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Nicolás Fernández, Mário Barroso, Eugenia Gallardo and Ana Paula Duarte

Cannabis and Its Secondary Metabolites: Their Use as Therapeutic Drugs, Toxicological
Aspects, and Analytical Determination
Reprinted from: Medicines 2019, 6, 31, doi:10.3390/medicines6010031 . . . . . . . . . . . . . . . . 142

Vânia Meireles, Tiago Rosado, Mário Barroso, Sofia Soares, Joana Gonçalves, Ângelo Luı́s,
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Abstract: This Medicines special issue focuses on the great potential of secondary metabolites for
therapeutic applications. The special issue contains 16 articles reporting relevant experimental results
and overviews of bioactive secondary metabolites. Their biological effects and new methodologies
that improve the lead compounds’ synthesis were also discussed. We would like to thank all 83
authors, from all over the world, for their valuable contributions to this special issue.

Keywords: secondary metabolites; biological activities; medicinal applications; plants; seaweeds

This editorial is an introduction to the special issue “Biological Potential and Medical Use of
Secondary Metabolites” and contains an overview on the role of secondary metabolites as medicines.
In fact, secondary metabolites, used as a single compound or as a mixture, are medicines that can
be effective and safe even when synthetic drugs fail. They may even potentiate or synergize the
effects of other compounds in the medicine. The research and review articles published in this special
issue highlight the secondary metabolites with greater potential for therapeutic application as well as
new sources of secondary metabolites well known for their therapeutic properties. The manuscripts
published in this special issue are also a showcase of the different methodologies and approaches
that researchers use to evaluate, demonstrate, and enhance the properties of secondary metabolites
extracted from natural sources including terrestrial plants, marine species, and fungi species such
as mushrooms.

Ocimum sanctum L. (according to the “The Plant List” database, this name is a synonym of Ocimum
tenuiflorum L.), is an Ayurvedic herb of Southeast Asia with a long history of traditional use to treat
cough, respiratory disorders, poisoning, impotence, and arthritis [1] and with great chemopreventive
and therapeutic potential. Flegkas et al. [2] isolate several secondary metabolites from different
classes (four terpenoids, four phenolic derivatives, three flavonoids, two lignans, and one sterol) using
chromatographic techniques and elucidate their structures using spectroscopic methods. They also
report the interesting proapoptotic and selective activity displayed using (-)-rabdosiin, a tetramer
composed of a lignan skeleton connected to two caffeic acids, against MCF-7, SKBR3, and HCT-116
cancer cell lines [2], suggesting this secondary metabolite to be a leading central structure in the
development of anticancer drugs.

Malaria continues to be a disease without much effective treatment because of the appearance
of mechanisms of resistance to current drugs, so the development of new antimalarial drugs is an
important area of research. Based on previous knowledge about antiplasmodial activity against a
chloroquinone-sensitive strain of Plasmodium falciparum of sargahydroquinoic acid, the main metabolite
of brown alga Sargassum incisifolium (Turner) C. Aggard, Munedzimwe et al. [3] converted this
meroditerpene into several derivatives using semi-synthesis to look for more active derivatives.

Medicines 2019, 6, 66; doi:10.3390/medicines6020066 www.mdpi.com/journal/medicines1
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Ten sargahydroquinoic acid derivatives were assessed regarding their antiplasmodial activity and
to explore some structure–activity relationships. The results show that sarganaphthoquinoic acid
and sargaquinoic acid are the most promising selective antiplasmodial derivatives. Additionally,
the presence of a quinone and carboxylic acid were important for selective activity against the
chloroquine-resistant Gambian FCR-3 strain of P. falciparum [3].

Several secondary metabolites isolated from the same seaweed, Sargassum incisifolium, and some
semisynthetic derivatives were tested to evaluate their potential as modulators of inflammatory
bowel diseases, such as Crohn’s disease and ulcerate colitis, using various in vitro assays [4]. In fact,
inflammatory bowel diseases have become a global health challenge since conventional treatments
exhibit moderate efficacy and have significant side effects. The natural compound sargahydroquinoic
acid was identified as a promising lead compound due to its effects on various therapeutic targets
relevant to inflammatory bowel diseases treatment. Conversion of sargahydroquinoic acid to
sarganaphthoquinoic acid greatly improved the peroxisome proliferator activated receptor gamma
(PPAR-γ) activity, but this structural modification significantly decreased its antioxidant activity and
had a minimal effect on cytotoxicity against a HeLa cancer cell line [4].

Artemisinin is a sesquiterpene lactone compound with a unique chemical structure derived from
the sweet wormwood plant, Artemisia annua L. It is a very successful clinical drug used in the treatment
of malaria [5], and now has a second life as an antitumor agent [6]. Therefore, there is a great demand
for new sources of artemisinin, in particular among another Artemisia species. Furthermore, since the
biotransformation and accumulation of artemisinin depends on the natural conditions, such as light
intensity, Numonov et al. [7] evaluated the content of the artemisinin in eight Artemisia species collected
in Tajikistan, a country with a relatively large number of sunny days per year. The artemisinin content
on Artemisia hexane extracts, prepared using ultrasound-assisted extraction, was determinate using
HPLC. The highest content found, in this study, was in Artemisia vachanica Krasch. ex Poljakov (0.34%
of dried plant), a new source of artemisinin, and the species with the second-highest content after
Artemisia annua (0.45 %), while Artemisia leucotricha Krasch. ex Ladygina (according to the “The Plant
List” database, this name is a synonym of Seriphidium leucotrichum (Krasch.) Y.R.Ling.) was the only
one in which no artemisinin was detected. The same work shows that the treatment of Artemisia annua
hexane extract with silica gel as an adsorbent resulted in the enrichment of artemisinin [7].

Pristimerin and tingenone belong to the class of quinonemethide triterpenoids, known as
celastroloids, a relatively small class of compounds that exhibit interesting biological activities, such as
cytotoxicity and anti-inflammatory, antimicrobial, and antioxidant properties, and accumulate mainly
in the root of Celastraceae species. Taking into account the chemotaxonomic and therapeutic relevance of
quinonemethide triterpenoids like pristimerin and tingenone, Taddeo et al. [8] developed an analytical
method for its identification and quantification in the root of species of Maytenus chiapensis Lundell.
These authors suggest the use of RP HPLC-PDA for the analysis of n-hexane-Et2O extract (1:1), the ideal
solvent for extraction of these two bioactive secondary metabolites. The proposed method is useful in
the analysis of other species of Celastraceae and in the analysis of commercial samples [8].

The Boswellia sp. are resiniferous trees and shrubs that produce oleo-gum resin, well known as
frankincense [9], a natural product of high commercial value used in traditional medicine, religious
ceremonies, and cosmetic and perfumery products [10]. Byler and Setzer [11] identified the biomolecular
targets docked by some frankincense secondary metabolites using reverse docking analysis, showing
that some diterpenes exhibited selective docking to bacterial protein targets and to acetylcholinesterase,
while some triterpenoids targeted specific antineoplastic molecular targets, diabetes-relevant targets,
and protein targets involved in inflammatory processes. Several medicinal properties of frankincense
were corroborated by the molecular docking properties of their di- and triterpenoids. This study opens
the way for further investigations of the biomolecular targets identified in this work regarding the
improvement of new inhibitors to be used in the treatment of bacterial infections, and inflammatory,
diabetes, and Alzheimer’s diseases.
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Quy and Xuan [12] used a more traditional approach to suggest cordycepin identified in the
mushroom Cordyceps militaris (L.) Link ethyl acetate extract as the responsible agent for the extract´s
xanthine oxidase inhibitory activity. Using the bio-guided assays approach, they identified the
constituents of the most active fractions using GC-MS. They revealed that the fungus Cordyceps militaris,
used in traditional medicine, is a potential source of cordycepin, the largest constituent of the fraction
exhibiting the highest anti-xanthine oxidase effect. Thus, the Cordyceps militaris fractions and/or its
constituent cordycepin could be beneficial for hyperuricemia treatment. However, more in depth
studies and in vivo trials on compounds purified from this medicinal fungus are needed.

Polyphenols are a vast and heterogeneous set of secondary metabolites that include flavonoids,
stilbenes, lignans, benzoic acid derivatives, and cinnamic acids, among others, which have in common
at least one hydroxylated aromatic ring. They are the subject of vast research as they possess biological
properties relevant to well-being and improved health [13–15]. In fact, it is known that the consumption
of specific types of food (e.g., fruits) rich in polyphenols exerts a positive effect on health, improving,
for example, the antioxidant and anti-inflammatory responses of the organism and helps fight
cardiovascular and cancer diseases [13,16]. The antioxidant potential and total polyphenols content
in most of the 17 ancient regional varieties of apples from the province of Siena in Tuscany are
remarkably higher when compared with two commercial varieties, being in some cases about 8 times
higher. In addition, older varieties showed lower glucose contents and higher contents of xylitol and
pectins, which are also relevant factors for considering older varieties with the highest potential as
nutraceuticals [17].

The polar extracts of Glycyrrhiza glabra L., Paeonia lactiflora Pall., and Eriobotrya japonica (Thunb.)
Lindl., three known species frequently used in traditional Chinese medicine, were analysed using
LC-MS and their total phenolic contents, and antioxidant, antimicrobial, and cytotoxic activities,
were evaluated [18]. The terpenoid glycosides was the most abundant class in all three species.
Glycyrrhizic acid and (iso)liquiritin apioside isomers were the most abundant secondary metabolites
in the Glycyrrhiza glabra, while in the Paeonia lactiflora, the most abundant were paeoniflorin derivatives,
and in Eriobotrya japonica, the most abundant were the nerolidol derivatives. The Paeonia lactiflora
extract was the most antioxidant one, which was more active than the (-)-epigallocatechin gallate
positive control [18].

The defensins are a family of cysteine-rich peptides with ≈29–42 amino acids, that play a very
important role in the defense system of plants, insects, animals, and humans against invasion by
microorganisms. Many of these peptides have been proposed as novel natural antibiotics with great
potential for application toward human health and agriculture [19,20]. In fact, due to the increase in the
phenomena of resistance to conventional antibiotics, the development of new classes of drugs to combat
infections by microorganisms has intensified, with defensins being one of those classes that has gained
prominence. Ishaq et al. [21] present the most current overview of the plant defensins applications
in the treatment of human infections by viruses, bacteria, and fungi; treatment of hemorrhoids, liver
disorders, and cancer; and its use in agriculture as a way to increase agricultural production using
natural compounds as phytosanitary agents.

Cannabis species contain more than 545 secondary metabolites of different classes but they
are chiefly known to possess a great structural diversity of non-nitrogen compounds capable of
interfering with the central nervous system, known as cannabinoids, which also exhibit very interesting
pharmaceutical properties [22]. The increasing interest of patients regarding the medicinal use of
Cannabis has been accompanied by a renewed interest of scientists in the potential medical use of
various constituents of this plant [22,23]. The review of the literature on cannabinoids identified in
Cannabis and their application for therapeutic purposes, on the evaluation of its toxicological effects,
and the development and improvement of new methodologies for its detection and quantification
presented by Gonçalves et al. [24] is of great interest. It opens new lines of research in order to
increasingly distinguish the recreational use of the medicinal use of both herbal products derived from
Cannabis and its secondary metabolites.
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Like Cannabis, kratom (Mitragyna speciosa (Korth.) Havil.) is a species that is also used for medical
purposes as an analgesic, and for social and recreational use, being a source of psychoactive agents,
mainly alkaloids, and a cheap alternative to opiate-rich substances [25]. The most recent review of the
literature on Mitragyna speciosa [26] presents the state of the art for its major secondary metabolites,
the potential beneficial and toxicological effects derived from its use, and the methodologies for its
detection in plant and biological samples. It is concluded that the use of kratom or its metabolites
may cause dependence; increase blood pressure; cause liver, renal, and neuronal toxicity; emphysema;
excess alveoli inflammation; and even death. On the other hand, kratom has interesting effects, namely
antinociceptive, anti-inflammatory, gastrointestinal, antidepressant, antioxidant, and antibacterial
properties [26]. However, further studies are required to support the use of the species or its secondary
metabolites for clinical purposes.

Tavares and Seca [27] demonstrate how Juniperus species are a good bet as a source of secondary
metabolites by presenting a review about diterpenes, flavonoids, and one lignan identified in Juniperus
as having a high potential for the development of new antitumor, antibacterial, and antiviral drugs.
Deoxypodophyllotoxin appears to be the most promising lead compound since it has reported
antitumor effects against breast cancer acquired resistant cells (MCF-7/A), with a very interesting IC50

value in the nanomolar level. The dehydroabietic acid methyl ester derivative, with the substituent
(2-(4-(3-(tert-butoxycarbonylamino)phenyl)-1H-1,2,3-triazol-1-yl)acetamido) at C-14, also seems to
be an excellent leader compound since it has shown IC50 values between 0.7–1.2 μM against PC-3,
SK-OV-3, MCF-7, and MDA-MB-231 tumour cell lines, which is an activity higher than the one exhibited
by the anticancer agent 5-FU used clinically.

The Scabiosa genus, despite the great controversy regarding the taxonomic classification of its
species, is widely considered to be valuable in traditional medicine and the biological potential of
its secondary metabolites as effective agents in the treatment of various diseases is well known [28].
Pinto et al. [28] present an update on the information about flavonoids, iridoids, and saponins from
Scabiosa species that can be highlighted both from the point of view of their biological properties and
from the in vivo assays already performed. In fact, these secondary metabolites exhibit interesting
effects, such as anti-inflammatory and antitumoral activities, effects that validate and extend some
traditional uses of Scabiosa species, as well as inspire the development of new drugs based on extracts or
pure secondary metabolites. On the other hand, this review also demonstrates that the phytochemistry
of several Scabiosa species has been neglected. These findings should encourage further studies that
can reveal the medicinal potential of this species.

An essential oil is a complex mixture of volatile compounds that exhibit the ability to control
the infectious/parasitic diseases, which is a great continuing challenge for global health. In fact,
essential oils could exhibit a dual role, being able to control vectors, important in the cycle of disease
transmission, and they exhibit relevant activity against the pathogens [29]. However, the solubility
and stability of essential oils poses significant problems in the formulation of new products for both
vector and parasite control. Echeverría and Albuquerque [30] review several studies related to the
development of nanoemulsions containing essential oils as effective formulations to control diseases in
humans and animals, since they have lower cost and ecological toxicity. The authors emphasize these
formulations as water-soluble and stable alternatives, able to act as larvicides, insecticides, repellents,
and acaricides, as well as having antiparasitic properties, such that they have proved to be very efficient
in the treatment and prevention of infectious and parasitic diseases. In addition, the nanoemulsion
formulation of essential oils makes this pesticide more environmentally friendly [30].

The use of bioinformatics and omic workflow is a very recent approach in the effort to discover
natural products in various environments, such as soils, aquatic environments, and microbial
communities. Chen et al. [31] present a literature review highlighting several methods, mainly
bioinformatics, used to identify biosynthetic gene clusters that encode the biosynthesis of secondary
metabolites in the environment, especially in environments where microorganisms are rarely cultivated.
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There are also several examples of how recent studies have explored the genetic basis for the synthesis
of new natural products that have broad medical and industrial applications [31].

By considering all the information given in this special issue, one can confirm the importance of
plants in the development of new medicines. They are an important source of bioactive or inspiring
molecules. Skepticism can arise from the use of pure isolated compounds if we consider that plants
have a mixture of several bioactive molecules that can synergize the biological effects. However,
mixtures can also be developed, and the knowledge of their composition will allow for the optimization
of its effect, not only against the disease but also on the patient. The authors of the current editorial
hope that this special issue stimulates further research, in particular, research involving clinical trials.
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Abstract: Background: Ocimum sanctum L. (holy basil; Tulsi in Hindi) is an important medicinal plant,
traditionally used in India. Methods: The phytochemical study of the nonpolar (dichloromethane
100%) and polar (methanol:water; 7:3) extracts yielded fourteen compounds. Compounds 6, 7, 9, 11,
12, and 13, along with the methanol:water extract were evaluated for their cytotoxicity against the
human cancer cell lines MCF-7, SKBR3, and HCT-116, and normal peripheral blood mononuclear
cells (PBMCs). Results: Five terpenoids, namely, ursolic acid (1), oleanolic acid (2), betulinic acid (3),
stigmasterol (4), and β-caryophyllene oxide (5); two lignans, i.e., (-)-rabdosiin (6) and shimobashiric
acid C (7); three flavonoids, luteolin (8), its 7-O-β-D-glucuronide (9), apigenin 7-O-β-D-glucuronide
(10); and four phenolics, (E)-p-coumaroyl 4-O-β-D-glucoside (11), 3-(3,4-dihydroxyphenyl) lactic
acid (12), protocatechuic acid (13), and vanillic acid (14) were isolated. Compound 6 was the most
cytotoxic against the human cancer lines assessed and showed very low cytotoxicity against PBMCs.
Conclusions: Based on these results, the structure of compound 6 shows some promise as a selective
anticancer drug scaffold.

Keywords: Ocimum sanctum; Lamiaceae; (-)-rabdosiin; cytotoxic activity; triterpenoids; phenolic
derivatives

1. Introduction

Indigenous to India and parts of North and Eastern Africa, China, Hainan Island, and Taiwan,
Tulsi (Ocimum sanctum L.; syn. Ocimum tenuiflorum L.) is referred to as “the elixir of life” or
“the queen of herbs” and is believed to promote longevity [1,2]. Various parts of the plant are used in
Ayurveda and Siddha traditional medicine to treat coughs, bronchitis, fever, bile disturbances, and
has been also used as an anthelminthic, antiemetic, anticancer, antiseptic, antioxidant, antidiabetic
anti-inflammatory, antiulcer, hepatoprotective, cardioprotective, anticoagulant, anticataract, and
analgesic agent. Additionally, it has been reported that extracts of the plant can serve as vitalizers and
rejuvenators, and are thought to increase life-expectancy and promote disease-free living [3–17].

Despite its wide therapeutic range, special care should be taken in case of the use of Tulsi
in conjunction with other prescribed medicines since it exhibits various drug interactions. For
example, its concomitant use with anticoagulants, such as heparin, warfarin, aspirin, clopidogrel, etc.,
is contraindicated due to allergic reactions that may occur. In addition, Tulsi increases the activity of
phenobarbital and consequently may stimulate uterine contractions; thus, its use during pregnancy
and lactation is not recommended [18,19].
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The genus Ocimum L. is abundant in methylated flavones of the apigenin and luteolin types:
cirsimartin, cirsilineol, isothymusin, and isothymonin. Terpenes such as triterpenic acids, ursolic,
oleanolic acids, the oxygenated monoterpene carvacrol, the sesquiterpene hydrocarbon caryophyllene,
the phenylpropenes eugenol and its methyl ether, as well as caffeic and rosmarinic acid are also present
in significant amounts s. According to literature data, O. sanctum contains flavonoids, phenolics,
neolignans, tannins, triterpenoids, sterols, cerebrosides, alkaloids, and saponin; most of them are well
known for their in vitro and in vivo biological activities, such as antioxidant or prooxidant, cytotoxic,
antitumor, anticarcinogenic, hepatoprotective, anti-inflammatory, as well as antiviral [3–6,19–23].
Moreover, the essential oil of O. sanctum contains high amount of eugenol (70%), also known for its
antioxidant, anti-inflammatory, antimicrobial, and cytotoxic activities [24,25].

Based on the above, the plant is of high pharmacological importance, although it is still not fully
chemically investigated. In this study, we analyzed both nonpolar and polar extracts of O. sanctum and
studied the cytotoxic activity of its secondary metabolites.

2. Materials and Methods

2.1. Plant Material

Aerial parts of O. sanctum L. were collected in flowering stage at Suriname, as previously
described [21]. A voucher specimen (ATHS 093) has been deposited in the Herbarium of the Laboratory
of Pharmacognosy, National and Kapodistrian University of Athens.

2.2. General Experimental Procedures

1H, 13C, and 2D NMR spectra were recorded in CDCl3 and CD3OD on Bruker DRX 400 and
Bruker AC 200 (50.3 MHz for 13C NMR) instruments at 295 K. Chemical shifts are given in ppm
(δ) and were referenced to the solvent signals at 7.24/3.31 and 77.0/49.0 ppm for 1H-/13C-NMR,
respectively. COSY, HSQC, HMBC, HSQC-TOCSY (Heteronuclear Single Quantum Coherence-Total
Correlation Spectroscopy), NOESY, and ROESY (Rotating-frame nuclear Overhauser Effect correlation
SpectroscopY; mixing time 950 ms) were performed using standard Bruker microprograms. The
solvents used were of spectroscopic grade (Merck). The [α]20

D values were obtained in CHCl3 or MeOH
on a Perkin-Elmer 341 Polarimeter. FT-IR spectra were recorded on a Perkin Elmer PARAGON 500
spectrophotometer. UV spectra were recorded on a Shimadzu UV-160 A spectrophotometer according
to Mabry et al. (1970) [26]. GC–MS analyses were performed on a Hewlett-Packard 5973–6890 system
operating in EI mode (70 eV) equipped with a split/splitless injector (220 ◦C), a split ratio 1/10,
using a fused silica HP-5 MS capillary column (30 m x 0.25 mm (i.d.), film thickness: 0.25 μm) with
a temperature program for HP-5 MS column from 60 ◦C (5 min) to 280 ◦C at a rate of 4 ◦C/min
and helium as a carrier gas at a flow rate of 1.0 mL/min. Vacuum liquid chromatography (VLC):
silica gel 60H (Merck, Art. 7736) [27]. Column chromatography (CC): silica gel (Merck, Darmstadt,
Germany, Art. 9385), gradient elution with the solvent mixtures indicated in each case. Preparative
thin layer chromatography (pTLC) was performed on silica gel (Merck, Art. 5721) and cellulose (Merck,
Art. 5716). MPLC (Medium Pressure Liquid Chromatography) support: reversed-phase column
(Merck, 10167): 36 × 3.6 cm (Büchi Borosilikat 3.3, Code 19674), 24 × 1.5 cm (Büchi Borosilikat 3.3,
Code 2813) on a system (Büchi Pump C-615). HPLC (High Performance Liquid Chromatography)
support: preparative HPLC was performed using (a) Kromasil 100 si Semi-prep 25 cm × 10 mm and
(b) Kromasil C18 25 cm × 10 mm columns on a HPLC system (Jasco PU-2080) equipped with a RI
detector (Shimadzu 10 A). Fractionation was always monitored by TLC silica gel 60 F-254, (Merck, Art.
5554) with visualization under UV (254 and 365 nm) and spraying with vanillin–sulfuric acid reagent
(vanillin Merck, Art. No. S26047 841) and with Neu’s reagent for phenolics [28].
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2.3. Extraction and Isolation

The initial extraction was previously described [21]. In brief, the aerial parts of O. sanctum L.
(0.40 kg) were air-dried and finely ground, and then extracted at room temperature using
dichloromethane and methanol, successively.

