the concentration
range of 1–5 mg/mL the L. plantarum growth is best influenced in the presence of dex-
trose, followed by PP bioproduct (Figure 8b). For a concentration range situated between
(1.6 ÷ 200) µg/mL, the best results regarding the L. plantarum growth were obtained for
PP bioproduct followed by dextrose and inulin. The obtained results are probably due
to the intensification of the depolymerization processes of the PP bioproduct, under the
action of metabolic compounds resulting from L. plantarum growth, processes followed
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by the appearance of monosaccharides in culture medium, which are more accessible for
probiotic strain.

In the case of L. reuteri (Figure 9a), the best results appear to be obtained after 24 h in
favor of the PP fraction, in the PP concentration range of (40–5000) µg/mL. After 48 h of
exposure to PP (Figure 9b), the measurements performed indicate that in the concentration
range of (1 ÷ 5) mg PP/mL, the growth is best influenced by the presence of inulin,
followed by dextrose and PP (Figure 9b). At 200 µg PP/mL, the best results are obtained
for inulin, followed by PP and dextrose. If the concentration range of the PP fraction is
between (1.6 ÷ 40) µg/mL, the best results regarding the L. reuteri growth are obtained in
the presence of PP followed by inulin and dextrose. These results are probably due to the
absence of metabolic compounds of the L. reuteri, without influence or with small influence
regarding the depolymerization processes of the PP bioproduct.

Figure 9. (a) Influence of PP on L. reuteri growth at 24 h. (b) Influence of PP on L. reuteri growth at
48 h.
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In the case of L. casei (Figure 10a,b), the growth after 24 h of exposure to PP appears
to be well influenced by the presence of the PP fraction compared to inulin and dextrose
(Figure 10a). At 24 h, the best results are obtained at a concentration of 5 mg PP/mL
(OD = 0.86). After 48 h of exposure, the measurements performed indicate that in the
concentration range of (1 ÷ 5) mg PP/mL the growth of the L. casei is best influenced in
the presence of dextrose, followed by PP and inulin (Figure 10b). In the concentration
range situated between (1.6 ÷ 40) µg/mL, the best results are obtained for PP bioproduct,
followed by inulin and dextrose.

Figure 10. (a) Influence of PP on L. casei growth at 24 h. (b) Influence PP on L. casei growth at 48 h.
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Studies performed on S. cerevisiae (Figure 11a,b) after 24 h of exposure to PP revealed a
positive influence of PP fraction regarding its growth in the concentration range of (8 ÷ 40)
µg/mL, when the best results are obtained for the PP fraction followed by inulin and
dextrose (Figure 11a). The data obtained after 48 h of exposure indicate a slow growth of
S. cerevisiae at the same concentration range of PP (Figure 11b).

Figure 11. (a) Influence of PP on S. cerevisiae growth at 24 h. (b) Influence of PP on S. cerevisiae growth
at 48 h.
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4. Discussion

Analyses performed with the HPTLC technique show that the three extracts, codified
PP (polysaccharidic fraction), PF (flavonoidic fraction), and PI (iridoidic fraction), contain
variable amounts of the main polyphenolic compounds in Plantaginaceae, caffeic acid
derivates and luteolin derivates. X-ray diffraction analysis on the three bioproducts also
indicated an amorphous structure for the PF fraction, but a crystalline structure for the PI
and PP fractions (specifically with two high-intensity diffraction peaks, located at 14.178,
20.2693, and 29.2959 theta in the case of the PI fraction, and a lower intensity diffraction
peak located at 15.625, 7.5, 9.75, and 12.5 theta in the case of the PP fraction).

The antioxidant activity of the PF fraction is due to the presence of compounds such
as luteolin and hyperoside derivatives compounds, rutin, chlorogenic acid, hyperoside,
cynaroside, caffeic acid, and kaempferol [39] all evidenced by HPTLC analysis. These
results are in agreement with results obtained by Abate and collab [40] who reported that
the methanolic extract of Plantain leaves may contain 4-dihydroxyphenylacetic acid, (+)-
catechin, pyrocatechol, vanillin, verbascoside, epicatechin, taxifolin, hesperidin, rosmarinic
acid, pinoresinol, eriodictyol, and kaempferol. The same authors report that in the alcoholic
extract there exists significant levels of kaempferol (43.64 mg/g), luteolin (5.35 mg/g),
apigenin (8.27 mg/g), p-hydroxybenzoic acid (149.46 mg/g), 2,5-dihydroxybenzoic acid
(16.20 mg/g), proto-catechuic acid (103.48 mg/g), vanillic acid (411.52 mg/g), gallic acid
(212.01 mg/g), apigenin (184.38 mg/g), (cymaroside) luteolin-7-O-glucoside (119.15 mg/g),
and quercetin-3-O-glucoside (34.67 mg/g) [40] Regarding the flavonoidic compounds,
in the same study the existence of compounds such as luteolin-7-O-glucuronide, lu-
teolin, apigenin, luteolin-7-O-glucoside, and quercetin-3-O-D-galactopyranoside, 3, 5,
7, 4-tetrahydroxyflavonol, apigenin-6,8-di-C-glucoside, luteolin-7-O-glucoside, and 7-O-
glucuronide-3′-glucoside, as well as quercetin-3-rutinoside, 7-O-glucuronide, and apigenin-
7-O-glucoside was reported. Other studies [41] reported the presence of compounds such
as 3,4-dihydroxyphenylacetic acid, catechin, pyrocatechol, vanillin, verbascoside, epicate-
chin, and taxifolin, hesperidin, rosmarinic acid, pinoresinol, eriodictyol, and kaempferol.
Regarding the flavonoidic compounds, the same scientists found the existence of com-
pounds such as luteolin-7-O-glucuronide, luteolin, apigenin, luteolin-7-O-glucoside, and
quercetin-3-O-D-galactopyranoside. The pro-oxidant activity is due likely to the low level
of polyphenolic compounds in the PP and PI fractions, and for this reason, these fractions
are not able to act as ion scavengers.

However, these two fractions are not the same as we can see from the XRD analy-
sis. The co-presence of polyphenolic compounds in the three types of bioproducts from
P. lanceolata can also explain the antimicrobial and antitumor activity. Regarding the probi-
otic activity, this can be due to the good hydrolyzation of Plantago polysaccharides which
are present in the units of galacturonic acid (Gal A), glucose (Glc), arabinose (Ara), and
rhamnose (Rh). This fact can be responsible for the good metabolization of probiotic bacte-
ria, in comparison with inulin. Regarding the elemental unit contents of the PP fraction,
Lukova and collab [12] in studies performed on polysaccharidic fractions obtained from
Plantago lanceolata, found that the fractions soluble in water contained as major units GalA
(70.58%), Ara (29.42%), and traces of Rha. Another study performed by Kardosova in
1992 [40] indicates that the mucilages obtained from dry leaves of Plantago lanceolata con-
tain D-Glc (21.9%), D-Gal (35.8%), L-Ara (26%), uronic acid (6.9%), D mannose (D-Man)
(4.6%), and L-Rha (4.6%). Zhang and collab [42] found that the polysaccharides obtained
by extraction with hot water at 80 ◦C from Plantago sp. contain units of Gal A (64.88%)
and Ara (29.42%); these types of polysaccharides can stimulate the activity and growth
of the gut microbiome. Other studies were performed by Lukova and collab. in 2020 [43].
on probiotic microorganisms such as L. acidophilus, L. sakei, and L. brevis, and revealed
the probiotic activities of the polysaccharidic fraction obtained from Plantago major. This
fraction contains GalA (55.38%), Glc (21.5%), Ara (9.88%), Gal (8.02), Rha (3.17%), and
xylose (Xy) (2.05%). Bioproducts with polysaccharides obtained from Plantago species also
contain macro- and microelements and did not show antimicrobial activities against E. coli
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and S. aureus [18]. Regarding the biological activities of this bioproduct, moderate activity
against microfungi and the leukemic cell line can be due to iridoid glycosides [44]. The
content of the bioproduct enriched in flavonoids found in this study (PF) is in agreement
with other studies [5,7,45]. Regarding the antioxidant activity, similar results were reported
by Lukova and collab. on alcoholic extract obtained from P. lanceolata; this extract contains
polyphenolic compounds (17.37 mg GAE/g) that have antioxidant properties, evidenced
by tests performed with DPPH (AA = 59%) [39].

Antimicrobial activities of different bioproducts obtained in various solvents are
reported for microorganisms such as E. coli, S. aureus, P. aeruginosa, K. pneumoniae, P. mirabilis,
C. albicans, and various Streptoccosus species as S. aglactiae, S. pneumoniae, S. bovis, S. mutans,
S. sobrinus, S. parasanguinis, and S. viridans [46]. Ziarno and collab [47] in studies performed
on aqueous extract obtained from Plantago lanceolata, which contains 41.84 mg GAE/g, did
not find an inhibitory effect of the polyphenolic content on the bacterial population of S.
thermophilus or L. delbruecki spp. bulgaricus in the field of concentrations ranging between
0.2–1.4% during 4 h of fermentation. If the concentration of aqueous extract increased to 3%
in the culture media, the bacterial population decreased slightly with (0.5–0.6) logarithmic
units for each microorganism involved in the study [47]. Beara and collab. in studies
performed in vitro, put into evidence the antitumor properties of the alcoholic extract
obtained from P. lancelolata; according to these scientists, cytotoxicity was observed on
MRC-5 (IC560 = 551.69 µg/mL), HeLa (172.32 µg/mL), MCF-7 (142.78 µg/mL), and HT-9
(IC50 = 405.5 µg/mL) [5]. Chiang and collab. performed studies on leukemic cell line
types HL-60, K562, CCRF-CEM, and P3HRI and revealed that the aucubin, ferulic acid,
p-coumaric acid, and vanillic acid show low antileukemic activities (IC50 = (26–56 µg/mL)),
whereas luteolin has a strong antileukemic activity (IC50 < 18 µg/mL) [48]. Weber et al.
found that the caffeic acid derivates named plantamajoside, which are found in leaves
of Plantago lanceolata, exhibit antitumor activities against HL-60 and P338 cell lines [49].
Experimental studies performed “in vitro” by Yang and collab. with these compounds
(obtained by preparative chromatography) on HL-60 and P338 cell lines indicated a value
of IC 50 for HL-60 and P338 greater than 100 µM [50]. Regarding the mechanism of
action, other studies indicate that under the action of flavonoids (i.e., kaempferol) the
activation of p53 is stimulated, and the level of proapoptotic proteins such as Bax and
Bcl-2 is upregulated, favoring the beginning of apoptosis processes in leukemic cells [51,
52]. The biological activity of PI products is due probably to iridoid glycosides such as
aucubin, catalpol, or its derivatives, for which antimicrobial activities were reported against
bacteria and fungi [20,40,46]. Other studies performed on catalpol and aucubin reported
antimicrobial activities of these two compounds against E. coli, E. faecalis (MIC 512 µg/mL),
P. aeruginosa, S. aureus (MIC = 256 µg/mL), C. albicans (MIC = 128 µg/mL and 256 µg/mL,
respectively), C. krusei and C. parapsilopsis (MIC = 256µg/mL) [40,46]. These compounds
exhibit cytotoxicity in K562 cell lines by inhibiting proliferation due to phase G1 from the
cell cycle. Iridoid glycosides inhibit tumor proliferation by upregulation of p53 or p21
genes, which stops the cell cycle, as well by cell accumulation in the phase G0/G1 [44].

The analysis of the results obtained by the in vitro experiments performed on the
THP-1 tumor cell line in this study led to the following aspects:

- the PP fraction reduced the cell viability of the THP-1 tumor cell line in a concentration-
dependent manner. This PP fraction has antitumor properties which are sustained by
its ability to induce apoptosis or necrosis of THP-1 tumor cells;

- in the case of the PF fraction, the antitumor effect seems to be higher, this being
supported by the mathematical analysis of the results which shows a significant
increase in both the apoptotic process and the necrosis that correlates with the decrease
in viability;

- the fraction containing iridoidic compounds (PI) has a strong antitumor effect on THP-
1 cells, which is demonstrated by the significant decrease of cell viability depending
on the increase in concentration and by the amplification of apoptosis and necrosis
processes leading to tumor cell death.
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The increase in the necrosis level of tumor cells comparatively with apoptosis level
suggests that the level of the PI concentration used in in vitro experiments is too high for
this type of cell line.

Prebiotic activities of the polysaccharides fraction are due to extracellular secretion
of hydrolases of lactobacilli, which in this way are able to metabolize galactose, sucrose,
and arabinoxylan taking into account that the L-arabinose, D-galactose, and D-galacturonic
acid are the main components in crude polysaccharides fractions [53–55].

The different behavior of S. cerevisiae can be explained by the fact that the yeast is not
able to metabolize the main components of the polysaccharidic fraction from Plantain (like
arabinose regarding galactose, S. cerevisiae can use this substrate, but with much less yield
in comparison with dextrose [56,57].

5. Conclusions

In this study, three types of extracts obtained from leaves of P. lanceolata, which contain
polysaccharides (PP), flavonoids (PF), and iridoids (PI), were studied in terms of biological
activities of high interest to the pharmaceutical industry.

The antioxidant activity of the PF fraction and the HPTLC results represent proof that
PF contains flavonoids such as luteolin, rutin (luteolin-7-O-glucoside), kaempferol, and
cymaroside, as well as the hydroxycinnamic acids (caffeic acid). In terms of prooxidant
activities, we supposed that the fractions PP and PI do not possess polyphenolic compounds
in a sufficient concentration to act as radical scavengers, and most probably this is a reason
for which these two fractions isolated from aqueous media act as prooxidants.

The main conclusions and potential applicability were as follows: the three extracts
were studied (PP, PI, PF), and all indicated moderate antifungal activity against dermato-
phytes such as M. canis, T. mentagropythes, M. gypseum, and S. brevicaulis and micromycetes
type Penicillium sp. and Aspergillus sp.; in vitro studies on the leukemic cell line type THP-1
indicated moderate to augmented antitumor activity, the PF and PI fractions suggesting
an inhibitory mechanism based on the stimulation of the apoptosis process. Specifically,
the antitumor activity for the three bioproducts decreased in the order PI > PF > PP; the
PP extract confirmed the prebiotic potential of some important microorganisms found
in human microbiota, in particular on L. plantarum, L. reuteri, and L. casei. In conclusion,
in vitro experiments revealed the antitumor effect of the analyzed fractions obtained from
P. lanceolata, which encourages the extension of studies on several types of normal cells and
tumor cells.
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Abbreviations

MRS cultivation media for Lactobacillus species
YPG cultivation media that contain yeast extract, peptone, and glucose
DPPH 2,2-diphenyl-1-picrylhydrazyl (i.e., 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)hydrazin-1-yl)
GAE Galic Acid equivalents
MRC-5 diploid cell culture line composed of fibroblasts
HeLa cervical cancer cell line
MCF-7 human breast cancer cell line
HT-9 colorectal tumor cell line
HL-60 promyelocytic leukemia cell line
K562 human chronic myeloid leukemia cell line
CCRF-CEM acute lymphoblastic leukemia cell line
P3HRI Burkitt lymphoma cells
P338 murine leukemia cell line
Bax proapoptotic protein; apoptosis regulator
Bcl-2 proapoptotic protein apoptosis regulator
p53 tumor suppressor gene

p21
protein which regulates cell proliferation by inhibiting the cell cycle through the
cyclin kinase pathway

G1
cell phase in which the cell grows physically larger copies of organelles and makes
the molecular building blocks it will need in later steps

G0
cell phase also known as the resting phase is the phase of the cell cycle during which
a cell is neither dividing nor preparing to divide
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Abstract: Aronia melanocarpa L. (black chokeberry), belonging to the Rosaceae family, contains high
amounts of polyphenolics and therefore exhibits one of the highest antioxidant and anti-inflammatory
activities among berry fruits. Chokeberries are used in the food industry for juice, nectar, and wine
production and as colorants. We aimed to compare the phytochemical composition of three choke-
berry juices commercially available in the local market as sources of beneficial phytochemicals.
Using GC–MS and LC–MS/MS, we performed the identification and quantitation of polar com-
pounds and polyphenolics. The concentrations of 13 amino acids, including 6 essential amino acids,
10 organic acids, 20 sugar alcohols and derivatives, 14 saccharides, 12 fatty acids and esters, and
38 polyphenols, were estimated. One of the analyzed juices had the highest polyphenolic content
(5273.87 ± 63.16 µg/mL), possibly due to 2.9 times higher anthocyanin concentration compared
to anthocyanins in other tested juices. This study provides new data concerning phytochemical
composition in terms of amino acids, organic acids, sugar acids, fatty acids and their esters, and
polyphenols as phytocomponents of commercially available chokeberry juices. Results show that
after all processing techniques and possibly different plant growth conditions, chokeberry juices are a
valuable source of health-promoting phytochemicals such as phenolic acids, pro-anthocyanins, and
anthocyanins, thus considering them as functional foods. We demonstrated a diversity of the active
substances in bioactive foods marketed as “same”; therefore, the standardized therapeutic effect
could be expected only by the utilization of food supplements with guaranteed constant content.

Keywords: Aronia melanocarpa; fruit juice; phenolic acids; polyphenols; functional foods

1. Introduction

Aronia melanocarpa L. (AM, black chokeberry) belongs to the Rosaceae family, subfamily
Maloideae, and is native to the eastern parts of North America shrub, growing to a height of
2–3 m and forming purplish to black berries. It was transferred to Europe at the beginning
of the 20th century and had recently been cultivated mainly in eastern European countries
and Germany [1]. Chokeberry fruits are the most used part of the plant [2]. They are
commonly used in the European food industry for the production of syrups, juices, jellies,
nectars, wines, fruit teas, and dietary supplements [3–5]. In addition, the high content of
anthocyanins in chokeberries suggests their usage as natural food colorants [6–8].

Chokeberries are used in North American traditional medicine as astringents and as
a remedy for cold treatment. In Russia and Eastern European countries, they are mostly
known as natural antihypertensive and anti-atherosclerotic remedies for the treatment of
achlorhydria, avitaminoses, convalescence, and hemorrhoids [1,5,9–11].

A. melanocarpa L. fruits’ are rich in anthocyanins, flavonols, flavanols, proanthocyani-
dins, and phenolic acids [12]. Chokeberries are especially high in cyanidin glycosides,
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proanthocyanidins mono-, di-, and trimers, and hydroxycinnamic acids such as chlorogenic
acids and quercetin glycosides [13]. The high polyphenol content of fruits is related to their
strong in vitro [14,15] and in vivo antioxidant activity, including modulation of antioxidant
enzymes [16–18]. In addition, they exert anti-inflammatory activity by decreasing inflam-
matory cytokine production and improving lipid profile by reducing chylomicron, LDL,
and triglyceride levels and increasing HDL [19–22]. Regular consumption of chokeberry
juice reduces blood pressure in individuals with metabolic syndrome and mild hyperc-
holesterolemia [21,23]. The health benefits of chokeberry juice are supported by scientific
studies pointing to its hepatoprotective, gastroprotective, antidiabetic, and anticancer activ-
ities [24–28]. AM juice exerts in vitro bacteriostatic activity against Staphylococcus aureus
and Escherichia coli, antiviral activity against influenza type A virus [9], and reduces urinary
tract infections [29].

The nutritional contribution and main biological effects of chokeberry fruits as a
potential functional food are associated predominantly with their phytochemical content
and especially with the presence of chlorogenic acids, cyanidin glycosides, and quercetin
derivatives [30]. Since the periods of ripening and the time of harvesting of ripe fruits
may vary, it is expected that fruit juices harvested from different regions and produced
by different companies may vary in their polyphenolic, sugar, organic, and sugar acids
content and, as a consequence, in their biological activity [4].

In recent years, the interest in locally produced functional foods, including chokeberry
fruit juices, has been growing. Therefore, it would be useful to provide the consumers with
a scientific assessment and an overview of the content of bioactive phytocompounds from
different chokeberry juices available on the local market.

Recently we aimed to perform a comparative phytochemical analysis of chokeberry
juices produced locally and available on the Bulgarian food market. Thus, assessing their
quality as a source of bioactive compounds and functional food with known beneficial
health effects, a selection among the tested AM fruit juices would be made and recommend
the juice with the highest quality in dietary guidelines.

2. Results
2.1. Phytochemical Content and Composition

Detailed phytochemical analyses of selected Aronia melanocarpa L. fruit juices revealed
the presence of 13 amino acids (AA), 10 organic acids (OA), 20 sugar alcohols and deriva-
tives, 14 saccharides, 12 saturated and unsaturated acids and esters, and 38 polyphenols
including anthocyanins, proanthocyanidins, stilbenes, cyclohexanecarboxylic acid, hydrox-
ycinnamic acids, and flavonol glycosides.

2.1.1. Polar Compounds

Analyses of the AA content revealed 41.8% essential AA for all tested AM juices. Juice
3 stands out with the highest AA content (106.88 ± 1.56 µg/mL) vs. juice 1 (p < 0.01) and 2
(p < 0.001) (Table 1). In all analyzed AM drinks, the highest content was determined for
L-proline (22% of AA), L-aspartic acid (17.94% of AA), and L-phenylalanine (11.23% of
AA). L-phenylalanine represents 26.9% of all detected essential AA in all analyzed AM
drinks (Table 1).

Among the polar OAs highest concentrations in all AM drinks, pyroglutamic acid (5-
oxoproline) (30.39% of OA) and isocitric acid (16.37% of OA) were found (Table 1). The high-
est concentrations of total OA (129.96 ± 2.01 µg/mL) and each individual OA were found
in juice 3, followed by juice 2 (124.91 ± 1.93 µg/mL), and juice 1 (118.55 ± 2.34 µg/mL).

The dominating sugar alcohols in all analyzed AM drinks are sorbitol and its derivative
sorbitol 6-phosphate (34.9% of alcohols), followed by glycerol and glycerol 3-phosphate
(20.3% of alcohols), and then arabinitol (13% of alcohols). The sugar content was highest
for juice 3, followed by juice 2 and 1.
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Table 1. Polar phytochemicals identified in fraction A of Aronia melanocarpa L. fruit juice using GC-MS.
The concentration is given in µg/mL. Results are presented as mean ± standard deviation.