Part of the dichloromethane residue (11.9 g) was re-extracted at room temperature with ethyl
acetate (EtOAc) and n-BuOH, yielding two fractions (A and B). Fraction A (7.8 g) was fractionated
by VLC on silica gel using mixtures of cyclohexane and EtOAc of increasing polarity (100:0; 90:10;
80:20; 70:30; 60:40; 50:50; 40:60; 30:70) and yielded 8 subfractions (A1–A8). Subfractions A3 (eluted with
cyclohexane:EtOAc 80:20) and A4 (eluted with cyclohexane:EtOAc 70:30) were combined to group
AA (401.7 mg), subjected to CC over silica gel using mixtures of cyclohexane and EtOAc and yielded
81 fractions combined to 11 groups (AA1–AA11). Purification on preparative TLC of fraction AA3

(51.8 mg; eluted with cyclohexane:EtOAc 95:5) yielded compound 5 (1.3 mg). Fractions AA6 (34.7 mg;
eluted with cyclohexane:EtOAc 97:3) and AA8 (34.4 mg; eluted with cyclohexane:EtOAc 85:15) were
further fractionated by normal-phase HPLC (isocratic elution cyclohexane:EtOAc 75:25) and yielded
compounds 4 (tR 21.84 min; 3.2 mg), 2 (tR 16.01 min; 1.7 mg), and 3 (tR 14.84 min; 5.5 mg). Fraction B
purified by CC on silica gel using mixtures of cyclohexane and EtOAc yielded 131 fractions combined
to 18 groups (B1–B18). Fraction B5 (eluted with cyclohexane:EtOAc 80:20) was identified as compound
1 (1.8 mg), while fraction B8 (eluted with cyclohexane:EtOAc 70:30) as compound 14 (2.3 mg).

Part of the methanol residue (3.6 g) was subjected to RP18-MPLC using a H2O:MeOH gradient
system (100:0; 90:10; 85:15; 80:20; 75:25; 50:50; 0:100; 0:100; 50 min each) and yielded 8 fractions
(M1-M8). Group M2 (eluted with H2O:MeOH 90:10) was applied to CC on silica gel with mixtures of
dichloromethane:methanol:water of increasing polarity to give 151 fractions (combined to 14 groups;
M2-1–M2-14) and afforded compounds 13 (M2-5 eluted with DM:MeOH: H2O 95:5:0.3; 40.5 mg), 11

(M2-11 eluted with DM:MeOH:H2O 70:30:3; 1.6 mg), and 12 (M2-12; 4.3 mg; eluted with DM:MeOH:H2O
40:60:6). M3 (290.0 mg) was further purified on Sephadex LH-20 eluted with MeOH (100%) and yielded
30 fractions combined in 10 subfractions (M3-1–M3-10). M3-6 (57.0 mg) was subjected to reversed-phase
HPLC (isocratic elution; methanol:AcOH 5% 7:3) to give compounds 6 (tR 23.90 min; 7.5 mg), 9 (tR
29.30 min; 1.9 mg), and 7 (tR 35.20 min; 3.7 mg). M6 (674.2 mg) was similarly fractionated by CC
over silica gel with mixtures of CH2Cl2:MeOH:H2O of increasing polarity and yielded 135 fractions
combined in 25 subgroups (M6-1–M6-25). Subgroup M6-24 (eluted with CH2Cl2:MeOH:H2O 70:30:3;
69.4 mg) was subjected to CC on silica gel as previously described to give 75 fractions; fraction 8 (1.3
mg) was identified as compound 10. Another part of the methanol extract (7.7 g) was redissolved in
water and extracted at room temperature with EtOAc and n-BuOH, affording three fractions (MA-MC).
MB (eluted with n-BuOH; 5.3 g) was subjected to RP18-MPLC using a H2O:MeOH gradient system
(100% H2O→100% MeOH; steps of 10% MeOH) and yielded 11 fractions (MB1-MB10). Fraction MB3

(eluted with H2O:MeOH 80:20) was identified as compound 8 (13.6 mg).
It is notable that during the fractionation and isolation procedures, all extracts and subfractions

were continuously monitored by analytical TLC and 1H-NMR. All obtained fractions were concentrated
to dryness under vacuum (30 ◦C) and placed in activated desiccators with P2O5 until their weights
were stabilized.

2.4. Cytotoxic Effects against Cancer Cell Lines

The cytotoxic activity of the compounds, as well as of the initial methanol extract, were tested
against three human cancer cell lines: MCF-7 (breast; estrogen receptor positive (ER+), progesterone
receptor (PR)+, and HER2 negative (-)), SKBR3 (breast; ER-, PR-, and HER2+), and HCT-116 (colon).
All cell lines were maintained in RPMI-1640, supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 10 mM Hepes, 10 U/mL penicillin, 10 U/mL streptomycin, and 5 mg/mL gentamycin (all
from Lonza, Cologne, Germany) (thereafter referred to as complete medium) at 37 ◦C in a humidified
5% CO2 incubator.
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Compounds were prepared at a stock solution of 10.0 mg/mL in DMSO and the extract at
20.0 mg/mL in DMSO. Prior to their use, they were diluted in plain RPMI-1640. Cytotoxicity
was evaluated by the MTT reduction assay [29], which determines the effect of treatment with an
exogenously added agent on the viability of the cell population. Briefly, cells were plated in 96-well
plates (Greiner Bio-One GmbH, Frickenhausen, Germany; 5 × 103 cells/well) and incubated at 5% CO2

and 95% air at 37 ◦C for 24 h, in order to adhere. Further, cells were incubated with the compounds
for 72 h at 37 ◦C in a 5% CO2 incubator. The MTT reagent (Sigma-Aldrich, Darmstadt, Germany;
1 mg/mL in phosphate buffered saline (PBS); 100 μL/well) was added during the last 4 h of incubation.
The formazan crystals formed were dissolved by adding 0.1 M HCl in 2-propanol (100 μL/well) and
absorption was measured using an ELISA reader (Denley WeScan, Finland) at 545 nm with reference
filter set at 690 nm. All cultures were set in triplicate, whereas cells incubated in complete medium
or in medium containing the equivalent amount of DMSO, as well as cells incubated in the presence
of doxorubicin (Sigma-Aldrich) were used as negative and positive controls, respectively. The half
maximal inhibitory concentration (IC50) was calculated according to the formula: 100(A0 − A)/A0 = 50,
where A and A0 are optical densities of wells exposed to the compounds and control wells, respectively.

The compounds were tested at a concentration range of 200.0 to 6.25 μg/mL and the extract at
750.0 to 1.25 μg/mL. Doxorubicin was used as a standard cytotoxic agent and showed IC50 values ≤
0.2 μM in all cell lines tested. All experiments were performed at least three times.

2.5. Flow Cytometry Analysis

MCF-7, SKBR3 and HCT-116 cells were incubated with compound 6 and analyzed with flow
cytometry following staining with annexin V and propidium iodide (PI). Cells were plated into 24-well
plates (Greiner Bio-One; 3 × 105/mL; 2 mL/well), let adhere overnight, and incubated with the mean
IC50 value (80 μg/mL) and 40 μg/mL of compound 6 for 72 h. Cells were detached with 2 mM EDTA
in Dulbecco’s PBS (DPBS), harvested, centrifuged in cold PBS (1500 rpm; 5 min), and stained with the
Annexin V-FITC Apoptosis Detection Kit (BioLegend, Fell, Germany; cat# 640914), according to the
manufacturers’ instructions. In brief, cells were resuspended in binding buffer, then annexin V-FITC
(5 μL) and PI (10 μL; 0.03 μg/sample) were added, mixed, and incubated with the cells for 15 min in
the dark at room temperature. The volume was adjusted to 500 μL with binding buffer and the cell
suspension was immediately analyzed in a FACSCanto II (BD Biosciences, San Diego, CA, USA) using
FACSDiva software (V7, BD Biosciences).

2.6. Cytotoxic Effect against Human Peripheral Blood Mononuclear Cells

Compound 6 was additionally assessed for its cytotoxicity against human peripheral blood
mononuclear cells (PBMCs) isolated from healthy blood donors’ peripheral blood as previously
described [30]. Prior to blood draw, individuals gave their informed consent according to the
regulations approved by the 2nd Peripheral Blood Transfusion Unit and Hemophiliac Centre, “Laikon”
General Hospital Institutional Review Board, Athens, Greece. PBMCs were seeded in 24-well plates
(5 × 105/mL; 2 mL/well) and exposed to 2 concentrations of compound 6: 80 μg/mL and 40 μg/mL.
PBMCs were collected, stained as described in 2.5 and analyzed by flow cytometry.

3. Results and Discussion

3.1. Secondary Metabolites Isolated from O. sanctum

The phytochemical study of both nonpolar and polar extracts from O. sanctum aerial parts led
to the isolation of 14 compounds identified on the basis of their spectra. More specifically, five
terpenoids, i.e., ursolic acid (1) [31], oleanolic acid (2) [32], betulinic acid (3) [32,33], stigmasterol
(4) [33], and β-caryophyllene oxide (5) [34]; two lignans, (-)-rabdosiin (6) [35,36] and shimobashiric
acid C (7) [37]; three flavonoids, luteolin (8) [38], its 7-O-β-D-glucuronide (9) [39–41], and apigenin
7-O-β-D-glucuronide (10) [42,43]; and phenolic compounds, (E)-p-coumaroyl 4-O-β-D-glucoside
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(11) [44], 3-(3,4-dihydroxyphenyl) lactic acid (12) [45], protocatechuic acid (13) [46], and vanillic
acid (14) [46] were isolated. This is the first time that compounds 6, 7, 11, and 12 were isolated from
this plant.

According to the literature, the taxonomic description of the genus Ocimum L. is still debatable.
It is composed of three subgenera, namely subgenus Ocimum (comprising three sections: Ocimum,
Gratissima and Hiantia), subgenus Nautochilus, and subgenus Gymnocimum. The species
(O. sanctum L.) under investigation has been located in the subgenus Gymnocimum. This subgenus
can be distinguished because of the existence of flavonoid glucuronides, which are found in plants
of the subgenera Nautochilus and Ocimum [38]. Consequently, our work is in agreement with
previous studies regarding the chemical profile of the subgenus Gymnocimum. Moreover, it was
previously shown that 3-(3,4-dihydroxyphenyl) lactic acid is a precursor of the nonenzymatic synthesis
of (S)-(-)-rosmarinic acid and (+)-rabdosiin [47], therefore its identification (compound 12) could be
related to the biosynthesis of (-)-rabdosiin (6) [48].

Compound (-)-rabdosiin (6) (Figure 1) is a caffeic acid tetramer connected to a lignan skeleton.
Originally, it has been isolated and identified from the stem of Rabdosia japonica, Labiatae [35],
while both enantiomers (-)-rabdosiin and (+)-rabdosiin were later isolated from Macrotomia euchroma,
Boraginaceae [49] and also from other plants of this family such as Lithospermum erythrorhizon [50] and
Eritrichium sericeum [36]. Based on the fact that the entire fractionation and isolation procedures were
continuously monitored by 1H-NMR, the active compound 6 was not detected in other fractions (NMR
data of 6 are provided as Supplementary Materials, Tables S1 and S2, Figures S1–S6). Consequently,
being a minor compound of the plant, its activity could derive in synergy with other constituents.

Figure 1. Chemical structures of (-)-rabdosiin (6) isolated from O. sanctum.

According to published data, rabdosiin and the similar caffeic acid derivatives have been
suggested as potential anti-HIV and antiallergic agents. Moreover, studies showed that rabdosiin is an
antioxidant factor (acting as an effective scavenger of reactive oxygen species), as well as a possible
inhibitor of hyaluronidase and β-hexosaminidase release [51,52]. Nevertheless, to the best of our
knowledge, the antiproliferative activity of rabdosiin is reported for the first time.

3.2. Antiproliferative Activityod of Secondary Metabolites of O. sanctum

Using the MTT dye reduction assay, the methanol:water extract (7:3) and 6 purified secondary
metabolites (compounds 6, 7, 9, 11, 12, and 13) were screened for their cytotoxic/cytostatic activity
against human breast and colon cell lines. Our results showed that the extract was cytotoxic against
all cell lines, with an IC50 range of 45 ± 2.12 to 57 ± 14.14 μg/mL (Table 1). Based on these data, we
further proceeded to the screening of the isolated natural products 6, 7, 9, 11, 12, and 13 against MCF-7
cells which was the mostly affected cell line exposed to the methanol extract of O. sanctum L. The IC50

values calculated are presented in Table 1. Among the purified compounds, the most prominent was
6, which was further tested against SKBR3 and HCT-116 cells. Overall, compound 6 demonstrated
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a considerable cytotoxic activity, with IC50 values 75 ± 2.12, 83 ± 3.54 and 84 ± 7.78 μg/mL against
MCF-7, SKBR3, and HCT-116, respectively.

Table 1. In vitro cytotoxicity of the methanol extract and isolated compounds from Tulsi on human
cancer cell lines.

IC50 ± SD (in μg/mL) a IC50 ± SD (in
μM)

Compounds 6 7 9 11 12 13 Extract * Doxorubicin

MCF-7 75 ± 2.12 a 142 ± 3.54 141 ± 1.41 139 ± 7.78 140 ± 12.02 140 ± 4.95 45 ± 2.12 0.092 ± 0.007

SKBR3 83 ± 3.54 NT NT NT NT NT 46 ± 5.66 0.095 ± 0.008

HCT-116 84 ± 7.78 NT NT NT NT NT 57 ± 14.14 0.192 ± 0.029

* Methanol:water 70:30 a IC50 values were determined after 72 h of exposure to each compound and represent
means ± standard deviation (SD) of three independent experiments performed; Doxorubicin was used as positive
control and showed IC50 ≤ 0.20 μM for all cell lines assayed.

To analyze the type of cell death (apoptosis or necrosis) induced by compound 6 on MCF-7, SKBR3,
and HCT-116 cells, cells were stained with annexin V which binds phosphatidylserine exposed on the
surface of apoptotic cells and PI which intracellulary stains the DNA of necrotic cells. As shown in
Figure 2, 80 μg/mL of compound 6 drove ca. 50% of all cells to apoptosis. Specifically, 44.9% of MCF-7
were annexin V+ and 12.3% annexin V+/PI+, suggesting that cells exposed to compound 6 underwent
early apoptosis and a small percentage thereof late apoptosis/necrosis. Analogous percentages were
obtained for SKBR3 (40.1% early apoptotic; 9.1% late apoptotic/necrotic) and HCT-116 (43.1% early
apoptotic; 10.2% late apoptotic/necrotic) cells. When the same cell lines were exposed to 40 μg/mL of
compound 6, the percentages of early apoptotic and late apoptotic/necrotic cells were reduced ca. by
50% (13.5–20.1% and 3.9–6.5%, respectively), suggesting that induction of apoptosis by compound 6

is concentration-dependent.

Figure 2. Compound 6 induced apoptosis to human cancer cells. MCF-7, SKBR3, and HCT-116 cells
were exposed to 40 and 80 μg/mL of compound 6 for 72 h, stained with annexin V and PI, and analyzed
by flow cytometry. Control cells were incubated in complete medium supplemented with 0.5% DMSO.
Flow cytometry analysis was performed using FACS Diva software. (A). Representative dot plots from
cells treated with compound 6. Percentages of early apoptotic (lower right), late apoptotic/necrotic
(upper right), and necrotic (upper left) are shown in each quadrat. (B). Histograms of apoptotic and
necrotic cells after exposure to compound 6. Blue columns show percentages of early apoptotic, red
columns of late apoptotic and green columns of necrotic cells. Mean values ± SD from 3 experiments
are shown. *, p < 0.05; **, p < 0.01; ***, p < 0.001, in all cases compared to control after Student’s unpaired
t-tests.
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Based on the significant cytotoxic activity of compound 6 against cancer cell lines we further
tested whether it may also be toxic against normal cells, i.e., PBMCs isolated from two different healthy
blood donors. PBMCs were incubated for 24 h with the IC50 and the 1/2 concentration of 6, stained
and analyzed by flow cytometry. Interestingly, the IC50 of compound 6 (80 μg/mL) induced early and
late apoptosis/necrosis in a small percentage of PBMCs (2.8% and 3.0% for donor 1; 4.3% and 3.1% for
donor 2, respectively). At half concentration, the percentages were highly reduced and much less early
apoptotic and late apoptotic/necrotic cells were detected (1.8% and 1.7% for donor 1; 2.1% and 1.9%
for donor 2, respectively) (Figure 3).

Figure 3. Compound 6 does not induce apoptosis or necrosis to peripheral blood mononuclear cells
(PBMCs). PBMCs were isolated from 2 different donors (1 and 2) and incubated with 40 and 80 μg/mL
of compound 6 for 24 h. Other details as in Legend of Figure 2. Representative dot plots from both
donors are shown from one experiment performed in duplicate.

The good antitumor activity of compound 6 against human cancer cells and the simultaneous
marginal cytotoxicity of the same compound when tested against normal human cells (PBMCs),
suggest that (-)-rabdosiin may display less toxic side effects when administered in vivo. In support
of our results, the few studies carried out in the last decade on the potential anticancer activity of
O. sanctum extracts and its essential oil with different human cancer cell lines, clearly suggest that Tulsi
may be used as a supplement to enhance anticancer chemotherapy without causing severe damage
to normal epithelial cells [25,53,54]. Botanical drugs are currently approved in therapy with specific
indications and in the last decades, research has focused on the anticancer effect of plant extracts.

Taken altogether, (-)-rabdosiin displays an interesting proapoptotic activity against cancer cell
lines and in parallel shows a noticeable selectivity to malignant cells. It is noteworthy that the cytotoxic
response of the extract is better compared to the other isolated compounds, including compound 6.
As (-)-rabdosiin is a minor compound of the plant, we assume that it contributes to the improved
antiproliferative activity of the methanol extract, and that it is probably synergistically with other active
metabolites. The good activity of the polar extract, as well as of compound 6 against a series of human
cancer cell lines and its marginal cytotoxicity against PBMCs, give evidence toward the effective use of
this plant for the prevention of human cancer. Moreover, the core structure of (-)-rabdosiin could be
considered as drug lead in anticancer drug design.
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Abstract: Background: Malaria continues to present a major health problem, especially in developing
countries. The development of new antimalarial drugs to counter drug resistance and ensure a
steady supply of new treatment options is therefore an important area of research. Meroditerpenes
have previously been shown to exhibit antiplasmodial activity against a chloroquinone sensitive
strain of Plasmodium falciparum (D10). In this study we explored the antiplasmodial activity of
several semi-synthetic analogs of sargahydroquinoic acid. Methods: Sargahydroquinoic acid was
isolated from the marine brown alga, Sargassum incisifolium and converted, semi-synthetically, to
several analogs. The natural products, together with their synthetic derivatives were evaluated
for their activity against the FCR-3 strain of Plasmodium falciparum as well as MDA-MB-231 breast
cancer cells. Results: Sarganaphthoquinoic acid and sargaquinoic acid showed the most promising
antiplasmodial activity and low cytotoxicity. Conclusions: Synthetic modification of the natural
product, sargahydroquinoic acid, resulted in the discovery of a highly selective antiplasmodial
compound, sarganaphthoquinoic acid.

Keywords: sargaquinoic acid; sarganaphthoquinoic acid; antiplasmodial; malaria

1. Introduction

Despite the impressive breakthroughs in the treatment of malaria [1], it remains a life-threatening
disease. Southeast Asia and sub-Saharan Africa account for the vast majority of the estimated 219
million malaria cases reported worldwide, leading to 435,000 deaths [2]. More than 90% of malaria
cases and deaths occur in Africa, of which more than 70% are children under five years of age [2].
The prospect of resistance to current drugs appears inevitable and paints a bleak picture indeed [3].
Although the reasons for this dire situation are complex, there is undoubtedly a need for the continued
search for and development of new antimalarial drugs. Natural products have historically offered some
of the most effective antimalarial drugs [4]. In a previous study, we reported on the antiplasmodial
activity of natural products isolated from the South African brown seaweed, Sargassum incisifolium,
against a chloroquine sensitive strain of Plasmodium falciparum (D10) [5]. S. incisifolium is relatively
abundant along the South African coastline and produces sargahydroquinoic acid (1) as the major
metabolite. The accessibility of 1 thus provided an opportunity to explore the structure activity
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relationships of analogs of this natural product. Herein we report on the antiplasmodial activity of
semi-synthetic analogs of sargahydroquinoic acid (1) (Figure 1).

Figure 1. Natural and semi-synthetic derivatives of sargahydroquinoic acid (1).

2. Materials and Methods

2.1. General Experimental

All solvents were of chromatographic grade (Merck, Darmstadt, Germany) and used without
further purification. Column chromatography was performed on silica gel (40–63 μm particle size)
from Merck, Darmstadt, Germany. Normal Phase HPLC was carried out using a Whatman Partisil 10
semi-preparative column (Sigma-Aldrich, Schnelldorf, Germany) (10 mm × 500 mm, 10 μm), while
a Phenomenex Luna C18 column (Sigma-Aldrich, Schnelldorf, Germany, 10 mm × 250 mm, 10 μm)
was used for reversed phase HPLC. NMR spectra were recorded on Bruker Avance 400 and 600 MHz
spectrometers (Bruker Biospin, Rheinstetten, Germany) and referenced to residual undeuterated CDCl3
solvent signals (δH 7.26 ppm and δC 77.0 ppm). UV spectra were measured on a Perkin Elmer Lambda
25 UV/Vis spectrometer (Perkin-Elmer, Norwalk, CT, USA) while FT-IR data was obtained using a
Perkin Elmer Spectrum 100 FT-IR spectrometer (Perkin-Elmer, Norwalk, CT, USA). High resolution
electrospray ionization mass spectroscopy (HR-ESIMS) spectra were obtained on a Waters Synapt G2
mass spectrometer (Waters Corporation, Milford, MA, USA) at 20 V.

2.2. Extraction and Isolation of Natural Products

Specimens of Sargassum incisifolium were collected from Port Alfred (collection code PA071b) on
the south east coast of South Africa on 21 September 2007 and stored at −20 ◦C. The samples were
authenticated by comparison with voucher specimens from previous studies [5]. Voucher specimens
are stored at the School of Pharmacy, University of the Western Cape.

The following isolation protocol is representative and was repeated several times in order to
generate sufficient quantities of 1 for synthetic modification. The frozen alga (38.77 g, extracted dry
weight) was allowed to thaw at room temperature after which it was soaked in methanol for one
hour. The methanol was removed and the alga extracted three times with MeOH-CH2Cl2 (1:2) at 40 ◦C
for 30 min. Extracts were pooled and separated into aqueous and organic phases by the addition of
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distilled water. Concentration of the organic phase under reduced pressure gave a dark green residue
(3.87 g). A portion of the organic fraction (1.09 g) was fractionated by step-gradient elution on a silica
gel column (10 g) using solvents of increasing polarity (n-hexane-EtOAc) to give seven fractions as
follows: Fr A (H-E, 10:0, 8.6 mg), Fr B (H-E, 9:1, 27 mg), Fr C (H-E, 8:2, 132 mg), Fr D (H-E, 6:4, 218 mg),
Fr E (H-E, 4:6, 65 mg), Fr F (H-E, 2:8, 9.7 mg) and Fr G (H-E, 0:10, 50 mg) followed by MeOH-EtOAc
(1:1), Fr 7H (238 mg). Fraction B (19 mg) was further purified by silica gel column chromatography
using a mobile phase of n-hexane-EtOAc (9:1) to give 1.7 mg of sargaquinal (9). Fraction C (40 mg)
was purified by normal phase HPLC using n-hexane-EtOAc as mobile phase (8:2) to give 15 mg of
sargaquinoic acid (3). Fraction D (20 mg) was purified by reversed phase HPLC using MeOH-H2O
phase (90:10) as the mobile phase to give sargahydroquinoic acid (1) (6.8 mg) and sargachromenol
(7) (2.4 mg), respectively. The isolation of compounds 1, 3, 7 and 9 is summarised in Scheme S1 and
their structures were confirmed by spectroscopic methods, which were in agreement with literature
data (Table S1) [5]. The NMR spectra for compounds 1 (Figures S1 and S2), 3 (Figures S3 and S4), 7

(Figures S5 and S6) and 9 (Figures S7 and S8) are presented in the Supplementary Materials.

2.3. Sargaquinoic Acid (3) and Sarganaphthoquinoic Acid (10)

To a solution of 1 (154.0 mg, 0.36 mmol) in a mixture of CHCl3 (8 mL) and MeOH (7 mL) was added
Ag2O (100 mg, 0.43 mmol). The reaction mixture was stirred at room temperature for 24 h, after which the
resulting suspension was filtered through diatomaceous earth and concentrated under reduced pressure.
The crude product was filtered through a plug of charcoal (n-hexane-EtOAc, 4:6) to give a yellow
mixture of compounds which was separated by silica gel column chromatography (n-hexane-EtOAc,
7:3) to give sargaquinoic acid (3) (80 mg, 70%) and compound 10 (9.8 mg, 6%) as light yellow oils.
NMR spectra for compound 10 (Figures S9–S14) can be found in the Supplementary Materials.

Sarganaphthoquinonoic acid (10): IR (film) νmax (cm−1): 1600, 1663, 2850, 2924; 1H and 13C NMR
data see Table 1; HRESIMS m/z 419.2222 [M-H] (calcd. for C27H35O3, 419.2221)

Table 1. NMR spectroscopic data for sarganaphthoquinoic aicd (10) (600 and 125 MHz, CDCl3).

Carbon Number δC Type δH, mult, J (Hz) COSY HMBC

1 185.4 C -
2 130.2 C -
3 132.2 C -
4 185.4 C -
5 136.0 CH 6.81, s H-7
6 149.0 C -
7 16.4 CH3 2.18, s, H-5 C-6, C-5
1’ 126.7 CH 8.00, d, 7.9 H-2’ C-2, C-1
2’ 133.8 CH 7.51, d, 7.9 H-4’, H-20’ C-1, C-20’
3’ 148.2 C -
4’ 36.2 CH2 2.77, t, 7.6 H-5’ C-5’, C-3’
5’ 29.1 CH2 2.36, m H-4’, H-6’ C-4’, C-6’, C-7’
6’ 123.2 CH 5.17, m
7’ 136.0 C -
8’ 39.0 CH2 2.08, m H-9’ C-6’
9’ 28.2 CH2 2.57, m H-10’ C-8’, C-10’

10’ 145.0 CH 5.96, t, 7.3 H-9’ C-8’
11’ 130.6 C -
12’ 27.8 CH2 2.26, m H-13’, H-14’ (lr) C-13’, C-14’
13’ 28.2 CH2 2.11, m H-14’ C-15’, C-11’
14’ 123.4 CH 5.17, t, 7.0 H-13’, H-14’ (lr)
15’ 132.3 C -
16’ 25.6 CH3 1.68, s H-14’ (lr) C-15’, C-14’
17’ 17.7 CH3 1.59, s H-14’ (lr) C-16’
18’ 171.9 C -
19’ 15.9 CH3 1.58, s H-6’ C-6’
20’ 125.9 CH 7.86, s H-4’ C-4’, C-4

COSY: 1H-1H Correlation spectroscopy; HMBC: 1H-13C Heteronuclear multiple-bond correlation spectroscopy.
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2.4. Sargaquinoic Acid Methyl ester (5)

To a solution of 1 (122.4 mg, 0.29 mmol) dissolved in 2 mL acetone, was added K2CO3 (207.4 mg,
1.50 mmol) in 5 mL acetone and dimethylsulphate (250 μL, 2.63 mmol). The mixture was heated at
40 ◦C for 8 h followed by stirring at room temperature for 16 h. The reaction mixture was filtered,
concentrated under reduced pressure and separated by silica gel column chromatography (n-hexane-
EtOAc, 8:2) to give the methyl ester of 1, which, upon exposure to air was completely oxidized to 5.
NMR spectra for compound 5 (Figures S15–S16) can be found in the Supplementary Materials.

Yellow oil, 1H NMR (400 MHz, CDCl3) δ 6.52 (1H, s, H-3), 6.44 (1H, s, H-5), 5.83 (1H, t, J = 7.0 Hz,
H-10’), 5.10 (3H, m, H-2’, H-6’, H-14’), 3.71 (3H, s, OMe), 3.11 (2H, d, J = 6.8 Hz, H-1’), 2.49 (2H, m,
H-9’), 2.22 (2H, m, H-12’), 2.05 (2H, m, H-4’) 2.03-2.05 (6H, m, H-5’, H-8’, H-13’), 1.65 (6H, s, H-7, H-19’),
1.61 (3H, s, H-20’), 1.58 (3H, s, H-16’), 1.55 (3H, s, H-17’); 188.0 (C-1, C-4), 168.4 (C-18’), 148.4 (C-6),
145.8 (C-2), 142.1 (C-10’), 140.0 (C-3’) 134.8 (C-7’) 133.1 (C-3, C-15’), 132.1 (C-5), 131.4 (C-11’), 124.4
(C-6’), 123.5 (C-14’), 118.0 (C-2’), 51.0 (OMe), 39.8 (C-4’), 39.1 (C-8’), 34.7 (C-12’), 28.0 (C-9’), 27.8 (C13’),
27.5 (C-1’), 26.4 (C-5’), 25.6 (C-16’), 17.6 (C-17’), 16.1 (C-7), 15.9 (C-19’); HRESIMS m/z 437.2710 [M-H]
(calcd. for C28H37O4, 437.2692).

2.5. Diacetyl Sargahydroquinoic Acid (2)

To sargahydroquinoic acid (1) (110.0 mg, 0.26 mmol) was added acetic anhydride (3 mL, 31.8 mmol)
and pyridine (2 mL, 24.8 mmol). The reaction mixture was stirred at room temperature for 30 h.
The crude product was acidified with 1 M HCl (10 mL) and extracted with EtOAc (5 mL × 3). The
organic layer was collected and concentrated under reduced pressure to give a crude product which
was further purified by silica gel column chromatography (n-hexane:EtOAc, 7:3) to give compound 2

(12.8 mg, 12%) as a yellow oil. The structure of compound 2 was confirmed by spectroscopic methods,
which were in agreement with literature data [6,7]. NMR spectra for compound 2 (Figures S17 and
S18) can be found in the Supplementary Materials.

2.6. Sargaquinol (6) and Sargachromendiol (8)

To a solution of sargahydroquinoic acid (1) (140.7 mg, 0.33 mmol) dissolved in anhydrous
THF (5 mL), was added LiAlH4 (0.104 g, 2.74 mmol). The reaction mixture was stirred at room
temperature, under a nitrogen atmosphere for 1.25 h. The reaction was quenched with a few drops of
EtOAc, concentrated and partitioned between EtOAc (10 mL−2) and H2O (5 mL). The organic layer
was concentrated under reduced pressure to give a crude product which was purified by silica gel
chromatography (n-hexane:EtOAc, 8:2) to give sargaquinol (6) (12.2 mg, 30%) and the alcohol derivative
of sargachromenol (8) (2.8 mg, 3.5%). The structure of compound 6 was confirmed by spectroscopic
methods, which were in agreement with literature data (Table S1) [7]. NMR spectra for compounds 6

(Figures S19 and S20) and 8 (Figures S21 and S22) can be found in the Supplementary Materials.
Sargaquinol (6) yellow oil; 1H NMR (400 MHz, CDCl3) δ 6.54 (s, 1H) (H-3), 6.46 (s, 1H) (H-5), 5.15

(dd, J = 21.0, 13.2 Hz) (H- 2’, 6’, 14’), 4.11 (s) (H-18’), 3.63 (t, J = 6.5 Hz) (H-10’), 3.12 (d, J = 7.1 Hz)
(H-1’), 2.12 (s) (H-5’, 9’, 13’), 2.05 (s) (H-4’, 8’), 1.67 (s) (H- 7, 16’), 1.60 (s) (H-19’, 20’), 1.57 (s) (H-17’).
13C NMR (100 MHz, CDCl3) δ 188.0 (C-1), 187.97 (C-4), 148.5 (C-6), 145.9 (C-2), 139.7 (C-3’), 135.0 (C-7’),
133.1 (C-3), 131,2 (C-11’), 132.24 (C-5), 133.7 (C-15’), 124.7 (C-6’), 124.2 (C-14’), 118.1 (C-2’), 71.8 (C-18’),
62.8 (C-10’), 39.8 (C-4’), 39.5 (C-8’), 35.2 (C-12’), 27.1 (C-13’),27.5 (C-1’), 26.2 (C-5’), 26.3 (C-9’), 25.6
(C-16’), 17.7 (C-7), 16.11 (C-17’), 16.07 (C-19’), 16.0 (C-20’).

Sargachromendiol (8) yellow oil; 1H NMR (400 MHz, CDCl3) δ 6.47 (d, J = 2.4 Hz) (H-5), 6.32 (d,
J = 2.5 Hz) (H-2), 6.26 (s) (H-2’), 5.98 (t, J = 7.2 Hz) (H-9’), 5.57 (d, J = 9.8 Hz) (H-3’), 5.12 (dt, J = 19.0,
6.4 Hz) (H-5’, 14’), 2.59 (q, J = 7.3 Hz (H-8’), 2.27 (t, J = 7.4 Hz), 2.13 (s) (H-12’), 2.09–2.04 (m) (H-4’, 7’),
1.68 (s) (H-8), 1.58 (d, J = 3.5 Hz) (H-17’, 19’), 1.36 (s) (20’); 13C NMR (100 MHz, CDCl3) δ 148.6 (C-5),
145.0 (C-10’), 144.8 (C-8), 134.7 (C-7’), 131.8 (C-15’), 130.6 (C-11’), 126.3 (C-3), 124.7 (C-6’), 124.1 (C-1’),
122.9 (C-14’), 121.3 (C-2), 117.0 (C-4), 110.3 (C-6), 77.8 (C-3’), 60.3 (C-18’), 40.7 (C-4’), 39.8 (C-8’), 35.1
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(C-12’), 35.3 (C-12’), 27.0 (C-9’), 26.1 (C-13’), 25.9 (C-20’), 25.7 (C-16’), 22.6 (C-5’), 17.7 (17’), 15.9 (C-7),
15.5 (C-19’).

2.7. Z-sargaquinal (4)

To a solution of sargaquinol (6) (37.2 mg, 0.09 mmol) dissolved in anhydrous CH2Cl2 (8 mL),
Dess-Martin Periodinane (107 mg, 0.26 mmol) was added. The reaction mixture was stirred at room
temperature for 2 h after which it was quenched with CH2Cl2 (10 mL) and de-ionized water (10 mL). The
organic phase was separated and washed with saturated solutions of NaHCO3 (10 mL× 3) and Na2S2O3

(10 mL × 3), dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude
product was purified by silica gel column chromatography (n-hexane:EtOAc, 8:2) to give compound 4

(42%, 14.9 mg), as a yellow oil. The structure of compound 4 was confirmed by spectroscopic methods,
which were in agreement with literature data (Table S1) [7]. NMR spectra for compound 4 (Figures S23
and S24) can be found in the Supplementary Materials.

2.8. Antiplasmodial Assays

All compounds were tested in triplicate against the chloroquine-resistant Gambian FCR-3 strain of
P. falciparum. The in vitro erythrocytic stage of the parasite was maintained using the method outlined
by Trager and Jensen [8]. The antimalarial activity of the compounds was determined using the tritiated
hypoxanthine incorporation assay using a 0.5% parasitaemia and 1% haematocrit [9]. All assays were
carried out using untreated parasites and uninfected red blood cells as controls. The concentration that
inhibited 50% parasite growth (IC50 value) was determined from the log sigmoid dose response curve
using GraphPad Prism. Quinine was used as the reference antiplasmodial agent. The selectivity index
for the compounds was determined from the ratio of cytotoxicity IC50 to antimalarial IC50.

2.9. Cytotoxicity Assay

All compounds were tested in triplicate against MDA-MB-231 breast carcinoma cells, which were
purchased from the ATCC (Catalogue number HTB-26, Manassas, VA, USA). The cytotoxicity of the
compounds was determined using the WST-1 assay method (Roche). The cells were treated with a
range of concentrations of the test compounds or vehicle control (DMSO). Cells treated with DMSO
were considered to represent 100% viability and the viability of cells at each dose was represented
relative to this value. The concentration resulting in a decrease of cell viability to 50% was calculated
from the linear portion of the dose response curve.

3. Results and Discussion

3.1. Isolation and Synthetic Modification of Sargahydroquinoic Acid Derivatives

Sargahydroquinoic acid (1) is the major component of the CH2Cl2-MeOH extract of Sargassum
incisifolium and has also been reported from several other Sargassum spp. [5–7]. This compound slowly
converts to sargaquinoic acid (3) and sargachromenol (7) on storage of the seaweed, the extract and
during purification. Specimens of S. incisifolium (PA071b) were collected from Port Alfred on the
south eastern coast of South Africa and extracted with CH2Cl2-MeOH. The crude extract was first
fractionated by silica gel column chromatography, followed by normal or reversed phase HPLC to give
compounds 1, 3, 7 and 9. The identities of all isolated compounds were confirmed by comparison of
their NMR spectroscopic data (Table S1) to literature values [5]. The above protocol yielded sufficient
quantities of 1 to perform structural modifications and biological assays.

Sargaquinoic acid (3) is normally isolated from fresh seaweed in relatively small quantities;
however, it can be produced more efficiently by the oxidation of 1 [7,10]. Thus, treatment of 1 with
Ag2O gave 3 in moderate to good yields. Interestingly, although this conversion is facile, we consistently
observed a series of unusual peaks between δH 7 and 8 in the 1H NMR spectrum of the crude reaction
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product. The compound (10) responsible for these peaks was isolated and its structure was elucidated
by NMR spectroscopy and mass spectrometry.

The HRESIMS spectrum of compound 10 showed a molecular ion peak at m/z 419.2222 [M-H]
which corresponds to a molecular formula of C27H31O4. Characteristic deshielded methine resonances
at δH 8.00 (d, J = 7.9), δ 7.98 (s) and δ 7.51 (d, J = 7.9) were evident in its 1H NMR spectrum. In
addition, one of the aromatic singlets had shifted downfield from δH 6.46 in 3 to δH 6.81 in 10. Data
from the 13C NMR spectrum of compound 10 revealed no change in the number of carbon atoms
when compared to the starting material (1). It revealed the presence of two quinone carbonyls signals
at (δC 185.4 and δ 185.4) and a carboxylic acid moiety (δC 171.9). In addition, the DEPT-135 NMR
spectrum indicated the loss of one methyl signal (δC 16.1, C-20’) and a methylene signal (δC 27.5, C-1’)
when compared to 3, together with the appearance of two additional olefinic methine signals at δC

126.7 (C-1’) and 125.9 (C-20’). HMBC correlations (Figure 2) from the doublet at δH 8.00 (H-1’) to
carbon signals at δC 126.7 (C-1’) and δC 133.8 (C-2’); the methine signal at δH 7.51 (H-2’) to the carbon
signal at δC 125.9 (C-20’) and from δH 7.86 (H-20’) to carbon signals at δC 36.2 (C-4’) and δC 185.4 (C-4),
allowed for the assignment of the naphthoquinone moiety. All other spectroscopic data are consistent
with a polyprenyl side chain with a 6’E,10’Z-double bond geometry (as in 3). We assigned the name
sarganaphthoquinoic acid to this new compound. A related compound, chabrolonaphthoquinone, had
previously been reported from the Taiwanese soft coral, Nephthea chabrolii [11]. The main differences
between the two compounds are the methyl substituent at C-6 and the 10-double bond geometry in
compound 10.

Figure 2. Key HMBC correlations for 10.

The direct conversion of prenylated hydroquinones to naphthoquinones is uncommon and
presents a novel approach to the synthesis of this important group of compounds. To the best
of our knowledge there is only a single report describing the formation of a naphthoquinone as
a side-product in the synthesis of chromenes from prenylated quinones [12]. Naphthoquinones
are typically synthesized by Diels-Alder reactions between p-benzoquinones and dienes or by the
prenylation of halogenated naphthoquinone moieties [13–15]. Compound 10 is proposed to form
via tautomerism and oxidation of the intermediate quinone (3) followed by 6πelectrocyclization and
further oxidation (Scheme 1).

Scheme 1. Proposed mechanism for the synthesis of sarganaphthoquinoic acid (10).
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In order to establish preliminary structure-antiplasmodial activity relationships for this series of
sargahydroquinoic acid derivatives, we focused our attention on modification of the carboxylic acid
and quinone moieties. Acetylation of 1 with acetic anhydride/pyridine gave the diacetate (2), while its
reduction with lithium aluminium hydride gave a mixture of sargaquinol (6) and sargachromendiol
(8). The facile conversion of the hydroquinone to a mixture of the quinone and chromene on exposure
to air is often seen in this series of compounds [6,7]. Spectroscopic evidence for the identity of alcohols
6 and 8 were provided by the disappearance of the 13C NMR signal due to the carboxylic acid group at
δC 172 ppm and the appearance of an oxymethylene carbon signal at δC 60.3 ppm in both compounds.

Mild oxidation of 6 with Dess-Martin periodinane, gave 10Z-sargaquinal (4). The structures of
aldehydes 4 and 9 were confirmed by comparison of their spectroscopic data with literature values [5,7].
A comparison of the 1H NMR spectra of the natural and semi-synthetic aldehydes revealed differences
in chemical shifts of both proton and carbon atoms associated with the aldehyde group. The 1H and
13C NMR spectra of the semi-synthetic aldehyde (4) showed signals at δH 10.1 and δC 190.9 ppm
compared to δH 9.55 and δC 205.4 ppm in the natural aldehyde (9). 1H-1H NOESY correlations in both
compounds confirmed the difference in the geometry of the Δ10 double bond with the semi-synthetic
aldehyde (4) bearing a 10Z-geometry and the natural aldehyde (9) a 10E-geometry. The formation
of 2’E,6’E,10’Z-sargaquinal (4) from 2’E,6’E,10’Z-sargahydroquinoic acid (1) has been reported in the
literature [7]. However, this is the first report of its 13C and 2D NMR data.

Interestingly, methylation of 1 with dimethylsulphate/potassium carbonate did not produce the
dimethyl ether, but instead produced sargaquinoic acid methyl ester (5). This was confirmed by the
appearance of an additional methyl signal at δC 51.0 and an upfield shift of the C-18’ carbonyl signal
from δC 172 to δ 168.4 ppm in the 13C NMR spectrum of 5 (Table S1).

3.2. Biological Assays

The ten sargahydroquinoic acid derivatives were assessed for both antiplasmodial and cytotoxic
activity against the chloroquine-resistant Gambian FCR-3 strain of P. falciparum and MDA-MB-231
breast cells, respectively (Table 2). All compounds showed moderate to good antiplasmodial activity.
However, the most promising compound in this series is the naphthoquinone 10 which not only
revealed good antiplasmodial activity (IC50 5.4 μM), but also very low cytotoxicity (IC50 2410 μM),
resulting in a high selectivity index of 443. Sargaquinoic acid (3) also shows promising antiplasmodial
activity (IC50 10.8 μM), but is slightly more toxic (IC50 658 μM) than 10. It appears that the carboxylic
acid in the prenyl side chain is important for activity since both aldehydes (4) and (9) and the alcohol
(6) showed decreased antiplasmodial activity. The quinone/naphthoquinone scaffold is present in
several antimalarial natural products and drugs [16]. It is therefore likely that the mode of action of the
compounds reported here is related to this important pharmacophore [16–20].

Table 2. Bioassay results for compounds 1–10.

Compound
IC50 (μM)

Selectivity Index
D10 1 FCR-3 MDA-MB-231

Sargahydroquinoic acid (1) 15.2 38.6 70 1.8
Sargahydroquinoic acid di-acetate (2) - 84.3 286 3.4

Sargaquinoic acid (3) 12.0 10.8 658 60.9
10Z-sargaquinal (4) - 72.6 211 2.9

Sargaquinoic acid methyl ester (5) - 8.2 70 8.6
Sargaquinol (6) - 93.1 99 1.1

Sargachromenol (7) - 114.8 56 0.5
Sargachromendiol (8) - 34.2 187 5.5
10E-sargaquinal (9) 2.0 104.4 69 0.7

Sarganaphthoquinone (10) - 5.4 2410 443
Quinine 0.17 - -

1 From reference [5].
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4. Conclusions

In this study we isolated the relatively abundant antiplasmodial natural product,
sargahydroquinoic acid (1) and converted it to several analogs which were evaluated for antiplasmodial
and cytotoxic activity. The serendipitous formation of sarganaphthoquinoic acid (10) gave a compound
with good antiplasmodial activity while being almost non-toxic. Due to the small number of compounds
no clear structure activity relationships can be established, however it appears that the presence of a
quinone and carboxylic acid are important for selective activity against P. falciparum. Further studies
are warranted to explore the mode of action of these compounds and to further improve on its
antiplasmodial activity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/6/2/47/s1,
Scheme S1: Isolation of compounds 1, 3, 7 and 9, Table S1: Comparison of 13C NMR data for compounds
1, 3–9, Figure S1: 1H NMR spectrum of sargahydroquinoic acid (1) (400 MHz, CDCl3), Figure S2: 13C NMR
spectrum of sargahydroquinoic acid (1) (100 MHz, CDCl3), Figure S3: 1H NMR spectrum of sargaquinoic acid
(3) (400 MHz, CDCl3), Figure S4: 13C NMR spectrum of compound 3 (400 MHz, CDCl3), Figure S5: 1H NMR
spectrum of sargachromenol (7) (400 MHz, CDCl3), Figure S6: 13C NMR spectrum of sargachromenol (7) (100 MHz,
CDCl3), Figure S7: 1H NMR spectrum of 10’E-sargaquinal (9) (400 MHz, CDCl3), Figure S8: 13C NMR spectrum
of 10’E-sargaquinal (9) (100 MHz, CDCl3), Figure S9: 1H NMR spectrum of sarganaphthoquinoic acid (10)
(400 MHz, CDCl3), Figure S10: 13C NMR spectrum of sarganaphthoquinoic acid (10) (100 MHz, CDCl3), Figure S11:
DEPT-135 NMR spectrum of sarganaphthoquinoic acid (10) (100 MHz, CDCl3), Figure S12: HSQC NMR spectrum
of sarganaphthoquinoic acid (10) (CDCl3), Figure S13: COSY NMR spectrum of sarganaphthoquinoic acid (10)
(CDCl3), Figure S14: HMBC NMR spectrum of sarganaphthoquinoic acid (10) (CDCl3). Figure S15: 1H NMR
spectrum of sargaquinoic acid methyl ester (5) (400 MHz, CDCl3), Figure S16: 13C NMR spectrum of sargaquinoic
acid methyl ester (5) (100 MHz), Figure S17: 1H NMR spectrum of sargahydroquinoic acid diacetate (2) (400 MHz,
CDCl3), Figure S18: 13C NMR spectrum of sargahydroquinoic acid diacetate (2) (100 MHz, CDCl3), Figure S19:
1H NMR spectrum of sargaquinol (6) (400 MHz, CDCl3), Figure S20: 13C NMR spectrum of sargaquinol (6)
(100 MHz, CDCl3), Figure S21: 1H NMR spectrum of sargachromendiol (8) (400 MHz, CDCl3), Figure S22: 13C
NMR spectrum of sargachromendiol (8) (100 MHz, CDCl3), Figure S23: 1H NMR spectrum of 10’Z-sargaquinal (4)
(600 MHz, CDCl3), Figure S24: 13C NMR spectrum of 10’Z-sargaquinal (4) (100 MHz, CDCl3).
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Abstract: Background: Comprised of Crohn’s disease and ulcerative colitis, inflammatory bowel
diseases (IBD) are characterized by chronic inflammation of the gastro-intestinal tract, which often
results in severe damage to the intestinal mucosa. This study investigated metabolites from the
South African endemic alga, Sargassum incisifolium, as potential treatments for IBD. Phytochemical
evaluation of S. incisifolium yielded prenylated toluhydroquinones and toluquinones, from which
semi-synthetic analogs were derived, and a carotenoid metabolite. The bioactivities of S. incisifolium
fractions, natural products, and semi-synthetic derivatives were evaluated using various in vitro
assays. Methods: Sargahydroquinoic acid isolated from S. incisifolium was converted to several
structural derivatives by semi-synthetic modification. Potential modulation of IBD by S. incisifolium
crude fractions, natural compounds, and sargahydroquinoic acid analogs was evaluated through
in vitro anti-inflammatory activity, anti-oxidant activity, cytotoxicity against HT-29 and Caco-2
colorectal cancer cells, and PPAR-γ activation. Results: Sargahydroquinoic acid acts on various
therapeutic targets relevant to IBD treatment. Conclusions: Conversion of sargahydroquinoic acid
to sarganaphthoquinoic acid increases peroxisome proliferator activated receptor gamma (PPAR-γ)
activity, compromises anti-oxidant activity, and has no effect on cytotoxicity against the tested
cell lines.