Compound AM Juice 1
Content, µg/mL

AM Juice 2
Content, µg/mL

AM Juice 3
Content, µg/mL

Amino Acids
L-Valine 3.24 ± 0.06 3.41 ± 0.05 3.62 ± 0.08

L-Leucine 8.63 ± 0.17 9.10 ± 0.14 9.46 ± 0.15
L-Isoleucine 9.08 ± 0.18 9.57 ± 0.15 9.96 ± 0.15
L-Threonine 4.16 ± 0.08 4.39 ± 0.07 4.56 ± 0.07

L-Phenylalanine 10.98 ± 0.22 11.57 ± 0.18 12.04 ± 0.19
L-Lysine 4.68 ± 0.09 4.93 ± 0.08 5.13 ± 0.08

L-Proline 21.43 ± 0.42 22.59 ± 0.35 23.50 ± 0.36
Glycine 4.05 ± 0.08 4.27 ± 0.07 4.44 ± 0.07
Serine 2.77 ± 0.06 2.92 ± 0.05 3.04 ± 0.05

L-Aspartic acid 17.49 ± 0.34 18.42 ± 0.28 19.17 ± 0.29
L-Asparagine 6.63 ± 0.13 6.98 ± 0.11 7.27 ± 0.11

L-Glutamic acid 1.44 ± 0.03 1.52 ± 0.02 1.58 ± 0.02
L-Tyrosine 2.85 ± 0.06 3.00 ± 0.05 3.12 ± 0.05

Total essential AAs 40.78 ± 0.79 42.97 ± 0.67 44.76 ± 0.61
Total non-essential AAs 56.66 ± 1.12 59.71 ± 0.92 62.12 ± 0.96

Total AAs 97.44 ± 1.90 102.67 ± 1.58 106.88 ± 1.56

Organic Acids
Succinic acid 13.54 ± 0.27 14.26 ± 0.22 14.84 ± 0.23
Fumaric acid 7.08 ± 0.14 7.46 ± 0.11 7.76 ± 0.12

Malic acid 9.88 ± 0.20 10.41 ± 0.16 10.83 ± 0.17
Pyroglutamic acid (5-oxoproline) 36.03 ± 0.71 37.96 ± 0.59 39.50 ± 0.61

4-Aminobutyric acid 6.10 ± 0.12 6.42 ± 0.10 6.68 ± 0.11
2-Hydroxyglutaric acid 4.36 ± 0.09 4.59 ± 0.07 4.78 ± 0.07

2-Ketoglutaric acid 8.60 ± 0.17 9.06 ± 0.14 9.42 ± 0.15
Phenylpyruvic acid 2.33 ± 0.05 2.46 ± 0.04 2.56 ± 0.04

2,3-Dihydroxybutanedioic acid 11.23 ± 0.23 11.84 ± 0.19 12.32 ± 0.19
Isocitric acid 19.41 ± 0.38 20.45 ± 0.31 21.28 ± 0.33

Total organic acids 118.55 ± 2.34 124.91 ± 1.93 129.96 ± 2.01

Sugar Alcohols
Glycerol 38.69 ± 0.76 40.78 ± 0.63 42.42 ± 0.66

Digalactosylglycerol 7.48 ± 0.15 7.88 ± 0.12 8.20 ± 0.13
Threitol 8.20 ± 0.17 8.65 ± 0.13 8.99 ± 0.14

Erythreol 2.23 ± 0.05 2.35 ± 0.04 2.45 ± 0.04
Xylitol 4.50 ± 0.09 4.75 ± 0.08 4.94 ± 0.08

Arabinitol 37.12 ± 0.73 39.11 ± 0.61 40.69 ± 0.63
L-Glycerol-3-phosphate 18.99 ± 0.37 20.00 ± 0.31 20.82 ± 0.33

Manitol 3.19 ± 0.06 3.36 ± 0.05 3.50 ± 0.06
Sorbitol 52.77 ± 1.04 55.61 ± 0.86 57.86 ± 0.90

Galactitol 2.05 ± 0.04 2.16 ± 0.04 2.25 ± 0.03
Myo-inositol 7.19 ± 0.14 7.57 ± 0.12 7.88 ± 0.12

Galactosylglycerol 25.92 ± 1.10 28.93 ± 0.91 31.31 ± 0.95
Sorbitol-6-phosphate 46.41 ± 0.91 48.90 ± 0.76 50.87 ± 0.79

myo-Inositol-1-phosphate isomer 6.04 ± 0.12 6.37 ± 0.10 6.62 ± 0.10
myo-Inositol-2-phosphate isomer 7.96 ± 0.16 8.39 ± 0.13 8.73 ± 0.13
myo-Inositol-1-phosphate isomer 3.54 ± 0.07 3.73 ± 0.06 3.88 ± 0.06
myo-Inositol-2-phosphate isomer 7.36 ± 0.15 7.76 ± 0.12 8.07 ± 0.13

Maltitol; alpha-D-Glc-(1,4)-D-sorbitol 5.25 ± 0.11 5.54 ± 0.09 5.76 ± 0.09
Galactinol isomer; alpha-D-Gal-(1,3)-myo-Inositol 0.74 ± 0.02 0.78 ± 0.02 0.81 ± 0.02
Galactinol isomer; alpha-D-Gal-(1,3)-myo-Inositol 3.93 ± 0.08 4.14 ± 0.07 4.31 ± 0.07

Total sugar alcohols 282.09 ± 6.12 298.87 ± 5.10 312.14 ± 5.30

Sugar acids
Glyceric acid 18.27 ± 0.36 19.25 ± 0.30 20.02 ± 0.31

Erithreonic acid 2.84 ± 0.06 2.99 ± 0.05 3.11 ± 0.05
Threonic acid 9.00 ± 0.18 9.49 ± 0.15 9.87 ± 0.16
Pentonic acid 8.24 ± 0.17 8.69 ± 0.13 9.04 ± 0.14
Ribonic acid 5.10 ± 0.10 5.37 ± 0.08 5.59 ± 0.09

Glucuronic acid isomer 9.09 ± 0.18 9.58 ± 0.15 9.96 ± 0.15
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Table 1. Cont.

Compound AM Juice 1
Content, µg/mL

AM Juice 2
Content, µg/mL

AM Juice 3
Content, µg/mL

Galacturonic acid isomer 17.05 ± 0.34 17.97 ± 0.28 18.69 ± 0.29
Glucuronic acid isomer 13.96 ± 0.27 14.71 ± 0.22 15.30 ± 0.24
Gluconic acid isomer 1.91 ± 0.04 2.02 ± 0.03 2.10 ± 0.03

Galacturonic acid isomer 3.09 ± 0.06 3.26 ± 0.05 3.39 ± 0.06
Glucuronic acid isomer 4.15 ± 0.08 4.37 ± 0.07 4.55 ± 0.07

Galactonic acid 6.78 ± 0.14 7.15 ± 0.11 7.43 ± 0.12
Gluconic acid isomer 3.98 ± 0.08 4.19 ± 0.07 4.36 ± 0.07

Glucaric acid 16.81 ± 0.92 22.66 ± 5.21 31.32 ± 0.79
Galactaric acid 3.63 ± 0.07 3.82 ± 0.06 3.97 ± 0.06

Gluconic acid-6-phosphate 1.64 ± 0.04 1.73 ± 0.03 1.80 ± 0.03
Total sugar acids 125.54 ± 3.06 137.24 ± 4.16 150.51 ± 2.65

Saccharides (mono-, di-, and tri-)
Xylose methoxyamine 6.36 ± 0.13 6.52 ± 0.21 6.97 ± 0.11

Arabinose methoxyamine 13.37 ± 0.15 14.28 ± 0.22 14.86 ± 0.23
Fructose isomer 15.33 ± 0.30 16.16 ± 0.25 16.81 ± 0.26
Fructose isomer 20.24 ± 0.40 21.33 ± 0.33 22.19 ± 0.34
Sorbose isomer 30.12 ± 0.60 31.74 ± 0.49 33.02 ± 0.51
Sorbose isomer 22.86 ± 0.45 24.10 ± 0.37 25.07 ± 0.39

Galactose isomer 37.70 ± 0.74 39.72 ± 0.61 41.33 ± 0.64
Galactose isomer 14.85 ± 0.30 15.65 ± 0.24 16.28 ± 0.25
Glucose isomer 18.58 ± 0.37 19.58 ± 0.31 20.37 ± 0.32
Glucose isomer 14.56 ± 0.29 15.34 ± 0.24 15.96 ± 0.25

Fructose-6-phosphate isomer 17.35 ± 0.34 18.28 ± 0.28 19.02 ± 0.29
Mannose-6-phosphate isomer 3.71 ± 0.08 3.91 ± 0.06 4.07 ± 0.06
Galactose-6-phosphate isomer 20.12 ± 0.40 21.21 ± 0.33 22.06 ± 0.34
Glucose-6-phosphate isomer 32.42 ± 0.64 34.17 ± 0.53 35.54 ± 0.55
Fructose-6-phosphate isomer 6.22 ± 0.13 6.56 ± 0.10 6.82 ± 0.11

Galactose-6-phosphate isomer 3.56 ± 0.07 3.75 ± 0.06 3.90 ± 0.06
Glucose-6-phosphate isomer 4.84 ± 0.10 5.10 ± 0.08 5.31 ± 0.08

Sucrose isomer; alpha-D-Glc-(1,2)-beta-D-Fru isomer 26.57 ± 0.52 28.00 ± 0.43 29.13 ± 0.45
Trehalose; alpha-D-Glc-(1,1)-alpha-D-Glc isomer 10.82 ± 0.21 11.40 ± 0.18 11.86 ± 0.18

Melibiose isomer; alpha-D-Gal-(1,6)-D-Glc isomer 19.91 ± 0.40 20.98 ± 0.32 21.83 ± 0.34
Melibiose isomer; alpha-D-Gal-(1,6)-D-Glc isomer 20.14 ± 0.40 21.23 ± 0.33 22.09 ± 0.34

Sucrose isomer; alpha-D-Glc-(1,2)-beta-D-Fru isomer 22.02 ± 0.44 23.20 ± 0.36 24.14 ± 0.38
Trehalose; alpha-D-Glc-(1,1)-alpha-D-Glc isomer 17.28 ± 0.34 18.20 ± 0.28 18.94 ± 0.29

Raffinose; alpha-D-Gal-(1,6)-alpha-D-Glc-(1,2)-beta-D-Fru isomer 13.83 ± 0.27 14.57 ± 0.23 15.16 ± 0.24
Raffinose; alpha-D-Gal-(1,6)-alpha-D-Glc-(1,2)-beta-D-Fru isomer 27.44 ± 0.54 28.91 ± 0.45 30.08 ± 0.47

Total saccharides 440.21 ± 8.38 463.89 ± 6.90 482.82 ± 7.48

Saturated, unsaturated acids and esters
9-(E)-Hexadecenoic acid 9.13 ± 0.18 9.61 ± 0.15 10.00 ± 0.15
9-(Z)-Hexadecenoic acid 7.03 ± 0.14 7.41 ± 0.12 7.71 ± 0.12

Heptadecanoic acid 8.10 ± 0.16 8.54 ± 0.13 8.88 ± 0.14
Hexadecatrienoic acid 5.19 ± 0.11 5.47 ± 0.08 5.70 ± 0.09

Hexadecanoic acid (Palmitic acid) 7.03 ± 0.14 7.41 ± 0.11 7.71 ± 0.12
Heptadecanoic acid 6.49 ± 0.13 6.83 ± 0.11 7.11 ± 0.11

9,12-(Z,Z)-Octadecadienoic acid (Linoleic acid) 10.38 ± 0.21 10.94 ± 0.17 11.39 ± 0.18
9,12,15-(Z,Z,Z)-Octadecatrienoic acid (Linolenic acid) 9.01 ± 0.18 9.50 ± 0.15 9.88 ± 0.15

Nonadecanoic acid 2.50 ± 0.05 2.64 ± 0.04 2.75 ± 0.04
Octadecanoic acid (Stearic acid) 11.91 ± 0.23 12.55 ± 0.19 13.05 ± 0.20
(2E,4E)-2,4-Octadecadienoic acid 16.76 ± 0.33 17.66 ± 0.27 18.38 ± 0.29

1-Monopalmitin 14.79 ± 0.29 15.58 ± 0.24 16.21 ± 0.25
Monooctadecanoylglycerol 9.24 ± 0.18 9.73 ± 0.15 10.13 ± 0.16

beta-Sitosterol 16.31 ± 0.32 17.18 ± 0.26 17.88 ± 0.28
Total saturated, unsaturated acids and esters 141.34 ± 2.77 148.95 ± 2.31 154.96 ± 2.40

AM—Aronia melanocarpa L.; AAs—amino acids. All metabolites are trimethylsilyl derivatives. Essential AAs are
given in italic. Additional data regarding chromatographic parameters and total ion chromatogram of tested polar
compounds are given in Table S1 and Figure S1, respectively.
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Dominating monosaccharides are galactose and its 6-phosphate derivative (17.3% of
all analyzed saccharides), followed by glucose and its 6-phosphate derivative (15.99% of
saccharides), and fructose and its 6-phosphate derivative (13.43% of saccharides) (Table 1).
Sucrose (11.03% of saccharides) was the main disaccharide, and raffinose (9.37% of saccha-
rides) was the main trisaccharide. Juice 3 was leading in saccharide content as well.

Octadecadienoic acid (11.86% of lipids) was with the highest content among all de-
tected fatty acids, followed by octadecanoic acid (8.42% of lipids), while beta-sitosterol is
the sterol, representing 11.54% of detected lipids (Table 1).

2.1.2. Polyphenolic Content

It is well known that fruit juices of A. melanocarpa L. are rich in polyphenolic com-
pounds, but data on the quantitative and qualitative composition of the polyphenols they
contain are very limited. Highest concentration of polyphenolics was detected in juice
3 (5273.87 ± 63.16 µg/mL), followed by juice 2 (4460.53 ± 136.67 µg/mL), and juice 1
(4351.83 ± 75.38 µg/mL) (Table 2).

The most abundant anthocyanin was cyanidin-3-O-galactoside, comprising a min-
imum of 70% of anthocyanins in all analyzed samples. The content of cyanidin-3-O-
galactoside was about 2.6 times higher in juice 3 compared to juice 2 and 1. Epicatechine,
the major proanthocyanidin in all tested samples, exhibited the highest concentration in
juice 2 (269.47 ± 17.35 µg/mL) (Table 2). The leading in proanthocyanidin polymer content
was juice 3, containing 552.05 ± 5.49 µg/mL epicatechin dimers and 732.42 ± 7.29 µg/mL
trimers. The only detected stilbene in the tested juices was trans-resveratrol-3-O-glucoside
(from 44.37 ± 1.79 µg/mL in juice 3 to 39.80 ± 1.63 µg/mL in juice 1). Quinic acid was the
only detected cyclohexanecarboxylic acid (from 84.95± 0.42 µg/mL to 81.74 ± 2.27 µg/mL,
in juice 3 and 1, respectively). Dominating hydroxycinnamic acids in the tested AM fruit
juices were neochlorogenic and chlorogenic acid, followed by 3-O-p-coumaroylquinic
acid. The total amount of hydroxycinnamic acids in the analyzed juices represents 51.52%,
51.38%, and 45.35% for juices 1, 2, and 3, respectively (Table 2). Hyperoside was found to
be the major flavonol (14.93% of flavonols) detected in all analyzed samples.

We compared the portions of different polyphenol classes within each of the analyzed
juices (Figure 1). When calculated, the percentage of detected hydroxycinnamic acids
varies from 45.3% to 51.5%, followed by the proanthocyanidins from 29.3% to 34.4%,
anthocyanins from 8.1% to 19.9%, and flavonols from 3% to 3.3% as the lowest portion of
identified polyphenols.
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Table 2. Polyphenolics identified in fractions B and C of the SE FAE using LC-PDA-ESI-MS/MS. The
concentrations are given in µg/mL. Results are presented as mean ± standard deviation.

Compound AM Juice 1
µg/mL

AM Juice 2
µg/mL

AM Juice 3
µg/mL

Anthocyanins
Cyanidin-3-O-galactoside (idaein) 278.91 ± 6.56 262.69 ± 8.78 735.80 ± 17.41

Cyanidin-3-O-glucoside (chrysanthemin) 23.04 ± 0.61 25.62 ± 0.99 55.34 ± 1.84
Cyanidin-3-O-arabinoside 60.98 ± 2.81 60.69 ± 1.82 228.72 ± 7.53

Cyanidin-3-O-xyloside 10.91 ± 0.39 10.79 ± 0.52 30.88 ± 2.1
Total anthocyanins 373.84 ± 9.73 359.80 ± 10.46 1050.75 ± 24.86

Proanthocyanidin monomers
Catechin 29.64 ± 2.42 34.60 ± 3.28 23.37 ± 1.02

Epicatechin 239.17 ± 3.05 269.47 ± 17.35 237.40 ± 3.75
Total proanthocyanidin monomers 268.81 ± 2.89 304.07 ± 14.69 260.77 ± 3.01

Proanthocyanidin dimers
EC→EC(1) 128.33 ± 2.71 131.72 ± 4.09 137.45 ± 1.37
EC→EC(2) 126.71 ± 2.68 130.03 ± 4.00 135.72 ± 1.35
EC→EC(3) 142.15 ± 3.01 145.89 ± 4.50 152.25 ± 1.52
EC→EC(4) 118.22 ± 2.50 121.35 ± 3.76 126.63 ± 1.26

Total proanthocyanidin dimers 515.41 ± 10.90 529.00 ± 16.35 552.05 ± 5.49

Proanthocyanidin trimers
EC→EC→EC (1) 168.32 ± 3.34 172.63 ± 5.35 180.13 ± 1.80
EC→EC→EC (2) 181.06 ± 3.59 185.69 ± 5.76 193.76 ± 1.93
EC→EC→EC (3) 148.67 ± 2.95 152.46 ± 4.73 159.09 ± 1.59
EC→EC→EC (4) 186.36 ± 3.69 191.12 ± 5.93 199.43 ± 1.99

Total proanthocyanidin trimers 684.41 ± 13.56 701.90 ± 21.76 732.42 ± 7.29

Stilbenes
trans-Resveratrol-3-O-glucoside 39.80 ± 1.63 40.71 ± 1.42 44.37 ± 1.79

Cyclohexanecarboxylic acid
Quinic acid 81.74 ± 2.27 82.66 ± 1.55 84.95 ± 0.42

Hydroxycinnamic acids
3-O-Caffeoylquinic acid (chlorogenic acid) 423.08 ± 7.35 432.49 ± 13.41 451.29 ± 4.49

Caffeic acid-O-galactoside 73.66 ± 1.28 75.29 ± 2.34 78.57 ± 0.78
Caffeic acid-O-glucoside 55.71 ± 0.97 56.94 ± 1.76 59.42 ± 0.59

5-O-Caffeoylquinic acid (neochlorogenic acid) 676.03 ± 11.75 691.05 ± 21.43 721.10 ± 7.18
p-Coumaric acid-O-glucoside 176.36 ± 3.07 180.27 ± 5.59 188.11 ± 1.88
3-O-p-Coumaroylquinic acid 298.04 ± 5.18 304.67 ± 9.45 317.92 ± 3.17

Feruloylquinic acid 185.72 ± 3.23 189.85 ± 5.89 198.11 ± 1.97
4-O-p-Coumaroylquinic acid 164.01 ± 2.85 167.66 ± 5.20 174.95 ± 1.74

Ferulic acid-O-galactoside 98.23 ± 1.71 100.41 ± 3.11 104.78 ± 1.04
Ferulic acid-O-glucoside 91.22 ± 1.58 93.25 ± 2.89 97.30 ± 0.97

Total hydroxycinnamic acids 2242.06 ± 38.98 2291.88 ± 71.06 2391.55 ± 23.80

Flavonol glycosides
Quercetin-3-O-rhamnosyl-galactoside 19.07 ± 0.33 19.70 ± 0.61 20.55 ± 0.20

Quercetin-3-O-galactoside (hyperoside) 21.77 ± 0.38 22.48 ± 0.70 23.45 ± 0.23
Kaempferol-3-O-galactoside 8.32 ± 0.15 8.59 ± 0.27 8.96 ± 0.09

Quercetin-3-O-rhamnosyl-glucoside 15.19 ± 0.27 15.69 ± 0.49 16.36 ± 0.16
Quercetin-3-O-glucoside (isoquercetin) 17.02 ± 0.30 17.57 ± 0.55 18.33 ± 0.18
Kaempferol-3-O-glucoside (astragalin) 7.42 ± 0.13 7.66 ± 0.24 7.99 ± 0.08
Quercetin-3-O-arabinoside (guaiaverin) 12.51 ± 0.22 12.93 ± 0.40 13.48 ± 0.13

Quercetin-3-O-xyloside 10.42 ± 0.18 10.76 ± 0.33 11.23 ± 0.11
Kaempferol-3-O-rhamnosyl-galactoside 9.34 ± 0.17 9.65 ± 0.30 10.06 ± 0.10
Kaempferol-3-O-rhamnosyl-glucoside 6.83 ± 0.12 7.05 ± 0.22 7.36 ± 0.07

Kaempferol-3-O-arabinoside 8.32 ± 0.14 8.59 ± 0.26 8.96 ± 0.09
Kaempferol-3-O-xyloside 9.55 ± 0.17 9.86 ± 0.31 10.29 ± 0.10
Total flavonol glycosides 145.75 ± 2.53 150.52 ± 4.67 157.02 ± 1.53

Total analyzed polyphenols 4351.83 ± 75.38 4460.53 ± 136.67 5273.87 ± 63.16

EC—epicatechin; AM—Aronia melanocarpa L. Additional data regarding precursor ion and fragment ion mass-
to-charge ratios (m/z) of the analyzed polyphenols are given in Table S2. Representative LC-PDA-ESI-MS/MS
chromatograms of detected polyphenols are given in Figure S2 (anthocyanins), Figure S3 (proanthocyanidin
monomers), Figure S4 (proanthocyanidin di- and trimers), Figure S5 (stilbenes), Figure S6 (hydroxycinnamic
acids), Figure S7 (hydroxycinnamic acids), Figures S8–S11 (flavonols).
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3. Discussion

As there are high variations in environmental and climate conditions, soil charac-
teristics, maturation level, harvesting period, etc., the phytochemical composition and
respective health benefits of chokeberries vary as well [31–33]. Recently, we have analyzed
and compared the phytochemical composition and content of selected bioactive compounds
in three A. melanocarpa L. fruit juices available on the Bulgarian market, produced by differ-
ent local companies, and harvested from different regions. We have provided for the first
time new qualitative and quantitative data regarding the phytochemical composition (AAs,
Oas, sugar acids and alcohols, fatty acids and esters, and polyphenols) of commercially
available chokeberry juices produced locally.

3.1. Amino Acids

Aas, especially essential ones, are valuable food components for living organisms. Lit-
erature data concerning the AA content of chokeberry juices are very scarce. There are data
that AM fruits are rich in dry matter [34,35]; however, the amount of total protein is low [36].
The main amino acids, including essentials, found in chokeberry fruit pomace are glutamic
and aspartic acid, arginine, tyrosine, histidine, leucine, lysine, cysteine, alanine, serine,
and threonine [37]. We performed for the first time a comparative analysis of the amino
acid content of three selected chokeberry juices from different local producers. The highest
amino acid content, including essential AA, was found in juice 3 (106.88 ± 1.56 µg/mL).
Thus, chokeberry fruit juice may be considered a natural source of AA.

3.2. Organic Acids

The OAs reported in chokeberries are tartaric, citric, isocitric, malic, succinic, fumaric,
ascorbic, shikimic, and oxalic acids [33,38,39]. Literature data have shown the presence
of citric, malic, oxalic, and tartaric acids in commercially available chokeberry juices [40].
In addition, we also detected succinic, isocitric, fumaric, pyroglutamic, 4-aminobutyric,
2-hydroxyglutaric, 2-ketoglutaric, phenylpyruvic, and 2.3-dihydroxybutanedioic acids in
the tested chokeberry juices commercially available. It might be presumed that the content
of pyroglutamic acid (5-oxoproline) in tested chokeberry juices may be due to the high
content of its keto-derivative proline.

3.3. Saccharides, Sugar Acids and Alcohols

There are wide variations in the content of carbohydrates in chokeberry fresh fruits [12].
Monosaccharides reported by other authors in chokeberry juice are glucose and fruc-
tose [40]. In addition to glucose and fructose detected in all tested AM juices, we also found
sugars such as galactose, sorbose, arabinose, and xylose. The main detected disaccharide in
chokeberry juice was sucrose, as reported by other authors as well [29]. In our study, we
also found the presence of trehalose and melibiose and raffinose, the main trisaccharide
found for the first time in chokeberry juice.

There is only one study reporting the presence of galacturonic acid in chokeberry fruit
pomace [41]. There are almost no data concerning the detailed sugar acid content in choke-
berry fruit juices. We recently found the presence of glyceric, erithreonic, threonic, pentonic,
ribonic, glucuronic, galacturonic, gluconic, galactonic, glucaric, and galactaric acid.

There are data that fruits [38] and juice [40] are considerably rich in sugar alcohols,
mainly sorbitol. This finding was confirmed by our results as well, revealing that sor-
bitol is the main sugar alcohol in the tested samples (52.77 ± 1.04 µg/mL in juice 1;
57.86 ± 0.90 µg/mL in juice 3). In addition, we identified a few more sugar alcohols in
chokeberry juice, including glycerol and arabinitol in higher concentrations and threitol,
erythreol, xylitol, manitol, inositol, and galactitol in lower concentrations.

3.4. Fatty Acids and Esters

It was shown that A. melanocarpa fruits are rich in phospholipids, sterols, and α-
tocopherols [42]. There are data that polyunsaturated fatty acids and especially linoleic
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acid are the main portions of fatty acids found in dried pomace and seeds of choke-
berry [37,42]. The same study reports that β-sitosterol is the main sterol in chokeberry
seeds, followed by campesterol and δ-avenasterol [42]. We have also detected β-sitosterol
in chokeberry juice as well (Table 1). In our study, we reported for the first time the pres-
ence of fatty acids such as hexadecenoic, heptadecanoic, hexadecatrienoic, hexadecanoic
(palmitic acid), octadecadienoic (linoleic acid), octadecanoic (stearic acid) acids, and esters
as 1-monopalmitin, monooctadecanoyl glycerol (Table 1). The dominating fatty acids in
the tested juice samples were the nonessential stearic acid and the essentials linoleic and
linolenic acids. Health beneficial effects of β-sitosterol and essential fatty acids as vascular
protectors and cholesterol-lowering agents are widely reported [43–46]. Considering recent
findings regarding the fatty acid profile of chokeberry fruit juice, we may add new data
explaining the potential of AM fruits and fruit juice in lipid profile improvement [19,21,22].

3.5. Phenolic Compounds

Plant-derived polyphenols are among the main bioactive compounds in our diet
and comprise the main portion of antioxidants we intake. Their wide range of health
benefits makes the proper intake of naturally derived foods and drinks rich in polyphenols
an essential part of a healthy diet. Chokeberries have the highest polyphenolic content
among different berries [47]. They are rich mostly in proanthocyanidins, anthocyanins, and
phenolic acids but low in flavonols [15]. This observation concerning the phenolic content
was also confirmed by our results (Table 2).

Application of different fruit processing and juice extraction techniques on the one
hand, the time and period of harvesting and level of ripening on the other, may cause
variations in the phenolic content of chokeberry fruits and fruit products, including pomace
and juice [4,39,48–50]. However, chokeberry products, including juices, remain very rich
in phenolic compounds and high in antioxidant activity [51]. An important fact is that
warm and dry weather correlates with higher content of phenolic compounds [52]. As was
suggested already by other authors, the warm climate in Bulgaria may positively affect the
polyphenolic content of local chokeberry fruits and juices [39]. In our study, all assessed
AM juices available on the Bulgarian food market revealed a high content of anthocyanins,
proanthocyanidins, and hydroxycinnamic acids. We found the highest anthocyanin content
compared to other tested samples in juice 3. This might be explained by the period of
harvesting, as the anthocyanins double after the fifth week of harvesting [4], or by the
technology of juice production [49].