Keywords: PPAR-γ; sargahydroquinoic acid; sarganaphthoquinoic acid; sargachromenoic acid;
inflammation; bowel diseases

1. Introduction

The incidence of the two major types of inflammatory bowel diseases (IBDs), Crohn’s disease
(CD) and ulcerative colitis (UC), has become a global health challenge. A systematic review of
studies reporting the prevalence and incidence of IBDs, performed by Ng et al., revealed that while
the incidence has stabilised in the westernised world, it has steadily been increasing in developing
countries over the past decade or two [1]. CD and UC are characterised by chronic inflammation
of the intestine with many associated symptoms, complications, and an increased risk for colorectal
cancer [2]. Conventional treatment is aimed at reducing intestinal inflammation and modulating the
immune system. The most commonly used treatments are aminosalicylate anti-inflammatories (5-ASA,
sulfasalazine, mesalamine and derivatives), corticosteroids (prednisone, prednisolone, budesonide,
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budesonide MMX), immunosuppressives (thiopurines, methotrexate) and TNF antagonists (infliximab,
adalimumab, certolizumab pegol, golimumab). More recent developments include integrin antagonists
to inhibit T cell adhesion and antagonists of the pro-inflammatory interleukins IL-12 and -23 [2]. None
of these medications come without problems such as safety, efficacy, or cost implications and the search
for new alternatives continues [2,3].

Oxidative stress signalling has been implicated in the pathogenesis and progression of IBD [4].
Although its exact role and mechanism is not fully understood, it is accepted that oxidative stress
plays a role in the initiation and development of the disease and is not merely a result of chronic
inflammation in the gut. Antioxidants may therefore have potential therapeutic effects especially if
administered in combination with conventional therapies [4].

The nuclear receptor PPAR-γ, well known for its role in adipocyte differentiation, has also been
identified as a potential therapeutic target for IBD [5,6]. It plays a role in regulation of inflammation in
the intestine, where it is expressed at high levels in epithelial cells and at lower levels in macrophages
and lymphocytes [7]. Peroxisome proliferator-activated receptor gamma (PPAR-γ) agonists inhibit the
inflammatory response in intestinal epithelial cells [4,5] and macrophages [8]. Activation of PPAR-γ
also slows down the proliferation of colon cancer cells [9] and protects against the development of
colorectal cancer [10].

Secondary metabolites from natural products have been an important source of lead compounds
for drug development. Advances in chemical techniques and functional, as well as phenotypic,
bioassays have led to a revived interest in this field [11,12]. The multi-target nature of pleiotropic
natural products holds many advantages in the treatment of complex diseases [13].

The brown seaweed Sargassum incisifolium is found in South Africa (from the Western
Cape through the Eastern Cape and KwaZulu-Natal), southern Mozambique, and south-east
Madagascar [14]. An aqueous extract of this species was shown to exhibit no antimicrobial activity
on its own but surprisingly enhanced the antimicrobial potential of silver nanoparticles [15]. The
same authors have reported a high polyphenol content of 150 μg/mg for the aqueous extract and high
antioxidant activity, with a total reducing power of 75 ascorbic acid equivalents (AAE), measured
in μg/mg of dried extract. Partitioning of the aqueous extract with organic solvent increased the
polyphenol content to 235 μg/mg and the reducing power to 95 μg/mL. Although IC50 values were not
reported by the authors, the extract and organic partition were non-toxic to MCF-7 cells at 100 μg/mL,
while reducing HT-29 and MCF-12a cell viability to between 45% and 70% [15].

This study investigated the potential of metabolites from the South African endemic alga
Sargassum incisifolium (Figure S1) in the treatment of inflammatory bowel diseases (IBD). Phytochemical
evaluation of Sargassum incisifolium yielded known compounds consisting of prenylated metabolites
and a carotenoid. The isolated natural compounds were sargahydroquinoic acid (SHQA, 1),
sargaquinoic acid (SQA, 2), fucoxanthin (3), and sargaquinal (4). Since SQA (2) was isolated in
minute quantities, it was further semi-synthesized from SHQA (1) (65.1% yield). Sarganaphthoquinoic
acid (SNQA, 5) and sargachromenoic acid (SCA, 6) were semi-synthesized from sargaquinoic acid
(2) and sargahydroquinoic acid (SHQA, 1), respectively (Figure 1). The bioactivities of S. incisifolium
fractions, compounds, and semi-synthetic derivatives were evaluated as potential modulators of
inflammatory bowel diseases using various in vitro assays.
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Figure 1. Sargassum incisifolium metabolites sargahydroquinoic acid (1), sargaquinoic acid (2),
fucoxanthin (3) and sargaquinal (4), and semi-synthetic derivatives sarganaphthoquinoic acid (5)
and sargachromenoic acid (6).

2. Materials and Methods

2.1. Reagents

Culture mediums were sourced from Sigma Aldrich® (Johannesburg, South Africa) and Hyclone®

(Thermo Fisher, Logan, UT, USA) while Fetal Bovine Serum (FBS) was obtained from LONZA®

(Basel, Switzerland). Chang Liver cells (HeLa derivative) were purchased from Highveld Biologicals,
Johannesburg, South Africa and HT29 and Caco2 colorectal carcinoma cell lines from the American
Type Culture Collection (Manassas, VA, USA). The EC50 values of the test compounds were calculated
from a minimum 5-point dose-response curve using a GraphPad Prism 4 software package (GraphPad,
San Diego, CA, USA). Liquid chromatography utilised HPLC grade solvents supplied by Lichrosolv®

(Merck, Germany). NMR experiments were obtained on a Bruker Avance 400 MHz NMR spectrometer
(Bruker Corporation, Billerica, MA, USA) using standard pulse sequences. All HPLC solvents were
filtered through a 0.45 μm filter before use. Normal phase HPLC was performed using a Spectra-Physics
IsoChrom pump (Spectra-Physics, Santa Clara, CA, USA), a Whatman® Partisil 10 (9.5 mm × 500 mm)
semi-preparative column (GE healthcare, Chicago, IL, USA) and a Waters 410 differential refractometer
(Waters Corporation, Milford, MA, USA) attached to a 100 mV full scale Rikadenki chart recorder
(Rikadenki Electronics GmbH, Freiburg im Breisgau, Germany).

2.2. Algal Material

The algal specimen of S. incisifolium (collection voucher NDK101124) was collected from
Noordhoek, near Port Elizabeth, on the southeast coast of South Africa on 24 November 2010. A
specimen (Figure S1) is kept in the seaweed collection at the School of Pharmacy, University of the
Western Cape. The algal specimen was transported to the laboratory on ice where it was immediately
frozen and stored until the time of extraction. For purposes of identification and authentication, the
algal material was morphologically compared with previous voucher specimens of S. incisifolium. A
voucher specimen (NDK06-5) is kept at the Division of Pharmaceutical Chemistry, Rhodes University,
Makhanda, South Africa.

2.3. Extraction and Isolation of Bioactive Metabolites

The algal extraction procedure was consistent with previously reported methods [16]. The frozen
alga (NDK101124) was allowed to defrost under running distilled water. The defrosted alga was then

28



Medicines 2019, 6, 49

soaked in MeOH for 1 h, after which the MeOH was decanted and the retained algae heated at 40 ◦C
for 30 min in CH2Cl2/MeOH (2:1, 150 mL × 3). MeOH and CH2Cl2/MeOH (2:1) mixtures were pooled
and sufficient water added to allow for the separation of the CH2Cl2 and the MeOH/H2O phases.
The CH2Cl2 phase was then collected and dried in vacuo to yield the desired crude extract (12.4 g). A
portion of the crude extract (0.95 g) was applied to a silica gel column (10 g) and the column eluted
using a series of solvents (50 mL each) of increasing polarity. This yielded the following fractions:
Fr A (n-hexane-EtOAc, 10:0, 17.2 mg), Fr B (n-hexane-EtOAc, 9:1, 20.7 mg), Fr C (n-hexane-EtOAc,
8:2, 143.1 mg), Fr D (n-hexane-EtOAc, 7:3, 284.5 mg), Fr E (n-hexane-EtOAc, 6:4, 32.6 mg), Fr F

(n-hexane-EtOAc, 4:6, 35.5 mg), Fr G (n-hexane-EtOAc, 2:8, 6.6 mg), Fr H (EtOAc, 2.5 mg), and Fr I

(MeOH-EtOAc, 1:1, 207.7 mg). Fr D contained pure sargahydroquinoic acid (SHQA, 1, 284.5 mg,
30% extracted yield). Normal phase HPLC of Fr B (20.7 mg) using n-hexane/EtOAc (9:1) yielded
sargaquinal (4, 3.0 mg, 15.4% dry weight). Fr F contained pure fucoxanthin (3, 35.5 mg, 3.74% extracted
yield). The structures for compounds 1, 3, and 4 were confirmed by spectroscopic methods consistent
with previously reported data [17,18]. A summary of the isolation process (Scheme S1) as well as the
NMR spectra for compounds 1 (Figures S2 and S3), 4 (Figures S4 and S5) and 3 (Figures S6 and S7) are
provided in the Supplementary Materials.

2.4. Semi-Synthetic Derivatization of Sargahydroquinoic Acid (1) Analogs

2.4.1. Oxidation of Sargahydroquinonic Acid (1) to Sargaquinoic Acid (2)

As previously reported [19].

2.4.2. Conversion of Sargahydroquinoic Acid (1) to Sarganaphthoquinoic Acid (5)

As previously reported [19].

2.4.3. Conversion of Sargaquinoic Acid (2) to Sargachromenoic Acid (6)

As previously reported [19]. The 1H NMR spectra for compounds 2, 5 and 6 (Figure S2) and a
summary of their derivatization (Scheme S2) are provided in the Supplementary Materials.

2.5. Anti-Inflammatory Assay

The murine peritoneal macrophage cells (RAW267.4) were cultured in DMEM containing 10 %
FCS. Cells were seeded into 96 well plates at a density of 8 × 104 cells/well and allowed to attach
overnight. The cells were then treated with 1 μg/mL of bacterial lipopolysaccharide (LPS) (SIGMA®)
and two concentrations of the test sample (12.5 and 25 μg/mL) for 18 h. To measure nitrate levels, 50 μL
of the spent culture medium was removed and added to an equal volume of Griess reagent (SIGMA®).
The absorbance was measured at 540 nm using a microplate reader and the nitrate concentrations were
calculated by comparison with the absorbance to sodium nitrate standard solutions. Aminogaunidine
(Sigma®) was used as positive control to demonstrate the inhibition of nitrate production. Cell viability
was simultaneously measured using the standard MTT assay.

2.6. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay

Test samples were diluted in EtOH/H2O (1:1) from 10 mg/100 μL stocks prepared in DMSO. A
total of 5 μL of each sample was placed into each well of a 96-well plate, followed by the addition of
120 μL of Tris-HCl buffer (50 mM, pH7.4) and 120 μL of freshly prepared DPPH solution (0.1 mM in
EtOH). The plate was incubated for 20 min at room temperature, with the absorbance read at 513 nm.
The percentage of DPPH radical scavenging was calculated as ((A − B/A) × 100) where A represents
the absorbance in the absence of test samples and B represents the absorbance in the presence of test
samples. Ascorbic acid was used as a positive control (EC50 = 24.07 μg/mL).
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2.7. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Cytotoxicity Assay

HT-29 and Caco-2 cells were seeded into 96-well culture plates (TTP) at 5 000 cells/well in DMEM
supplemented with 10% fetal bovine serum (FBS) and left for 24 h. Algal extracts were added and the
cells incubated for a further 48 h, after which the medium was replaced with 200 μL MTT (Sigma®)
(0.5 mg/mL in DMEM). After 3 h of incubation at 37 ◦C, the MTT was removed and the purple
formazan product dissolved in 200 μL DMSO.

HeLa derivative cells were seeded into 96-well culture plates (TTP) at 10,000 cells/well in EMEM
supplemented with 10% fetal bovine serum (FBS) and left for 24 h. Algal extracts and compounds were
added and the cells incubated for a further 48 h after which the medium was replaced with 200 μL
of MTT (Sigma®) (0.5 mg/mL in EMEM). After a further 2 h of incubation at 37 ◦C, the MTT was
removed and the purple formazan product dissolved in 200 μL of DMSO.

Absorbance was measured at 560 nm using a multiwell scanning spectrophotometer (Multiscan
MS, Labsystems). All incubation steps were carried out in a 37 ◦C humidified incubator with 5%
CO2. IC50 and EC50 values were calculated from a minimum 5-point dose-response curves using the
GraphPad Prism 4 software package.

2.8. 3T3-L1 Preadipocyte Differentiation Assay

Prior to the induction of differentiation, 3T3-L1 cells were routinely maintained in DMEM
containing newborn calf serum. Cells were seeded at a density of 3000 cells/well into 96-well plates
and allowed to reach 100% confluence. Two days post-confluence, the cells were treated for a further
two days with DMEM medium, now supplemented with FBS (to induce mitotic clonal expansion) and
the indicated concentrations of test compounds or the control substances rosiglitazone and troglitazone
(1 μM, final concentration). Cells were then cultured for an additional 7 days in normal culture medium
(DMEM, 10% FBS with inducers) and the medium replaced every two to three days. Triglyceride
accumulation, a marker for adipocyte differentiation, was measured by Oil red-O staining. The Oil
Red-O stained lipids were extracted in isopropanol and measured at 510 nm. The sample results were
then compared to controls using a two-tailed Student’s t-test assuming equal variances.

3. Results

3.1. Anti-Inflammatory Potential of S. incisifolium

S. incisifolium fractions were evaluated for anti-inflammatory activity. Fractions Fr C, Fr D (SHQA,
1), and Fr F (fucoxanthin, 3) produced a significant decrease in LPS-stimulated nitrate production
at both test concentrations, with Fr C being relatively less potent by only having a significant effect
at the highest test concentration (Figure 2). SHQA (1) significantly attenuated nitrate production,
indicating that this compound may also be considered to possess anti-inflammatory properties. Under
the conditions of the anti-inflammatory assay there was no evidence for cytotoxicity toward the
RAW 267.4 cells and, thus, it can be assumed that the inhibition of nitrate production was not due
to differences in the relative cytotoxicity. In naïve cells, i.e., in the absence of LPS, no response was
induced by any of the samples.
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Figure 2. Nitrate production in LPS activated and naïve RAW 264.7 macrophages treated with
S. incisifolium fractions Fr A–I. Aminogaunidine (AG) was used as positive control. Data represents the
mean ± SD (n = 4). Significant (p < 0.05) reductions in the levels of nitrate are indicated as (*).

3.2. Antioxidant Activity of S. incisifolium Fractions, Metabolites, and Derivatives

S. incisifolium crude fractions were evaluated for DPPH radical scavenging activity using ascorbic
acid as the standard. Fr C (EC50 = 19.48 μg/mL), Fr D (SHQA, 1) (EC50 = 4.01 μg/mL), and Fr E

(EC50 = 3.32 μg/mL) exhibited strong DPPH radical scavenging activity more potent than ascorbic
acid (EC50 = 24.07 μg/mL) (Table 1). There should be background fucoxanthin absorbance in Fr F,
which would interfere with the DPPH quantification and, as such, it was not possible to reliably
determine its antioxidant activity under these experimental conditions. However, extensive research
has already been undertaken to show, among many others, the anti-oxidant, anti-inflammatory
and anticancer activity of fucoxanthin (3) [20]. SCA (6, EC50 = 6.99 μg/mL) and SHQA (1,
EC50 = 4.01 μg/mL) exhibited stronger DPPH radical scavenging activity than ascorbic acid. SNQA
(5, EC50 = 226.5 μg/mL) showed the least DPPH radical scavenging activity. The DPPH titration
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curves for fractions FrA-G (Figure S8) and compounds 1 and 6 (Figure S9) are provided in the
Supplementary Materials.

Table 1. DPPH radical scavenging activity of S. incisifolium fractions, compounds and analogs.

Fraction/Compound EC50 (μg/mL)

Ascorbic Acid 24.7

Fr A >500
Fr B 113.9
Fr C 19.48
Fr D (SHQA, 1) 4.01
Fr E 3.32
Fr F (fucoxanthin, 3) N.D 1

Fr G 43.14
Sargaquinal (4) N.D 1

SQA (2) 95.76
SNQA (5) 226.5
SCA (6) 6.99

1 N.D = Not determined.

3.3. Cytotoxicity of S. incisifolium Fractions Against HT-29 and Caco-2 Cancer Cells

Cytotoxicity towards HT-29 and Caco-2 colorectal cancer cell lines was evaluated for S. incisifolium
extracts. The most cytotoxic S. incisifolium fractions yielded IC50 values < 50 μg/mL on HT-29 and
Caco-2 cells (Table 2). This is consistent with studies that have been done to show the selectivity
of Sargassum extracts towards HT-29 and Caco-2 cell apoptosis [21]. Fr F (fucoxanthin, 3) was the
most potent sample tested. Fr D, (SHQA, 1) was found to be more selective towards Caco-2 than
HT-29 cells (SI = 1.97). Taken together these results indicate the presence of multiple cytotoxic
compounds in the S. incisifolium extract. Dose-response curves showing the inhibition of HeLa
(Figure S10), HT-29 (Figure S11) and Caco-2 (Figure S12) cell proliferation by FrA-I are provided in the
Supplementary Materials.

Table 2. Cytotoxicity of S. incisifolium fractions against proliferating HT-29 and Caco-2 cells. IC50 values
as determined using MTT viability assay after 48 h of treatment.

Fraction/Compound
IC50 (μg/mL)

Selectivity Index *
HT-29 Caco-2

Fr A 150.2 126.8 1.2
Fr B 25.9 14.06 1.8
Fr C 35.06 23.12 1.5
Fr D (SHQA, 1) 114.8 58.25 1.97
Fr E 369.5 114.1 3.2
Fr F (fucoxanthin, 3) 19.83 14.82 1.3
Fr G 116.5 117.6 1.0
Fr I Non-toxic Non-toxic -

* Selectivity index: IC50 (HT-29)/IC50 (Caco-2).

3.4. PPAR-γ Agonist Activity of SHQA (1) and Derivatives

Adipocyte differentiation can be used as a convenient indicator of PPAR-γ activation, due to its
essential role in adipogenesis [22]. The most significant PPAR-γ response was observed with SNQA (5).
At test concentrations of 1 μg/mL (0.24 μM) and 5 μg/mL (1.19 μM), SNQA (5) produced a response
similar to that of rosiglitazone at 1 μM (Figures 3 and 4). SCA (6) also induced a strong PPAR-γ
response, but it was only significant at 5 μg/mL (1.14 μM). The PPAR-γ activity of SHQA (1) was
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weakly positive at 5 μg/mL (1.17 μM) while SQA (2) did not reveal any PPAR-γ activity at all test
concentrations. To our knowledge, this is the first report on the PPAR-γ activity of SNQA (5).

Figure 3. Dose-dependent lipid accumulation in differentiating 3T3-L1 cells after treatment with
sargahydroquinoic acid (1), sargaquinoic acid (2), sarganaphthoquinoic acid (5), and sargachromenoic
acid (6). A total of 1 μM each of rosiglitazone (Rosi) and troglitazone (Tro) was used as positive control.
Each data point represents the mean ± SD (n = 3) while the asterisks (*) indicate a significant increase
in lipid accumulation.

Figure 4. Representative images of oil red O stained 3T3-L1 cells after treatment with sargahydroquinoic
acid (1), sargaquinoic acid (2), sarganaphthoquinoic acid (5), sargachromenoic acid (6) and rosiglitazone.
Original magnification 200×.
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Fucoxanthin (3) and sargaquinal (4) showed the strongest cytotoxic activity against HeLa cells
with IC50 values of 12.11 and 13.59 μg/mL respectively (Table 3). SHQA (1) (IC50 = 43.16 μg/mL)
showed similar activity compared to SNQA (5) (IC50 = 43.50 μg/mL) and SCA (6) (IC50 = 53.56 μg/mL),
but stronger than its quinone congener, SQA (2) (IC50 = 92.85 μg/mL). Dose-response curves for the
inhibition of HeLa derivative cells (Figure S13) are provided in the Supplementary Materials.

Table 3. Cytotoxicity assay results for compounds 1–6 against HeLa derivative cells.

Compound HeLa IC50 (μg/mL)

SHQA (1) 43.16
SQA (2) 92.85
Fucoxanthin (3) 12.11
Sargaquinal (4) 13.59
SNQA (5) 43.50
SCA (6) 53.56

4. Discussion

Phytochemical analysis of the major fractions obtained from S. incisifolium dichloromethane
extract identified SHQA (1), SQA (2), fucoxanthin (3), and sargaquinal (4) as the most prominent
metabolites present. These represent common constituents often reported to occur in Sargassum species.
While the biological properties of fucoxanthin (3) are plentifully described in the literature, SHQA (1),
SQA (2), and sargaquinal (4) remain poorly explored.

Considering that inflammation represents the predominant therapeutic target against IBD [3],
the anti-inflammatory potential of the fractions was investigated using LPS activated RAW 264.7
macrophages as a model. Both SHQA (1) and fucoxanthin (3) revealed a concentration-dependent
inhibition in nitrate production, indicating potential anti-inflammatory activity. Concurrent cell
viability measurements confirmed that these effects were not due to cytotoxicity. The anti-inflammatory
activity of fucoxanthin (3) is in accord with previous studies [20]. Similarly, research on the
anti-inflammatory activity of plastoquinone derivatives isolated from natural sources also reported
that SHQA (1) significantly reduced TPA-induced mouse ear oedema [23]. The precise mechanism
through which SHQA (1) exerts this anti-inflammatory response however awaits further studies. Our
results suggest that SHQA (1) may, at least in part, directly target macrophage function. In contrast to
the anti-inflammatory activity, treatment of naïve RAW 264.7 cells did not reveal any potential risk to
induce a pro-inflammatory effect, which could exacerbate inflammation.

Oxidative stress is currently considered as a contributory factor in the initiation, progression,
and severity of IBD and is regarded as more than just a simple consequence of chronic inflammation
associated with the disease. Although the underlying mechanisms are yet to be thoroughly elucidated,
strategies to reduce oxidative stress are anticipated to improve therapeutic outcome. Antioxidants,
especially those derived from natural products, have attracted attention as acceptable ingredients to
target oxidative stress in IBD [4]. Compounds with dual anti-inflammatory and antioxidant activity
may be particularly relevant to the treatment of IBD. The DPPH radical scavenging activity of SHQA
(1) and SCA (6) has been previously documented [23]. Reduced forms of vitamin E and coenzyme
Q groups, such as hydroquinones, chromanols, and chromenols normally function as protective
anti-oxidants. However, the ability of such compounds to function in these capacities of electron
transfer and antioxidant activity directly depend upon the oxidation potential of the compound, which
is also partly dependent upon the nuclear substituents [24]. Not surprisingly, SHQA (1) showed more
potent DPPH radical scavenging activity than SQA (2, EC50 = 95.76 μg/mL), as it is generally known
that hydroquinones are more potent radical scavengers than their quinone congeners. We, therefore,
identify SHQA (1) as an anti-inflammatory compound with potent radical scavenging activity. In
the DPPH assay, SHQA (1) was greater than 5-fold more active relative to the standard antioxidant,
ascorbic acid.
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It is well recognised that patients with IBD show a higher incidence of developing colon cancer [4],
primarily believed to be the result of chronic intestinal inflammation. Subsequently, many IBD patients
also develop the requirement for cancer therapy, which is accompanied by unique challenges associated
with this comorbidity. Often chemotherapeutic drugs damage the intestine, resulting in the remission
of IBD. It thus follows that although cytotoxicity towards cancer cells may have an advantage in
cancer treatment, it is also at risk of aggravating intestinal inflammation and thus, IBD. Evaluation
of the fractions obtained from S. incisifolium revealed significant toxicity towards colon cancer cell
lines Caco-2 and HT-29 with fucoxanthin (3) being the most potent. This is consistent with previous
studies which report fucoxanthin (3) to inhibit the proliferation of HT-29 and Caco-2 cells through
inducing cell cycle arrest in the Go/G1 phase at low concentrations (25 μM) and apoptosis at higher
concentrations [25]. SHQA (1) was also significantly cytotoxic towards these colon cancer cells.

The adipocyte has been described as “a dynamic cell that plays a fundamental role in energy
balance and overall body homeostasis” [26]. The formation of adipocytes (adipogenesis) is a
differentiation process governed by transcriptional cascades involving a regulated set of gene
expression events [22]. The peroxisome proliferator-activated receptor gamma (PPAR-γ) has been
termed as the ‘master regulator’ of adipogenesis sufficient to differentiate fibroblasts into mature
adipocytes [27]. The PPAR-γ is therefore not only crucial for adipogenesis but is also a requirement
for the maintenance of the differentiated state. Hence, a compound or extract that stimulates the
differentiation of preadipocytes into mature adipocytes is considered as a PPAR-γ agonist. The PPAR-γ
is predominantly expressed in adipose tissue with lower levels of expression in other tissues, such
as cardiac, renal, and hepatic tissues [28]. The association of PPAR-γ activation and consequent
adipogenesis with an increase in tissue insulin sensitivity provided the basis for the development of
thiazolidinediones as a class of anti-diabetic drugs. Other known PPAR isoforms include α and β/δ,
for which dual and pan agonists have been identified.

The high relative expression of PPAR-γ in the colon has stimulated many studies on the role of
PPAR-γ in gut health. While early studies focused heavily on the involvement of PPAR-γ in the process
of colonic tumor suppression, more recently, research has expanded to include intestinal inflammation
and fibrosis, major factors in the pathogenesis of IBD. Identification of the direct involvement of
PPAR-γ in the mechanism of action of mesalazine, a clinically effective drug often used to treat
ulcerative colitis, has highlighted the anti-inflammatory role of PPAR-γ and renewed the search
for novel PPAR-γ agonists to treat IBD [9]. Fibrosis, excessive deposition of extracellular matrix
components including collagen, is a common complication of IBD, leading to obstruction and loss of
function of the intestine. PPAR-γ agonists can diminish fibrogenesis through the antagonist effects
on TGF signalling. Given that the anti-inflammatory drugs currently used to treat IBD are unable to
attenuate intestinal fibrosis, new therapeutic approaches are sought with PPAR-γ agonists holding
considerable promise. Taken together, it is clear that PPAR-γ has again emerged as an important
therapeutic target for the development of new drugs to treat IBD.

Previously Kim et al. demonstrated that SHQA (1) and SQA (2) could activate PPAR-γ [29].
However, under our experimental conditions, only SHQA (1) revealed a statistically significant
enhancement in 3T3-L1 differentiation, a marker for PPAR-γ agonist activity. Considering that
Kim et al. [29] used 10 μM each of SHQA (1) and SQA (2) for the induction of differentiation while we
used a maximum of 1.17 μM of SHQA (1) and 1.18 μM of SQA (2), it is highly possible that increasing
the test concentrations would also result in an increased PPAR-γ activity of these compounds. To
further explore SHQA (1) as a potential chemical scaffold in the development of new PPAR-γ agonists,
we synthesized derivatives of SHQA (1), namely sargaquinoic acid (SQA, 2), sarganaphthoquinoic
acid (SNQA, 5), and sargachromenoic acid (SCA, 6). The most significant response was obtained from
SNQA (5), which at test concentrations of 1 μg/mL (0.24 μM) and 5 μg/mL (1.19 μM), produced a
response similar to that of rosiglitazone at 1 μM. SCA (6) also induced a PPAR-γ response, but it was
only significant at 5 μg/mL (1.14 μM).
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The structural derivatives were also evaluated for antioxidant activity and cytotoxicity against
HeLa derivative cells. SNQA (5) showed a dramatic decrease in radical scavenging activity while SCA
(6) antioxidant activity remained essentially unchanged. Cytotoxicity towards HeLa derivative cells, a
cell line previously shown to be devoid of PPAR-γ protein [30], was unchanged relative to SHQA (1).

To our knowledge, this is the first report on the PPAR-γ-mediated activity of SNQA (5). In an
attempt to improve the side effect profiles of current PPAR-γ agonists, research has explored the
replacement of the thiazolidine ring with other ‘acidic head groups’, which have lesser side effects.
Such examples include a study performed by Sundriyal et al. in which, after replacement of the
thiazolidine ring with a 1,4-naphthoquinone moiety, the newly synthesized compounds still retained
PPAR-γ activity comparable to pioglitazone [31]. This shows that the 1,4-naphthoquinone, SNQA (5),
is a potential PPAR-γ agonist similar to the well-known thiazolidinediones and supports our findings
and potential for the treatment of IBD. Additionally, 1,4-naphthoquinones are commercially available,
less costly, and easily derivatized.

5. Conclusions

SHQA (1) is identified as a promising lead compound due to its effects on multiple therapeutic
targets relevant to IBD. Derivatization to SNQA (5) significantly improved the PPAR-activity. However,
this dramatically reduced its antioxidant activity and had minimal effect on cytotoxicity.
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Abstract: Background: Central Asia is the center of origin and diversification of the Artemisia genus.
The genus Artemisia is known to possess a rich phytochemical diversity. Artemisinin is the shining
example of a phytochemical isolated from Artemisia annua, which is widely used in the treatment of
malaria. There is great interest in the discovery of alternative sources of artemisinin in other Artemisia
species. Methods: The hexane extracts of Artemisia plants were prepared with ultrasound-assisted
extraction procedures. Silica gel was used as an adsorbent for the purification of Artemisia annua
extract. High-performance liquid chromatography with ultraviolet detection was performed for the
quantification of underivatized artemisinin from hexane extracts of plants. Results: Artemisinin was
found in seven Artemisia species collected from Tajikistan. Content of artemisinin ranged between
0.07% and 0.45% based on dry mass of Artemisia species samples. Conclusions: The artemisinin
contents were observed in seven Artemisia species. A. vachanica was found to be a novel plant source
of artemisinin. Purification of A. annua hexane extract using silica gel as adsorbent resulted in
enrichment of artemisinin.

Keywords: Artemisia species; Artemisia vachanica; artemisinin; HPLC-PAD; Tajikistan

1. Introduction

As reported by the World Health Organization (WHO), in the last four years (2015–2018), nearly
half of the population of the world (3.2 billion people) was at risk of malaria. In 2017, there were
435,000 deaths from malaria globally, 61% (266,000) of which were of children younger than five
years [1].

At present, artemisinin-based combination treatments are effective and accepted as being among
the best malaria treatments [2]. Artemisinin is the bioactive compound produced by the plant
Artemisia annua L. Artemisinin has saved the lives of millions of malarial patients worldwide and
served as the standard regimen for treating Plasmodium falciparum infection [3].

With 500 species, the genus Artemisia L. is the largest and the most widely distributed genus of
the Asteraceae, and Central Asia is the center of origin and diversification of the genus [4]. Many
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Artemisia species grow in Tajikistan [5]. The genus Artemisia is known to possess rich phytochemical
diversity [6–9]. Almost 600 secondary metabolites have been characterized from A. annua alone [10].

Artemisinin is the shining example of a phytochemical isolated from A. annua, and is widely
used in the treatment of malaria. Artemisinin is a natural sesquiterpene lactone with an unusual
1,2,4-trioxane substructure (Figure 1). It is soluble in most aprotic solvents and is poorly soluble
in water. It decomposes in protic solvents, probably by the opening of the lactone ring [11]. The
artemisinin biosynthesis proceeds via the tertiary allylic hydroperoxide, which is derived from the
oxidation of dihydroartemisinic acid [10].

 

Figure 1. Artemisinin structure.

The mechanism of artemisinin action is controversial [12,13]. It is related to the presence of an
endoperoxide bridge, which by breaking creates a powerful free radical form of the artemisinin, which
attacks the parasite proteins without harming the host [14].

The presence of artemisinin has been reported in many Artemisia species, including A. absinthium,
A. anethifolia, A. anethoides, A. austriaca, A. aff. tangutica, A. annua, A. apiacea, A. bushriences,
A. campestris, A. cina, A. ciniformis, A. deserti, A. diffusa, A. dracunculus, A. dubia, A. incana, A. indica,
A. fragrans, A. frigida, A. gmelinii, A. japonica, A. khorassanica, A. kopetdaghensis, A. integrifolia, A. lancea,
A. macrocephala, A. marschalliana, A. messerschmidtiana, A. moorcroftiana, A. parviflora, A. pallens,
A. roxburghiana, A. scoparia, A. sieberi, A. sieversiana, A. spicigeria, A. thuscula, A. tridentata, A. vestita, and
A. vulgaris [9,15–32].

The chemical structure of artemisinin provided a foundation for several synthetic antimalarial
drugs including pyronaridine, lumefantrine (benflumetol), naphthoquine, and so on [33]. Recently,
research interest in biotechnological approaches for enhanced artemisinin production in Artemisia have
increased due to the global needs and low amounts of artemisinin and its derivatives in Artemisia
plants [34]. Various biotechnological approaches such as the transformation of genes for production of
artemisinin to cells of eukaryotic and prokaryotic organisms and to genetically engineered yeast were
developed to enhance the production of artemisinin and its derivatives [35–38].

In addition, artemisinin and its bioactive derivatives have a second career as antitumor agents [39].
They demonstrated high efficiency against a variety of cancer cells, with minor side effects to normal
cells in cancer patients [40,41]. The investigation of the biological activity of Artemisia species and their
constituents is required to explore the full potential of diverse Artemisia species and their chemical
ingredients against cancer, malaria, and infections [42]. Artemisinin can also exert beneficial effects in
treatment of the wide-spectrum diseases such as obesity, diabetes, and aging-related disorders [43].

Natural conditions influence the biotransformation and accumulation of artemisinin in plants.
For example, Ferreira et al. reported that that biosynthesis of artemisinin is affected by light
intensity [44]. The relatively large number of sunny days per year in Tajikistan is essential for
artemisinin accumulation in Artemisia species.

Accordingly, there is great interest in the discovery of artemisinin in Artemisia species growing
wild in Tajikistan. The purpose of the current investigation was to evaluate the presence of artemisinin
in eight Artemisia species.
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2. Materials and Methods

2.1. Plant Materials

The aerial parts of eight Artemisia species including A. annua, A. vachanica, A. vulgaris,
A. makrocephala, A. leucotricha, A. dracunculus, A. absinthium, and A. scoparia were collected during their
vegetative and flowering period from three regions of Tajikistan. The voucher specimen numbers, local
names, collection time, and location of plants are summarized in Table 1. These species were identified
with regards to specimens in the herbarium of the Institute of Botany, Plant Physiology and Genetics
of Tajikistan Academy of Sciences. The voucher specimens of the plant material were deposited at the
Chinese-Tajik Innovation Center for Natural Products research institution of the Tajikistan Academy
of Sciences.

Table 1. Artemisia species collected from Tajikistan.

Species Local Name Collection Site Time Voucher Number

A. annua гoвҷoрӯб (govjorub),
бурғун (burghun)

Ziddeh,
Varzob Region 15.07.2018 CTICNPG 2018 - 5

A. vachanica пуши oддӣ (pushi oddi) Khaskhorugh,
Ishkoshim Region 25.08.2018 CTICNPG 2018 - 6

A. vulgaris caфедҷoрӯб (safedjorub),
явшoн (yavshon)

Khaskhorugh,
Ishkoshim Region 22.08.2018 CTICNPG 2018 - 7

A. mackrocephala пуши кaлoнгул
(pushi kalongul)

Khaskhorugh,
Ishkoshim Region 21.08.2018 CTICNPG 2018 - 8

A. leucotricha пуши сaфед (pushi safed) Khaskhorugh,
Ishkoshim Region 22.08.2018 CTICNPG 2018 - 9

A. dracunculus тaрхун (tarkhun),
ғӯдa (ghuda)

Ziddeh,
Varzob Region 15.07.2018 CTICNPG 2018 - 10

A. absinthium тaхaч (takhach) Guli Bodom,
Yovon Region 20.07.2018 CTICNPG 2018 - 11

A. scoparia туғaк (tughak),
мaҳинҷoрӯб (mahinjorub)

Guli Bodom,
Yovon Region 20.07.2018 CTICNPG 2018 - 12

2.2. Preparation of Hexane Extracts

The extraction process of dried aerial parts of Artemisia plants were prepared by the following
procedure: 10 g of plant materials were crushed into smaller pieces and weighed in a 250-mL flask,
into which 150 mL of hexane were added at room temperature. The prepared plant mixtures were
sonicated in an ultrasonic bath at a frequency of 35 kHz for 15 min at room temperature. Then, plant
mixtures were allowed to stand for 12 h at room temperature. After 12 h, they were filtered through
Whatman filter paper and used for the designed chemical analysis.

The yield of hexane extracts were calculated using following Equation (1):

ω(%) =
a ∗ 100%

b
, (1)

where ω is the yield of hexane extract (%), a is the weight of hexane extract; and b is the weight of
plant sample.

2.3. Quantitative Analysis of Artemisinin Using HPLC

A number of studies have been addressed for the development of HPLC methodology for
quantification of artemisinin in plant material and extracts [44,45]. The best separation of artemisinin
was achieved on columns Luna 5 μm C18 250 × 4.6 mm (Phenomenex, Torrance, CA, USA) and Betasil
C18 5 μm 250 × 4.6 mm (Thermo Fisher Scientific, Waltham, MA, USA), using acetonitrile:water (65:35,
v/v) as the mobile phase [44,45].

In addition, artemisinin analysis by HPLC-PAD at 192 nm, compared to HPLC with evaporative
light scattering detection (HPLC-ELSD), was very accurate, precise, and reproducible [44].
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Artemisia extracts were analyzed by HPLC UltiMate 3000 system with DAD detector (Thermo
Fisher Scientific, Waltham, MA, USA). Extracts of Artemisia plants (10 mg/mL) were prepared in
methanol and the solution was filtered using a 0.45-μm syringe filter for HPLC analysis. Analysis
was performed on a Waters Bridge C18 5 μm (250 × 4.6 mm, Waters, Milford, MA, USA) and XSelect
CSHTM C18 5 μm (250 × 4.6 mm, Waters, Milford, MA, USA) columns. The mobile phase consisted of
water (A) and acetonitrile (B). The gradient elution program was as follows: 0–7 min, hold 60% of B;
17–30 min, 60–100% of B; 30–35 min, 100% of B. The detection wavelengths were 192, 210, 254, and
320 nm, the flow rate was 1 mL/min, the injection volume was 5 μL, and the oven temperature was set
to 30 ◦C.

Quantification of the artemisinin was performed using a linear calibration graph with increasing
amounts of artemisinin and their peak area response with UV detection (192 nm) (Figure 2). Standard
solutions with seven different concentrations (between 0.05 and 5 mg/mL) were prepared by solving
the standard artemisinin in methanol.
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Figure 2. Linear calibration graph for the standard artemisinin.

2.4. Purification of Artemisia annua Extract

Silica gel as adsorbent (10.0 g dry weight) was added to 100 mL of A. annua extract (10 mg/mL
in hexane) in a 250-mL flask while agitating on a shaker at room temperature until the adsorption
reached equilibrium. After reaching the adsorption equilibrium, the silica gel was filtered from the
mixture and then washed with hexane 3–4 times until decolorization of the filtrate. The filtrate was
evaporated using a rotary evaporator.

3. Results

The yields of hexane extract, number of components detected at 192 nm, and content of artemisinin
per dry weight plant are summarized in Table 2. The hexane percentage yield of Artemisia species
ranged from 2.3% to 8.1%. The hexane extract of A. vachanica had the highest yield (8.1%), followed
by A. annua (5.8%) and A. absinthium (5.4%), while A. vulgaris had the lowest yield (2.3%). A total
of 83, 90, 95, 94, 75, 100, 98, and 90 components (peaks on the chromatograms) were detected in
A. annua; A. vachanica; A. vulgaris; A. makrocephala; A. leucotricha; A. dracunculus; A. absinthium, and
A. scoparia, respectively.
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Table 2. Extraction yield, componential composition, and artemisinin content in Artemisia species.

Species
Yield of Hexane

Extract, %
Number of

Components
Content of Artemisinin
in Dry Weight Plant, %

Artemisia annua 5.80 ± 0.05 83 0.45 ± 0.03
Artemisia vachanica 8.09 ± 0.1 90 0.34 ± 0.02
Artemisia vulgaris 2.32 ± 0.02 95 0.18 ± 0.01
Artemisia makrocephala 3.01 ± 0.02 94 0.20 ± 0.01
Artemisia leucotricha 3.19 ± 0.03 75 Not detected
Artemisia dracunculus 3.78 ± 0.04 100 0.07 ± 0.01
Artemisia absinthium 5.41 ± 0.0.5 98 0.09 ± 0.01
Artemisia scoparia 3.39 ± 0.02 90 0.11 ± 0.02

The content of artemisinin per dry weight of Artemisia species ranged from 0.07% to 0.45%. The
highest content of artemisinin was observed in A. annua (0.45%), followed by A. vachanica (0.34%), while
A. dracunculus had the lowest artemisinin content (0.07%). The HPLC chromatograms of Artemisia
species with standard of artemisinin are showed in Figures S1–S5.

After treatment of A. annua extract with silica gel as an adsorbent, the total peaks in the
chromatograms decreased from 83 to 47, while the content of artemisinin in A. annua extract increased
from 4.5 mg/g to 10.2 mg/g. The results of A. annua extract treatment are given in Figure 3.

 
Figure 3. Total components number and artemisinin content in A. annua extract before and
after purification.

4. Discussion

There are many factors such as environmental, genetic, etc. that can influence the variation in
artemisinin concentration [17]. Ranjbar and co-authors have reported that there is a relationship
between the increased expression of some genes and the enhancement of artemisinin content in
Artemisia species at the vegetative, budding, and flowering stages [22]. Recently, Salehi et al.
investigated the expression of artemisinin biosynthesis and trichome formation genes in five Artemisia
species and concluded that there is a relationship between the enhancement of artemisinin content and
increased expression of some genes [23].

Previous works have reported that artemisinin concentration varied due to differences in methods
of artemisinin extraction as well as the solvents used [40,41]. Literature reports indicated that extraction
of artemisinin has been carried out by different extraction methods: traditional solvent extraction,
microwave-assisted extraction, ultrasound-aided extraction, and supercritical fluid extraction method
using CO2 as a solvent [20,46]. n-hexane [38], toluene [40], chloroform [41], petroleum ether [44],
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acetone, and ethanol [47] were the solvents most widely used for artemisinin extraction from
Artemisia species.

According to our results, ultrasound-aided extraction and n-hexane as a solvent for artemisinin
extraction were suitable for the extraction of artemisinin from Artemisia species. Our experiments
are in agreement with previous reports that the yield of artemisinin extraction is enhanced by
ultrasound-aided extraction when compared to comparable conventional extraction processes [46].

Various methods such as thin-layer chromatography (TLC), high-performance liquid
chromatography (HPLC) with evaporative light scattering detection (ELSD), ultraviolet detection
(PAD), diode array detection (DAD), gas chromatography (GC) combined with flame ionization
detector (FID), and mass spectrometry (MS) have been proposed and assessed to detect and quantify
artemisinin [48,49]. Recently, a fully electrochemical molecularly imprinted polymer sensor was
developed for the sensitive detection of artemisinin with a detection limit of 0.02 μM in plant
matrix [50].

In the present work, HPLC-PAD was used to analyze artemisinin in Artemisia species.
Researchers have reported that HPLC-PAD is readily applicable for quality control of herbals
and artemisinin-related pharmaceutical compounds and it was validated for the quantification of
underivatized artemisinin, dihydroartemisinic acid, and artemisinic acid from crude plant samples [44].