In our comparative study, we found cyaniding-3-O-galactoside to be the main an-
thocyanin, followed by cyaniding-3-O-arabinoside. A similar observation regarding the
presence of cyanidin-3-O-glucoside and cyanidin-3-O-xyloside in chokeberry fruits and
juices was reported by other authors [2,15]. In accordance with our previous results [53],
we found that the commercially available juices contain mainly epicatechine and ten times
less catechin. There are data for a notably high degree of proanthocyanidin polymerization
in chokeberry juices and extracts [54], which may explain the higher levels of their mono-
and oligomeric forms [15,39]. In the tested juices, the content of anthocyanins and proan-
thocyanidins varied from 8.1% to 19.9% and from 33.7% to 29.3%, respectively (Figure 1).
The observed high variation in anthocyanin content between tested juices might be due to
the higher content of anthocyanins in juice 3 and especially of cyaniding-3-O-galactoside
and arabinoside.

Most of the literature concerns the content of trans-resveratrol in chokeberry wine and
not resveratrol and resveratrol-3-glucoside levels in chokeberry fruit juice [55]. Recently,
we found a low concentration of trans-resveratrol-3-O-glucoside in the tested juices.

Herrmann et al. [56] reported that hydroxycinnamic acids are the most abundant phe-
nolic acids in plants. They represent about 50% of all detected polyphenols in our samples
and vary from 45.3% (juice 3) to 51.4% (juice 2) and to 51.5% (juice 1). Neochlorogenic
and chlorogenic acids are dominating among all detected phenolic acids in our samples.
Chlorogenic acid and 3-O-p-coumaroylquinic acid were previously reported in chokeberry
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fruit juice [53]; coumaric and caffeic acid glucosides were found in chokeberry fruits [57]
and were also found in our samples. We have newly reported the presence of caffeic
acid-O-galactoside and 4-O-p-coumaroylquinic acid in chokeberry juice. Quinic and ferulic
acid were also found in chokeberry juices [39]. We recently reported the presence of ferulic
acid glucoside and galactoside and feruloylquinic acid.

Other authors showed that flavonol content in chokeberry fruit juice and extracts is rel-
atively low and represents only 1.3% of phenolic content [15]. In agreement with these data,
in our samples, we found flavonol content between 3% and 3.3% of all analyzed polyphe-
nols, mainly presented by quercetin glycosides. Flavonol glycosides such as quercetin-
3-O-rhamnosyl-galactoside and glucoside, quercetin-3-O-galactoside and glucoside [58],
quercetin-3-O-arabinoside and 3-O-xyloside [59,60], kaempferol-3-O-glucoside [59], and
3-O-galactoside [60] found in our samples, were reported in AM fruits also by other au-
thors. In addition, we established the presence of kaempferol-3-O-rhamnosyl-galactoside
and glucoside, kaempferol-3-O-arabinoside and xyloside in our commercially available
chokeberry juices.

Phenolic content may vary in chokeberry fruit juice even within a year of harvesting
and production [4,39]. Even standardized plant extracts need periodical detailed phy-
tochemical analysis. Therefore, the variations in chokeberry fruit juices’ phytochemical
composition might be a prerequisite for the differences in their biological effects. Thus, up-
dating the information for the types of bioactive ingredients, their quantity and quality may
be useful for the evaluation of the health benefits of chokeberry juices as functional foods.

The novelty of our study is that, for the first time, a detailed comparative analysis was
performed regarding the phytochemical composition of locally produced and commercially
available AM fruit juices. Moreover, some of the detected phytocompounds were reported
for the first time. The obtained phytochemical data could be used as a basis for the
evaluation of Bulgarian AM fruit juices as functional foods.

A limitation of the current study is that it provides a snapshot regarding the phy-
tochemical composition of locally produced AM fruit juices. It would be useful to seek
relationships between juice phytochemical composition and some growth conditions, such
as climate changes during the years and soil characteristics. The future objective would
be a longitudinal study on the composition and quality of fruit juices produced by the
same companies.

4. Materials and Methods
4.1. Plant Material

In the recent study, we analyzed samples from three selected juices from Aronia
melanocarpa L. fresh fruits harvested locally, produced by three different Bulgarian compa-
nies, and available on the food market. All tested juices were produced from cultivated
Aronia melanocarpa L. plants. There is information for the grown conditions only for the
plants used for the production of juices 2 and 3. There is no available information regarding
soil agrochemical characteristics.

Information regarding the analyzed samples and the technology of their production is
presented in Table 3.

4.2. Phytochemical Analysis

Phytochemical analysis was described in more detail in our previous study [61].
For each juice, we used six bottles/bags and tested five parallel samples of each.

4.2.1. Extraction

In brief, the sample preparation includes solid phase extraction (SPE) on Discovery®

DSC-18 column (5 g, 20 mL, Sigma-Aldrich Co. LLC, St. Louis, MO, USA). Filtered (0.45 µm
PTFE filter, Waters, Milford, MA, USA) juice samples were loaded onto the SPE columns,
and the anthocyanin fraction (C) was eluted 12 mL acetonitrile containing 0.1% (v/v) formic
acid; the fraction containing phenolic acids, flavanols, and flavonols (B) was eluted with
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12 mL ethyl acetate. The polar fraction (A) was eluted with 12 mL of water containing 0.2%
(v/v) formic acid. The dry residues of all eluates were obtained after evaporation under
reduced pressure at a temperature below 40 ◦C.

Table 3. Characteristics of analyzed samples from 3 juices made by Aronia melanocarpa L. fresh fruits.

Characteristic Juice 1 Juice 2 Juice 3

Organic fruits/Bio product label N/A yes yes

Source of fruits/region in Bulgaria N/A

Central Stara
Planina mountain,
near Kapinovski Monastery
temperate-continental climate with
pronounced mountain influence;
latitude: 42.978677; longitude:
25.747620; altitude 203 m.

Central Stara
Planina mountain,
near city of Troyan
climate: temperate-continental
climate; latitude: 42.883,
longitude: 24.717; altitude 446 m.

Processing
• immediately after harvest
• cold press
• pasteurization

• immediately after harvest
• cold press
• pasteurization

• immediately after harvest
• cold press
• pasteurization

Additives NO sugars,
NO preservatives, NO additives

NO sugars,
NO preservatives, NO additives

NO sugars,
NO preservatives, NO additives

Package 250 mL glass bottle 1.5 L bag in box 270 mL glass bottle

4.2.2. GC-MS Analysis of Fraction A

A total of 0.2 mL of fraction A was lyophilized (6 h, −20 ◦C). The derivatization step
was performed using methoxyamine hydrochloride (300.0 µL, 20.0 mg/mL in pyridine)
on Thermo-Shaker TS-100 (1 h/70 ◦C/300 rpm). A total of 100.0 µL N,O-Bis (trimethylsi-
lyl)trifluoroacetamide (BSTFA) were added to the mixture under heating (40 min/70 ◦C
300 rpm; Thermoshaker, Analytik Jena AG, Jena, Germany) and 1.0 µL of the solution was
subjected to GC-MS analysis (Agilent GC 7890, Agilent MD 5975; column HP-5: length
30 m, diameter 0.32 mm, film thickness 0.25 µm). A temperature gradient was used for
optimal separation: initial 100 ◦C for 2 min; ramp up to 180 ◦C with 15 ◦C/min for 1 min;
ramp up to 300 ◦C with 5 ◦C/min for 10 min. Injector and detector temperatures were
250 ◦C. Helium was used as a carrier gas, with a rate of 1.0 mL/min. The MS scanning
range was 50–550 m/z.

4.2.3. LC-MS/MS Analysis of Fractions B and C

Fractions B and C were analyzed by LC-PDA-ESI-MS/in negative ESI mode for
fraction B and in positive ESI mode for fraction C, as previously described [61].

The dry residues of fractions B and C were dissolved in 200 µL methanol:formic
acid, (99:1 v/v), and 2 µL of the filtered solution (0.22 µm PTFE filter) were subjected to
LC-PDA-ESI-MS/MS analysis.

Mass-spectrometric analysis was done on LTQ Orbitrap mass spectrometer (Thermo
Scientific, Hemel Hempstead, UK) equipped with an ESI source. Operation parameters:
source voltage—4 kV; sheath, auxiliary, and sweep gas—20, 10, and 2 arbitrary units,
respectively; capillary temperature—275 ◦C. The analysis was done in full scan mode,
the resolution 30,000 at m/z 400, and data-dependent MS/MS events were acquired at
a resolving power of 15,000. Ions with lower intensity were analyzed in MS2 mode,
resolution power of 15,000 at m/z 400, isolation width 100 amu. Precursor fragmentation
was performed at collision energy 30 V, activation time 10 ms. The mass range in FTMS
mode was from m/z 100 to 1000. XCalibur software v2.0.7 (Thermo Fisher Scientific, Hemel
Hempstead, UK) was used for data analyses.

Chromatographic analysis was done on Accela chromatograph (Thermo Scientific,
Waltham, MA, USA). Optimal separation was achieved on Kinetex C18 column (100 Å,
2.6 µm, 150 × 2.1 mm, Phenomenex Inc, Torrance, CA, USA) in a gradient elution mode:
A—water/0.1% formic acid; B—acetonitrile; 0 min, 10% B; 1 min, 10% B; 15 min, 30% B;
22 min, 50% B; 28 min, 100% B; 34 min, 100% B, 36 min, 10% B; flow rate 0.3 mL/min.
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4.2.4. Qualitative and Quantitative Analyses

The identification of compounds in fraction A was carried out by two approaches:
(1) by comparison of the retention times and Kovach indexes (RI) with the same parameters
of corresponding pure standards; and (2) by using Golm Metabolome Database libraries
(http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/gmd.html, accessed on 30 August 2021)
and NIST’08 (National Institute of Standards and Technology, Gaithersburg, MD, USA).
Using the first approach, we confirmed the presence of fifteen phenolic compounds in our
samples. The second approach was used for the identification of the remaining compounds.

Phenolics in fractions B and C were quantified by the external standard method as
previously described [62].

4.3. Statistical Analysis

For statistical data analysis, we used GraphPad Prism v7.0 software (GraphPad Soft-
ware, Inc.; La Jolla, CA, USA). The values of p < 0.05 were considered as significant. Data
were presented as mean ± SD. All analyses were performed in triplicates.

5. Conclusions

This study provides for the first time a detailed comparative phytochemical analysis
of local commercially available chokeberry juices and reports newly detected amino acids,
organic acids, sugar acids, fatty acids and esters, and polyphenols. Considering the results,
we may conclude that the juice acquisition techniques, pasteurization, and expected differ-
ences in plant growth conditions may cause differences in the phytochemical composition
of chokeberry juices. We demonstrated a diversity of the active substances in bioactive
foods marketed as “same”; therefore, the standardized therapeutic effect could be expected
only by the utilization of food supplements with guaranteed constant content. Having in
mind the well-known health effects of the detected bioactive compound, we may suggest
that commercial black chokeberry juices are a valuable source of health-promoting phenolic
acids, proanthocyanidins, and anthocyanins, thus characterizing them as a functional food.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11131655/s1, Figure S1: Representative chromatogram of analyzed
polar compounds (fraction A) by GC-MS technique, Figure S2: Representative LC-PDA-ESI-MS/MS
chromatogram of Aronia melanocarpa L. fruit anthocyanins (1-Cyanidin-3-O-Galactoside, 2-Cyanidin-
3-O-Glucoside, 3-Cyanidin-3-O-Arabinoside, 4-Cyanidin-3-O-Xyloside), Figure S3: Representative
LC-PDA-ESI-MS/MS chromatogram of Aronia melanocarpa L. fruit proanthocyanidin monomers,
Figure S4: Representative LC-PDA-ESI-MS/MS chromatogram of Aronia melanocarpa L. fruit pro-
anthocyanidin di- and trimers, Figure S5: Representative LC-PDA-ESI-MS/MS chromatogram of
Aronia melanocarpa L. fruit stilbenes, Figure S6: Representative LC-PDA-ESI-MS/MS chromatogram
of Aronia melanocarpa L. fruit hydroxycinnamic acids (1–3-O-Caffeoylquinic acid, 2–Caffeic ac-id-O-
galactoside, 3–Caffeic acid-O-glucoside, 4–5-O-Caffeoylquinic acid, 5–p-Coumaric ac-id-O-glucoside,
6–3-O-p-Coumaroylquinic acid, 7–Feruloylquinic acid; 8–4 -O-p-Coumaroylquinic acid; 9–Ferulic
acid-O-galactoside; 10–Ferulic acid-O-glucoside), Figure S7: Representative LC-PDA-ESI-MS/MS
chromatogram of Aronia melanocarpa L. fruit flavonols (1-Kaempferol-3-O-arabinoside, 2-Kaempferol-
3-O-xyloside), Figure S8: Representative LC-PDA-ESI-MS/MS chromatogram of Aronia melanocarpa
L. fruit flavonols (1-Quercetin-3-O-galactoside, 2-Quercetin-3-O-glucoside), Figure S9: Representative
LC-PDA-ESI-MS/MS chromatogram of Aronia melanocarpa L. fruit flavonols (1-Kaempferol-3-O-
rhamnosyl-galactoside, 2-Kaempferol-3-O-rhamnosyl-glucoside), Figure S10: Representative LC-
PDA-ESI-MS/MS chromatogram of Aronia melanocarpa L. fruit flavonols (1-Quercetin-3-O-rhamnosyl-
galactoside, 2-Quercetin-3-O-rhamnosyl-glucoside), Figure S11: Representative LC-PDA-ESI-MS/MS
chromatogram of Aronia melanocarpa L. fruit flavonols (1-Kaempferol-3-O-galactoside, 2-Kaempferol-
3-O-glucoside), Table S1: Relative Kovat’s reten-tion index (RI) of analyzed polar compounds (fraction
A) presented in Table 1, using GC-MS technique, Table S2: Precursor ion and fragment ion mass-to-
charge ratios (m/z) of the analyzed polyphenols using the LC-PDA-ESI-MS/MS technique.
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31. Sidor, A.; Drożdżyńska, A.; Gramza-Michałowska, A. Black chokeberry (Aronia melanocarpa) and its products as potential
health-promoting factors—An overview. Trends Food Sci. Technol. 2019, 89, 45–60. [CrossRef]

32. Kader, A.; Barrett, D. Classification, Composition of Fruits, and Postharvest Maintenance of Quality. In Processing Fruits; Barrett,
D.M., Somogyi, L., Ramaswamy, H.S., Eds.; CRC Press: Boca Raton, FL, USA, 2004; pp. 3–22.

33. Šnebergrová, J.; Cížková, H.; Neradová, E.; Kapci, B.; Rajchl, A.; Voldrich, M. Variability of characteristic components of aronia.
Czech J. Food Sci. 2014, 32, 25–30. [CrossRef]

34. Ochmian, I.; Oszmiański, J.; Skupień, K. Chemical composition, phenolics, and firmness of small black fruits. J. Appl. Bot. Food
Qual. 2009, 83, 64–69.
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Abstract: In Thai folklore wisdom, shallot (Allium ascalonicum L.) was applied as a traditional herbal
medicine for hair growth promotion with no scientific evidence. Androgenetic alopecia (AGA) is a
progressive hair loss caused by multiple factors, including androgen hormones, inflammation, and ox-
idative stress. Conventional medicines (finasteride, dutasteride, corticosteroids, and minoxidil) have
been used with limited therapeutic efficacy and unpleasant side effects. In this study, we aimed to give
the first estimation of bioactive compounds in shallot extract and evaluate the hair growth-promoting
activities regarding anti-inflammatory and gene expression modulation involving androgen, Wnt/β-
catenin, sonic hedgehog, and angiogenesis pathways. The results reveal that phenolic compounds
(quercetin, rosmarinic, and p-coumaric acids) are the major constituents of the methanolic shallot ex-
tract. Compared with the lipopolysaccharide-stimulated control group (2.68 ± 0.13 µM), nitric oxide
production was remarkably diminished by shallot extract (0.55 ± 0.06 µM). Shallot extract improves
hair growth promotion activity, as reflected by the downregulation of the androgen gene expression
(SRD5A1 and SRD5A2) and the upregulation of the genes associated with Wnt/β-catenin (CTNNB1),
sonic hedgehog (SHH, SMO, and GIL1), and angiogenesis (VEGF) pathways. These findings disclose
the new insights of shallot extract on hair growth promotions. Shallot extract could be further
developed as nutraceutical, nutricosmetic, and cosmeceutical preparations for AGA treatment.

Keywords: androgenetic alopecia; anti-hair loss; hair growth promotion; shallot; Allium ascalonicum;
anti-inflammatory; 5α-reductase; SRD5A2; Wnt/β-catenin

1. Introduction

Shallot (Allium ascalonicum L.) from the Alliaceae family is a valuable horticultural
spice that originated in Southeast Asia. Shallot bulbs have been widely utilized as a major
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component in Asian diets and traditional herbal medicines in Thailand and India [1].
This plant possesses various properties, including anti-cancer, anti-diabetes, antimicrobial,
anti-inflammatory, and antioxidant activities [1–3]. In addition, several health benefits of
shallot have been reported, including wound healing and maintaining healthy skin and
hair [1,4]. The most abundant components of shallots are phenolic compounds, saponins,
and carbohydrates [5,6]. In addition, fresh shallot bulbs have been used in traditional Thai
folklore to treat bacterial skin infections, tinea capitis, and hair loss.

Androgenetic alopecia (AGA) is a chronic hair loss, characterized by hair follicle minia-
turization and perifollicular inflammation [7]. The pathogenesis of AGA is extensively
influenced by genetic factors and androgens [8]. Androgen-mediated follicular miniatur-
ization is the most elucidated pathogenesis of AGA [7,8]. Testosterone is metabolized to
dihydrotestosterone (DHT)—a potent androgen—by steroid 5α-reductases [8]. Addition-
ally, a histological evaluation of AGA’s scalp found perifollicular inflammation [9]. Another
study proposed that nitric oxide-mediated perifollicular inflammation arose in response to
DHT level [10]. Antiandrogenic medicines (finasteride, dutasteride, and spironolactone),
anti-inflammatory corticosteroids, and the anti-seborrheic tretinoin have been used to atten-
uate AGA progression [11]. However, those have shown limited efficacy and unsatisfactory
side effects [11,12]. Presumably, other factors exist in the gradual process of hair follicle
miniaturization besides the androgenic effect [9].

The hair growth cycle consists of four phases: anagen (growth phase), catagen (re-
gression phase), telogen (resting phase), and exogen (shedding phase) [13,14]. Multiple
signaling pathways involve the transition between these phases, including Wnt/β-catenin,
sonic hedgehog, and angiogenesis signaling pathways [9,13]. The Wnt/β-catenin and sonic
hedgehog signaling pathways involve the differentiation and proliferation of hair follicle
cells [15,16]. Vascular endothelial growth factor (VEGF) has been reported to be implicated
in the angiogenesis in the anagen phase and facilitate the supply of oxygen and nutrients
to hair follicles [13]. Minoxidil has been widely used to stimulate hair growth in males
and females with AGA due to its ability to dilate the blood vessels in the follicle [11]. The
synthetic medicines targeting Wnt/β-catenin and sonic hedgehog signaling pathways have
not been implemented for the treatment of hair loss [13,15].

Hair follicle inflammation has been confirmed as a possible factor in the pathogenesis
of AGA [17]. The nitric oxide (NO) level, which mediates inflammatory reaction in hair
follicles, was increased in response to the DHT level [10]. In addition, it has been revealed
that serum samples of AGA contained a higher level of NO than the control group [18].
The ultraviolet radiation stimulated NO production in keratinocytes of hair follicles. Con-
sequently, the proinflammatory cytokines were released, and the recruitment of immune
cells was facilitated, resulting in the damage of hair roots [19].

Conventional medicines for AGA have been shown to have several side effects, such as
scalp dryness, skin irritation, erectile dysfunction, and testicular pain [12]. These limitations
contribute to the reduction in individual compliance with hair loss treatment. Since AGA
requires long-term treatment, alternative treatments and natural herbal medicines have
gained attention due to their advantages, including fewer side effects, a broad spectrum of
hair growth-promoting activities, and affordable prices [13,20].

Currently, no strongly scientific evidence that supports the beneficial effects of shallot
on AGA has been established. Furthermore, the effects of shallot on hair growth regulation
at the cellular level have not been elucidated. The conversion of fresh shallots to concentrate
extract might create a new perspective for developing nutraceuticals, nutricosmetics, and
cosmeceuticals containing shallot extract for anti-hair loss. Considering all above reasons,
with this first study, we aimed to estimate the bioactive compounds of shallot extract
and investigate the anti-inflammatory activity and gene expression regulation involving
androgen, Wnt/β-catenin, sonic hedgehog, and angiogenesis signaling pathways for AGA
treatment.
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2. Results
2.1. Extraction Yield and Bioactive Compound Estimation

The physical appearance of shallot extract was a non-greasy paste with pink color.
The extraction yield was 9.11 ± 0.23% w/w based on dry material. As shown in Table 1
and Figure 1, the most abundant bioactive compound in shallot extract was total phenolic
content (4.96 ± 0.42 GAE/g), followed by contents of proteins, polysaccharides, and
flavonoids. p-Coumaric acid, rosmarinic acid, and quercetin were the major phenolic
compounds in shallot extract.

Table 1. Content of bioactive compounds of shallot extract.

Bioactive Compounds Content

Total polysaccharide content 0.90 ± 0.06 mg D-glucose/g
Total protein content 1.01 ± 0.04 mg BSAE/g

Total phenolic content 4.69 ± 0.42 mg GAE/g
Total flavonoid content <0.003 mg EGCGE/g
Phenolic compounds

p-Coumaric acid 1.091 ± 0.011 mg/g
Quercetin 0.029 ± 0.002 mg/g

Rosmarinic acid 0.234 ± 0.007 mg/g
Note: Milligrams of gallic acid equivalents per gram of extract (mg GAE/g extract); milligrams of epigallocatechin
gallate equivalents per gram of extract (mg EGCGE/g extract); milligrams of D-glucose equivalents per gram
of extract (mg D-glucose/g extract); milligrams of bovine serum albumin equivalents per gram of extract (mg
BSAE/g extract).
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Figure 1. Chromatogram of bioactive compounds in shallot extract analyzed by liquid
chromatography–mass spectrometry (LC-MS).

2.2. Cell Viability

In order to evaluate the anti-inflammation and effects on gene expression profiling
of shallot extract, the viability of cells used in this study, namely DU-145 and hHFDPC,
was assessed by the sulforhodamine B (SRB) assay [21]. In Figure 2, shallot extract at the
concentration above 0.5 mg/mL showed cytotoxicity and significantly decreased viability
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of all types of cells compared to corresponding solvent-treated control groups. The highest
concentration of shallot extract (0.1 mg/mL) that gave the viability of RAW 264.7 cells above
80% was classified as a non-toxicity concentration and selected for all experiments [22].
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Figure 2. Cell viability of RAW 264.7 macrophage cells (RAW 264.7), DU-145 human prostate cancer
cells (DU-145), and human hair follicle dermal papilla cells (hHFDPC) after shallot extract treatment
for 24 h with different concentrations (0.02 to 2.5 mg/mL) was determined by sulforhodamine B
(SRB) assay. Different letters (a, b, and c) indicate statistical differences (p-value < 0.05) in the cell
viability of each concentration.

2.3. Anti-Inflammatory Activity

Therefore, diclofenac sodium (DF) at the same concentration (0.1 mg/mL) with no
toxicity was selected to compare the inhibitory effect on NO production. The level of
accumulated nitrite, which is the stable metabolite of NO, was indirectly quantified. In
Figure 3, the concentration of nitrite in the lipopolysaccharide (LPS)-stimulated control
group (2.68 ± 0.13 µM) explicitly increased compared with a solvent-pretreated group
(0.43 ± 0.06 µM). The pretreatment with shallot extract significantly decreased the nitrite
production to 0.55 ± 0.06 µM compared with the LPS-stimulated group (p < 0.05). Moreover,
the NO inhibition of the DF-pretreated group (0.36 ± 0.01 µM) was significantly comparable
to shallot extract.
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Figure 3. Effects of shallot extract (SE) and diclofenac sodium (DF) at the same concentration of
0.1 mg/mL on nitrite production in the lipopolysaccharide (LPS)-stimulated RAW 264.7 murine
macrophages for 24 h compared to solvent-treated control without LPS (blank) and LPS-stimulated
control (+LPS). Different letters (a and b) indicate statistical significance (p < 0.05) in comparison to
+LPS and DF.