The literature reports with respect to artemisinin content in Artemisia species up to now are
summarized in Table 3. Artemisinin was found at least in 40 Artemisia species [9,15–32]. The artemisinin
content ranged from 0.0005% to 1.38% on dried parts of Artemisia species.

Table 3. Summary of literature reports showing presence of artemisinin in Artemisia species.

Artemisia Species Part Used Artemisinin, % Ref.

A. absinthium Flowers, leaves, stem, and roots 0.02–0.35 [17,22,24]
A. austriaca Leaves 0.05 [23]
A. aff. tangutica Flowers, leaves, stem, and roots 0.02–0.11 [17]
A. anethifolia Leaves 0.05 [30]
A. anethoides Leaves 0.006 [30]
A. annua Flowers, leaves, stem, and roots 0.02–1.4 [17,25–28,51,52]
A. arborescens Leaves 0.001 [30]
A. apiacea Leaves Not shown [21]
A. bushriences Flowers, leaves, stem, and roots 0.01–0.34 [17]
A. campestris Leaves, buds, and flowers 0.05–0.1 [22]
A. cina Shoots 0.0006 [16]
A. ciniformis Leaves 0.22 [23]
A. deserti Leaves 0.4–0.6 [23]
A. diffusa Leaves, buds, and flowers 0.05–0.15 [22]
A. dracunculus Flowers, leaves, stem, and roots 0.01–0.27 [17]
A. dubia Flowers, leaves, stem, and roots 0.01–0.07 [17,19]
A. incana Leaves 0.25 [23]
A. indica Flowers, leaves, stem, and roots 0.01–0.10 [17,19]
A. fragrans Leaves 0.2 [23]
A. frigida Leaves 0.007 [30]
A. gmelinii Leaves 0.038 [30]
A. japonica Flowers, leaves, stem, and roots 0.01–0.08 [17]
A. kopetdaghensis Leaves 0.18 [23]
A. integrifolia Leaves 0.036 [30]
A. lancea Leaves Not shown [21]
A. macrocephala Leaves 0.011 [30]
A. marschalliana Leaves 0.38 [23]
A. messerschmidtiana Leaves 0.032 [30]
A. moorcroftiana Flowers, leaves, stem, and roots 0.01–0.16 [17]
A. parviflora Flowers, leaves, stem, and roots 0.03–0.15 [17]
A. pallens Leaves and flowers 0.1 [31]
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Table 3. Cont.

Artemisia Species Part Used Artemisinin, % Ref.

A. roxburghiana Flowers, leaves, stem, and roots 0.02–0.22 [17]
A. scoparia Leaves, buds, and flowers 0.1–0.18 [22,32]
A. sieberi Aerial parts 0.1–0.2 [22,23]
A. sieversiana Flowers, leaves, stem, and roots 0.05–0.20 [17]
A. spicigeria Leaves, buds, and flowers 0.05–0.14 [22]
A. thuscula (syn. A. canariensis) Leaves 0.045 [30]
A. tridentata Nutt. subsp. vaseyana Leaves 0.0005 [30]
A. vestita Flowers, leaves, stem, and roots 0.04–0.20 [17]
A. vulgaris Flowers, leaves, stem, and roots 0.02–0.18 [17,22]

The highest content of artemisinin was found in A. annua (up to 1.4%) [51], followed by A. deserti
(0.4–0.6%), A. marschalliana (up to 0.38%) [23] and A. absinthium (up to 0.35%) [17,22,24].

The current study observed the presence of artemisinin in eight of the various Artemisia species
growing wild in Tajikistan. A. vachanica was found to be a novel plant source of artemisinin. The content
of artemisinin in A. macrocephala was found almost 20-fold higher than a previous study [30]. Hence,
no significant difference was detectable between the artemisinin content of A. annua, A. absinthium,
A. dracunculus, and A. vulgaris growing in Tajikistan. Generally, previous studies reported that the
artemisinin content in A. annua was higher than in other Artemisia species [15,17,21,22,24]. Artemisinin
was not detected in A. leucotricha.

The extracts obtained from plant material using organic solvent extractions are very complex, and
have several unwanted components such as chlorophylls and other colored organic molecules from
the feed material. Removal of the contaminants from the extracts has been performed with charcoal
and clays [53,54].

In this work, purification of A. annua hexane extract by using silica gel as adsorbent resulted in
the enrichment of artemisinin. The concentration of artemisinin increased 2.3 times and 35 unwanted
components were purified out by silica gel.

A selective sorption method has resulted in the increase of artemisinin to a final purity up to
90% using a polymeric adsorbent loaded with specific ligands [53]. Using silica gel compared to an
adsorbent with specific ligands was less effective. However, silica gel is a cheap alternative that can be
used for primary treatment of crude artemisinin extracts from the feed material.

5. Conclusions

The study demonstrated the presence of artemisinin, a biologically important natural
sesquiterpene lactone in several Artemisia species growing wild in Tajikistan. The content of artemisinin
ranged between 0.07% and 0.45% on a dry weight basis of Artemisia species. A. vachanica was found to
be a novel plant source of artemisinin. Treatment of A. annua hexane extract with silica gel as adsorbent
resulted in enrichment of artemisinin.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/6/1/23/s1,
Figure S1: HPLC chromatogram of the pure artemisinin (Rt 4.257 min) (A) and hexane extract of Artemisia annua (B),
Figure S2: HPLC chromatogram of hexane extract of Artemisia vachanica (A) and Artemisia vulgaris (B), Figure S3:
HPLC chromatogram of hexane extract of Artemisia makrocephala (A) and Artemisia leucotricha (B), Figure S4:
HPLC chromatogram of hexane extract of Artemisia dracunculus (A) and Artemisia absinthium (B), Figure S5: HPLC
chromatogram of hexane extract of Artemisia scoparia (A) and mixture Artemisia annua and pure artemisinin (B).
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Abstract: Background: Quinonemethide triterpenoids, known as celastroloids, constitute a relatively
small group of biologically active compounds restricted to the Celastraceae family and, therefore,
they are chemotaxonomic markers for this family. Among this particular type of metabolite,
pristimerin and tingenone are considered traditional medicines in Latin America. The aim of this
study was the isolation of the most abundant celastroloids from the root bark of Maytenus chiapensis,
and thereafter, to develop an analytical method to identify pristimerin and tingenone in the
Celastraceae species. Methods: Pristimerin and tingenone were isolated from the n-hexane-Et2O
extract of the root bark of M. chiapensis through chromatographic techniques, and were used as
internal standards. Application of a validated RP HPLC-PDA method was developed for the
simultaneous quantification of these two metabolites in three different extracts, n-hexane-Et2O,
methanol, and water, to determine the best extractor solvent. Results: Concentration values showed
great variation between the solvents used for extraction, with the n-hexane–Et2O extract being the
richest in pristimerin and tingenone. Conclusions: M. chiapensis is a source of two biologically
active quinonemethide triterpenoids. An analytical method was developed for the qualification and
quantification of these two celastroloids in the root bark extracts of M. chiapensis. The validated
method reported herein could be extended and be useful in analyzing Celastraceae species and real
commercial samples.

Keywords: Maytenus chiapensis; Celastraceae; quinonemethide triterpenoids; pristimerin; tingenone;
HPLC-PDA

1. Introduction

Species of the Celastraceae family have had a long history in traditional medicine and agriculture in
North Africa, South and Central America, and Central and East Asia [1]. The therapeutic potential of
Celastraceae species has been mainly attributed to the presence of quinonemethide triterpenoids (QMTs),
a group of triterpenoids with unique structural features [2]. QMTs contain a D:A-friedo-nor-oleanane
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skeleton characterized by a particular oxygenation pattern with an unsaturated system involving rings
A and B, and the majority of them bear a highly oxidized ring E [2]. QMTs constitute a relatively small
group of biologically active compounds restricted to the Celastraceae family, commonly referred to as the
bittersweet family [3] and, therefore, they are considered to be chemotaxonomic markers for this family.
For this reason, QMTs and their structurally related congeners, phenolic triterpenoids, and triterpene
dimers and trimers, were given the general name celastroloids by Brüning and Wagner [4]. QMTs have
been reported mainly in the Maytenus [5], Celastrus [6], and Tripterygium [7] genera. This particular
class of naturally occurring products, which are exclusively accumulated in the root barks of the plants
that contain them, show a wide range of bioactivities, including cytotoxic [8,9], anti-inflammatory [10],
antioxidant [11], antimicrobial [12], antiparasitic [13], and insecticidal [14] properties.

Since 1936, when celastrol, the most extensively studied quinonemethide, was isolated from
Tripterygium wilfordii [15], a variety of QMTs have been reported from Celastraceae species. In particular,
pristimerin and tingenone, isolated for the first time from Pristimera indica [16] and Euonymus tingens [17],
respectively, are the most frequently reported celastroloids. These two naturally occurring quinonemethide
triterpenoid orange pigments are traditional medicines derived from the Celastraceae family and have long
been used for the treatment of a variety of ailments [3,7]. Pristimerin has been reported to have promising
clinical potential as both a therapeutic and chemopreventive agent for various types of cancer, including
breast [18], glioma [19], prostate [20], pancreatic [21], ovarian [22], colon [23], esophageal squamous [24],
osteosarcoma [25], and uveal [26] cancer, via a number of mechanisms [27]. Moreover, tingenone displays
antinociceptive [28] and antiprotozoal [29] activities. Since there is pharmacological interest in this type of
metabolite and their synthesis is not commercially viable, some research groups have investigated in vitro
plant systems to increase their production [30].

In the course of the search for bioactive metabolites from species of the Celastraceae family,
phytochemical studies on Maytenus chiapensis—a Celastraceae species collected in El Salvador and
commonly named “Escobo blanco”—have reported the isolation of sesquiterpenoids [31–33] and
tetracyclic and pentacyclic triterpenoids [34–36] from the areal parts of the plant.

Taking into consideration the relevance of QMTs from a chemotaxonomic and therapeutic point
of view, the aim of our study is to develop a validated analytical method to identify pristimerin
and tingenone in the root barks of Celastraceae species. To perform this task and to investigate the
previously unreported pristimerin and tingenone content in M. chiapensis root bark, the two known
QMTs were isolated, characterized, and subsequently used as pure standard samples in HPLC analysis.
Moreover, the successful application of a validated RP HPLC-PDA method is developed for the
qualification and quantification of these two pharmacologically relevant QMTs in M. chiapensis extracts.
Three different solvents were used to optimize the extraction procedure of the QMTs under study.
The validated method reported herein could be extended and be useful in analyzing commercial samples.

2. Materials and Methods

2.1. Chemical

The solvents, methanol (HPLC-grade), water (HPLC-grade), n-hexane, diethyl ether,
dichloromethane, and chloroform, and formic acid were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification. Pristimerin and tingenone were isolated
from the root bark of Maytenus chiapensis and used as pure standards (purity ≥99%) after their NMR
characterization (see Figures S1 and S2 in the Supplementary Material).

2.2. Plant Material

The root bark of Maytenus chiapensis Lundell (Celastraceae) was collected at Montecristo National Park
(latitude: 14◦23′39′′ N, longitude: 89◦23′10′′ W, elevation: 1617 msnm) in the municipality of Metapán,
Santa Ana, El Salvador, in March 2018, and was identified by Jenny Elizabeth Menjívar Cruz, curator of the
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Herbarium at the Museo de Historia Natural de El Salvador. A voucher specimen (J. Menjívar et al. 4255)
was deposited in the Herbarium at the Museo de Historia Natural de El Salvador, El Salvador.

2.3. Extraction and Isolation of Pristimerin and Tingenone

The root bark (650 g) of M. chiapensis was extracted with n-hexane–Et2O in a Soxhlet apparatus
as previously reported [37]. The extract (27.2 g) was chromatographed on Sephadex LH-20
(n-hexane–CHCl3–MeOH, 2:1:1) to afford 15 final fractions after combination on the basis of
their TLC profile. Fractions 7 and 8, after successive chromatographies on Sephadex LH-20
(n-hexane–CHCl3–MeOH, 2:1:1), silica gel (CH2Cl2–Et2O of increasing polarity), and preparative
HPTLC developed with n-hexane–Et2O (4:6), gave rise to pristimerin (680 mg, Rf 0.35) and tingenone
(210 mg, Rf 0.56). Their structures were identified by comparison of their 1H and 13C NMR
(Bruker Avance 500 spectrometer, Bruker, Billerica, MA, USA) and MS (Micromass Autospec
spectrometer, Micromass, Manchester, UK) data with those previously reported [38].

2.4. Preparation of Plant Extracts for HPLC Analysis

The methanolic and n-hexane–Et2O (1:1) extracts were prepared by dissolving 2.5 g of dried
powdered root bark into 100 mL of organic solvents, and afterwards macerated for 72 hours at 25 ◦C.
Both extracts were concentrated under reduced pressure at 40 ◦C to obtain 700 mg and 350 mg of crude
residues, respectively.

The water extraction was carried out by dissolving 2.5 g of powdered root bark with 100 mL
of water by magnetic stirrer ultrasonic (VWR, model 97043-988, operating frequency at 35 kHz) for
90 min at 25 ◦C. The aqueous extract was further filtered in Whatman No. 91 paper. The filtrate was
frozen at −20 ◦C in an ultra-low temperature freezer (Fischer Scientific, Waltham, MA, USA) and
lyophilized in a lyophilizator under 0.1 mmHg pressure at −50 ◦C (Labconco, Freezone, Kansas City,
MO, USA) for 72 h. The resulting powder (130 mg) was stored at −20 ◦C until used.

2.5. HPLC-PDA Apparatus and Conditions

The chromatographic system consisted of an Alliance W2690 separation module equipped with
an online degasser, an automatic injector, and a W2487 photodiode array detector set at 420 nm for
the detection of pristimerin and tingenone. Data were collected and processed using Empower v.2
software for HPLC system (Waters, Milford, MA, USA). Separation was performed with a column
Supelco Ascentis RP C18 (150 mm × 4.6 mm; particle size 5 μm, Sigma-Aldrich, St. Louis, MO, USA)
column equipped with a Sentry Guard Cartridge (3.9 mm x 20 mm; Waters, Sigma-Aldrich, St. Louis,
MO, USA) guard column. Both columns were maintained at 25 ± 1 ◦C. The mobile phase consisted of
water with 0.4% of formic acid (v/v) (solvent A) and methanol (solvent B), using a gradient elution
program for 10 min with a flow rate of 1.2 mL/min as follows: linear gradient ratio A/B 90:10 from
the beginning of the chromatographic run to 6.0 min, A/B 90:10 to A/B 70:30 gradient from 6.01 min
to 10.0 min, and finally, linear gradient ratio A/B 90:10 from 10.01 min to 15.0 min.

2.6. Preparation of Samples

A total of 10.0 mg of each extract was dissolved in 10 mL of methanol, using an ultrasonic bath
(VWR, model 97043-988, operating frequency at 35 kHz) at room temperature. The sample solutions
were filtrated through a 0.22 μm membrane filter before being subjected to HPLC analysis.

2.7. Method Validation

2.7.1. Calibration, Linearity and Quality Control Samples

Standard solutions of pristimerin and tingenone (quality control samples, QC samples) were
prepared in methanol at a concentration of 1000 μg/mL. Combined working solutions of mixed
standards (QC samples) at concentrations of 10, 15, 30, 50, 80, and 100 μg/mL were obtained by the
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dilution of mixed stock solutions at 1000 μg/mL in a volumetric flask containing methanol. Calibration
curves obtained at 420 nm were plotted using a weighted linear least-squares regression analysis.
Concentrations of the QMTs (QC samples) were calculated by interpolating their peak areas on the
calibration curve. The linearity of the investigated compounds was obtained by using the plant extract
samples spiked at different concentrations. However, the slopes obtained from samples were different
from those of the standard solution.

2.7.2. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The quality control samples (QC) were prepared to determine the limit of quantification (LOQ),
the intra- and inter-assay precision and accuracy of the method, and defined according to International
Guidelines, International Conference on Harmonisation (ICH) Q2 (R1). QC samples at three different
concentration levels (QC low = 15.0, QC medium = 50.0, and QC high = 80.0 μg/mL) were used
to validate the analytical method. The limit of detection (LOD) was calculated from the calibration
graphic and was defined as 3 times the standard deviation of blank samples divided by the analytical
sensitivity. The LOQ was defined as the lowest concentration on the calibration curve, which could
be measured (n = 5) with a precision (RSD%) not exceeding 20% and with an accuracy between 80%
and 120%. The method’s efficiency was measured by comparing the peak areas obtained from several
samples obtained using pretreatment extraction processes and different extraction solvent systems.
Analysis of these results allowed for an evaluation of the best extraction procedures, leading to the
maximum recovery for the cited metabolites, minimizing solvent consumption and time.

3. Results and Discussion

3.1. Isolation of Pristimerin and Tingenone from Maytenus chiapensis

Following the methodology previously established in our laboratory [37], multiple chromatographic
steps of the root bark extract (n-hexane–Et2O, 1:1, 27.2 g) of the plant were carried out to yield pristimerin
(680 mg) and tingenone (210 mg). The structures of these two known quinonemethide triterpenoids
(Figure 1) were identified by comparison of their spectroscopic and spectrometric data with values
reported in the literature [38] (see Figures S1 and S2 in the Supplementary Material). Following this,
these compounds were used as internal standards in the HPLC analysis.

Figure 1. Structure of the main quinonemethide triterpenoids isolated from the root bark of
Maytenus chiapensis.

3.2. HPLC Analysis

The relevance of QMTs from a chemotaxonomic and therapeutic point of view has led several
research groups to study their content in Celastraceae species, and some HPLC analyses have been
reported. Thus, an HPLC method for the quantification of quinonemethide derivatives of five Brazilian
morphological types of Maytenus ilicifolia has been reported [39]. Some years later, analysis by
HPLC-DAD of M. ilicifolia extracts from root barks of adult plants and roots of seedlings indicated
that pristimerin is the major component of both extracts [11]. Nossack and co-workers quantified
pristimerin and tingenone (maitenin) in hydroalcoholic and aqueous extracts from the leaves and
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root bark of Maytenus aquifolium (“espinheira santa”) by HPLC-UV coupled with mass spectrometry
(LC-MS) as a procedure for assessing the quality of this phytomedicine [40]. Moreover, a simple
HPLC method was developed for the identification and comparison of quinonemethide triterpenes
in wild Hippocratea excelsa and “cancerina”, a method useful for the control of this herb used in
Mexican traditional medicine as an alternative cancer treatment [41]. In addition, Roca-Mézquita
and co-workers performed quantitative analysis of pristimerin and tingenone in a dichloromethane
extract of Elaeodendron trichotomum, revealing that this species contains both celastroloids, although,
unexpectedly, pristimerin was present in very low concentration [29].

In the current study, the successful application of a validated RP HPLC-PDA method was
performed for the qualification and quantification of pristimerin and tingenone in three different
extracts of Maytenus chiapensis, using different solvents to optimize the extraction procedure. To carry
out this task, a gradient mobile phase had been tested in order to obtain separation of both QMTs.
The Supelco Ascentis C18 column was chosen owing to the good separation with respect to peak
symmetry, resolution, and total analysis time. A mobile phase system consisting of water with 0.4% of
formic acid (v/v) (solvent A) and methanol (solvent B) was used. Under these conditions, the peak
retention times of pristimerin and tingenone were 6.04 (± 0.4) min and 2.25 (± 0.3) min, respectively
(see Figure S3 in the Supplementary Material).

Calibration curves, obtained at 420 nm, were plotted using weighted (1/x2) linear least-squares
regression analysis. The calibration curves were linear over the concentration range tested, with the
coefficient of determination r2 ≥ 0.9981 as reported in Table 1. The within-assay precision (repeatability)
of the method was determined by performing three consecutive assays in the same day on QMTs
samples spiked at three different standard concentration levels, i.e., 15 (low level), 50 (medium level),
and 80 μg/mL (high level), which are within the range of the calibration curve. The results obtained
are shown in Table 2.

Table 1. Mean linear calibration curve parameters obtained by weighted linear least-squares regression
analysis of three independent six non-zero concentration points.

Compound
Linearity Range

(μg/mL)
Slope Intercept

Determination Coefficient
(r2)

Pristimerin 1–100 74653–79342 −19550 to −4325 0.9981

Tingenone 1–100 45234–49342 −2345 to 13456 0.9990

Table 2. Assay precision (RSD%) and trueness (bias%) of the analytical method obtained from the
analysis of quinonemethide triterpenoids (QMTs) samples.

Parameters Pristimerin Tingenone

Theoretical a 15.0
Mean back-calculated a 14.90 15.02

RSD% 4.45 2.34
Bias% 1.45 2.65

Theoretical a 50.0
Mean back-calculated a 50.10 49.80

RSD% 4.60 2.80
Bias% 1.80 2.10

Theoretical a 80.0
Mean back-calculated a 89.87 88.99

RSD% 5.76 6.42
Bias% 4.56 4.1

a Concentration expressed as μg/mL
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3.3. Simultaneous Quantification of Pristimerin and Tingenone

HPLC analysis was used for the simultaneous determination of pristimerin and tingenone from
M. chiapensis root bark in different solvents. Triplicate measurements were performed to determine
the mean amount of both metabolites. The results indicate the influence of the solvent used in the
extraction process (Table 3). A mixture of n-hexane–Et2O (1:1) was the best extractor solvent since it
extracted the highest quantity of pristimerin and tingenone, whereas water was the worst extractor
solvent as neither of the two compounds could be detected.

Table 3. Pristimerin and tingenone content in M. chiapensis root bark.

Solvent Extraction
Method

Content in Pristimerin Content in Tingenone

μg/mL a mg/g
Extract

mg/g dry
Material

μg/mL mg/g
Extract

mg/g Dry
Material

n-hexane–Et2O
(1:1) Maceration 46.41 ± 0.10 46.41 mg 6.50 mg 31.66 ± 0.15 31.66 mg 4.43 mg

Methanol Maceration 18.01 ± 0.20 18.01 mg 5.04 mg 10.15 ± 0.18 10.15 mg 2.84 mg

H2O UAE b ND c ND c ND c ND c ND c ND c

a Data are expressed as μg/mL of dry plant; b UAE: ultrasound-assisted extraction; c ND: not detected.

This study revealed that Maytenus chiapensis is a source of pristimerin and tingenone,
two components with great potential in drug development. Moreover, an RP HPLC-PDA method
was developed and validated for their quantification in root bark extracts of this species. The results
indicate that a mixture of n-hexane–Et2O (1:1) is the optimal extractor solvent for these two promising
bioactive naturally occurring compounds. The methodology described herein could be extended to other
Celastraceae species, and be useful in the analysis of commercial samples.