2.4. Effect of Shallot Extract on Expressions of Genes Associated with Androgenetic Alopecia

In this study, we evaluated the regulatory effect of shallot extract (0.1 mg/mL) on
mRNA expressions of genes associated with the pathogenesis of AGA, including androgen
pathway (SRD5A1, SRD5A2, and SRD5A3), sonic hedgehog pathway (SHH, SMO and
GIL1), Wnt/β-catenin pathway (CTNNB1), and VEGF signaling pathway (VEGF). The
reference standard compounds, including finasteride, dutasteride, purmorphamine, and
minoxidil, were used at the same concentration of 0.1 mg/mL in all experiments. The
results are illustrated in Figure 4.

Steroid 5α-reductase types 1, 2, and 3 were encoded by SRD5A1, SRD5A2, and SRD5A3.
Remarkably, the expressions of SRD5A1 (fold change of 0.73 ± 0.14) and SRD5A2 (fold
change of 0.25 ± 0.16) were significantly suppressed in the shallot extract group com-
pared with the control group (Figure 4a,b). There were no significant differences between
shallot extract and the standard drugs (finasteride and dutasteride) regarding SRD5A2
suppression (Figure 4b). However, the reduction in SRD5A3 expression was not observed
in shallot extract.

The molecules in sonic hedgehog pathways, which are sonic hedgehog (shh), smoothened
(SMO), and GLI family zinc finger 1 (GIL1), were encoded by SHH, SMO, and GIL1,
respectively. Compared with the control group, treatment with shallot extract upregulated
the expressions of SHH (Figure 4d), SMO (Figure 4e), and GIL1 (Figure 4f) in hHFDPC.
In addition, the expression of GIL1 markedly increased with a fold change of 1.53 ± 0.29,
compared with the purmorphamine and control groups.

The gene encoding β-catenin is CTNNB1. In Figure 4g, the mRNA level of CTNNB1
in the treatment of shallot extract in hHFDPC distinctly elevated with a fold change of
3.51 ± 0.41, compared with the minoxidil (1.15 ± 0.04) and control groups. On the other
hand, minoxidil induced the upregulation of VEGF (fold change of 8.79 ± 0.96), as is
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evident in Figure 4h. VEGF expression was moderately upregulated with a fold change of
2.25 ± 0.82 in hHFDPC treated with shallot extract.
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Figure 4. Effect of shallot extract (SE, 0.1 mg/mL) on expressions of genes associated with andro-
genetic alopecia: (a) SRD5A1; (b) SRD5A2; (c) SRD5A3; (d) SHH; (e) SMO; (f) GIL1; (g) CTNNB1;
(h) VEGF. DU-145 human prostate cancer cells (DU-145) were used to observe the expressions of
genes in the androgen pathway (SRD5A genes), whereas human hair follicle dermal papilla cells
(hHFDPC) were used to study the remaining pathways. Different letters (a, b, and c) indicate statisti-
cal significance (p < 0.05) in comparison to control, finasteride (0.1 mg/mL), dutasteride (0.1 mg/mL),
purmorphamine (0.1 mg/mL), and minoxidil (0.1 mg/mL).

3. Discussion

In this present study, phenolic compounds have been identified as the major com-
pounds of methanolic shallot extract. Additionally, p-coumaric acid, quercetin, and ros-
marinic acid were detected. Shallot extract diminished the NO production and secretion,
contributing to anti-inflammatory activity. Shallot extract suppressed the expressions of
SRD5A1 and SRD5A2 in DU-145 cell lines, whereas the expressions of genes associated
with hair growth activation (SHH, SMO, GIL1, CTNNB1, and VEGF) were upregulated in
hHFDPC. These findings demonstrate that shallot extract possesses hair growth-promoting
effects through inhibiting inflammatory and androgen pathways. Wnt/β-catenin, sonic
hedgehog, and VEGF pathways were also activated.

The disturbance of hair cycles leads to the elongation of resting phase, which con-
tributes to AGA. Furthermore, it has been verified that progressive hair follicle miniatur-
ization involves anagen shortening and premature catagen entry [9,23]. Since the anagen
phase governs hair length, terminal hair eventually transforms to vellus hair in AGA [23].
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Specialized mesenchymal cells, hHFDPC, play a vital role in hair follicle development
and hair growth by supporting multi-potent stem cells, cytokines, growth factors, and
nutrients [24]. Synchronized intercellular signaling cascades of hHFDPC and other adjacent
cells implicate the hair follicle’s formation, maintenance, and homeostasis [7,23,25].

The bioactive compound estimations in our study revealed the presence of phenolic
compounds, especially p-coumaric acid, quercetin, and rosmarinic acid, as the major com-
ponents. According to current literature, shallot bulbs contain several phenolic compounds,
including apigenin, eriodictyol, gallic acid, quercetin, isoquercetin, kaempferol, catechin,
and tannic acid [26]. Additionally, it has been confirmed that flavonoids and their glyco-
sides, including quercetin and isorhamnetin, were detected in the methanolic extract of
shallot bulbs [5]. Two novel furostanol saponins, named ascalonicoside A1/A2 (1a/1b) and
ascalonicoside B(4), have been found in the methanolic shallot extract [1,5]. The bioactive
compounds estimation of shallot extract indicated the other constituents that have not been
identified in the current experimental system. Therefore, other unknown compounds in
the extract required further analysis.

Plant phenolics compounds are known to possess anti-inflammatory potential, which
can interact with free radicals and impede cyclooxygenase (COX), lipoxygenase, and
inducible nitric oxide synthase (iNOS) [27]. The inflammation in hair follicles is triggered
by oxidative stress and androgens [27,28]. Wolf et al. reported that the excessive NO
production and the expression of iNOS in hHFDPC were induced by DHT [10]. It has been
reported that p-coumaric acid possessed the anti-inflammation activity due to suppression
of the nuclear factor kappa B in LPS-stimulated RAW 264.7 macrophage cells [29]. The
protein expression of the pro-inflammatory enzymes (COX and iNOS) and NO production
were inhibited by rosmarinic acid and quercetin [30–32]. Shallot extract in this study that
contained those compounds exhibited anti-inflammatory potential by attenuating NO
production and reducing inflammatory-induced perifollicular damage in AGA.

Androgens affect the function of human skin, including wound healing, development
of sebaceous glands, and hair growth [8]. Testosterone can be catalyzed into DHT by steroid
5α-reductases [12]. In hair follicles of AGA, DHT binds the androgen receptors, leading to
hair follicle miniaturization and diminishing the period of the anagen phase [14,23]. The
activities of steroid 5α-reductase type 1 and 2 in balding hair follicles were higher than
in non-balding hair follicles [33]. Furthermore, the expressions of gene encoding steroid
5α-reductases (SRD5A1, SRD5A2, and SRD5A3) were found to upregulate in the androgen-
sensitive hair follicles of AGA [34,35]. Our results postulate that shallot extract significantly
attenuates the mRNA expression of SRD5A1 and SRD5A2, and slightly suppresses the
SRD5A3 expression. The bioactive compounds in shallot extract may affect the regulatory
elements for the expressions of SRD5A genes differently [36], which was not discovered
in this study. So far, there is no study about the effects of bioactive compounds on the
transcriptional regulatory elements associated with SRD5A genes and AGA. Quercetin has
been reported to possess anti-inflammatory activity and anti-androgen activity through the
inhibition of steroid 5α-reductases and the downregulation of androgen receptors [37–40].
Quercetin-rich extracts including Ginkgo biloba, Camelia sinensis, and Cuscuta reflexa exhibited
promising hair growth-promoting activities via the attenuation of steroid 5α-reductases [41].
In addition, rosmarinic acid and ursolic acid, the major components of Rosmarinus officinalis,
showed inhibitory activity towards steroid 5α-reductases [42]. It is suggested that shallot
extract could reverse androgen-induced alopecia by suppressing the expressions of SRD5A
and contributing to reducing its translation.

The Wnt/β-catenin signaling pathway is a dominant pathway that involves the devel-
opment of hair follicles and sebaceous glands [11,43]. Moreover, this pathway mediates the
initiation and maintenance of the anagen phase [9]. It has been proposed that there might
be crosstalk between the Wnt/β-catenin and androgen pathways [44]. The differentiation
of hair follicle stem cells was abolished by DHT [45]. Dickkopf 1 (DKK-1), a Wnt antago-
nist, promoted the premature onset of catagen and cell apoptosis [46]. A previous study
demonstrated that hHFDPC secreted DKK-1 in response to DHT [47].
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Furthermore, DHT induced the downregulation of β-catenin in hHFDPC, suggesting
the androgen-induced inhibition of the Wnt/β-catenin signaling pathway [45]. β-catenin,
encoded by CTNNB1, is known to induce the transition from telogen to anagen, leading to
hair regrowth and a new hair cycle [48]. The disruption of CTNNB1 expression contributed
to abnormal hair growth in mice [49]. Recent studies have reported that quercetin increased
the expression of Wnt and β-catenin [50,51]. Our results indicate that shallot extract in
this study notably upregulated the expression of CTNNB1, leading to the elevation of the
translation of β-catenin. The accumulation of β-catenin may prolong the growing phases
of the anagen hair cycle, providing the promotion of hair growth [15].

Likewise, the sonic hedgehog signaling pathway regulates hair growth and hair
follicle development [44,52]. It has been presumed that sonic hedgehog signaling is the
downstream pathway of the Wnt/β-catenin signaling to regulate hair follicle induction [53].
The sonic hedgehog signaling is initiated by the interaction of Shh to its receptor called
Patched. Consequently, Smo is dissociated from the inhibition of Patched and activates
the downstream transcription factors of Gli1 [54]. This signal contributes to hair growth
activation by inducing telogen-to-anagen transition during the hair follicle cycle [48]. The
absence of Shh and Smo implicated the impairments of growth and morphogenesis of hair
follicles [16]. It has been demonstrated that a small molecule agonist of the sonic hedgehog
pathway enhanced hair growth and promoted the anagen phase in mice through the
activation of gene expressions of SHH and GIL1 [55]. Furthermore, the retardation of SHH
influenced hair follicle morphogenesis and hair growth [56]. Previous studies indicated
that Polygonum multiflorum and Thujae occidentalis, which are the sources of quercetin and
coumarins, induced hair growth through the upregulation of Shh and β-catenin [48,57–59].
Moreover, our findings revealed that shallot extract activated the expressions of SHH, SMO,
and GIL1 genes in hHFDPC. These effects may lead to hair growth-promoting activity of
shallot extract and the induction of telogen to the anagen phase in hair follicles.

VEGF is the important mediator that regulates blood vessel formation, wound healing,
and hair growth [15,60]. Perifollicular vascularization is extensively active in the anagen
phase and correlated with the upregulation of VEGF in follicular keratinocytes, leading
to the acceleration of hair regrowth [61]. The size of hair follicles and the diameter of the
hair shaft were also increased due to VEGF [62]. In addition, the mechanisms of minoxidil
involved the upregulation of VEGF and its receptor in hHFDPC, leading to the promotion
of angiogenesis in the anagen phase [13]. The expression levels of VEGF in both male
and AGA were significantly lower than control without AGA [63]. Rosmarinic acid in
shallot extract could enhance the protein expression of VEGF [64]. Recently, quercetin has
exhibited wound healing potential by enhancing the VEGF level [50]. In our study, the
expression of VEGF was slightly upregulated by shallot extract. This may help to promote
the angiogenesis around hair follicles and stimulate hair growth.

The major constituents of shallot extract were phenolic compounds, especially quercetin,
p-coumaric acid, and rosmarinic acid. Our findings also found that shallot extract exhibited
the anti-inflammation and the modulation of genes associated with androgen, Wnt/β-
catenin, sonic hedgehog, and VEGF signaling pathways. Targeting these biochemical
signaling pathways of hair growth regulation would benefit AGA, a multifactorial disorder.
Synergistic activities of phenolic components might contribute to shallot extract’s hair
growth-promoting activities. However, further studies are required to elucidate the other
bioactive compounds in shallot extract and their effects on specific signaling pathways. In
the present study, an exploration of the hair growth-promoting activities of shallot extract
was undertaken. Shallot extract could be applied for the development of nutraceuticals,
nutricosmetics, and cosmeceuticals for AGA.

4. Materials and Methods
4.1. Preparation of Extract

Shallot (Allium ascalonicum L.) was purchased from the local market (Chiang Mai,
Thailand) on 10 February 2021, and authenticated by the Pharmaceutical and Natural
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Products Research and Development Unit, Faculty of Pharmacy, Chiang Mai University
(reference specimens no. PNPRDU63027). Two kilograms of shallot bulbs were blended
by a food blender into a paste and macerated in methanol (ratio of solid/solvent: 1:2) for
24 h [4,5]. Then, the extract solution was filtered through Whatman filter paper no. 4 and
no. 1. The clear solution was concentrated and evaporated at 50 ◦C by an evaporator
(Hei-VAP value, Heidolph, Schwabach, Germany) until it was completely dried. Samples
were kept at 4 ◦C for further analysis.

4.2. Phytochemical Estimations
4.2.1. Total Phenolic Content

The Folin–Ciocalteu colorimetric method was used to determine total phenolic content.
The reaction consists of the Folin–Ciocalteu reagent, sodium carbonate, and the phenolic
compounds in the extract. The concentrations of standard gallic acid in the range of
0.01 to 0.2 mg/mL and their absorbances were used to plot standard curves. The results
are expressed as milligrams of gallic acid equivalents per gram of extract (mg GAE/g
extract) [65].

4.2.2. Total Flavonoid Content

The aluminum chloride colorimetric method was employed to estimate the total
flavonoid content in the sample. Aluminum chloride reacts with the C-4 keto group and
either the C-3 or C-5 hydroxyl group of flavones and flavonols, resulting in a stable-colored
complex. Different concentrations of (−)-epigallocatechin gallate (EGCG) in the range
of 0.01 to 0.3 mg/mL and their absorbances were plotted to create the standard curve.
The results are expressed in terms of milligrams of EGCG equivalents per gram of extract
(mg EGCGE/g extract) [65].

4.2.3. Total Polysaccharide Content

The anthrone-sulfuric acid method was conducted to quantify total polysaccharide
content. The reaction of anthrone and the extract in acidic conditions was performed
at 100 ◦C, resulting in blue-green solutions. The absorbances of D-glucose in various
concentrations from 0.01 to 0.6 mg/mL were used to generate the calibration curve. The
results were milligrams of D-glucose equivalents per gram of extract (mg D-glucose/g
extract) [32].

4.2.4. Total Protein Content

Total protein content was estimated by the Lowry method. The Folin–Ciocalteu
reagent was used to interact with the cuprous ions and the side chains of tyrosine, trypto-
phan, and cysteine in the sample, and afterward, a blue-green color was produced. The
standard protein was bovine serum albumin (BSA) with the concentration range of 0.01 to
2 mg/mL. The results are expressed as milligrams of BSA equivalents per gram of extract
(mg BSA/g) [32].

4.3. Determination of Phenolic Compounds by Liquid Chromatography–Mass Spectrometry
(LC-MS)

In accordance with the procedure of Arjin et al. [66], the samples were dissolved in
0.01% formic acid and ethanol (1:1, v/v) to achieve a final concentration of 1 mg/mL, and
then purified with the QuEChERS dispersive SPE kit, fat + pigments (Agilent Technology,
Santa Clara, CA, USA) prior to being filtered through a 0.22 µm membrane. The phenolic
compounds of extract were quantified and analyzed in liquid chromatography (Agilent
1260 Infinity II series), equipped with an electrospray ion quadrupole mass spectrometer
6130 (Agilent Tech., Santa Clara, CA, USA), according to the reported method [39,67].
Solvent A was 5% formic acid. Solvent B was 5% formic acid in 10% water and 85%
acetonitrile. The gradient elution was programmed as follows: 80% A at 0–8 min, 80%
to 25% A at 8–24 min, 25% A at 24–28 min, 25% to 70% A at 28–34 min, 70% to 80% A at
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34–36 min, and 80% A at 36–45 min. The injection volume was 5 µL. For chromatographic
separation, a Restek Ultra C18 reversed-phase column (250 × 4.6 mm, 5 µm, Restek
Corporation, Bellefonte, PA, USA) was used. The column oven temperature and flow rates
were 30 ◦C and 0.5 mL/min. For mass spectrometry, the negative selected ion monitoring
was implemented. Nitrogen gas was used as desolvation gas with a flow rate of 12 L/min
and nebulizer pressure of 60 psi. Other parameters were programmed: a capillary voltage
of −3 kV, a gas temperature ◦C, a fragmentation voltage of 70 V, and the full scan spectra
from 100 to 1200 m/z with an acquisition rate of 250 ms/spectrum. Data acquisition and
integration were processed with OpenLab software (Agilent Tech., Santa Clara, CA, USA).

4.4. Cell Viability Assay

Human hair follicle dermal papilla cells (hHFDPC: Promo Cell GmbH, Heidelberg,
Germany) were grown in Follicle Dermal Papilla Cell Growth Medium Kit (cat no. C-26501)
supplemented with 1% antibiotic-antimycotic 100× solution (Gibco™, cat no. 15240062).
RAW 264.7 macrophage cells and DU-145 human prostate cancer cells were obtained from
the American Type Culture Collection (Rockville, MD, USA). DU-145 cells were cultured in
Roswell Park Memorial Institute 1640 medium (RPMI-1640; cat no. 31800022) containing
10% fetal bovine serum (FBS; cat no. 16000044) and 1% antibiotic-antimycotic 100× solution.
RAW 264.7 macrophage cells were grown in Dulbecco’s Modified Eagle Medium (DMEM;
cat no. 31600083) supplemented with 10% FBS and 1% antibiotic-antimycotic 100× solution.
Cells were incubated at 37 ◦C in a 5% CO2 humidified atmosphere.

The sulforhodamine B (SRB) assay was used to determine the cytotoxic potential
of shallot extract and standard reference compounds (diclofenac sodium (DF), finas-
teride, dutasteride, purmorphamine, and minoxidil) in a concentration range from 0.02
to 2.5 mg/mL [21]. Briefly, cells were seeded in 96-well plates (104 cells/well) and incu-
bated for 24 h. The monolayer cells were washed and treated with the tested samples
(0.02–1 mg/mL). After 30 h of incubation, cultured cells were fixed on plates, and washed,
dried, and stained with the SRB solution (Sigma Chemical, St. Louis, MO, USA). Tris-EDTA
buffer was added to solubilize the dye extracted from stained cells. The optical density (OD)
was acquired by a microplate reader (EZ Read 400, Biochrom, Cambridge, UK) at 515 nm.
The highest concentration providing the percentages of cell viability above 80% was con-
sidered as non-cytotoxicity and was selected for further experiments. The percentage of
cell viability was calculated by Equation (1):

Cell viability (%) =

(
ODsample – ODblank

ODcontrol – ODblank

)
× 100 (1)

4.5. Anti-Inflammatory Activity

The Griess reaction colorimetric assay kit (Invitrogen, Thermo Fisher Scientific, Inc.,
Eugene, OR, USA) was used to determine the nitric oxide (NO) level in the culture
medium [22]. The quantification of NO was indirectly estimated by measuring nitrite,
which is the final inert product of NO. Briefly, RAW 264.7 macrophage cells were seeded
into 96-well plates (104 cells/well) and incubated for 24 h. The cells were pretreated with
0.1 mg/mL of diclofenac sodium (DF), 0.1 mg/mL of shallot extract, and solvent (blank).
After pretreatment for 2 h, cells were incubated with and without lipopolysaccharides (LPS:
Sigma Chemical, St. Louis, MO, USA). After incubation for 24 h, 150 µL of each supernatant
solution was reacted with 20 µL of Griess reagent mixture and incubated for 30 min at
room temperature. Then, the absorbance was read at 570 nm. The standard curve equation
of reference standard sodium nitrite was used to calculate the nitrite concentration.

4.6. Semi-Quantitative Reverse Transcription and Polymerase Chain Reaction

DU-145 cells were used to study the expressions of genes in the androgen path-
way. hHFDPC were utilized for the other remaining experiments [68,69]. Shallot extract
was compared to the reference standard compounds (finasteride, dutasteride, purmor-
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phamine, and minoxidil) at the same concentration of 0.1 mg/mL. Total RNA was iso-
lated from cells using the E.Z.N.A.® Total RNA Kit I (Omega Bio-Tek, Norcross, GA,
USA), according to the manufacturer’s instructions. Qubit™ 4 fluorometer (Invitrogen,
Carlsbad, CA, USA) and Qubit™ RNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA)
were used to determine the concentration of the purified RNA. The RNA solution was
maintained at −20 ◦C until it was used. Gene expression levels were carried out by the
semi-quantitative RT-PCR [70]. Complementary DNA was synthesized using the My-
Taq™ One-Step RT-PCR Kit (Bioline, Memphis, TN, USA). Primer sequences used are
as follows: SRD5A1: AGCCATTGTGCAGTGTATGC and AGCCTCCCCTTGGTATTTTG;
SRD5A2: TGAATACCCTGATGGGTGG and CAAGCCACCTTGTGGAATC; SRD5A3: TC-
CTTCTTTGCCCAAACATC and TCCTTCTTTGCCCAAACATC; SHH: AAAAGCTGAC-
CCCTTTAGCC and GCTCCGGTGTTTTCTTCATC; SMO: GAAGTGCCCTTGGTTCG-
GACA and CCGCCAGTCAGCCACGAAT; GIL1: GCAGGGAGTGCAGCCAATACAG
and GAGCGGCGGCTGACAGTATA; CTNNB1: CCCACTAATGTCCAGCGTTT and AAC-
CAAGCATTTTCACCAGG; VEGF: CTACCTCCACCATGCCAAGT and GCGAGTCTGT-
GTTTTTGCAG; GAPDH: GGAAGGTGAAGGTCGGAGTC and CTCAGCCTTGACGGT-
GCCATG.

Agarose gel electrophoresis was performed to detect the RT-PCR products [70]. The gel
images and band intensity were acquired by the Gel Doc™ EZ System (Version 3.0; Bio-Rad)
and Image Lab™ software (Bio-Rad). The expression of target genes was normalized by
the GAPDH expression value and expressed as the relative expression value. Each sample
was analyzed in triplicate.

4.7. Statistical Analysis

All the tests were conducted in triplicates. Results are expressed as a mean ± standard
error of the mean. Statistical comparisons were performed using the Jamovi version
1.6.23 (The Jamovi Project, Sydney, Australia). One-way analysis of variance followed by
Tukey’s test was used to determine the statistical differences between the mean of pairs.
p-value < 0.05 was considered significant.

5. Conclusions

Shallot is one of the most essential horticultural ingredients in Asian cuisine and is
used as a traditional medicine for hair loss. Our findings show that shallot extract contains
phenolic compounds, namely, quercetin, rosmarinic, and p-coumaric acids, contributing
to its anti-inflammation potential via NO inhibition. Interestingly, the gene expressions
of SRD5A2 were downregulated by shallot extract and comparable to standard drugs
(finasteride and dutasteride), leading to the reduction in androgenic effects on androgen-
sensitive hair follicles. On the other hand, shallot extract enhanced the expressions of
CTNNB1, SHH, SMO, GIL1, and VEGF, providing hair growth promotion effects via the
maintenance of the anagen phase and the improvement of blood flow in hair follicles. In
summary, shallot extract could promote hair growth by anti-inflammation and regulations
of genes in androgen, sonic hedgehog, Wnt/β-catenin, and angiogenesis signaling path-
ways. The results of this study provide a sufficient basis for the utilization of shallot extract,
which could be further developed as nutraceuticals, nutricosmetics, and cosmeceuticals for
promoting hair growth.
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18. Balık, A.R.; Balık, Z.B.; Aktaş, A.; Neşelioğlu, S.; Karabulut, E.; Karabulut, A.B. Examination of androgenetic alopecia with serum

biomarkers. J. Cosmet. Dermatol. 2021, 20, 1855–1859. [CrossRef]
19. Sasaki, M.; Shinozaki, S.; Morinaga, H.; Kaneki, M.; Nishimura, E.; Shimokado, K. iNOS inhibits hair regeneration in obese

diabetic (ob/ob) mice. Biochem. Biophys. Res. Commun. 2018, 501, 893–897. [CrossRef]
20. Manosroi, A.; Ruksiriwanich, W.; Abe, M.; Sakai, H.; Aburai, K.; Manosroi, W.; Manosroi, J. Physico-chemical properties of

cationic niosomes loaded with fraction of rice (Oryza sativa) bran extract. J. Nanosci. Nanotechnol. 2012, 12, 7339–7345. [CrossRef]
21. Orellana, E.A.; Kasinski, A.L. Sulforhodamine B (SRB) assay in cell culture to investigate cell proliferation. Bio. Protoc. 2016,

6, e1984. [CrossRef]
22. Nazir, Y.; Linsaenkart, P.; Khantham, C.; Chaitep, T.; Jantrawut, P.; Chittasupho, C.; Rachtanapun, P.; Jantanasakulwong,

K.; Phimolsiripol, Y.; Sommano, S.R.; et al. High efficiency in vitro wound healing of Dictyophora indusiata extracts via anti-
inflammatory and collagen stimulating (MMP-2 inhibition) mechanisms. J. Fungus 2021, 7, 1100. [CrossRef] [PubMed]

23. Lolli, F.; Pallotti, F.; Rossi, A.; Fortuna, M.C.; Caro, G.; Lenzi, A.; Sansone, A.; Lombardo, F. Androgenetic alopecia: A review.
Endocrine 2017, 57, 9–17. [CrossRef] [PubMed]

24. Madaan, A.; Verma, R.; Singh, A.T.; Jaggi, M. Review of hair follicle dermal papilla cells as in vitro screening model for hair
growth. Int. J. Cosmet. Sci. 2018, 40, 429–450. [CrossRef] [PubMed]

25. Li, S.; Chen, J.; Chen, F.; Wang, C.; Guo, X.; Wang, C.; Fan, Y.; Wang, Y.; Peng, Y.; Li, W. Liposomal honokiol promotes hair growth
via activating Wnt3a/β-catenin signaling pathway and down regulating TGF-β1 in C57BL/6N mice. Biomed. Pharmacother. 2021,
141, 111793. [CrossRef]

268



Plants 2022, 11, 1499

26. Sittisart, P.; Yossan, S.; Prasertsan, P. Antifungal property of chili, shallot and garlic extracts against pathogenic fungi, Phomopsis
spp., isolated from infected leaves of para rubber (Hevea brasiliensis Muell. Arg.). Agric. Nat. Resour. 2017, 51, 485–491. [CrossRef]

27. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.B.; Rahu, N. Oxidative stress and inflammation: What polyphenols can do
for us? Oxid. Med. Cell. Longev. 2016, 2016, 7432797. [CrossRef]

28. English Jr, R.S. A hypothetical pathogenesis model for androgenic alopecia: Clarifying the dihydrotestosterone paradox and
rate-limiting recovery factors. Med. Hypotheses 2018, 111, 73–81. [CrossRef]

29. Lee, M.; Rho, H.S.; Choi, K. Anti-inflammatory effects of a P-coumaric acid and kojic acid derivative in LPS-stimulated RAW264.7
macrophage cells. Biotechnol. Bioprocess. Eng. 2019, 24, 653–657. [CrossRef]

30. Huang, N.; Hauck, C.; Yum, M.Y.; Rizshsky, L.; Widrlechner, M.P.; McCoy, J.A.; Murphy, P.A.; Dixon, P.M.; Nikolau, B.J.; Birt, D.F.
Rosmarinic acid in Prunella vulgaris ethanol extract inhibits lipopolysaccharide-induced prostaglandin E2 and nitric oxide in
RAW 264.7 mouse macrophages. J. Agric. Food Chem. 2009, 57, 10579–10589. [CrossRef]

31. Hämäläinen, M.; Nieminen, R.; Vuorela, P.; Heinonen, M.; Moilanen, E. Anti-inflammatory effects of flavonoids: Genistein,
kaempferol, quercetin, and daidzein inhibit STAT-1 and NF-κB activations, whereas flavone, isorhamnetin, naringenin, and
pelargonidin inhibit only NF-κB activation along with their inhibitory effect on iNOS expression and NO production in activated
macrophages. Mediat. Inflamm. 2007, 2007, 45673.

32. Khantham, C.; Linsaenkart, P.; Chaitep, T.; Jantrawut, P.; Chittasupho, C.; Rachtanapun, P.; Jantanasakulwong, K.; Phimolsiripol,
Y.; Sommano, S.R.; Prom-u-thai, C.; et al. Antioxidation, anti-inflammation, and regulation of SRD5A gene expression of Oryza
sativa cv. Bue Bang 3 CMU husk and bran extracts as androgenetic alopecia molecular treatment substances. Plants 2022, 11, 330.
[CrossRef] [PubMed]

33. Sawaya, M.E.; Price, V.H. Different levels of 5α-reductase type I and II, aromatase, and androgen receptor in hair follicles of
women and men with androgenetic alopecia. J. Invest. Dermatol. 1997, 109, 296–300. [CrossRef]

34. Sánchez, P.; Serrano-Falcón, C.; Torres, J.; Serrano, S.; Ortega, E. 5α-Reductase isozymes and aromatase mRNA levels in plucked
hair from young women with female pattern hair loss. Arch. Dermatol. 2018, 310, 77–83. [CrossRef] [PubMed]

35. Asada, Y.; Sonoda, T.; Ojiro, M.; Kurata, S.; Sato, T.; Ezaki, T.; Takayasu, S. 5α-reductase type 2 is constitutively expressed in the
dermal papilla and connective tissue sheath of the hair follicle in vivo but not during culture in vitro. J. Clin. Endocrinol. Metab.
2001, 86, 2875–2880. [PubMed]

36. Li, J.; Ding, Z.; Wang, Z.; Lu, J.-F.; Maity, S.N.; Navone, N.M.; Logothetis, C.J.; Mills, G.B.; Kim, J. Androgen regulation of
5α-reductase isoenzymes in prostate cancer: Implications for prostate cancer prevention. PLoS ONE 2011, 6, e28840. [CrossRef]
[PubMed]

37. Yang, F.; Song, L.; Wang, H.; Wang, J.; Xu, Z.; Xing, N. Quercetin in prostate cancer: Chemotherapeutic and chemopreventive
effects, mechanisms and clinical application potential. Oncol. Rep. 2015, 33, 2659–2668. [CrossRef]

38. Hiipakka, R.A.; Zhang, H.-Z.; Dai, W.; Dai, Q.; Liao, S. Structure–activity relationships for inhibition of human 5α-reductases by
polyphenols. Biochem. Pharmacol. 2002, 63, 1165–1176. [CrossRef]

39. Ruksiriwanich, W.; Khantham, C.; Linsaenkart, P.; Chaitep, T.; Jantrawut, P.; Chittasupho, C.; Rachtanapun, P.; Jantanasakulwong,
K.; Phimolsiripol, Y.; Sommano, S.R. In vitro and in vivo regulation of SRD5A mRNA expression of supercritical carbon dioxide
extract from Asparagus racemosus Willd. Root as anti-sebum and pore-minimizing active ingredients. Molecules 2022, 27, 1535.
[CrossRef]

40. Chittasupho, C.; Manthaisong, A.; Okonogi, S.; Tadtong, S.; Samee, W. Effects of quercetin and curcumin combination on
antibacterial, antioxidant, in vitro wound healing and migration of human dermal fibroblast cells. Int. J. Mol. Sci. 2022, 23, 142.
[CrossRef]

41. Rondanelli, M.; Perna, S.; Peroni, G.; Guido, D. A bibliometric study of scientific literature in Scopus on botanicals for treatment
of androgenetic alopecia. J. Cosmet. Dermatol. 2016, 15, 120–130. [CrossRef]

42. Murata, K.; Noguchi, K.; Kondo, M.; Onishi, M.; Watanabe, N.; Okamura, K.; Matsuda, H. Promotion of hair growth by Rosmarinus
officinalis leaf extract. Phytother. Res. 2013, 27, 212–217. [CrossRef] [PubMed]

43. Kishimoto, J.; Burgeson, R.E.; Morgan, B.A. Wnt signaling maintains the hair-inducing activity of the dermal papilla. Genes Dev.
2000, 14, 1181–1185. [CrossRef] [PubMed]

44. Zhang, R.; Li, Y.; Jia, K.; Xu, X.; Li, Y.; Zhao, Y.; Zhang, X.; Zhang, J.; Liu, G.; Deng, S.; et al. Crosstalk between androgen and
Wnt/β-catenin leads to changes of wool density in FGF5-knockout sheep. Cell Death Dis. 2020, 11, 407. [CrossRef] [PubMed]

45. Leiros, G.J.; Attorresi, A.I.; Balaña, M.E. Hair follicle stem cell differentiation is inhibited through cross-talk between Wnt/β-
catenin and androgen signalling in dermal papilla cells from patients with androgenetic alopecia. Br. J. Dermatol. Suppl. 2012,
166, 1035–1042. [CrossRef] [PubMed]

46. Kwack, M.H.; Ahn, J.S.; Kim, M.K.; Kim, J.C.; Sung, Y.K. Preventable effect of L-threonate, an ascorbate metabolite, on androgen-
driven balding via repression of dihydrotestosteroneinduced dickkopf-1 expression in human hair dermal papilla cells. BMB Rep.
2010, 43, 688–692. [CrossRef]

47. Kwack, M.H.; Sung, Y.K.; Chung, E.J.; Im, S.U.; Ahn, J.S.; Kim, M.K.; Kim, J.C. Dihydrotestosterone-inducible Dickkopf 1 from
balding dermal papilla cells causes apoptosis in follicular keratinocytes. J. Invest. Dermatol. 2008, 128, 262–269. [CrossRef]

48. Zhang, N.n.; Park, D.K.; Park, H.J. Hair growth-promoting activity of hot water extract of Thuja orientalis. BMC Complement.
Altern. Med. 2013, 13, 9. [CrossRef]

269



Plants 2022, 11, 1499

49. Huelsken, J.; Vogel, R.; Erdmann, B.; Cotsarelis, G.; Birchmeier, W. beta-Catenin controls hair follicle morphogenesis and stem cell
differentiation in the skin. Cell 2001, 105, 533–545. [CrossRef]

50. Mi, Y.; Zhong, L.; Lu, S.; Hu, P.; Pan, Y.; Ma, X.; Yan, B.; Wei, Z.; Yang, G. Quercetin promotes cutaneous wound healing in mice
through Wnt/β-catenin signaling pathway. J. Ethnopharmacol. 2022, 290, 115066. [CrossRef]

51. Jin, Z.; Ke, J.; Guo, P.; Wang, Y.; Wu, H. Quercetin improves blood-brain barrier dysfunction in rats with cerebral ischemia
reperfusion via Wnt signaling pathway. Am. J. Transl. Res. 2019, 11, 4683–4695.

52. Gritli-Linde, A.; Hallberg, K.; Harfe, B.D.; Reyahi, A.; Kannius-Janson, M.; Nilsson, J.; Cobourne, M.T.; Sharpe, P.T.; McMahon,
A.P.; Linde, A. Abnormal hair development and apparent follicular transformation to mammary gland in the absence of hedgehog
signaling. Dev. Cell 2007, 12, 99–112. [CrossRef] [PubMed]

53. Veltri, A.; Lang, C.; Lien, W.H. Concise review: Wnt signaling pathways in skin development and epidermal stem cells. Stem Cells
2018, 36, 22–35. [CrossRef] [PubMed]

54. Yu, S.H.; Kim, Y.; Jung, N.; Hwang, J.W.; Kim, N.; Ha, J.C.; Kim, M.J.; Lee, Y.; Choi, Y.S.; Han, K.; et al. Hair growth-promoting
effect of recombinant human sonic hedgehog proteins. Biomed. Dermatol. 2019, 3, 7. [CrossRef]

55. Paladini, R.D.; Saleh, J.; Qian, C.; Xu, G.X.; Rubin, L.L. Modulation of hair growth with small molecule agonists of the hedgehog
signaling pathway. J. Invest. Dermatol. 2005, 125, 638–646. [CrossRef]

56. St-Jacques, B.; Dassule, H.R.; Karavanova, I.; Botchkarev, V.A.; Li, J.; Danielian, P.S.; McMahon, J.A.; Lewis, P.M.; Paus, R.;
McMahon, A.P. Sonic hedgehog signaling is essential for hair development. Curr. Biol. 1998, 8, 1058–1068. [CrossRef]

57. Naser, B.; Bodinet, C.; Tegtmeier, M.; Lindequist, U. Thuja occidentalis (Arbor vitae): A review of its pharmaceutical, pharmacological
and clinical properties. Evid. Based Complement. Altern. 2005, 2, 69–78. [CrossRef]

58. Lin, L.; Ni, B.; Lin, H.; Zhang, M.; Li, X.; Yin, X.; Qu, C.; Ni, J. Traditional usages, botany, phytochemistry, pharmacology and
toxicology of Polygonum multiflorum Thunb.: A review. J. Ethnopharmacol. 2015, 159, 158–183. [CrossRef] [PubMed]

59. Park, H.J.; Zhang, N.; Park, D.K. Topical application of Polygonum multiflorum extract induces hair growth of resting hair follicles
through upregulating Shh and β-catenin expression in C57BL/6 mice. J. Ethnopharmacol. 2011, 135, 369–375. [CrossRef]

60. Cebe-Suarez, S.; Zehnder-Fjällman, A.; Ballmer-Hofer, K. The role of VEGF receptors in angiogenesis; complex partnerships. Cell.
Mol. Life Sci. 2006, 63, 601–615. [CrossRef]

61. Yano, K.; Brown, L.F.; Detmar, M. Control of hair growth and follicle size by VEGF-mediated angiogenesis. J. Clin. Investig. 2001,
107, 409–417. [CrossRef]

62. Lee, C.Y.; Su, C.H.; Chiang, C.Y.; Wu, C.N.; Kuan, Y.H. Observation of the expression of vascular endothelial growth factor and
the potential effect of promoting hair growth treated with chinese herbal BeauTop. Evid. Based Complement. Altern. 2021, 2021,
6667011. [CrossRef] [PubMed]

63. Kubanov, A.; Gallyamova, Y.A.; Korableva, O. The study of growth factors in patients with androgenic alopecia. Biomed. Pharmacol.
J. 2017, 10, 1219–1228. [CrossRef]

64. Formiga, R.d.O.; Alves Júnior, E.B.; Vasconcelos, R.C.; Araújo, A.A.; de Carvalho, T.G.; de Araújo Junior, R.F.; Guerra, G.B.C.;
Vieira, G.C.; de Oliveira, K.M.; Diniz, M.d.F.F.M.; et al. Effect of p-cymene and rosmarinic acid on gastric ulcer healing–involvement
of multiple endogenous curative mechanisms. Phytomedicine 2021, 86, 153497. [CrossRef] [PubMed]

65. Leksawasdi, N.; Taesuwan, S.; Prommajak, T.; Techapun, C.; Khonchaisri, R.; Sittilop, N.; Halee, A.; Jantanasakulwong, K.;
Phongthai, S.; Nunta, R.; et al. Ultrasonic extraction of bioactive compounds from green soybean pods and application in green
soybean milk antioxidants fortification. Foods 2022, 11, 588. [CrossRef]

66. Arjin, C.; Hongsibsong, S.; Pringproa, K.; Seel-Audom, M.; Ruksiriwanich, W.; Sutan, K.; Sommano, S.R.; Sringarm, K. Effect of
ethanolic Caesalpinia sappan fraction on in vitro antiviral activity against porcine reproductive and respiratory syndrome virus.
Vet. Sci. 2021, 8, 106. [CrossRef] [PubMed]

67. Wisetkomolmat, J.; Arjin, C.; Satsook, A.; Seel-Audom, M.; Ruksiriwanich, W.; Prom-u-Thai, C.; Sringarm, K. Comparative
analysis of nutritional components and phytochemical attributes of selected Thai rice bran. Front. Nutr. 2022, 9. [CrossRef]

68. Manosroi, A.; Chankhampan, C.; Kietthanakorn, B.O.; Ruksiriwanich, W.; Chaikul, P.; Boonpisuttinant, K.; Sainakham, M.;
Manosroi, W.; Tangjai, T.; Manosroi, J. Pharmaceutical and cosmeceutical biological activities of hemp (Cannabis sativa L. var.
sativa) leaf and seed extracts. Chiang Mai J. Sci. 2019, 46, 180–195.

69. Khantham, C.; Yooin, W.; Sringarm, K.; Sommano, S.R.; Jiranusornkul, S.; Carmona, F.D.; Nimlamool, W.; Jantrawut, P.;
Rachtanapun, P.; Ruksiriwanich, W. Effects on steroid 5-alpha reductase gene expression of Thai rice bran extracts and molecular
dynamics study on SRD5A2. Biology 2021, 10, 319. [CrossRef]

70. Wang, F. Semi-Quantitative RT-PCR: An Effective Method to Explore The Regulation of Gene Transcription Level Affected by
Environmental Pollutants. In Environmental Toxicology and Toxicogenomics: Principles, Methods, and Applications; Pan, X., Zhang, B.,
Eds.; Springer: New York, NY, USA, 2021; pp. 95–103.

270



Citation: Goulas, V.; Banegas-Luna,

A.J.; Constantinou, A.; Pérez-Sánchez,

H.; Barbouti, A. Computation

Screening of Multi-Target

Antidiabetic Properties of

Phytochemicals in Common Edible

Mediterranean Plants. Plants 2022, 11,

1637. https://doi.org/10.3390/

plants11131637

Academic Editors: Ivayla Dincheva,

Ilian Badjakov and Bistra Galunska

Received: 30 May 2022

Accepted: 16 June 2022

Published: 21 June 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

Computation Screening of Multi-Target Antidiabetic Properties
of Phytochemicals in Common Edible Mediterranean Plants
Vlasios Goulas 1,* , Antonio J. Banegas-Luna 2 , Athena Constantinou 1, Horacio Pérez-Sánchez 2 and
Alexandra Barbouti 3

1 Department of Agricultural Sciences, Biotechnology and Food Science, Cyprus University of Technology,
Lemesos 3603, Cyprus; ai.konstantinou@edu.cut.ac.cy

2 Structural Bioinformatics and High Performance Computing (BIO-HPC) Research Group, UCAM Universidad
Católica de Murcia, 30107 Guadalupe, Spain; ajbanegas@ucam.edu (A.J.B.-L.); hperez@ucam.edu (H.P.-S.)

3 Department of Anatomy-Histology-Embryology, Faculty of Medicine, School of Health Sciences,
University of Ioannina, 45110 Ioannina, Greece; abarbout@uoi.gr

* Correspondence: vlasios.goulas@cut.ac.cy; Tel.: +357-2500-2141

Abstract: Diabetes mellitus is a metabolic disease and one of the leading causes of deaths worldwide.
Numerous studies support that the Mediterranean diet has preventive and treatment effects on
diabetes. These effects have been attributed to the special bioactive composition of Mediterranean
foods. The objective of this work was to decipher the antidiabetic activity of Mediterranean edible
plant materials using the DIA-DB inverse virtual screening web server. A literature review on the
antidiabetic potential of Mediterranean plants was performed and twenty plants were selected for fur-
ther examination. Subsequently, the most abundant flavonoids, phenolic acids, and terpenes in plant
materials were studied to predict their antidiabetic activity. Results showed that flavonoids are the
most active phytochemicals as they modulate the function of 17 protein-targets and present high struc-
tural similarity with antidiabetic drugs. Their antidiabetic effects are linked with three mechanisms
of action, namely (i) regulation of insulin secretion/sensitivity, (ii) regulation of glucose metabolism,
and (iii) regulation of lipid metabolism. Overall, the findings can be utilized to understand the
antidiabetic activity of edible Mediterranean plants pinpointing the most active phytoconstituents.

Keywords: antidiabetic activity; diabetes; DIA-DB web server; flavonoids; in silico study; mechanism
of action; phenolic acids; terpenes

1. Introduction

Diabetes mellitus (DM), or merely diabetes, is a complex chronic disease, which
requires continues medical care, reducing the patient’s quality of life and raising the
medical cost if not treated properly. According to the World Health Organization (WHO),
DM has entered the top 10 leading causes of deaths worldwide, following a significant
percentage increase of 70% from 2000 to 2030 [1]. From a medical point of view, it is a
chronic noncommunicable disease arising from impaired insulin secretion and insulin
resistance, leading to its defining feature of hyperglycemia. It can affect different organ
systems in the body and, over time, causes several complications including neuropathy,
nephropathy, retinopathy, cardiovascular disease, stroke, and peripheral artery disease [2].
The more common types of DM are classified into type 1 (diabetes mellitus (T1DM)), type
2, and gestational diabetes. Type 1 DM is characterized by absolute insulin deficiency
associated with pancreatic β cells destruction [3], while type 2 DM, which accounts for
nearly 95% of individuals, is mainly due to insulin resistance (IR) and deficiency in insulin
secretion. Gestational diabetes, on the other hand, develops during pregnancy and usually
disappears after giving birth. [3].

Recently, Newman and Cragg (2019) stated and classified all approved therapeutic
agents for DM, from the 1st of January 1981 to the 30th of September 2019. According to their
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report, over 54% of registered drugs for DM are natural products or mimic natural products.
It is obvious that natural products are an attractive reservoir of antidiabetic compounds [4].
In addition, numerous studies demonstrate an antidiabetic potential of natural products [5].
The antidiabetic effects of many phytochemicals including polyphenols, terpenes, alkaloids,
saponins, and quinones have been well-documented [6,7]. Furthermore, clinical trials
with medicinal plants and natural products have been conducted, whereas some of them
have been used for the development of herbal formulations controlling DM. Regarding the
mechanism of action of natural products, (i) the inhibition of α-glucosidase and α-amylase
in the digestive tract, (ii) the boost of insulin secretion and pancreatic β cell proliferation,
(iii) the regulation of glucose uptake and glucose transporters, (iv) the inhibition of protein
tyrosine phosphatase 1B activity, and (v) the reduction in the generation of oxidative stress
are the main modes of action of pure phytochemicals and crude extracts. [3].

Epidemiological studies also highlight that the adoption of a healthy dietary pattern
such as the Mediterranean diet contributes to the prevention and treatment of Type 2
DM [8,9]. The beneficial effects of the Mediterranean diet are correlated with weight control
and the consumption of foods rich in nutrients with various health benefits [10]. Fruit and
vegetables are essential components of the Mediterranean diet and contain many bioactive
phytochemicals. Taking into consideration a current study where researchers fished new
antidiabetic compounds from various natural products, the search for new antidiabetic
agents in Mediterranean edible plants stands as a challenge [5].

In the present study, we strived to clarify the antidiabetic potential of edible Mediter-
ranean plant materials that contain common phytochemicals, with the employment of in
silico virtual screening methodologies. Plants are complex mixtures of several primary and
secondary metabolites and the classic approach including the isolation and the evaluation
of the antidiabetic activity is time-consuming and complicated. Thus, the employment of
the DIA-DB inverse virtual screening web server allows the rapid evaluation of several
compounds for antidiabetic activity and predicts the possible mode of action of antidia-
betic compounds.

2. Results and Discussion
2.1. Plant and Phytochemical Selection

At first, a list of plants that are widely distributed in Mediterranean flora and/or
the Mediterranean diet was prepared. The in vitro and in vivo antidiabetic activity of
these plants were checked with the implementation of an extensive literature review.
Twenty plants were selected for further examination as they exert both in vitro and in vivo
antidiabetic activity (Table 1). All selected plants are edible and/or can be consumed after
cooking or processing. Regarding the plant taxonomy, they belong to 11 families. Five
plants come from the Lamiaceae and four from the Apiaceae family. Both Amaryllidaceae
and Asteraceae families includes two plant materials for further study. Other plant materials
belong to Brassicaceae, Ranunculaceae, Plantaginaceae, Rutaceae, Rosaceae, Oleaceaceae,
and Vitaceae families.

A literature review showed that the in vitro antidiabetic activity of Mediterranean
plants is mostly correlated with their inhibitory effects on enzymes related to DM. About
85% of the selected plant material have α-glucosidase and/or α-amylase inhibitory activity.
Both enzymes are considered as carbohydrate-hydrolyzing enzymes and are linked with
postprandial hyperglycaemia as they regulate the absorption of glucose [11]. Studies also
demonstrated the stimulation of insulin secretion using different pancreatic β-cells [12,13].
Coriander and black mustard seeds, thyme, and summer savory also enhance in vitro the
glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro studies
indicated that Mediterranean plants promote the proliferation of pancreatic β-cells [13],
inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced glycation
end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14].
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Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Mediter-
ranean plants.

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References

Black cumin Nigella sativa L. Seeds
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age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Stimulation of glucose
uptake
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  
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tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose

Plants 2022, 11, x FOR PEER REVIEW 3 of 18 
 

 

[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Antihyperlipidemic effects [13,17–19]

Black mustard Brassica nigra L. Aerial plants, seeds
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Decrease in glycosylated
hemoglobin (HbA1c)
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 
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Coriandrum sativum 

L. 
Seeds  
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secretion 
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uptake 

 Stimulation of insulin secretion 
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 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Antihyperlipidemic effects
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Insulinotropic effect

[20–22]

Broadleaf plantain Plantago major L. Leaves
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
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Plantago major L. Leaves  α-amylase inhibition 
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 Stimulation of insulin secretion 

[23–25] 
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age 
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[12] 
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 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-amylase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
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[31–34]

Dill Anethum graveolens
L. Seeds
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Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Stimulation of insulin
secretion

[49–52]

Parsley Petroselinum
sativum/crispum Leaves
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-amylase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose

Plants 2022, 11, x FOR PEER REVIEW 3 of 18 
 

 

[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Stimulation of insulin
secretion
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Antihyperlipidemic effects

[53–55]

Rosemary Rosmarinus
officinalis L. Aerial parts
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
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[49–52] 

Stimulation of insulin
secretion [56]

Sage Salvia officinalis L. Aerial parts
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Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Stimulation of insulin
secretion
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Antihyperlipidemic effects
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Protective effects for tissue
damage

[60–63]

Strawberry Fragaria spp. Leaves, fruits
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-amylase inhibition
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Antihyperlipidemic effects
Improvement of liver functions

[64–67]

273
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Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References

Summer savory Satureja hortensis L. Aerial parts
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Stimulation of
insulin-dependent glucose

uptake
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose [68]

Thyme Thymus vulgaris L. Aerial parts
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[12,13]. Coriander and black mustard seeds, thyme, and summer savory also enhance in 
vitro the glucose uptake in cell lines or rat muscle pieces [12–14]. Furthermore, in vitro 
studies indicated that Mediterranean plants promote the proliferation of pancreatic β-cells 
[13], inhibit dipeptidyl peptidase-4 inhibition [15], prevent the formation of advanced gly-
cation end-products [16], and decrease the fat accumulation in Caenorhabditis elegans [14]. 