Supplementary Materials: The following are available online at http://www.mdpi.com/2305-6320/6/1/36/s1,
Figure S1: 1H and 13C NMR spectra of pristimerin in CDCl3 (500 and 125 MHz, respectively), Figure S2: 1H and
13C NMR spectra of tingenone in CDCl3 (500 and 125 MHz, respectively), Figure S3: HPLC chromatograms with
UV detection at 420 nm of (A) standard compounds, tingenone and pristimerin, and (B) n-hexane–Et2O (1:1)
extract (for chromatographic protocol, see Experimental section).
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Abstract: Background: Frankincense, the oleo-gum resin of Boswellia trees, has been used in
traditional medicine since ancient times. Frankincense has been used to treat wounds and skin
infections, inflammatory diseases, dementia, and various other conditions. However, in many cases,
the biomolecular targets for frankincense components are not well established. Methods: In this
work, we have carried out a reverse docking study of Boswellia diterpenoids and triterpenoids
with a library of 16034 potential druggable target proteins. Results: Boswellia diterpenoids showed
selective docking to acetylcholinesterase, several bacterial target proteins, and HIV-1 reverse
transcriptase. Boswellia triterpenoids targeted the cancer-relevant proteins (poly(ADP-ribose)
polymerase-1, tankyrase, and folate receptor β), inflammation-relevant proteins (phospholipase
A2, epoxide hydrolase, and fibroblast collagenase), and the diabetes target 11β-hydroxysteroid
dehydrogenase. Conclusions: The preferential docking of Boswellia terpenoids is consistent with the
traditional uses and the established biological activities of frankincense.

Keywords: frankincense; Boswellia; cembranoids; cneorubenoids; boswellic acids; molecular docking

1. Introduction

The genus Boswellia (Burseraceae) is made up of resiniferous trees and shrubs that are distributed
across India, the Arabian peninsula, and Africa [1,2]. The genus is known for its aromatic terpenoid
oleo-gum resin, frankincense. Frankincense has been a part of human religious ceremonies and
ethnobotany for thousands of years [3]. Important frankincense-producing species include B. carteri,
which grows in Somaliland and Puntland [1], B. sacra, found in Yemen, southern Oman, Somalia,
and Somaliland [2], B. frereana, which is endemic to Somalia [2], B. papyrifera, primarily found in Sudan,
Eritrea, and Ethiopia [4], and B. serrata, which grows primarily in India [5].

Frankincense oleo-gum resin has been used traditionally to treat wounds [6], to treat inflammatory
diseases [7], for oral hygiene [8], as well as for its psychoactive effects [9,10]. The biological activities
of frankincense have been attributed to its essential oils [11] and its non-volatile diterpenoids
and triterpenoids [6]. Although frankincense has been used for various maladies and conditions,
and numerous biological activities have been attributed to frankincense, the particular biological
targets are not well established. In this work, we have carried out a reverse molecular docking study of
Boswellia cembranoid diterpenoids (Figure 1), cneorubenoid diterpenoids (Figure 2), and triterpenoids
(Figure 3) against a library of 16,034 potential druggable target proteins.

The cembranoids incensole and incensole acetate were detected in the oleo-gum resin of
B. papyrifera, while serratol was found in B. carteri, B. sacra, and B. serrata [12]. The boscartins have been
isolated from the oleo-gum resin of B. carteri [13]. Incensole oxide has been isolated from B. carteri and
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the X-ray crystal structure determined [13,14]; both incensole oxide and incensole oxide acetate have
been detected in small concentrations in the essential oil from the resin of B. papyrifera [15]. Isoincensole
oxide [16,17] and isoincensolol [17] were isolated from B. carteri resin. Verticilla-4(20),7,11-triene and
serratol and were isolated from B. carteri [18] and B. serrata [19], respectively.
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Figure 1. Macrocyclic diterpenoids found in Boswellia species.
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Figure 2. Cneorubenoid diterpenoids isolated from Boswellia carteri.

Boswellia carteri oleo-gum resin is the source of several prenylated aromadendrane (cneorubenoid)
diterpenoids (Figure 2) [20,21].

Numerous ursane, oleanane, lupane, dammarane, and tirucallane triterpenoids have been isolated
and characterized from Boswellia species (Figure 3) [22]. Boswellia serrata has yielded α-boswellic
acid, β-boswellic acid, 3-acetyl-α-boswellic acid, 3-acetyl-β-boswellic acid, 11-keto-β-boswellic acid,
and 3-acetyl-11-keto-β-boswellic acid [23]. Boswellia carteri has yielded the oleanane triterpenoids α-boswellic
acid, and 3-acetyl-α-boswellic acid; the ursane triterpenoids β-boswellic acid, 3-acetyl-β-boswellic
acid, 11-keto-β-boswellic acid, 3-acetyl-11-keto-β-boswellic acid, 3-acetyl-11α-methoxy-β-boswellic acid,
9,11-dehydro-β-boswellic acid, and 3-acetyl-9,11-dehydro-β-boswellic acid; the lupane triterpenoids lupeolic
acid and 3-acetyl lupeolic acid; and the tirucallane triterpenoids α-elemolic acid, β-elemonic acid,
3α-hydroxytirucalla-7,24-dien-21-oic acid, 3α-acetoxytirucalla-7,24-dien-21-oic acid, and 3β-hydroxytirucalla-7,
24-dien-21-oic acid [24]. Olibanumols A, B, C, H, I, J’ [25], E, F, G [20], K, L’, M, and N [26] have been isolated
from the oleo-gum resin of B. carteri. B. carteri resin has also yielded boscartenes L, M, and N, as well as
trametenolic acid B, 3-oxotirucalla-7,9(11),24-trien-21-oic acid, and (20S)-3,7-dioxo-tirucalla-8,24,-dien-21-oic
acid [27].
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2. Materials and Methods

2.1. Ligand Preparation

Each ligand structure was prepared using Spartan’16 v. 2.0.7 (Wavefunction, Inc., Irvine, CA,
USA). The lowest-energy conformations of the ligands were determined using the Merck Molecular
Force Field (MMFF) [28]. In the case of the cembranoid macrocyclic ligands, further conformational
analysis was carried out using density functional theory at the M06-2X/6-31G* level [29] with SM8 [30]
aqueous solvent model [31].

2.2. Reverse Molelcular Docking

A reverse molecular docking study was carried out on each of the Bosellia terpenoids with
the sc-PDB database of druggable binding sites [32]. Each compound was examined against the
16034 protein targets contained in the sc-PDB database. Prior to docking, all solvent molecules were
removed from the protein structures. Co-crystallized enzyme cofactors were retained as cofactors and
co-crystallized substrates or inhibitors were retained as ligands. Molecular docking was carried out
using Molegro Virtual Docker v. 6.0.1 (Molegro ApS, Aarhus, Denmark) [33] as previously reported [34].
A python script was written to generate the Molegro input files; the jobs were run as a batch from the
mvd.exe command line executable. The script took the co-crystallized ligands in each protein and
wrote an input file that defined the search space for that docking as a sphere centered on the ligand’s
center of mass. A 15-Å radius sphere was centered on the binding sites of each protein structure in
order to permit each ligand to search. Standard protonation states of each protein, based on neutral
pH, were used and charges were assigned based on standard templates as part of the Molegro Virtual
Docker program. Each protein was used as a rigid model without protein relaxation. Flexible-ligand
models were used in the docking optimizations. Different orientations of the ligands were search and
ranked based on their “rerank” energy scores. A total of 100 runs for each ligand were carried out.

2.3. Conformational Analysis of Boscartol D

All calculations were carried out using Spartan’16 for Windows (Wavefunction, Inc., Irvine, CA,
USA). Conformational profiles were carried out using molecular mechanics with the MMFF force field.
Conformations with relative energies <20 kJ/mol were re-evaluated, with geometry optimization,
using density functional theory (DFT, M06-2X/6-31G*) with a nonpolar solvent (CHCl3) model.

3. Results and Discussion

3.1. Cembranoid Diterpenoids

The macrocyclic cembranoid diterpenoids examined in this study are shown in Figure 1.
The top-binding protein targets for each of the Boswellia cembranoids are summarized in Table 1.
Included in Table 1 are the median docking energies for comparison. The top binding proteins for
boscartin A were acetylcholinesterase (AChE) enzymes, Torpedo californica (TcAChE) and human
(HsAChE). Boscartin B docked preferentially with human N-acetylgalactosaminyltransferase (HsGTA)
as well as with the bacterial targets Serratia marcescens chitinase B (SmChiB), Helicobacter pylori
peptide deformylase (HpPDF), and Mycobacterium tuberculosis 7,8-diaminopelargonic acid synthase
(MtBioA). The proteins with the most exothermic docking for boscartin C were Escherichia coli
aspartate transaminase (EcAspTA), murine acetylcholinesterase (MmAChE), and Daboia russelii
(Russell’s viper) phospholipase A2 (DrPLA2). Boscartin D showed excellent docking with TcAChE
(PDB 2cek, Edock = −115.3 kJ/mol) and EcAspTA. The best protein targets for boscartin E were
TcAChE, HpPDF, and MtBioA. Boscartin F showed preferential docking energies with human pyruvate
kinase M2 (HsPKM2), TcAChE, and HpPDF. Boscartin G showed excellent docking properties
with acetylcholinesterases TcAChE and HsAChE. The proteins with the most exothermic docking
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energies with boscartin H were human N-acetylgalactosaminyltransferase (HsGTA), DrPLA2, SmChiB,
and MmAChE.

Table 1. Protein targets with the most exothermic docking energies (Edock, kJ/mol) for Boswellia
cembranoid ligands.

Ligand PDB a Edock Target Protein

Boscartin A

1e66 −119.7 Torpedo californica acetylcholinesterase (TcAChE)
2cek −123.7 Torpedo californica acetylcholinesterase (TcAChE)
4bdt −113.5 human acetylcholinesterase (HsAChE)

−79.2 Median docking energy

Boscartin B

1h0g −107.8 Serratia marcescens chitinase B (SmChiB)
2ew5 −104.6 Helicobacter pylori peptide deformylase (HpPDF)
3tfu −107.5 Mycobacterium tuberculosis 7,8-diaminopelargonic acid synthase (MtBioA)
3v0o −110.4 human fucosylgalactoside α N-acetylgalactosaminyltransferase (HsGTA)

−80.5 Median docking energy

Boscartin C

1ahg −112.5 Escherichia coli aspartate aminotransferase (EcAspTA)
1fv0 −108.2 Daboia russelii (Russell’s viper) phospholipase A2 (DrPLA2)
1q83 −110.4 murine acetylcholinesterase (MmAChE)
4g1n −106.5 human pyruvate kinase isozyme M2 (HsPKM2)

−91.2 Median docking energy

Boscartin D

1ahg −114.4 Escherichia coli aspartate aminotransferase (EcAspTA)
1xzq −106.3 Thermotoga maritima GTP-binding protein TrmE (TmTrmE)
2cek −115.3 Torpedo californica acetylcholinesterase (TcAChE)

−82.0 Median docking energy

Boscartin E

1ahg −110.4 Escherichia coli aspartate aminotransferase (EcAspTA)
1e66 −111.7 Torpedo californica acetylcholinesterase (TcAChE)
2ew5 −107.5 Helicobacter pylori peptide deformylase (HpPDF)

−68.4 Median docking energy

Boscartin F

2ew5 −109.5 Helicobacter pylori peptide deformylase (HpPDF)
3i6m −107.3 Torpedo californica acetylcholinesterase (TcAChE)
4g1n −108.5 human pyruvate kinase isozyme M2 (HsPKM2)

−82.9 Median docking energy

Boscartin G

1e66 −126.4 Torpedo californica acetylcholinesterase (TcAChE)
2cek −116.8 Torpedo californica acetylcholinesterase (TcAChE)
4bdt −118.7 human acetylcholinesterase (HsAChE)

−89.9 Median docking energy

Boscartin H

1fv0 −106.9 Daboia russelii (Russell’s viper) phospholipase A2 (DrPLA2)
1w1t −106.0 Serratia marcescens chitinase B (SmChiB)
2gyw −105.9 murine acetylcholinesterase (MmAChE)
3v0o −109.3 human fucosylgalactoside α N-acetylgalactosaminyltransferase (HsGTA)

−88.4 Median docking energy

Incensole

2cek −111.9 Torpedo californica acetylcholinesterase (TcAChE)
3ugr −109.7 human aldo-keto reductase 1C3 (HsAKR1C3)
1h0g −102.4 Serratia marcescens chitinase B (SmChiB)

−78.1 Median docking energy

Incensole acetate
1ahg −106.9 Escherichia coli aspartate aminotransferase (EcAspTA)
3jun −103.7 Burkholderia cepacia phenazine biosynthesis protein A/B (BcPhzA/B)

−69.5 Median docking energy

Incensole oxide

1ahg −108.6 Escherichia coli aspartate aminotransferase (EcAspTA)
2cek −103.1 Torpedo californica acetylcholinesterase (TcAChE)
3jup −103.5 Burkholderia cepacia phenazine biosynthesis protein A/B (BcPhzA/B)
3mee −106.7 HIV-1 reverse transcriptase (HIV-1 RT)

−74.6 Median docking energy

Incensole oxide acetate

1ahg −119.0 Escherichia coli aspartate aminotransferase (EcAspTA)
1q83 −109.6 murine acetylcholinesterase (MmAChE)
2cek −110.4 Torpedo californica acetylcholinesterase (TcAChE)
3i6m −114.3 Torpedo californica acetylcholinesterase (TcAChE)
3mee −113.5 HIV-1 reverse transcriptase (HIV-1 RT)

−91.9 Median docking energy

Isoincensole oxide
3jup −103.3 Burkholderia cepacia phenazine biosynthesis protein A/B (BcPhzA/B)

−80.5 Median docking energy
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Table 1. Cont.

Ligand PDB a Edock Target Protein

Isoincensolol

1fv0 −108.2 Daboia russelii (Russell’s viper) phospholipase A2 (DrPLA2)
1jus −107.9 Staphylococcus aureus multidrug binding protein (SaQacR)
2qp4 −102.2 human dehydroepiandrosterone sulfotransferase (HsSULT2A1)

−74.0 Median docking energy

Serratol

1e66 −104.1 Torpedo californica acetylcholinesterase (TcAChE)
2cek −106.1 Torpedo californica acetylcholinesterase (TcAChE)
2ew5 −103.2 Helicobacter pylori peptide deformylase (HpPDF)
4bdt −103.0 human acetylcholinesterase (HsAChE)

−78.1 Median docking energy

Verticillatriene

1w4l −104.3 Torpedo californica acetylcholinesterase (TcAChE)
3i6m −100.8 Torpedo californica acetylcholinesterase (TcAChE)
3i6z −103.2 Torpedo californica acetylcholinesterase (TcAChE)

−63.6 Median docking energy
a PDB: Protein Data Bank code.

Incensole docked well with TcAChE, human aldo-keto reductase 1C3 (HsAKR1C3), and SmChiB.
Incensole acetate preferentially targeted bacterial proteins EcAspTA, HpPDF, and Burkholderia cepacia
phenazine biosynthesis protein A/B (BcPhzA/B). The preferred protein targets for incensole oxide
were EcAspTA, human immunodeficiency virus type 1 reverse transcriptase (HIV-1-RT), TcAChE,
BcPhzA/B, and MtBioA. Incensole oxide acetate gave excellent docking energies to EcAspTA, TcAChE,
MmAChE, and HIV-1-RT. Isoincensole oxide docked well to BcPzhA/B and TcAChE. The protein
targets that showed the best docking energies with isoincensolol were DrPLA2, Staphylococcus aureus
multidrug binding protein QacR (SaQacR), and human dehydroepiandrosterone sulfotransferase
(HsSULT2A1).

Every cembranoid ligand showed excellent docking properties to acetylcholinesterases (Table 2).
Acetylcholinesterase has been identified as a target for treatment of Alzheimer’s disease [35]. This is
notable because frankincense (Boswellia spp.) resins have been used in Persian traditional medicine
as an anti-Alzheimer’s agent [36,37]. Animal models (rat) of Alzheimer’s disease [38–40] and human
clinical trials [41,42] showed beneficial effects on memory with frankincense.

Table 2. MolDock molecular docking energies (kJ/mol) of Boswellia cembranoids with acetylcholinesterase
protein targets. a

Ligand
TcAChE TcAChE TcAChE TcAChE TcAChE TcAChE MmAChE MmAChE HsAChE

1e66 1h22 1w4l 2cek 3i6m 3i6z 1q83 2gyw 4bdt

Boscartin A −119.7 −98.4 −99.5 −123.7 −98.2 −100.6 −95.9 −101.4 −113.5
Boscartin B −95.1 −98.8 −92.5 −106.3 −99.2 −94.5 −94.3 −85.8 −106.3
Boscartin C −87.7 −90.8 −94.7 −96.9 −104.1 −94.2 −110.4 −94.0 −86.6
Boscartin D −99.7 −102.8 −93.1 −115.3 −103.7 −93.9 −92.5 −93.6 −90.2
Boscartin E −111.7 −96.5 −94.5 −108.7 −95.5 −92.9 −86.0 −94.8 −90.6
Boscartin F −93.2 −97.0 −98.5 −104.8 −107.3 −95.8 −101.1 −82.4 −77.3
Boscartin G −126.4 −99.4 −94.5 −116.8 −101.5 −95.6 −111.1 −94.1 −118.7
Boscartin H −100.1 −106.3 −103.6 −105.6 −103.0 −104.2 −98.8 −105.9 −97.8

Incensole −89.7 −92.1 −89.5 −111.9 −94.1 −89.6 −90.3 −87.7 −53.4
Incensole acetate −88.6 −97.2 −102.8 −102.5 −102.3 −101.7 −87.5 −85.0 −42.3
Incensole oxide −89.6 −93.2 −92.7 −103.1 −96.9 −89.3 −101.9 −95.5 −93.5

Incensole oxide acetate −109.8 −98.7 −96.8 −110.4 −114.3 −95.8 −109.6 −97.7 −102.6
Isoincensole oxide −92.9 −98.9 −96.4 −103.6 −98.1 −89.9 −89.9 −90.3 −94.1

Isoincensolol −88.5 −99.5 −92.4 −101.5 −98.3 −91.2 −77.0 −80.4 −73.6
Serratol −104.1 −95.7 −92.2 −106.1 −94.5 −88.1 −96.4 −89.3 −104.0

Verticillatriene −82.5 −91.2 −104.3 −85.3 −100.8 −103.2 −73.9 −98.1 −61.2
a TcAChE = Torpedo californica acetylcholinesterase. MmAChE = Mus musculus (murine) acetylcholinesterase.
HsAChE = human acetylcholinesterase.

The lowest-energy docked pose of boscartin G with TcAChE (PDB 1e66, Figure 4A) shows the
ligand to adopt the lowest-energy conformation as calculated by density functional theory at the
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M06-2X/6-31G*/SM8 level [31]. Key interactions between boscartin G and TcAChE are hydrophobic
interactions between the ligand and aromatic amino acid side chains of Trp84, Phe330, and His440
(Figure 4B). In addition, there are hydrogen-bonding interactions between the oxirane ring of the
ligand and the phenolic -OH of Tyr121 and the C(11)-OH of the ligand and the peptide C=O of His440
(Figure 4B).

A B 

Figure 4. Lowest-energy docked pose of boscartin G with Torpedo californica acetylcholinesterase
(TcAChE, PDB 1e66). (A): Ribbon structure of TcAChE with boscartin G in the active site; the
co-crystallized ligand (huprene X) is shown as a green wire figure. (B): Key interactions of boscartin G
with amino acids in the active site of TcAChE; hydrogen bonds are shown as blue dashed lines.

Boscartin A occupies the active site of TcAChE (Figure 5A, PDB 2cek). As observed for boscartin G
with TcAChE, key interactions between the docked ligand and the protein are hydrophobic interactions
with Trp84, Phe330, and His440, and a hydrogen-bond between the C(11)-OH of the ligand and the
His440 peptide C=O. The conformation of the lowest energy docked pose of boscartin A (Figure 5A) is
the same as the lowest-energy calculated (M06-2X/6-31G*/SM8, Figure 5B) [31] and not that found in
the X-ray crystal structure [13].
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A B 

Figure 5. Boscartin A. (A): Lowest-energy docked pose of boscartin A with Torpedo californica
acetylcholinesterase (PDB 2cek). (B): Calculated lowest-energy conformation of boscartin A at the
M06-2X/6-31G*/SM8 level of theory [31].

A number of bacterial proteins were targeted by Boswellia cembranoids (Table 3). Helicobacter
pylori peptide deformylase (HpPDF) and Escherichia coli aspartate transaminase (EcAspTA) were
particularly well targeted, while boscartin C and E and incensole oxide acetate showed remarkably
exothermic docking energies. Boswellia resin extracts have shown in-vitro antibacterial activity [43–45],
and frankincense resins have been used traditionally to treat wounds [6,46] and for oral hygiene [8].
Furthermore, B. papyrifera resin has shown activity against methicillin-resistant Staphylococcus aureus
(MRSA) [47] and B. serrata resin showed activity in a clinical trial against plaque-induced gingivitis [48].
The selective targeting of bacterial proteins by Boswellia cembranoids corroborates the traditional
medicinal uses and the demonstrated antibacterial activities of frankincense.

The potent docking properties of Boswellia cembranoids with HpPDF are particularly noteworthy.
There is a strong association between colonization of the human stomach by Helicobacter pylori and
gastrointestinal illnesses such as chronic gastritis and peptic ulcers [49]. Frankincense has been used
traditionally to treat stomach disturbances [4] and ulcers [46]. In addition, Boswellia extracts have been
shown in clinical studies to be helpful in treating ulcerative colitis [50].

Boscartin G is the strongest binding Boswellia cembranoid ligand with HpPDF (PDB 2ew5).
The lowest-energy docked pose is shown in Figure 6. Boscartin G occupies the active site of
HpPDF at the same location as the co-crystallized ligand, 4-{(1E)-3-oxo-3-[(2-phenylethyl)amino]-
prop-1-en-1-yl}-1,2-phenylene diacetate, a cavity surrounded by Ile45, Gly95, Glu94, His138, Cys96,
and Gly46 (Figure 6B). The ligand forms two hydrogen-bonds with the peptide N-H groups of Ile45
and Gly46. The docked structure of boscartin G with HpPDF shows the same conformation (Figure 6C)
as that predicted from DFT calculations (Figure 6D) [31].
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A B 

C D 

Figure 6. Docking of boscartin G with Helicobacter pylori peptide deformylase (HpPDF, PDB 2cek).
(A): Ribbon structure of HpPDF showing boscartin G in the active site; the co-crystallized ligand,
4-{(1E)-3-oxo-3-[(2-phenylethyl)amino]prop-1-en-1-yl}-1,2-phenylene diacetate, is shown as a green
stick figure. (B): Key interactions of boscartin G in the active site of HpPDF; hydrogen-bonds are
shown as blue dashed lines. (C): Conformation of boscartin G docked to HpPDF. (D): Lowest-energy
conformation of boscartin G determined by density functional calculations (M06-2X/6-31G*/SM8) [31].

Several Boswellia cembranoids showed selective docking to HIV-1 reverse transcriptase (HIV1-RT)
(Table 4). In particular, incensole oxide acetate showed excellent docking (Edock < −100 kJ/mol) to four
of the seven HIV1-RT protein crystal structures. The lowest-energy docked pose of incensole oxide
acetate with HIV-1 reverse transcriptase (PDB 3mee) is shown in Figure 7. Key interactions between
the ligand and the protein are Tyr181, Tyr188, Leu100, Trp229, and Lys103 (Figure 7B). Interestingly,
the docking energies for the cembranoids to PDB 3lal and 3t19 are, on average, lower than for the
other protein structures. The differences in docking energies can be attributed to the arrangements of
the amino acid residues at the binding sites, resulting in different orientations of the docked ligands.
Thus, for example, the key amino acids interacting with incensole oxide acetate in PDB 3lal are Tyr188,
Leu100, Tyr181, Phe227, and Tyr318 (Figure 7C), while PDB 3t19 had Leu100, Tyr188, Val106, Tyr318,
and Tyr181 (Figure 7D). That is, binding sites of the protein crystal structures are heavily influenced by
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the co-crystallized ligands. Both methanol and aqueous extracts of Boswellia carteri have demonstrated
HIV-1 reverse transcriptase activity [51].