Table 1. A comprehensive summary of in vitro and in vivo antidiabetic properties of edible Medi-
terranean plants. 

Common Name Scientific Name Plant Part In vitro Antidiabetic Effects In vivo Antidiabetic Effects References 

Black cumin Nigella sativa L. Seeds  

 Increase in insulin secre-
tion 

 Induction in prolifera-
tion of pancreatic β-cells 

 Stimulation of glucose 
uptake 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[13,17–19] 

Black mustard Brassica nigra L. 
Aerial 

plants, seeds 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Decrease in glycosylated he-

moglobin (HbA1c) 
 Antihyperlipidemic effects 
 Insulinotropic effect 

[20–22] 

Broadleaf 
plantain 

Plantago major L. Leaves  α-amylase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[23–25] 

Citrus fruits Citrus spp. Peel 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

 Stimulation of insulin secretion 
 Protective effects for tissue dam-

age 

[26–30] 

Coriander 
Coriandrum sativum 

L. 
Seeds  

 Stimulation of insulin 
secretion 

 Enhancement of glucose 
uptake 

 Stimulation of insulin secretion 
 Enhancement of glucose uptake 
 Reduction in blood glucose 
 Antihyperlipidemic effects 

[12] 

Cumin Cuminum cyminum L. Seeds  
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of HbA1c 

[31–34] 

Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

α-glucosidase inhibition
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α-amylase inhibition
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insulin-dependent glucose

uptake
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accumulation in

Caenorhabditis elegans
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Antihyperlipidemic effects [14,69–71]

Yarrow Achillea santolina L. Aerial parts
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 Reduction in blood glucose 
 Stimulation of insulin secretion 

[49–52] 

Reduction in blood glucose
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Dill Anethum graveolens L. Seeds 
 α-glucosidase inhibition 
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 Reduction in blood glucose 
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 Control of colonic motility 

disorder 

[35–37] 

Garlic Allium sativum L Bulb 
 dipeptidyl peptidase-4 

inhibition 
 α-glucosidase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease of insulin resistance 

[15,38–40] 

Grapes Vitis vinifera L. Seeds, skins 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Antihyperlipidemic effects 
 Decrease in HbA1c 

[41,42] 

Marjoram Origanum majorana L. Aerial parts 

 α-glucosidase inhibition 
 Inhibition of advanced 
glycation end-product (AGE) 

formation 

 Inhibition of (AGE) for-
mation 

 Reduction in blood glucose 
 Antihyperlipidemic effects 

[16,43] 

Olive Olea europaea L. Leaves 
 α-glucosidase inhibition 
 α-amylase inhibition 

 Reduction in blood glucose 
 Stimulation of insulin secretion 
 Antihyperlipidemic effects 
 Decrease in histopathological 

changes 
 α-amylase inhibition 

[44–48] 

Onion  Allium sepa L. Bulbs, skins  α-glucosidase inhibition 
 Reduction in blood glucose 
 Stimulation of insulin secretion 
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Several works also document the in vivo antidiabetic effects of selected Mediterranean
plants (Table 1). This activity is mainly established using animal models such as healthy
and streptozotocin or alloxan-induced diabetic rats or mice. There are also clinical trials that
report their antidiabetic activity in patients with type 2 DM and overweight adults. The re-
duction in glucose in blood, the stimulation of insulin secretion, and the antihyperlipidemic
properties are the main antidiabetic effects of selected Mediterranean plants according to
the literature review. In addition, the decrease in glycosylated hemoglobin (HbA1c), the
protective effects from tissue damage, and the improvement of liver functions have been
also mentioned. It is noteworthy that all selected plants exert antidiabetic effects through
multiple mechanisms. It is attributed to the synergism of two or more phytochemicals as
plants are complex mixtures of bioactive phytochemicals.

In the next step, the phytochemical composition of active Mediterranean plants was
elucidated. The constituents were classified into three groups, namely phenolic acids,
flavonoids, and terpenes. The most abundant phytochemicals from each group were
selected to further investigate their antidiabetic potential using the DIA-DB inverse virtual
screening web server. Table 2 summarizes the phytochemicals and their distribution in the
Mediterranean plants, which is as follows: quercetin is present in 19 plants, caffeic acid in
16, ferulic acid in 15, and luteolin in 15 plants. These are the most common phytochemicals
in the Mediterranean plants in the present study. On the other hand, chrysoeriol, ellagic
acid, and hesperidin are found less frequently in Mediterranean plants (in 5, 6, and 6 plants,
respectively). All structures of the studied phytoconstituents are presented in Figure 1.

Table 2. Occurrence of phytochemicals in Mediterranean plant materials and their SMILES notations.

Compound SMILES Notation Plants References

Phenolic acids

Caffeic acid C1=CC(=C(C=C1C=CC(=O)O)O)O

black mustard, broadleaf plantain, citrus
peel, coriander, cumin, dill, garlic, grape

skin, marjoram, olive leaf, parsley,
rosemary, sage, santolina, thyme

[43,75–85]

Cinnamic Acid C1=CC=C(C=C1)C=CC(=O)O dill, grape skin, marjoram, olive leaf,
sage, thyme [43,81–83,86,87]

Ellagic acid C1=C2C3=C(C(=C1O)O)OC(=O)C4=CC
(=C(C(=C43)OC2=O)O)O

black mustard, broadleaf plantain, citrus
fruits, grape skin, parsley, strawberry [75,88–92]

Ferulic acid COC1=C(C=CC(=C1)C=CC(=O)O)O

black cumin, citrus peel, coriander, cumin,
dill, garlic, marjoram, olive leaf, onion,

rosemary, sage, santolina,
thyme, strawberry

[43,77–79,82,85,87,93–96]

Gallic acid C1=C(C=C(C(=C1O)O)O)C(=O)O
black mustard, black cumin, citrus peel,
cumin, dill, garlic, grape skin and seeds,
marjoram, olive leaf, onion, strawberry,

[43,76,77,82,86,93,94,97–101]

p-Coumaric acid C1=CC(=CC=C1C=CC(=O)O)O

black cumin, broadleaf plantain, citrus
peel, coriander, cumin, dill, garlic, grape
skin, marjoram, olive leaf, parsley, sage,

santolina, thyme

[43,76–82,84,85,87,93,99,102]

Rosmarinic acid C1=CC(=C(C=C1CC(C(=O)O)OC(=O)C=CC2=CC
(=C(C=C2)O)O)O)O

cumin, dill marjoram, olive leaf, rosemary,
sage, santolina, summer savory, thyme [43,82,83,97,102–104]
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Table 2. Cont.

Compound SMILES Notation Plants References

Flavonoids

Apigenin C1=CC(=CC=C1C2=CC(=O)C3=C(C=C(C=C3O2)
O)O)O

black mustard, black cumin, broadleaf
plantain, citrus peel, cumin, garlic,

marjoram, olive leaf, parsley, santolina,
sage, sow thistle, summer savory, thyme,

[43,75,76,80,82,85,87,93,97,
104–107]

Catechin C1C(C(OC2=CC(=CC(=C21)O)O)C3=CC
(=C(C=C3)O)O)O

black mustard, black cumin, broadleaf
plantain, citrus peel, coriander, cumin,

grape skin, olive leaf, onion, strawberry
[77,78,82,93,100,108–111]

Chrysoeriol COC1=C(C=CC(=C1)C2=CC(=O)C3=C(C=C
(C=C3O2)O)O)O

broadleaf plantain, citrus peel, coriander,
olive leaf, parsley, [112–116]

Hesperidin
CC1C(C(C(C(O1)OCC2CC(CC(O2)OC3=CC

(=C4C(=O)CC(OC4=C3)C5=CC(=C(C=C5)OΨ)
O)O)O)O)O)O)O)O

citrus peels, marjoram, olive leaf, rosemary,
strawberry, summer savory [43,77,82,117–119]

Kaempferol C1=CC(=CC=C1C2=C(C(=O)C3=C(C=C
(C=C3O2)O)O)O)O

black mustard, citrus peel, coriander,
cumin, grape skin, onion, parsley,

rosemary, santolina, strawberry, summer
savory, thyme

[75,77,78,85,94,99,101,120–
123]

Luteolin C1=CC(=C(C=C1C2=CC(=O)C3=C(C=C
(C=C3O2)O)O)O)O

broadleaf plantain, citrus peel, coriander,
cumin, garlic, marjoram, olive leaf, parsley,

rosemary, sage, santolina, sow thistle,
strawberry, summer savory, thyme

[123–127]

Quercetin C1=CC(=C(C=C1C2=C(C(=O)C3=C
(C=C(C=C3O2)O)O)O)O)O

black mustard, broadleaf plantain, citrus
peel, coriander, cumin, dill, garlic, grape
skin, marjoram, olive leaf, onion, parsley,

rosemary, sage, sow thistle, summer
savory, strawberry, thyme

[85,92,93,95–
98,102,109,110,117,122,124–

129]

Rutin
CC1C(C(C(C(O1)OCC2C(C(C(C(O2)

OC3=C(OC4=CC(=CC(=C4C3=O)O)O)
C5=CC(=C(C=C5)O)O)O)O)O)O)O)O

black mustard, broadleaf plantain, citrus
peel, dill, garlic, marjoram, olive leaf,
rosemary, sage, santolina, strawberry,

summer savory,

[90–92,97,98,101,102,111,114,
122,129,130]

Terpenes

alpha-pinene CC1=CCC2CC1C2(C)C

black mustard, citrus peel, coriander,
cumin, dill, grape skins, marjoram, olive
leaf, rosemary, sage, santolina, summer

savory, thyme

[43,105,131–139]

alpha-terpinene CC1=CC=C(CC1)C(C)C cumin, marjoram, parsley, rosemary, sage,
santolina, summer savory, thyme [43,140–146]

beta-pinene CC1(C2CCC(=C)C1C2)C
citrus peel, coriander, cumin, grape skins,

marjoram, olive leaf, rosemary, sage,
summer savory, thyme

[43,77,133,134,136–139]

camphene CC1(C2CCC(C2)C1=C)C coriander, marjoram, rosemary, sage,
santolina, summer savory, thyme, [43,74,133,138,139]

gamma-terpinene CC1=CCC(=CC1)C(C)C
citrus peel, coriander, dill, marjoram,

parsley, rosemary, sage, santolina, summer
savory, thyme

[43,77,135,139,141–147]

limonene CC1=CCC(CC1)C(=C)C
black mustard, citrus peel, coriander, dill,

marjoram, onion, rosemary, santolina,
summer savory, thyme

[43,77,132,133,135,139,142,
145,146]

beta-myrcene CC(=CCCC(=C)C=C)C
citrus peel, coriander, dill, grape skins,
marjoram, olive leaf, parsley, rosemary,

sage, summer savory, thyme
[43,105,133,135–139,141,145]

sabinene CC(C)C12CCC(=C)C1C2
citrus peel, coriander, marjoram, olive leaf,

parsley, sage, santolina, summer
savory, thyme

[43,74,105,133,137,139,141,
143,145]

2.2. Estimation of Antidiabetic Activity of Phytochemicals using Virtual Screening

The phytochemicals were screened for antidiabetic activity against 17 diabetes tar-
gets using the DIA-DB inverse virtual screening web server. The docking scores of the
crystallized ligands ranged from −10.4 to −1.5 kcal mol−1. A docking cutoff score of
−8 kcal mol−1 was set, as it was deemed a reasonable average docking score that covered
the most active compounds for each protein target (Table 3). Results revealed interesting
findings for the antidiabetic potential of phytochemicals. More specifically, all terpenes
presented docking scores bigger than −8 kcal mol−1; thus, the predicted antidiabetic ac-
tivities of all terpenes are negligible or weak. The studied terpenes cannot be considered
promising antidiabetic compounds for further investigation. In addition, the antidiabetic
effects of edible plant materials cannot be correlated with the presence of these terpenes.
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Figure 1. Structures of the studied phytochemicals present in Mediterranean plants.

Table 3. The docking cut-off score of active phytochemicals for each protein target. The score is given
in parentheses and expressed as kcal mol−1.

Protein Target PDB Code Function Phytochemicals

Regulation of insulin secretion and/or sensitivity

DPP4 4A5S
Stimulation of insulin secretion from pancreas

degrading and inactivating glucagon-like
peptide-1 [148]

Apigenin (−8.2), catechin (−8.3), chrysoeriol
(−8.1), ellagic acid (−8.3), hesperidin (−10.4),

kaempferol (−8.4), quercetin (−8.3), rutin (−9.1)

FFAR1 4PHU
Binding of free fatty acids to receptor results in

increase in glucose-stimulated insulin
secretion [149]

Apigenin (−8.4), caffeic acid (−8.0), ferulic acid
(−8.0), hesperidin (−8.7), luteolin (−8.2)

HSD11B1 4K1L Activates the synthesis of active
glucocorticoids [150]

Apigenin (−9.0), catechin (−9.0), chrysoeriol
(−9.1), ellagic acid (−8.6), hesperidin (−9.9),
kaempferol (−9.2), luteolin (−9.4), quercetin

(−9.8), rutin (−9.7)

INSR 3EKN Regulates glucose uptake and synthesis of
glycogen, lipid, and protein [151] Ellagic acid (−8.2), hesperidin (−9.3), rutin (−8.4)

PTPN9 4GE6 Reduces insulin sensitivity, dephosphorylating the
insulin receptor [152] Ellagic acid (−8.0), hesperidin (−8.8), rutin (−8.6)

RBP4 2WR6 Reduces insulin signaling and promotes
gluconeogenesis [153]

Apigenin (−9.9), catechin (−9.0), chrysoeriol
(−9.6), ellagic acid (−8.7), kaempferol (−9.5),

luteolin (−9.9), quercetin (−9.6)
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Table 3. Cont.

Protein Target PDB Code Function Phytochemicals

Regulation of glucose metabolism

AKR1B1 3G5E Catalyzes the reduction of glucose to sorbitol [154]
Apigenin (−9.1), catechin (−9.1), chrysoeriol
(−9.0), ellagic acid (−8.8), hesperidin (−8.1),

kaempferol (−8.6), luteolin (−9.1), quercetin (−8.8)

AMY2A 4GQR Regulates the digestion of starch to glucose [155]
Apigenin (−8.3), catechin (−8.4), chrysoeriol
(−8.5), hesperidin (−8.9), kaempferol (−8.0),
luteolin (−9.4), quercetin (−9.8), rutin (−9.0)

GCK 3IMX Phosphorylates glucose for glycolysis or synthesis
of glycogen [156] Hesperidin (−10.2), rutin (−8.6)

MGAM 3L4Y Regulates the digestion of starch to glucose [157] Hesperidin (−8.2), rutin (−8.3)

PDK2 4MPC
Regulates glucose oxidation through the

inactivation of pyruvate dehydrogenase complex
[158]

Hesperidin (−9.1), rutin (−8.1)

PYGL 3DDS Regulates phosphorolysis of glycogen in
glycogenesis [159] Hesperidin (−8.6), rutin (−8.6)

Regulation of lipid metabolism

NR5A2 4DOR
Regulates the expression of genes involved in the

synthesis of bile acid and cholesterol, and
steroidogenesis [160]

Hesperidin (−8.4)

PPARA 3FEI Regulates the expression of genes involved in lipid
metabolism [161] Rutin (−8.4)

PPARD 3PEQ Regulates the expression of genes involved in fatty
acid catabolism [162] Chrysoeriol (−8.0), hesperidin (−9.1), rutin (−8.9)

PPARG 2FVJ Regulates the expression of genes involved in
adipogenesis and lipid oxidation [163]

Apigenin (−8.1), catechin (−8.2), chrysoeriol
(−8.4), ellagic acid (−8.3), hesperidin (−1035),
kaempferol (−8.5), luteolin (−8.2), quercetin

(−8.4), rutin (−9.8)

RXPRA 1FM9 Heterodimerizes with PPARs [164] Apigenin (−9.2), chrysoeriol (−9.3), hesperidin
(−8.0), luteolin (−9.1)

Ellagic, caffeic, and ferulic acids were active phenolic acids (Table 3). The antidiabetic
potential of ellagic acid is linked with five protein targets, whereas the regulation, secretion,
and/or sensitivity of insulin is the main mechanism of action of ellagic acid. In vitro and
in vivo studies also reported the antidiabetic effect of ellagic acid through the stimulation of
insulin [165,166]. Regarding hydroxycinnamic acids, caffeic and ferulic acids modulate the
functions of only one protein target. Previous studies also manifest their antidiabetic effects
by modulating insulin-signaling molecules [167,168]. A quantitative structure–activity
relationship analysis for hydroxycinnamic acids will be interesting as the other acids such
cinnamic acid, coumaric acid, and rosmarinic acid did not bInd. with protein targets.

Indisputably, results demonstrated that flavonoids are the most promising group of
compounds. All studied flavonoids bInd. with protein targets related with DM. The an-
tidiabetic potential of flavonoids is correlated with three possible mechanisms, namely the
(i) regulation of insulin secretion and/or sensitivity, (ii) regulation of glucose metabolism,
and (iii) regulation of lipid metabolism. DPP4, HSD11B1, AKR1B1, AMY2A, and PPARG
protein targets interacted with the majority of flavonoids. Figure 2 shows hesperidin and
rutin binds with 15 and 12 protein targets, respectively, whereas the other flavonoids modu-
late the function of 6 to 8 protein targets. It is noteworthy that both hesperidin and rutin are
glycosylated flavonoids. Furthermore, a comparison between rutin and its aglycone form
(quercetin) demonstrates the superiority of the glycosylated form. Jadhav and Puchchakay-
ala (2012) also stated that rutin had a higher antidiabetic and hypoglycemic activity than
quercetin in normoglycemic and streptozotocin -nicotinamide-induced diabetic rats per-
forming blood glucose and serum lipid profile measurements [169]. Hesperidin is less
distributed than rutin but is also a strong multi-target antidiabetic agent according to the
computational measurements. These findings are in line with the literature; hesperidin is
considered to have preventive and/or therapeutic effects against DM as it regulates glucose
and lipid metabolism [170,171]. Overall, flavonoids are an interesting pool of antidiabetic
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compounds and further study is needed to probe the structural characteristics of flavonoids
that are mainly linked with antidiabetic activity.

Figure 2. Interaction of hesperidin and rutin with protein targets related with diabetes mellitus as
predicted with the employment of DIA-DB inverse virtual screening web server.

2.3. Evaluation of Molecular Similarity of Predicted Active Phytochemicals and
Known/Experimental Antidiabetic Drugs

In the next step, the Tanimoto similarity index was used to quantify the similarity
of the studied phytochemicals with 190 known or experimental antidiabetic drugs. A
Tanimoto score of 0.7 or greater indicated a robust molecular similarity. According to
our results, all tested phytochemicals have structural similarities with antidiabetic drugs.
Although these findings are contrary to their predicted antidiabetic activity, the in-depth
interpretation of results confirmed the previous results. More specifically, the highest
molecular similarity was found for flavonoids. A previous study also correlated flavonoids
with the antidiabetic activity of herbs and spices [2]. A strong molecular similarity with
132 and 131 antidiabetic drugs was detected for hesperidin (69.5%) and rutin (68.9%). Both
flavonoids also bInd. with the highest number of protein targets according to our results.
Furthermore, chrysoeriol (57.4%), luteolin (51.1%), and apigenin (50.5%) also showed some
structural similarity with antidiabetic drugs. Similarly to the predicted antidiabetic activity,
the glycosylated flavonoids had more structural similarities with antidiabetic drugs than
aglycone flavonoids. From a chemical point of view, the most active flavonoids belong to
the group of flavanones, flavanols, and flavones. In summary, the molecular similarity test
also confirmed the potent antidiabetic effects of flavonoids.

3. Materials and Methods
3.1. Literature Review

The literature review on the antidiabetic potential of Mediterranean plants was per-
formed using the databases of Scopus [172] and Google Scholar [173]. More specifically,
the search included the terms “antidiabetic activity”, “diabetes”, “hyperglycemia”, “hy-
poglycemic activity”, “alpha-glucosidase”, and “alpha-amylase” in combination with
“scientific plant name” and “common plant name” of Mediterranean plants. The antidia-
betic potency of several plants was searched according to a list, which was prepared based
on their abundance in the Mediterranean flora and/or diet.

Subsequently, data for the phytochemical composition of plants were collected using
the same databases. The terms “scientific plant name”, “common plant name”, “phytochem-
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icals”, “bioactive compounds”, “Liquid chromatography”, “Nuclear Magnetic Resonance
(NMR)”, and “Liquid Chromatography-Mass Spectroscopy (LC-MS)” were used to build
the compound library.

3.2. Determination of Anti-Diabetic Activity Using DIA-DB Inverse Virtual Screening Web Server

At first, a simplified molecular-input line-entry system (SMILES) notation was created
for each compound, which was obtained from PubChem. [174]. All SMILES notations
are demonstrated in Table 3. The SMILES notation of each compound was subsequently
submitted to the DIA-DB web server that employs an inverse virtual screening of com-
pounds with Autodock Vina against a given set of 18 protein targets associated with
diabetes. The 18 protein targets can be classified into the three following groups: (i) regula-
tion of insulin secretion and/or sensitivity (DPP4, FFAR1, HSD11B1, INSR, PTPN9, RBP4),
(ii) regulation of glucose metabolism (AKR1B1, AMY2A, FBP1, GCK, MGAM, PDK2, PYGL),
and (iii) regulation of lipid metabolism (NR5A2, PPARA, PPARD, PPARG, RXRA) [2,175].
More specifically, the targets were aldose reductase (AKR1B1), AMY2A, FBP1, free fatty
acid receptor 1 (FFAR1), glucokinase (GCK), 11B-hydroxysteroid dehydrogenase type 1
(HSD11B1), insulin receptor (INSR), MGAM, NR5A2, pyruvate dehydrogenase kinase
isoform 2 (PDK2), PPARA, PPARD, PPARG, PTPN9, liver glycogen phosphorylase (PYGL),
RBP4, and retinoid X receptor alpha (RXRA). A cut-off docking score of −8 kcal mol−1 was
set to distinguish between potential active and inactive compounds.

3.3. Evaluation of Molecular Similarity of Predicted Active Phytochemicals and
Known/Experimental Antidiabetic Drugs

The similarities studies with known/experimental antidiabetic drugs were performed
according to a previous work [176]. The molecular similarity was performed using the
metric of the Tanimoto similarity on the calculated ECFP4 molecular fingerprints of the
compounds. The molecular similarity network was generated with Cytoscape and the
ChemViz2 Application version 1.1.0.

4. Conclusions

The present study was undertaken to shed light on the antidiabetic properties of
edible Mediterranean plants. Our results showed that the most active compounds within
examined Mediterranean plants are flavonoids that are widely distributed in herbs, veg-
etables, medicinal plants, and fruits. Our findings also show that the glycosylation of
flavonoids potentially improves its antidiabetic activity. Both the evaluation of antidiabetic
activity and molecular similarity of antidiabetic dugs highlighted the antidiabetic potential
of hesperidin and rutin. Finally, the present study showed that the employment of the
DIA-DB inverse virtual screening web server allows us to explain the antidiabetic effects of
natural products and to pinpoint the most active compounds.
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Abstract: The secondary metabolites of endemic plants from the Rutaceae family, such as Burkillan-
thus malaccensis (Ridl.) Swingle from the rainforest of Malaysia, has not been studied. Burkillanthus
malaccensis (Ridl.) Swingle may produce antibacterial and antibiotic-potentiating secondary metabo-
lites. Hexane, chloroform, and methanol extracts of leaves, bark, wood, pericarps, and endocarps
were tested against bacteria by broth microdilution assay and their antibiotic-potentiating activities.
Chromatographic separations of hexane extracts of seeds were conducted to investigate effective
phytochemicals and their antibacterial activities. Molecular docking studies of werneria chromene
and dihydroxyacidissiminol against SARS-CoV-2 virus infection were conducted using AutoDock
Vina. The methanol extract of bark inhibited the growth of Staphylococcus aureus, Escherichia coli,
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and Pseudomonas aeruginosa with the minimum inhibitory concentration of 250, 500, and 250 µg/mL,
respectively. The chloroform extract of endocarps potentiated the activity of imipenem against
imipenem-resistant Acinetobacter baumannii. The hexane extract of seeds increased the sensitivity
of P. aeruginosa against ciprofloxacin and levofloxacin. The hexane extract of seeds and chloroform
extract of endocarps were chromatographed, yielding werneria chromene and dihydroxyacidis-
siminol. Werneria chromene was bacteriostatic for P. aeruginosa and P. putida, with MIC/MBC
values of 1000 > 1000 µg/mL. Dihydroxyacidissiminol showed the predicted binding energies of
−8.1, −7.6, −7.0, and −7.5 kcal/mol with cathepsin L, nsp13 helicase, SARS-CoV-2 main protease,
and SARS-CoV-2 spike protein receptor-binding domain S-RBD. Burkillanthus malaccensis (Ridl.)
Swingle can be a potential source of natural products with antibiotic-potentiating activity and that
are anti-SARS-CoV-2.

Keywords: Burkillanthus malaccensis; antibiotic potentiator; werneria chromene; dihydroxyacidissimi-
nol; SARS-CoV-2; cathepsin L; nsp13 helicase; spike protein

1. Introduction

Nowadays, clinicians are confronted with the huge burden of treating patients infected
by multidrug-resistant nosocomial bacteria [1,2]. Nosocomial bacteria, such as Acinetobacter
baumannii and Pseudomonas aeruginosa, in intensive care units resist the main classes of
antibiotics, such as oxazolidinooxazolidinones, lipopeptides, macrolides, fluoroquinolones,
tetracyclines, β-lactams, β-lactam-β-lactamase inhibitor combinations, carbapenems, and
glycopeptides antibiotics [3–6]. Besides bacterial species, drug-resistant parasites have
emerged, such as Plasmodium species [7] and Brugia species [8].

Another challenge is the treatment of zoonotic viruses, such as the severe acute
respiratory syndrome-associated coronavirus (SARS-CoV), the Middle-East respiratory
syndrome-associated coronavirus (MERS-CoV), and the severe acute respiratory syndrome-
associated coronavirus 2 (SARS-CoV-2) [1,2]. Since December 2019, SARS-CoV-2, the
causative agent of the coronavirus disease 2019 (COVID-19) pandemic, has been infecting
millions of people globally [9–11]. SARS-CoV-2 is an enveloped, monopartite, linear,
single-stranded (+)-RNA zoonotic virus in the Coronaviridae that replicates in the lower
respiratory tract of humans, leading in some cases to lethal pneumonia [3,12]. Vaccines have
been developed, affording good protection rates, but there is still the need to develop leads
to be taken orally for the prevention and/or treatment of COVID-19, as complementary to
vaccination. Further, if the human pressure on the environment is not halted, other new
zoonotic viruses are bound to emerge, for which an armamentarium of anti-viral molecules
is required to attempt to limit casualties.

SARS-CoV-2 infects cells expressing the surface receptors angiotensin-converting
enzyme 2 (ACE2) and cellular serine protease TMPRSS2 (transmembrane protease serine 2).
SARS-CoV-2 enters the host cells by attaching its surface spike proteins to the surface ACE2
of human host cells [9,11,13]. TMPRSS2 and cysteine protease cathepsin L are also required
to facilitate host cell entry. After fusion of the viral membrane with the host cell membrane,
the viral genomic material is released in the cytoplasm and replicated, via several enzymes,
including Nsp13 helicase [10,11,14–16]. Targeting these three proteins (ACE2, cathepsin
L, Nsp13 helicase) can assist in the development of anti-COVID-19 drugs [11]. COVID-19
infection can progress to acute respiratory distress syndrome (ARDS) that favors secondary
bacterial infection, leading to sepsis and, ultimately, death [11,17–19].

The alternative for the discovery of new antibiotics is to develop antibiotic-potentiators,
also known as antibiotic adjuvants. Therefore, antibiotics, antibiotic-potentiators, and
anti-viral compounds (more so against COVID-19 are urgently needed. Furthermore,
since promising leads for new drugs have usually come from the plant kingdom [20,21],
it becomes more important to study plants to help discover novel drugs that can play
important therapeutic/prophylactic roles against newly emerging viruses and antibiotic-
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resistant microbial species. Unfortunately, various plants are becoming extinct for many
reasons, including irresponsible deforestation, an extension of human habitat, conversion
of forests and water bodies into agricultural land, and global warming [22].

The primary rainforests of Malaysia used to be one of the hotspots of plant biodi-
versity. A study carried out in 2008 found that a randomly chosen 5-hectare area in Ayer
Hitam Forest, Puchong, contained 6621 trees belonging to 319 species in 148 genera and
51 families [23]. These plants can be a source of diverse secondary metabolites, which are
yet to be explored [24]. As various therapeutic medications originate from the secondary
metabolites (phytochemicals) of plants, any extinction or even rarity of plant species may
make it impossible to ever know of the phytochemical properties of any given plant. Since
these rainforests of Malaysia are steadily declining because of various commercial inter-
ests [25–27], the chances of discovering new drugs from plant species, any of which may be
novel antibiotics, antibiotic-potentiators, or anti-viral drugs, are also decreasing rapidly.
Thus, there is an urgent need to study these rainforest plants.

Burkillanthus malaccensis (Ridl.) Swingle. (synonym: Citrus malaccensis Ridl.), in
the family Rutaceae, is a low-land primary rainforest tree known to the Malays as “li-
mau hantu” (meaning the lemon tree of ghosts) and commonly known as Burkill’s lime
tree [28–34]. The current study investigated for the development of safe, effective, and
inexpensive plant-based antibiotic potentiators that can improve current treatment strate-
gies for treating bacteria-resistant infections and simultaneously can contribute to the
development of anti-SARS-CoV-2 agents. The aims of this study were to examine the
antibacterial properties of B. malaccensis leaves, bark, wood, and fruits (exocarp, endocarp,
and seeds) against Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acineto-
bacter baumannii, Pseudomonas aeruginosa, Pseudomonas putida, and Enterobacter spp.) [35];
to examine the antibiotic-potentiating properties of extracts with antibiotics, to isolate
the major constituents in the active extracts, and to test their antibacterial effects in vitro
and anti-SARS-CoV-2 effects in silico against (a) a complex of SARS-CoV-2 spike protein
(S) receptor-binding domain (RBD) bound with human receptor angiotensin-converting
enzyme 2 (hACE2) or S-RBD-hACE2; (b) cathepsin L; (c) SARS-CoV-2 Nsp13 helicase;
(d) SARS-CoV-2 main protease Mpro (plays an integral part in viral replication); and (e) S-
RBD. While ACE-2 is the receptor for the viral spike protein S, cathepsin L cleaves the spike
protein and enhances the entry of virus [36], and SARS-CoV-2 Nsp13 possesses NTPase
(nucleotide triphosphatase) and RNA helicase activities [37]. In this study, a plant extract
that has not been investigated for its antiviral activities yielded two isolated compounds.
Thus, it was of interest to study the antiviral activities against some SARS-CoV-2 proteins
and their human targets so as not to miss out on anything of importance, but instead get a
composite picture of the anti-SARS-CoV-2 potential of the isolated novel compounds.

2. Material and Methods
2.1. Plant Collection

Chemotaxonomic collection of B. malaccensis from Manong village close to the Kuala
Kangsar Forest, State of Perak, Malaysia (4.7746◦ N, 100.9520◦ E), was performed in Febru-
ary 2017. It is a beautiful plant with thorny stems, trifoliate leaves, large white flowers,
and large grapefruit-like fruits, containing numerous seeds covered with a yellow resin
(personal observation). Samples of leaves, bark, wood, seeds, and fruits were collected.
A voucher herbarium specimen with vernacular names, collection localities, and dates
were deposited (Voucher number NB0541) for identification by taxonomists at the Forest
Research Institute of Malaysia (FRIM). The use of plants in the present study complies with
international guidelines. The plant was selected in fieldwork according to the following
three criteria: (i) chemotaxonomic features; (ii) the presence of fruits or flowers to allow an
accurate botanical identification; and (iii) a sufficient amount available.
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2.2. Preparation of Plant Extracts

The collected leaves, bark, wood, seeds, endocarps (sac juice), and fruit pericarps
from B. malaccensis were separated and air-dried at room temperature for two weeks.
The dry materials were then finely pulverized by grinding using an aluminum collection
blender (Philips, Guangdong, China); the powders obtained were weighed with a top-
loading balance (Sartorius AG, Göttingen, Germany). Dried plant powders (200 g) were
successively soaked at room temperature with hexane, chloroform, and methanol. Each
extraction was performed using the maceration technique with a plant powder-to-solvent
ratio of 1:5 (w/v) for 3 days at room temperature with 3 successive repetitions. The liquid
extracts were subsequently filtered through qualitative filter papers, No. 1 (Whatman
International Ltd., Maidstone, UK), using an aspirator pump (EW-35031-00, 18 L/min, 9.5 L
Bath, 115 VAC), and the filtrates were concentrated to dryness under reduced pressure at
40 ◦C using a rotary evaporator (Buchi Labortechnik AG, Flawil, Switzerland). The dry
extracts obtained were weighed and stored in tightly closed glass scintillation vials (Kimble,
NY, USA) at −20 ◦C until further use.

The yields of extracts were calculated using the following formula:

% yield = ((Mass of dried extract)/(Mass of dried plant part)) × 100%

2.3. Tested Bacterial Strains

Stock cultures of bacteria used for this study were kindly provided by the Department
of Medical Microbiology, Faculty of Medicine, University of Malaya, Malaysia. The fol-
lowing bacteria were used as test organisms from the American Type Culture Collection
(ATCC, Manassas, VA, USA): S. aureus (ATCC11632), B. subtilis (ATCC 6633), E. coli (ATCC
25218), P. aeruginosa (ATCC 10145), and A. baumannii (clinical stain, imipenem-resistant)
were sub-cultured in nutrient agar. Pseudomonas putida (ATCC 49128) was used for the
antibacterial testing of isolated compounds. All sub-cultured bacterial specimens were
aseptically transferred using an inoculating loop and prepared in 10 mL suspensions of
Mueller-Hinton Broth (Oxoid, Hampshire, UK) and were used 15 min after inoculation. A
fraction equivalent to 1 mL of the bacterial suspensions was transferred to a cuvette and
subjected to a spectrophotometer (Biochrom, Cambridge, UK), where the UV absorbance
value was monitored to be in the range of 0.008 to 0.10 at 625 nm, in order to be adjusted to
0.5 McFarland turbidity standards (Healthlink, Orlando, FL, USA), which correspond to a
bacterial cell count of 1.5 × 108 CFU/mL [38]. The extracts and phytoconstituents were
prepared by dissolving in 10% DMSO and in a minimum essential medium to make a stock
solution with a final concentration of 1% DMSO. This stock solution was diluted in liquid
broth to further to obtain concentrations ranging from 500 to 5000 µg/mL.

2.4. Broth Microdilution Assay

Minimum inhibitory concentration (MIC) values were determined according to the
guidelines of the Clinical and Laboratory Standards of the Institute. Briefly, bacterial strains
were grown for 18–24 h at 37 ◦C. Colonies were directly suspended in cautiously adjusted
Müller–Hinton broth (CAMHB) and adjusted to OD625 0.08–0.1, which corresponds to
1~2 × 108 CFU/mL, followed by 10-fold serial dilutions to give 1× 106 CFU/mL. Bacterial
suspensions (1000 µL) were added to the 96-well round-bottom microtiter plates. Each well
was then filled with 100 µL of liquid broth containing extracts of phytoconstituents to yield
final concentrations of extracts or phytoconstituents of 250, 625, 1000, 1500, and 2500 µg/mL,
respectively. The 96-well plates were incubated for 24 h at 37 ◦C. The MIC was defined
as the lowest concentration of extract or phytoconstituents that completely inhibited the
growth of bacteria. Negative controls consisted of bacterial suspensions (100 µL) added to
96-well round-bottom microtiter plates containing 100 µL of liquid broth with a minimum
amount of DMSO, as in extracts of phytoconstituent stock solution preparations. Minimum
bactericidal concentration (MBC) was determined (for extracts with MIC values equal to
or less than 250 µg/mL) by sub-culturing the test dilutions onto a sterile agar plate and
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further incubated for 18–24 h. The highest dilution that yielded 0% bacterial growth on
agar plates was taken as the MBC, MIC and MBC values were calculated as the mean of
triplicate experiments. Chloramphenicol, tetracycline, and imipenem were used as positive
control antibiotics.

2.5. Antibiotic-Potentiating Assay

The ability of B. malaccensis extracts to increase the sensitivity of bacteria to antibiotics
was measured by the technique described by Boonyanugomol et al., with slight modifica-
tions [39]. Standard antibiotic discs of ampicillin (10 µg/disc), gentamicin (10 µg/disc),
imipenem (10 µg/disc), levofloxacin (5 µg/disc), penicillin G (10 µg/disc), and ciprofloxacin
(5 µg/disc) (Sigma-Aldrich, St. Louis, MO, USA) were loaded with 10 µL of a 100 µg/µL
solution of extracts of leaves, bark, wood, seeds, endocarps, or pericarps. The zones of
inhibition were measured after overnight incubation (12 h) and estimated as follows:

1. Zone of combined extract and antibiotic > zone of extract + zone of antibiotic: synergy.
2. Zone of combined extract and antibiotic = zone of extract + zone of antibiotic: additive.
3. Zone of combined extract and antibiotic < zone of extract + zone of antibiotic: antagonism.

2.6. Cytotoxicity Assay

To study in vitro the cytotoxicity of extracts against human fibroblast cells (MRC-5
cell line, MRC-5 ATCC CCL-171 Homo sapiens lung normal), the reduction of (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by a colorimetric assay (MTT) was
used [40]. The extracts were prepared by dissolving in DMSO and in a minimum essential
medium (MEM) to make a stock solution with a final concentration of 1% DMSO. This stock
solution was diluted further to obtain concentrations ranging from 0 to 200 µg/mL. Cells
were cultured in Rosewell Park Memorial Institute media (RPMI) supplemented with 10%
Fetal Bovine Serum (FBS). Cells were incubated with the diluted plant extracts for 48 h at
37 ◦C in 5% CO2. After cells were washed twice with saline, a solution of MTT (0.5 mg/mL)
in phosphate buffer saline (PBS) was added to the wells. After 4 h of incubation, the
wells were washed, and the formazan residue dissolved in DMSO (0.1 mL per well). The
absorbance was then measured in a spectrophotometer (SpectraMax M3, Multi-Mode
Microplate reader, Molecular Devices, San Jose, CA, USA) at a wavelength of 570 nm and
plotted against the concentration of the extracts. Cells with no added test reagents were
taken as untreated cells with 100% viability, and cells with RPMI 1640 medium were used
as blanks. The cells viability percentage was plotted against the extract’s concentration. All
experiments were performed in triplicate, and results were expressed as the concentration
by reducing the number of live MRC-5 cells by 50% (CC50). The percentage of viability was
calculated using the following formula:

% Viability = [(Abs sample − Abs blank)/(Abs untreated − Abs blank)] × 100%

The effects of extracts on the % viability of cells (y-axis) was plotted against log
concentrations (g/L) (x-axis) and interpolated sigmoidal curves (4-parameter logistic curve,
4 PL) using GraphPad Prism and the CC50 was automatically determined using GraphPad
Prism v6 software (GraphPad Software Inc., La Jolla, CA, USA).

2.7. Isolation and Identification of Compounds

Hexane extract from seeds (8.5 g) was loaded onto preparative thin-layer chromatog-
raphy (TLC) plates in a mobile phase of hexane: ethyl acetate: dichloromethane (40:30:30).
TLC analysis revealed the presence of a major layer under UV light (254 nm) with a reten-
tion factor (Rf) value of 0.25. TLC layers were stained with vanillin sulfuric acid. The layer
with the lowest purple Rf stained with vanillic sulfuric acid was collected, redissolved,
filtered, and isolated to yield the compound 1 (5 mg) that was identified as werneria
chromene (C15H16O3, molecular mass = 244.28 g/mol) by comparing its 1H-NMR (proton
nuclear magnetic resonance) and EIMS (electron impact mass spectrometry) data with
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those from the literature [31]. This compound spontaneously forms a translucent crystal
analyzed by X-ray diffraction, which confirmed the interpretation of NMR data.

Chloroform extracts of the fruit endocarp exhibited on TLC the presence of nine layers
under UV light (254 nm), with Rf values of 0.187, 0.242, 0.286, 0.341, 0.396, 0.462, 0.659, 0.769,
and 0.846, respectively, when a mobile phase of chloroform: ethyl acetate: diethyl ether
(40:40:20) was used. After spraying with vanillin sulfuric acid, the stains observed here were
pink and dark pink for most of them, which indicates the presence of phenols or steroids.
The main compound (3 mg) with a Rf value of 0.187 was collected, redissolved, filtered,
and isolated to yield dihydroxyacidissimol (C25H34NO5, molecular mass 427.2359 g/mol)
by comparing its 1H-NMR and EIMS data with those from the literature [41,42].

2.8. In Silico Studies—Auto Dock Vina (Blind Docking Methodology)
2.8.1. Protein Preparation
Main Protease

We took Mpro (Pdb: 6LU7 with 2.16 Å resolution), which has 306 amino acid residues,
as our target protein, which contained a bound inhibitor known as N3 in its crystal struc-
ture [43]. For docking preparation, we removed the water molecules from the crystallo-
graphic structure of Mpro and removed the N3 molecule as well. Thus, ligands can be
docked within every pocket of the protein. Next, we added a polar hydrogen atom because
crystallographic structures usually lack hydrogen atoms. The addition of polar hydrogen
atoms and removals of the water molecules and N3 were done with Pymol software [44].
Then, the protein molecule was saved in pdb format.

Spike Protein Receptor-Binding Domain (S-RBD) Bound with the ACE2 Complex

The SARS-CoV-2 S-RBD bound with the ACE2 complex X-ray diffraction structure
(PDB: 6LZG with 2.50 Å resolution) was downloaded from the protein data bank (6LRG.
Available online: https://www.rcsb.org/structure/6LZG (accessed on 1 January 2022)).
This complex structure has two protein chains (Chain A is ACE2 and Chain B is S-RBD)

Spike Protein Receptor-Binding Domain (S-RBD)

The S-RBD structure was extracted from a SARS-CoV-2 S-RBD bound with the ACE2
complex X-ray diffraction structure (PDB: 6M0J with 2.45 Å resolution) (6M0J. Available
online: https://www.rcsb.org/structure/6M0J (accessed on 1 January 2022)). Here, we
took only the S-RBD as our target receptor and removed the ACE2 protein chain.

Cathepsin L

The X-ray crystal structure of cathepsin L was found in the PDB (PDB Id: 3HHA with
1.27 Å resolution) [45]. The crystal structure has four identical protein chains. We took the
monomeric form of cathepsin L.

Nsp13 Helicase

Crystal structure of SARS-CoV-2 helicase at 1.94 Å (PDB:6ZSL) was downloaded from
pdb (6ZSL. Available online: https://www.rcsb.org/structure/6ZSL (accessed on 1 January
2022)) [46].

2.8.2. Ligand Preparation

Ligand molecules were downloaded from PubChem [47] in sdf format. They were
optimized with the force field type MMFF94 using Openbable software and saved in
pdbqt format.

Docking

We have used here the blind docking method for screening phytochemicals. So, the
grid box in Autodock Vina was generated, aiming to cover up the whole protein molecule.
In which region the ligand binds effectively with protein molecule can be found in blind
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docking. We have used exhaustively “16” for better ligand and protein binding. AutoDock
Vina tool [48] provides a total of nine docked poses for each ligand; among them, pose1
is the best pose with the highest binding affinity. We have saved pose1 in pdb format by
using Pymol for further analysis. 2D diagrams and the interactions between the ligand and
amino acids of the protein were obtained in Discovery Studio Software [49].

2.9. Statistical Analysis

All values presented in the results section are the mean or mean ± standard deviation
of the mean of three independent analyses, calculated using GraphPad Prism v6 Software
(GraphPad Software Inc., La Jolla, CA, USA). Interpolated sigmoidal curves (4-parameter
logistic curve, 4 PL) were determined automatically using GraphPad Prism v6 software
(GraphPad Software Inc., La Jolla, CA, USA).

3. Results
3.1. Plant Extraction

The air-dried parts of the plant were extracted successively with hexane, chloroform,
and methanol, respectively, to obtain lipophilic (non-polar), amphiphilic (mid-polar), and
hydrophilic (polar) extracts from B. malaccensis. The average yield values ranged from 1.0
to 9.5% (Table 1). The average yields calculated for the hexane, chloroform, and methanol
extracts were 2.7, 4.9, and 2.3%, respectively.

Table 1. Percentage extraction yields of 18 organic extracts from B. malaccensis.

Part Extracted Plant Extracts Yield (%)

Hexane Chloroform Methanol

Leaves 1.8 3.3 1.9
Bark 3.8 5.4 1.2

Wood 1.0 3.4 4.2
Fruit pericarp 5.1 2.9 2.1
Fruit endocarp 3.4 9.5 1.0

Seeds 1.5 5.1 3.6
Average yields 2.7 4.9 2.3

Chloroform fruit endocarps extract gave the highest extraction yield (9.5%), while the
same plant part extracted with methanol yielded the lowest (1%).

3.2. Broth Microdilution

The broth microdilution method [38] was used to determine the minimum inhibitory
concentration (MIC) of extracts against a panel of five bacteria (Table 2). The broth mi-
crodilution assay results confirmed that Gram-positive bacteria were more susceptible
than Gram-negative bacteria to B. malaccensis extracts. The chloroform extract of leaves
exhibited the lowest MIC against S. aureus and B. subtilis, with values of 250 µg/mL and a
minimum bactericidal concentration (MBC) above 1000 µg/mL. The lowest MICs against E.
coli and P. aeruginosa were observed with the methanol extract of bark (500 and 250 µg/mL,
respectively) and MBC value above 1000 µg/mL. This extract inhibited the growth of
S. aureus with MIC/MBC values of 250/1000 µg/mL, and, as such, it had the broadest
spectrum of activity out of the 18 extracts tested. None of the extracts was active against A.
baumannii (imipenem-resistant).
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Table 2. Minimum inhibitory concentration (MIC) by broth microdilution (µg/mL).

Plant Part Solvent S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Leaves Hexane 1000 - - - -
Leaves Chloroform 250 (>1000) 250 (>1000) - - -
Leaves Methanol 500 1000 - - -
Bark Hexane - - - 1000 -
Bark Chloroform 1000 - - - -
Bark Methanol 250 (>1000) - 500 250 (>1000) -

Wood Hexane 625 1250 5000 2500 -
Wood Chloroform 2500 2500 2500 625 -
Wood Methanol - 2500 2500 2500 -

Endocarp Chloroform - - - 1000 -
Endocarp Methanol - - - 1000 -

Seeds Hexane - - - 1000 -

Chloramphenicol 0.03 0.02 Nt Nt Nt
Tetracycline Nt Nt 0.02 0.01 -
Imipenem

Negative control
Nt
Fg

Nt
Fg

Nt
Fg

Nt
Fg

12.0
Fg

Abbreviations: Nt, Not tested; Fg, Full bacterial growth; ‘-’, No activity. Extracts with no activity against all
the bacteria tested are not included here in this table. Bold data indicate the lower MIC values. Values are
given as the mean of triplicates. Second values in parentheses represent corresponding minimum bactericidal
concentrations (MBC).

3.3. Antibiotic-Potentiating Activities

Of the 18 extracts tested, the most effective antibiotic-potentiator for Gram-positive
bacteria was the methanol extract of wood with the β-lactam amoxicillin against S. aureus
(Table 3). Regarding Gram-negative bacteria, the hexane and chloroform extracts of wood
potentiated the aminoglycoside gentamicin against E. coli, with increments of inhibition
zones of about 8 and 10 mm, respectively. We observed that the methanol extract of
endocarps was able to rend penicillin G active against E. coli and the chloroform extract of
endocarps relinquished the resistance of clinical isolates of A. baumannii to imipenem. In
addition, the hexane extract of seeds acted potentiator for the quinolones (ciprofloxacin
and levofloxacin) action against P. aeruginosa.

Table 3. Antibiotic-potentiating activities (mm).

Treatment with S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Extracts - - -
I - 7.0 ± 1.4 - - -
II 12 ± 0.0 - - - -
III - - - - -
IV - - - - -
V - - - - -
VI - - - - -
VII - - - - -

Amoxicillin 16 ± 0.0 14.3 ± 0.5 - - -
Ampicillin 41 ± 0.3 20 ± 0.1 - - -

Ciprofloxacin - 38 ± 0.0 - 35 ± 0.02 -
Gentamicin - - 25 ± 0.01 - -

Levofloxacin - 35 ± 1.0 38 ± 0.2 28 ± 0.3 -
Penicillin G - - - - -
Imipenem - - - - 10 ± 0.04
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Table 3. Cont.

Treatment with S. aureus
(ATCC 11632)

B. subtilis
(ATCC 6633)

E. coli
(ATCC 8379)

P. aeruginosa
(ATCC 10145)

A. baumannii
(Imipenem-
Resistant)

Amoxicillin + I - 26.7 ± 0.0 - - -
Amoxicillin + II 22.5 ± 0.5 - - - -
Amoxicillin + III 23.7 ± 0.5 - - - -
Ampicillin + II 40.7 ± 0.8 - - - -
Ampicillin + III 42.0 ± 0.5 - - - -
Ampicillin + IV - 22 ± 0.3 - - -

Ciprofloxacin + IV - 39 ± 0.1 - 38 ± 1.1 -
Ciprofloxacin + V - 38.5 ± 0.0 - 36 ± 0.1 -

Gentamicin + I - - 34.3 ± 1.7 - -
Gentamicin + II - - 35.3 ± 1.3 - -

Levofloxacin + IV - - - 30.7 ± 0.6 -
Levofloxacin + V - 38.5 ± 0.3 - 30 ± 1.0 -
Penicillin G + VI - - 6.5 ± 0.02 - -
Imipenem + V - - - - 11 ± 1.2

Abbreviations: I = Wood hexane (1 mg/disc); II = Wood chloroform (1 mg/disc); III = Wood methanol (1 mg/disc);
IV = Seeds hexane; V = Endocarp chloroform; VI = Endocarp methanol; VII: Leaves chloroform. Amoxicillin
(10 µg/disc); Ampicillin (10 µg/disc); Ciprofloxacin (5 µg/disc); Gentamicin (10 µg/disc0; Imipenem (10 µg/disc);
Levofloxacin (5 µg/disc); ‘-’, No activity. Extracts without any synergy are not included. Synergies are indicated
in bold. The values are expressed as the mean ± standard deviation.

3.4. Cytotoxic Activities

The toxicity of the 18 extracts against MRC-5 (Medical Research Council cell strain 5)
human fibroblast cells was evaluated. The lowest 50% cytotoxic concentration (CC50) was
obtained with the chloroform extract of pericarps, with a value of 0.36 g/L (Figure 1A). The
methanolic extract pericarps exhibited a CC50 value of 0.09 g/L (Figure 1B).
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Figure 1. Cytotoxicity of chloroform (A) and methanolic (B) extracts of pericarps of B. malaccensis
using Sigmoidal 4PL dose-response curves.

3.5. Isolation of the Main Constituents from Active Extracts and Antibacterial Effects

The hexane extract of seeds that increased the potencies of quinolone antibiotics
against P. aeruginosa was subjected to preparative TLC, yielding werneria chromene from
the extract (Figure 2a, Table 4). From the chloroform extract of endocarps, the tyramine
alkaloid dihydroxyacidissiminol was isolated (Figure 2b; Table 5). The absolute structure of
werneria chromene was further confirmed using X-ray diffraction (Figure 2c,d). Werneria
chromene was inactive against all bacteria tested except P. aeruginosa, with the MIC value
of 1000 µg/mL and the MBC value of 1000 µg/mL, whereby both compounds repressed
the growth of P. putida the MIC value of 1000 µg/mL and the MBC of 1000 µg/mL.
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Table 4. NMR data of werneria chromene (p.p.m.).

Position δ-H
[31]

δ-H
Werneria

Chromene
Integration Position δ-C

[31]
δ-C Werneria

Chromene

3 5.62 d 5,65 d 1 2 77.1 78
4 6.28 d 6.30 d 1 3 131.3 132
5 7.12 d 7.18 d 1 4 121.7 122
7 7.26 dd 7.25 dd 1 5 134.3 134
8 6.74 d 6.78 d 1 6 127.1 128
9 7.58 d 7.60 d 1 7 129.4 129

10 6.26 d 6.20 d 1 8 116.7 116
12,13 7.58 d 7.57 d 2,2 10 121.3 122

O-CH3 3.76 d 3.80 s 3 11 115 115
12 144.6 145
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Table 5. NMR data (p.p.m.) of dihydroxyacidissiminol.

Position δ-H
[42]

δ-H Dihy-
droxyacidis-

siminol
Integration δ-C

[42]

δ-C
Dihydroxyac-
idissiminol

1′ - - - 134.60 135.00
2′,6′ 7.69 d 7.70 d 1,1 126.80 126.50
3′,5′ 7.41 t 7.40 t 1,1 128.60 128.90

4′ 7.49 t 7.49 t 1 131.40 130.00
CO-NH 6.10 m 6.15 m 1 167.60 167.50
N-CH2 3.70 q 3.70 m 2 41.30 41.50
Ar-CH2 2.88 t 2.80 t 2 34.80 35.00

1′′ - - - 157.30 157.00
2′′, 6′′ 6.87 d 6.87 d 1,1 114.90 115.00
3′′, 5′′ 7.18 d 7.16 d 1,1 129.80 129.90

4′′ - - - 131.00 131.50
1 4.58 d 4.60 d 2 64.50 64.50
2 5.80 d 5.78 d 1 121.10 121.50
3 - - - 142.00 140.50

3-Me 1.76 s 1.75 s 3 12.40 12.90
4 4.35 dd 4.35 dd 1 77.40 79.00
5 - - - - -
6 3.64 m 3.65 m 1 78.70 77.50
7 - - - 72.60 74.00

7-Me 1.18 s 1.17 s 3 23.70 24.00
4-OH 1.55 s 1.75 s - - -

6,7 OH 1.55 s 1.65 s - - -
Abbreviation: ‘-’, No peak.

3.6. Crystal Structure of Isolated Methyl (Z)-3-(2,2-dimethyl-2H-chromen-6-yl) Acrylate
Werneria Chromene

During the isolation process of werneria chromene, translucent crystals were obtained,
and its chemical structure was confirmed by X-ray diffraction as methyl (E)-3-(2,2-dimethyl-
2H-chromen-6-yl) acrylate. The crystal structure (Figure 2c,d) of werneria chromene in-
dicated that the core structure is based on 2H-chromene, known as benzopyran, whereas
the cyclic pyran ring takes the half boat conformation shape. The bond length of C8-O3
at 1.367 Å is shorter than C14-O3 at 1.465 Å, which forms the fused pyran. A planar
geometry is exerted throughout the chemical structure while being extended by the side
group in the form of methyl ester. Configuration E allows the structure to take a highly
conjugated property, as the 10-atom chain packing of werneria chromene is monoclinic in
space group P 1 21/c 1, as shown in Figure 2c,d. The core structure of benzopyran exists in
cyclin-dependent kinase (CDK) inhibitors and can be found in drugs such as flavopiridol
(also known as alvocidib) [50]. Werneria chromene does not have a chiral center and thus
does not have conformers.

3.7. In Silico Studies with Werneria Chromene and Dihydroxyacidimissinol

The reported structure of the SARS-CoV-2 spike protein receptor-binding domain
complex with human ACE2 (S-RBD-hACE2) (PDB ID: 6LZG) was used for docking studies
with werneria chromene and dihydroxyacidimissinol (2D interactions shown in Figure 3a,b,
respectively). For cathepsin L, the reported structure PDB ID: 3HHA was used. PDB ID:
6ZSL was used for NSP13 helicase; PDB ID: 6LU7 was used for Mpro; and PDB ID: 6M0J
was used for the spike protein receptor-binding domain (S-RBD). The binding energies of
the two compounds (∆G = kcal/mol) to the target proteins are shown in Table 6.
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Figure 3. 2D-interactions between (a) werneria chromene and S-RBD-hACE2; (b) dihydroxy acidis-
siminol and S-RBD-hACE2.

Table 6. Predicted binding energies (∆G = kcal/mol) of werneria chromene and dihydroxyacidissimi-
nol with various SARS-CoV-2 and human target proteins.

Phytochemical
Spike Protein RBD
Bound with ACE2

PDB: 6LZG

Cathepsin L
PDB: 3HHA

Nsp13 Helicase
PDB: 6ZSL

Mpro
PDB: 6LU7

Spike Protein RBD
PDB: 6M0J *

Dihydroxyacidissiminol −5.8 −8.1 −7.6 −7.0 −7.5
Werneria chromene −6.6 −6.4 −6.4 −5.9 −6.0

* 6M0J is also spike protein RBD bound with ACE2, but unlike 6LZG, ACE2 was removed from spike protein RBD
and molecular docking studies conducted with spike protein RBD only.

Werneria chromene did not display a good binding affinity to any of the five target
proteins. The least predicted binding energy was observed with 6LZG (S-RBD-hACE2) and
showed the predicted binding energy (∆G) of −6.6 kcal/mol. On the other hand, dihydroxy-
acidissiminol showed the predicted binding energies of −8.1, −7.6, −7.0, and −7.5 kcal/mol
with cathepsin L, nsp13 helicase, Mpro, and S-RBD, respectively (Tables 6 and 7). Cathepsin
L (PDB ID: 3HHA) with 220 amino acid residues has a two-chain form, R and L. The L
domain contains 3 α-helices, while the R domain is a β-barrel closed at the bottom by a
α-helix. The reactive site comprises His163 located at the top of the β-barrel and Cys25,
which is located at the N-terminus of the central helix in the L domain [51]. The interacting
amino acid residues of cathepsin L, forming hydrogen, hydrophobic, or electrostatic bonds
with dihydroxyacidissiminol, include Gly23, Cys25, Ser24, Trp26, Met70, Ala135, His163,
Gly164, and Trp189. The involvement of dihydroxyacidissiminol in interacting with both
reactive site amino acids Cys25 and His163 makes this compound a potential potent in-
hibitor for cathepsin L. The 2D interactions of cathepsin L with werneria chromene and
dihydroxyacidissiminol are shown in Figure 4a,b, respectively. PDB ID: 6ZSL represents
the Nsp13 helicase of SARS-CoV-2. The structure of Nsp13 of SARS-CoV-2, like that of
SARS-CoV, shows five domains, namely, RecA-like domains 1A and 2A, the 2B domain,
the zinc-binding domain (ZBD), and the stalk domain.
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Table 7. Interaction of dihydroxyacidissiminol with amino acid residues of cathepsin L, Nsp13
helicase, and spike protein receptor-binding domain (S-RBD).

Residue (Cathepsin L) Distance Category Type

Dihydroxyacidissiminol

TRP26 2.68 Hydrogen Bond Conventional Hydrogen Bond

GLY164 2.06 Hydrogen Bond Conventional Hydrogen Bond

TRP189 2.10 Hydrogen Bond Conventional Hydrogen Bond

GLY23 3.60 Hydrogen Bond Carbon Hydrogen Bond

HIS163 3.64 Electrostatic Pi-Cation

TRP189 3.67 Hydrophobic Pi-Sigma

TRP189 3.99 Hydrophobic Pi-Sigma

CYS25 4.81 Other Pi-Sulfur

MET70 5.04 Other Pi-Sulfur

GLY23, SER24 4.38 Hydrophobic Amide-Pi Stacked

ALA135 4.15 Hydrophobic Pi-Alkyl

Residue (Nsp13 helicase) Distance Category Type

Dihydroxyacidissiminol

PRO514 2.29 Hydrogen Bond Conventional Hydrogen Bond

TYR515 4.64 Hydrophobic Pi-Alkyl

HIS554 4.06 Hydrophobic Pi-Alkyl

PRO406 4.13 Hydrophobic Pi-Alkyl

Residue (S-RBD) Distance Category Type

Dihydroxyacidissiminol

ASP364 1.89 Hydrogen Bond Conventional Hydrogen Bond

B:TRP436 2.29 Hydrogen Bond Conventional Hydrogen Bond

CYS336 2.38 Hydrogen Bond Conventional Hydrogen Bond

PHE342 2.70 Hydrogen Bond Conventional Hydrogen Bond

ASN343 1.94 Hydrogen Bond Conventional Hydrogen Bond

LEU441 3.58 Hydrophobic Pi-Sigma

TRP436 3.98 Hydrophobic Pi-Sigma

PHE374 4.75 Hydrophobic Pi-Pi T-shaped

VAL367 4.58 Hydrophobic Alkyl

The key amino acid residues of the ATP-binding site are six in number and are Lys288,
Ser289, Asp374, Glu375, Gln404, and Arg567 [52]. Dihydroxyacidissiminol showed the
predicted binding energy of −7.6 kcal/mol with Nsp13 helicase. The interacting amino
acids of Nsp13 helicase, forming hydrophobic and hydrogen bonds with dihydroxyacidis-
siminol, were found to be Pro406, Pro514, Tyr515, and His554. Interestingly, none of the
interacting amino acid residues of Nsp13 helicase with dihydroxyacidissiminol were from
the ATP-binding site. Further studies are therefore needed to determine whether the
binding of dihydroxyacidissiminol to Nsp13 helicase will lead to inhibition of helicase
activities or not. What is noteworthy is that dihydroxyacidissiminol interacts with the
C-terminus domain of the Nsp13 helicase, which is necessary for its helicase activities. The
2D interactions of Nsp13 helicase with werneria chromene and dihydroxyacidissiminol
are shown in Figure 5a,b, respectively. The spike protein (S) of SARS-CoV-2 comprises two
subunits S1 and S2, and the first subunit is responsible for binding to its receptor hACE2.
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Human ACE2 has two hotspots for the receptor-binding domain (RBD) of S, hotspot 31 and
hotspot 353. SARS-CoV-2 recognizes hACE2 hotspot 31 through two amino acid residues
on its RBD, Gln493 and Leu 455.
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between dihydroxyacidissiminol and Nsp13 helicase.

Other amino acid residues playing significant roles in RBD interactions with hotspots
31 and 353 include Phe486, and Ser494 [53]. Dihydroxyacidissiminol interacts through
hydrogen and hydrophobic bonding with amino acid residues Cys336, Phe342, Asn343,
Asp364, Val367, Phe374, Trp436, and Leu441 of S-RBD. The S-RBD of SARS-CoV-2 com-
prises amino acid residues 387-516 [54]. Apart from the last two amino acids of S-RBD,
dihydroxyacidissiminol shows interactions with other amino acid residues outside S-RBD.
The conclusion formed is that despite showing a high binding affinity for S-RBD, dihy-
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droxyacidissiminol possibly will have little or no inhibitory influences on S-RBD binding
to hACE2. Both phytochemicals werneria chromene and dihyroxyacidissiminol did not
show predicted good binding energies to Mpro. The 2D interactions of werneria chromene
and dihydroxyacidissiminol with Mpro are shown in Figure 6a,b, respectively; the 2D
interactions of werneria chromene and dihydroxyacidissiminol with S-RBD are shown,
respectively, in Figure 7a,b. Taken cumulatively, dihydroxyacidissiminol shows predicted
low-binding energies for cathepsin L. Since it interacts with both reactive site amino acids
Cys25 and His163, it makes this compound a potential potent inhibitor for cathepsin L.
The protease (cathepsin L or CTSL) plays a major role in SARS-CoV-2 infectivity. The
circulating level of CTSL increases after SARS-CoV-2 infection and is positively correlated
with disease course and severity. Scientists have postulated that the enzyme can make a
good therapeutic target [36].
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4. Discussion

COVID-19 caused by SARS-CoV-2 is the first but possibly not the last zoonotic virus
that can paralyze global human activities. This pandemic reminded researchers to be
vigilantly prepared to protect human lives from any potential viral or bacterial infections
that may lead to cause a pandemic-like situation. Various phytochemicals from rainforests
can be investigated in search for potential drugs to prevent these infections, although these
are yet to validate the speculation. However, human activities, such as the increased need
of food for the global growing population and industrialization, lead to deforestation. The
Malaysian primary rainforest may disappear in the face of intense logging and palm-oil
plantations, which has claimed around 1.1 million hectares of rainforest between 1990 and
2005 [55]. It must be grasped that the disappearance of primary rainforest trees signifies the
disappearance of potential drugs [56]. B. malaccensis was collected in the primary rainforest
(one of the few remaining pockets of the primary rainforest) of Manong, located in the north
of Peninsular Malaysia, on the banks of the Perak River. This plant belongs to the subfamily
Aurantioideae and the tribe Citrinae [57]. We selected that plant because (i) it was having
fruits and flowers, allowing botanical identificationl (ii) it belongs to the family Rutaceae,
which is a rich source of antimicrobial compounds; and (iii) and it is traditionally used by
the Malays of Perak as medicine. Members of the Rutaceae family have been reported to
have antibacterial, antibiotic-potentiating, and anti-viral properties [29–32]. Since there
has been no study thus far to investigate the antimicrobial activities of B. malaccensis, its
antibacterial and synergistic antibacterial, as well as its potent anti-viral properties against
SARS-CoV-2 were explored. Some plants from the Rutaceae family, including Citrus sinensis
(L.) Osbeck, have been used for the treatment of flu in traditional medicine and have
antimicrobial effects [33]. Citrus limon (L.) Osbeck, C. sinensis, and Citrus pardisi Macfad.
from Rutaceae reportedly showed significant activity against Hepatitis A virus (HAV) [28].
It is important to note that naringenin, a flavanone almost exclusively found in members of
the genus Citrus L. fruits, has been reported to be a potent inhibitor of SARS-CoV-2 [34]. The
average yield values ranged from 1.0 to 9.5%, indicating a fair extraction process [58,59].

First, the antibacterial activities of 18 extracts were assessed by a microbroth dilution
assay against a panel of Gram-positive and Gram-negative bacteria and most of these
extracts displayed levels of inhibition, especially the chloroform extract of leaves and
methanol extract of bark, as these had the highest potencies; this result is reported for the
first time. The β-lactam antibiotic imipenem is one of the last-resort treatments for A. bau-
mannii infections [60]. Outbreaks of nosocomial infection caused by A. baumannii resistant
to imipenem have reached the proportions of a global health emergency [52]. According
to the International Network for the Study and Emergency Prevention of Antimicrobial
Resistance [61], multi-resistant A. baumannii infection is a “sentinel event that warrants a
coordinated response to control this multi-resistant pathogen” [62]. Gram-positive bacteria
were more sensitive to the extracts than Gram-negative bacteria, in line with the litera-
ture [63]. Gram-positive bacteria are also more susceptible to xenobiotics since they only
have a peptidoglycan wall, which is not an effective permeability barrier compared to
Gram-negative bacteria, and are equipped with an outer lipopolysaccharide layer, porins,
and an arsenal of efflux pumps. P. aeruginosa resists most antibiotics via β-lactamases, efflux
pumps, loss, or alteration of the outer membrane porin [64]. P. aeruginosa is also resistant to
fluoroquinolone exposure through mutations in their DNA gyrase and topoisomerase IV
enzymes, as well as in efflux pumps [65].

The MIC of B. malaccensis extracts was determined by the microdilution broth assay.
Rios and Recio suggested that a crude extract with MIC greater than 1000 µg/mL is inactive
and proposed interesting antibacterial activity for MICs of 100 µg/mL or lower [66]. Earlier,
Fabry and colleagues have defined crude active extracts as having MIC values below
8000 µg/mL [67]. While, more recently, Kuete used stricter endpoint criteria, in which
crude extracts with MIC values less than 100 µg/mL are considered active [68]. Further,
Kuete classified MICs above 625 µg/mL as weakly active extracts [68]. Following Kuete
(2010) reports, it can be said that chloroform extract from B. malaccensis leaves exhibited
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mild antibacterial effects against the two Gram-positive bacteria tested (S. aureus and B.
Subtilis) [69]. Moreover, extracts of antibacterial compounds can be categorized into two
classes: bacteriostatic (MBC/MIC ratio greater than 4) and bactericidal (MBC/MIC ratio
less than or equal to 4), according to Krishnan et al. [27]. Following this classification, the
chloroform extract of leaves was bacteriostatic, while the methanol extract of bark was
mildly bacteriostatic against S. aureus and P. aeruginosa. None of the plant extracts were
active against A. baumannii (imipenem-resistant).

Regarding the antibiotic-potentiating activity of the B. malaccensis extracts tested, the
strongest potentiation for Gram-positive bacteria was observed with the methanol extract
from wood (0 mm) with amoxicillin (16 ± 0.0 mm) against S. aureus (23.7 ± 0.5 mm). Of
note, it was observed that the chloroform extract of endocarps was able to render penicillin
G active against E. coli and potentiated imipenem activity against imipenem-resistant A.
baumannii. The hexane extract of B. malaccensis seeds also potentiated the antibiotic activities
of ciprofloxacin and levofloxacin against the multidrug-resistant bacteria P. aeruginosa.
These antibiotic-potentiating properties are reported for the first time. The bacterial strains
we tested are, except for imipenem-resistant A. baumannii, antibiotic sensitive, and the
extract tested further increased their vulnerability to antibiotics.

In this study, the strongest potentiation was observed with the methanol extract
of wood with the β-lactam antibiotic amoxicillin towards S. aureus. It is an important
finding because amoxicillin resistance represents a severe clinical burden worldwide in
hospitals [70]. S. aureus resists amoxicillin via β-lactamases and changes in penicillin-
binding protein 2a [71]. The low standard deviation obtained indicate that data are close
to the mean. The hexane extract of the seeds potentiated ciprofloxacin and levofloxacin
against P. aeruginosa. The nosocomial bacterium A. baumannii resists imipenem via intrinsic
and acquired metallo-β-lactamases and oxacillinases, as well as porin loss [43]. In China,
for instance, more than 50% of isolates were found to be imipenem-resistant in 2009,
and in Thailand, the rate of resistance to imipenem increased significantly from 2% in
2000 to 67% in 2011 [72]. E. coli is known to resist penicillin G via penicillin acylase and
β-lactamases [73], as well as efflux pumps [74].

Cell line cytotoxicity (at concentrations of 0-200 µg/mL of extracts against human
MRC-5 cells) was assessed following the confirmed antibacterial activities of some B. malac-
censis extracts. The American National Cancer Institute defines a plant extract as toxic to
human cells when the CC50 values are below 30 µg/mL after an exposure time of 72 h [75].
Accordingly, none of the extracts studied were toxic in vitro for the cell line tested in this
study. Among all tested extracts, the chloroform extract of B. malaccensis demonstrated the
lowest cytotoxicity. Additionally, the identification of the main constituents of the hexane
extract of seeds and the chloroform extract of fruits was carried out, which elicited interest-
ing antibiotic-potentiating effects against problematic Gram-negative bacteria, resulting in
the isolation and characterization of werneria chromene and dihydroxyacidissiminol.

Since werneria chromene was selectively active against P. aeruginosa, its activity
against P. putida and observed and activity was observed. Likewise, hydroxyacidissimol
was specifically active against P. putida. These activities, although weak, are specific and
are reported for the first time, although the reasons for this specificity against Pseudomonas
spp. remain unknown. We did not attempt to isolate compounds from methanol extracts
as we looked for mid-polar to non-polar compounds that may have better ADME.

The occurrence of these constituents in B. malaccensis was not known previously. Both
compounds were weakly but specifically bacteriostatic against P. putida and inactive for all
other bacteria tested. Further, the crystal structure of werneria chromene is reported here
for the first time. However, their synergistic activities were not examined due to insufficient
amounts of available extracts, which requires further investigation. We are currently
examining minor constituents in these extracts and found a series of prenylated flavonols
(unpublished data) that may work synergistically to bring about antibiotic-potentiating
effects and we are looking into this matter.
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In silico molecular docking of werneria chromene and dihydroxyacidissimol was
examined with the reported structure of the SARS-CoV-2 spike protein receptor-binding
domain complexed with human ACE2 (S-RBD-hACE2) (PDB ID: 6LZG), human cathepsin
L (PDB ID: 3HHA); PDB ID: 6ZSL was used for NSP13 helicase; PDB ID: 6LU7 was used
for Mpro; and PDB ID: 6M0J was used for the spike protein receptor-binding domain (S-
RBD) [50,76–79]. The 6M0J is also a spike protein RBD bound with ACE2, but unlike 6LZG
ACE2 was removed from the spike protein RBD and molecular docking studies conducted
with the spike protein RBD only. Dihydroxyacidissiminol showed a good affinity for
essential target proteins (i.e., its binding energy values were −8.1, −7.6, and −7.5 kcal/mol
for cathepsin L, nsp13 helicase, and spike protein receptor-binding domain, respectively)
associated with SARS-CoV-2 entry and replication in human cells, such as spike protein
receptor-binding domain (S-RBD), cathepsin L, and Nsp13 helicase.

5. Conclusions

The decrease in the development of new and effective antibiotics by pharmaceutical
industries and the concomitant and steady increase in bacterial resistance leaves clinicians
with the increasing difficulty to save the life of patients infected by nosocomial bacteria
globally. As the world is going through a pandemic caused by SARS-CoV-2, a part of the
mortality is derived from SARS-CoV-2 infection associated with bacterial infections. The
development of resistance-modifying agents can be an additional strategy to overcome
bacteria multidrug resistance. To our knowledge, the antimicrobial effect potentiating
properties of B. malaccensis have not been previously reported. Most of the extracts demon-
strated inhibiting the growth of Gram-positive bacteria in particular. Two compounds,
werneria chromene and dihydroxylacidissiminol, isolated from this plant’s extracts, in-
hibited the growth of P. putida, and dihydroxyacidissiminol demonstrated a good affinity
for cathepsin L. The amount of available plant was a limitation to our study, and we plan
to obtain larger collections. The principle involved in antibiotic-potentiation, the in vitro
activity of dihydroxyacidissiminol against SARS-CoV-2 and other coronaviruses, and the
therapeutic potential of the compound isolated as specific inhibitors of Pseudomonas spp.
need to be examined.
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