Table 4. MolDock molecular docking energies (kJ/mol) of Boswellia cembranoids with human
immunodeficiency virus type 1 reverse transcriptase (HIV1-RT).

Ligand 1eet 2hnz 3irx 3is9 3mee 3lal 3t19

Boscartin A −99.1 −101.7 −96.8 −93.8 −96.0 −69.4 −75.4
Boscartin B −94.1 −98.5 −100.2 −94.7 −95.6 −72.2 −97.8
Boscartin C −104.2 −91.5 −97.0 −101.3 −100.5 −87.8 −84.0
Boscartin D −89.2 −100.5 −97.1 −97.1 −96.4 −78.7 −83.2
Boscartin E −97.2 −100.6 −91.7 −97.0 −89.4 −60.8 −72.0
Boscartin F −88.9 −93.8 −98.1 −98.1 −95.1 −88.1 −69.4
Boscartin G −92.8 −88.7 −97.6 −95.4 −113.8 +9.3 −82.3
Boscartin H −98.2 −90.4 −96.9 −97.1 −98.2 −86.9 −56.2

Incensole −83.8 −101.5 −88.8 −88.3 −86.8 −84.0 −94.7
Incensole acetate −95.6 −92.6 −97.9 −97.0 −84.6 −95.9 −91.6
Incensole oxide −105.1 −93.2 −94.9 −98.7 −106.7 −81.7 −79.0

Incensole oxide acetate −107.2 −84.5 −106.8 −106.2 −113.5 −87.8 −87.1
Isoincensole oxide −97.8 −86.5 −89.4 −90.2 −98.7 −77.5 −57.7

Isoincensolol −95.2 −85.6 −98.2 −85.4 −85.9 −70.6 −72.5
Serratol −90.4 −87.9 −86.8 −89.3 −90.1 −56.0 −48.9

Verticillatriene −81.6 −67.1 −78.4 −81.0 −82.5 −76.9 −25.5

 

A 
B 

 
 

C D 

Figure 7. Molecular docking of incensole oxide acetate with HIV-1 reverse transcriptase. (A): Ribbon
structure of HIV1-RT (PDB 3mee) showing incensole oxide acetate in the active site. (B): Key interactions
of incensole oxide acetate in the active site of HIV1-RT (PDB 3mee). (C): Key interactions of incensole
oxide acetate in the active site of HIV1-RT (PDB 3lal). (D): Key interactions of incensole oxide acetate
in the active site of HIV1-RT (PDB 3t19).

72



Medicines 2018, 5, 96

3.2. Cneorubenoid Diterpenoids

The cneorubenoid diterpenoids, boscartols A–I and olibanumol D, can be considered to
be prenylated aromadendranes (Figure 2), and have been isolated from the oleo-gum resin of
Boswellia carteri [21]. The absolute configuration of the C(15) of boscartol D was not experimentally
determined [21]. Nevertheless, both diastereomers, (15R)-boscartol D and (15S)-boscartol D were
used in the reverse docking. In addition, the stereochemistry of C(15) was determined theoretically
using density functional theory (DFT) conformational analysis carried out at the M06-2X/6-31G*
level of theory, including a non-polar (CHCl3) solvent model. A complete conformational analysis
of (15R)-boscartol D was carried out giving 20 low-energy conformations (Erel < 14.0 kJ/mol,
accounting for 100% of the Boltzmann distribution of conformers). Similarly, conformational analysis
of (15S)-boscartol D returned 13 low-energy (Erel < 13.0 kJ/mol). For each of the conformations, the
H-C(15)-C(16)-H dihedral angle was determined and the corresponding vicinal coupling constants
(3JHH) calculated using both the original Karplus equation [52] and the Haasnoot/Altona generalized
Karplus equation that includes correction terms for the electronegativity of substituents [53].
Accounting for the Boltzmann distribution, (15R)-boscartin D is predicted to have 3JHH of 4.3 and 5.1
Hz, respectively. The (15S)-diastereomer, on the other hand, is calculated to have 3JHH of 6.3 and 6.5
Hz, respectively. The reported 3JHH coupling constant was 7.6 Hz [21]. Based on the calculated 3JHH

coupling constants, the stereochemistry of boscartol D is predicted to be (15S).
The protein targets that showed the best docking properties with Boswellia cneorubenoids are

listed in Table 5, along with median docking energies. The protein that was best targeted by Boswellia
cneorubenoids was Bacillus anthracis nucleotide adenylyltransferase (BaNadD, PDB 3hfj) with seven of
the 11 ligands showing docking energies <−120 kJ/mol. Human folate receptor β (HsFRβ, PDB 4kn0
and 4kn1) was also well targeted with 7/11 cneorubenoids with Edock < −120 kJ/mol. The strongest
docking ligands were boscartol E and boscartol I, and both of these ligands targeted BaNadD (PDB 3
hfj) and HsFRβ (PDB 4kn0) very well.

Table 5. Protein targets with the most exothermic docking energies (Edock, kJ/mol) for Boswellia
cneorubenoid ligands.

Ligand PDB a Edock Target Protein

Boscartol A

3hfj −124.2 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
4kn0 −125.6 human folate receptor β (HsFRβ)
4kn1 −127.5 human folate receptor β (HsFRβ)

−89.7 Median docking energy

Boscartol B

3hfj −124.2 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
4kn0 −127.8 human folate receptor β (HsFRβ)
4kn1 −126.8 human folate receptor β (HsFRβ)

−91.6 Median docking energy

Boscartol C
3bt9 −120.2 Staphylococcus aureus multidrug binding protein (SaQacR)

−85.8 Median docking energy

(15R)-Boscartol D

2cek −120.9 Torpedo californica acetylcholine esterase (TcAChE)
3bt9 −122.7 Staphylococcus aureus multidrug binding protein (SaQacR)
3lal −125.5 HIV-1 reverse transcriptase
3t19 −123.1 HIV-1 reverse transcriptase

−87.6 Median docking energy

(15S)-Boscartol D
3lal −120.6 HIV-1 reverse transcriptase

−81.8 Median docking energy

Boscartol E

1s9d −125.9 bovine guanine nucleotide exchange factor (BtGEF)
3hjf −135.1 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
4b80 −124.1 murine acetylcholinesterase (MmAChE)
4kn0 −124.2 human folate receptor β (HsFRβ)

−85.0 Median docking energy
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Table 5. Cont.

Ligand PDB a Edock Target Protein

Boscartol F

1s9d −124.5 bovine guanine nucleotide exchange factor (BtGEF)
3hfj −123.1 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
4kn1 −122.3 human folate receptor β (HsFRβ)

−84.6 Median docking energy

Boscartol G
3hfj −125.8 Bacillus anthracis nucleotide adenylyltransferase (BaNadD)

−80.3 Median docking energy

Boscartol H

1dx4 −123.6 Drosophila melanogaster acetylcholine esterase (DmAChE)
3bt9 −122.0 Staphylococcus aureus multidrug binding protein (SaQacR)
3hfj −127.9 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
4kn0 −124.6 human folate receptor β (HsFRβ)

−85.9 Median docking energy

Boscartol I

3hfj −133.8 Bacillus anthracis nucleotide adenyltransferase (BaNadD)
3p2v −121.1 human aldose reductase (HsAR)
4kn0 −127.3 human folate receptor β (HsFRβ)

−91.4 Median docking energy

Olibanumol D
4kn1 −120.6 human folate receptor β (HsFRβ)

−78.4 Median docking energy
a PDB: Protein Data Bank code.

Nicotinate mononucleotide adenylyltransferase (NadD) has been identified as a target for
development of antibacterial agents. The excellent docking of cneorubenoids with BaNadD,
along with the known antibacterial activity of frankincense [43–45], corroborates the traditional
uses of frankincense to treat wounds [6,46].

Bacillus anthracis NadD (PDB 3hfj) is a dimeric structure with the active site at the interface of
the two protein monomers (Figure 8). The active site is a hydrophobic pocket formed by Trp116A,
Trp116B, Tyr112A, Tyr112B, Lys115A, and Lys115B (Figure 8B).

 

A B 

Figure 8. Bacillus anthracis nucleotide adenylyltransferase (BaNadD, PDB 3hfj). (A): Lowest-energy
docked poses of boscartol E (magenta) and boscartol I (green) in the active site of the dimeric enzyme.
(B): Boscartol I in the hydrophobic pocket formed at the interface of the two protein monomers.

Human folate receptor β (HsFRβ) is overexpressed in activated macrophages associated with
pathogenesis of inflammatory and autoimmune diseases [54] as well as neoplastic tissues [55]. Thus,
antifolates that target folate receptors could be useful for the treatment of cancer and inflammatory
diseases [56]. Clinical trials have demonstrated the encouraging results of frankincense treatment for
inflammatory and autoimmune diseases such as rheumatoid arthritis, osteoarthritis, Crohn’s disease,
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and collagenous colitis [57]. Boswellia cneorubenoids may be playing a role in the anti-inflammatory
activity of frankincense.

The boscartols docked with HsFRβ in the folate binding site (Figure 9). The cyclopropazulane
ring is surrounded by aromatic amino acids Trp187, Tyr101, Tyr76, and Phe78 (Figure 9B). In the case
of boscartol A and boscartol B, the terminal –OH group is held in place by hydrogen bonds to Ser73
and Phe78 (Figure 9B).

A B 

Figure 9. Human folate receptor β (HsFRβ, PDB 4kn1). (A): Ribbon structure of protein showed the
docked poses of boscartin A (yellow) and boscartin B (purple). (B): Lowest-energy docked pose of
boscartin A in the binding site of HsFRβ. Hydrogen-bonds are shown as blue dashed lines.

3.3. Boswellia Triterpenoids

The Boswellia triterpenoids examined in this reverse docking study are shown in Figure 3 and the
target proteins with the best docking energies for each triterpenoid ligand are summarized in Table 6.
The most receptive protein targets for Boswellia triterpenoids were Staphylococcus aureus multidrug
binding protein (SaQacR, PDB 3bt9) with an average docking energy (Edock) of −111.9 kJ/mol and
human fibroblast collagenase (PDB 1cgl) with an average docking energy (Edock) of −110.5 kJ/mol.

Table 6. Protein targets with the most exothermic docking energies (Edock, kJ/mol) for Boswellia
triterpenoid ligands.

Ligand PDB a Edock Target

(20S)-3,7-Dioxotirucalla-8,24-dien-21-oic acid

3l3m −141.8 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3ua9 −140.3 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3g49 −132.4 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2b03 −127.4 Porcine pancreatic phospholipase A2 (SsPLA2) (anti-inflammatory target)

−91.3 Median docking energy

11-Ethoxy-β-boswellic acid 3i6m −124.6 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−63.0 Median docking energy

11-Keto-β-boswellic acid
4b84 −125.3 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)
3i6m −120.8 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−59.9 Median docking energy

12-Ursen-3,11-dione
1h22 −118.8 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−64.2 Median docking energy

12-Ursen-3,24-diol
1h22 −123.8 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

+17.4 Median docking energy

2,3-Dihydroxy-12-ursen-24-oic acid 4b84 −128.0 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)
+16.2 Median docking energy

20,22-Epoxytirucall-24-en-3-one
3l3m −133.5 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3g49 −125.0 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)

−88.9 Median docking energy

24-Nor-3,12-ursadien-11-one
1h22 −121.0 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
4b84 −120.9 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)

+30.9 Median docking energy

24-Nor-3,9(11),12-oleanatriene
3lz6 −112.6 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)

−31.2 Median docking energy

24-Nor-3,9(11),12-ursatriene
1h22 −118.4 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

+15.1 Median docking energy
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3-Acetoxy-12,20(29)-lupadien-24-oic acid
1uk1 −118.4 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3bti −117.9 Staphylococcus aureus multidrug binding protein (SaQacR)

+16.4 Median docking energy

3-Acetoxy-20(29)-lupen-24-oic acid (= 3-Acetyl
lupeolic acid)

1cgl −117.5 Human fibroblast collagenase (HsMMP-1) (arthritis target)
+8.0 Median docking energy

3β-Acetoxy-20S,24R-dihydroxydammar-
25-ene b

2aba −144.7 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
3lz6 −141.8 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
1h36 −136.4 Alicyclobacillus acidocardarius oxidosqualene cyclase (Aa OSC) (cholesterol-lowering)

−64.6 Median docking energy

3β-Acetoxy-20S,24S-dihydroxydammar-
25-ene b

2aba −149.9 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
3g49 −139.7 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
3lz6 −136.2 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
3tfu −134.5 Mycobacterium tuberculosis 7,8-diaminopelargonic acid synthase (MtBioA)

−73.7 Median docking energy

3-Acetoxy-5,12-ursadien-24-oic acid 3i6m −131.7 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−66.7 Median docking energy

3-Acetyl-11-keto-β-boswellic acid 3i6m −129.7 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−70.7 Median docking energy

3-Acetyl-11α-methoxy-β-boswellic_acid 3i6m −129.0 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−72.2 Median docking energy

3-Acetyl-9,11-dehydro-β-boswellic_acid 3i6m −124.0 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−64.4 Median docking energy

3-Acetyl-α-boswellic acid 2b03 −112.7 Porcine pancreatic phospholipase A2 (SsPLA2) (anti-inflammatory target)
−64.8 Median docking energy

3-Acetyl-β-boswellic acid 3i6m −128.3 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
−71.5 Median docking energy

3-Hydroxy-20(29)-lupen-24-oic acid (= Lupeolic
acid)

3bt9 −119.3 Staphylococcus aureus multidrug binding protein (SaQacR)
−55.8 Median docking energy

3-Oxotirucalla-7,9(11),24-trien-21-oic acid

3ua9 −151.0 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3l3m −137.6 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3h6k −130.9 Human 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)
1w6j −127.5 Human oxidosqualene cyclase (HsOSC) (hypercholesterolemia target)
3bt9 −127.1 Staphylococcus aureus multidrug binding protein (SaQacR)

−96.8 Median docking energy

3β-Hydroxytirucalla-8,24-dien-21-oic acid

3ua9 −144.5 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3l3m −133.0 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3g49 −132.3 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2ilt −129.1 Human 11β-hydroxysteroid-dehydrogenase (Hs11β-HSDH) (diabetes target)
4krs −127.7 Human tankyrase-1 (HsTANK1) (anticancer target)
4l0i −127.3 Human tankyrase-2 (HsTANK2) (anticancer target)

−85.6 Median docking energy

3α-Acetoxytirucalla-7,24-dien-21-oic acid

3ua9 −147.1 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
4krs −134.1 Human tankyrase-1 (HsTANK1) (anticancer target)
1cgl −129.9 Human fibroblast collagenase (HsMMP-1) (arthritis target)
4gv0 −128.4 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
4l0i −128.4 Human tankyrase-2 (HsTANK2) (anticancer target)
3lep −126.8 Human aldose reductase (HsAR) (diabetes target)

−102.1 Median docking energy

3α-Hydroxytirucalla-7,24-dien-21-oic acid

3ua9 −154.3 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3g49 −128.9 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
3l3m −126.7 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3tfu −126.4 Mycobacterium tuberculosis 7,8-diaminopelargonic acid synthase (MtBioA)

−88.7 Median docking energy

3β-Acetoxydammar-24-ene-16β,20R-diol

3lz6 −149.6 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2aba −141.1 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
1h36 −139.2 Alicyclobacillus acidocardarius oxidosqualene cyclase (AaOSC) (cholesterol-lowering)
1s0x −131.2 Human retinoic acid-related orphan receptor α (HsRORα) (may regulate lipid metabolism)

−54.0 Median docking energy

3β-Acetoxylup-20(29)-en-11β-ol 1uk1 −121.9 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
−50.4 Median docking energy

4,23-Dihydroburic acid

1h22 −135.8 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)
4b84 −127.8 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)
1jtx −125.1 Staphylococcus aureus multidrug binding protein (SaQacR)

+11.7 Median docking energy

6,7-Epoxy-9(11)-oleanen-3-ol 4hai −111.6 Human soluble epoxide hydrolase (HsEPHX2) (anti-inflammatory target)
−60.7 Median docking energy

6,7-Epoxy-9(11)-oleanen-3-one 1ry0 −113.7 Human prostaglandin F synthase (HsPGFS) (hypertension target)
−49.1 Median docking energy

9,11-Dehydro-β-boswellic acid 1qvu −114.3 Staphylococcus aureus multidrug binding protein (SaQacR)
−60.8 Median docking energy

Boscartene L
3l3m −131.0 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)

−87.6 Median docking energy

Boscartene M
3l3m −133.7 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)

−89.4 Median docking energy

Boscartene N

3ua9 −157.2 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3bt9 −136.7 Staphylococcus aureus multidrug binding protein (SaQacR)
3l3m −133.3 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
1xl5 −125.2 HIV-1 protease

−95.1 Median docking energy

Dammarenediol II

1w6k −135.1 Human oxidosqualene cyclase (HsOSC) (hypercholesterolemia target)
3lz6 −134.6 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
1h36 −129.2 Alicyclobacillus acidocardarius oxidosqualene cyclase (AaOSC) (cholesterol-lowering)

−72.1 Median docking energy
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Dammarenediol II acetate

3lz6 −142.8 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
1h36 −138.9 Alicyclobacillus acidocardarius oxidosqualene cyclase (AaOSC) (cholesterol-lowering)
2aba −136.4 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcNETNR) (antibacterial target)
4kn0 −132.3 Human folate receptor β (HsFRβ) (anticancer target)

−77.7 Median docking energy

Eupha-2,8,22-triene-20,24R-diol b

3l3m −139.8 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3ua9 −135.3 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
4dbs −124.0 Human estrogenic 17β-hydroxysteroid dehydrogenase (17β-HSD1)

−94.9 Median docking energy

Eupha-2,8,22-triene-20,24S-diol b

1uk1 −137.6 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3ua9 −135.8 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
4dbs −127.4 Human estrogenic 17β-hydroxysteroid dehydrogenase (17β-HSD1)

−85.1 Median docking energy

Isofouquierol

3lz6 −134.1 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2aba −131.3 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
4kn0 −130.4 Human folate receptor β (HsFRβ) (anticancer target)

−83.2 Median docking energy

Isofouquieryl acetate

3lz6 −150.1 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2aba −137.9 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
4kn0 −137.0 Human folate receptor β (HsFRβ) (anticancer target)
1s0x −135.7 Human retinoic acid-related orphan receptor α (HsRORα) (may regulate lipid metabolism)
1h35 −135.5 Alicyclobacillus acidocardarius oxidosqualene cyclase (AaOSC) (cholesterol-lowering)
2w4q −132.7 Human zinc-binding alcohol dehydrogenase 1 (HsZADH1)
3g49 −132.4 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
2zxm −131.0 Rat vitamin D receptor (RnVDR) (target for psoriasis)

−79.3 Median docking energy

Lup-20(29)-ene-2α,3β-diol

1xu9 −112.5 Human 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)
3wd2 −112.4 Serratia marcescens chitinase B (SmChiB)
1xl5 −112.2 HIV-1 protease

−62.2 Median docking energy

Neoilexonol
1h22 −118.2 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−66.7 Median docking energy

Neoilexonyl acetate
2ilt −118.8 Human 11β-hydroxysteroid-dehydrogenase (Hs11β-HSDH) (diabetes target)

4b84 −118.5 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)
−74.8 Median docking energy

Nizwanone
4b84 −123.2 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)

−63.3 Median docking energy

Ocotillyl acetate

1gsz −144.6 Alicyclobacillus acidocardarius oxidosqualene cyclase (AaOSC) (cholesterol-lowering)
2aba −130.1 Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR) (antibacterial target)
4jbs −127.7 Human endoplasmic reticulum aminopeptidase 2 (HsERAP2) (immune response target)

−70.7 Median docking energy

Olibanumol E
2ilt −109.5 Human 11β-hydroxysteroid-dehydrogenase (Hs11β-HSDH) (diabetes target)

−63.5 Median docking energy

Olibanumol F
1cgl −110.1 Human fibroblast collagenase (HsMMP-1) (arthritis target)
3bt9 −108.8 Staphylococcus aureus multidrug binding protein (SaQacR)

−36.7 Median docking energy

Olibanumol G
3bt9 −117.4 Staphylococcus aureus multidrug binding protein (SaQacR)

−53.0 Median docking energy

Olibanumol H
3bt9 −121.6 Staphylococcus aureus multidrug binding protein (SaQacR)

−60.9 Median docking energy

Olibanumol I
3bt9 −115.7 Staphylococcus aureus multidrug binding protein (SaQacR)

−63.2 Median docking energy

Olibanumol J

1rpw −135.5 Staphylococcus aureus multidrug binding protein (SaQacR)
1cr6 −133.3 Murine soluble epoxide hydrolase (MmEPHX2) (anti-inflammatory target)
3bti −132.6 Staphylococcus aureus multidrug binding protein (SaQacR)
3gyt −132.1 Strongyloides stercoralis nuclear receptor DAF-12 (SsDAF12) (antiparasitic target)

−55.5 Median docking energy

Olibanumol J’

3l3m −132.3 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3g49 −129.0 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)
3w5e −128.8 Human phosphodiesterase 4B (HsPDE4B) (anti-inflammatory target)
3bt9 −123.4 Staphylococcus aureus multidrug binding protein (SaQacR)

−74.7 Median docking energy

Olibanumol K
4b84 −122.9 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)
3i6m −122.1 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−64.8 Median docking energy

Olibanumol L
1ry0 −116.2 Human prostaglandin F synthase (HsPGFS) (hypertension target)
3g49 −111.1 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1) (diabetes target)

−27.6 Median docking energy

Olibanumol L’
4b84 −130.1 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)

−70.7 Median docking energy

Olibanumol M
1h22 −128.4 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−62.7 Median docking energy

Olibanumol N
4b84 −133.0 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)

−70.9 Median docking energy

Trametenolic acid B

3ua9 −131.6 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3g49 −127.1 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)
3hfb −126.6 Human tryoptophan hydroxylase type 1 (HsTPH1) (biosynthesis of serotonin)
1eve −126.5 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−74.2 Median docking energy

Urs-12-ene-3α,11α-diol
1h22 −120.9 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

−61.1 Median docking energy

Urs-12-ene-3β,11α-diol
4b84 −123.7 Murine acetylcholinesterase (MmAChE) (Alzheimer’s target)

−59.8 Median docking energy

77



Medicines 2018, 5, 96

Table 6. Cont.

Ligand PDB a Edock Target

α-Boswellic acid
3g49 −110.0 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)

−65.7 Median docking energy

α-Elemolic acid

3ua9 −152.7 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
1c3s −136.9 Aquifex aeolicus histone deacetylase (AaHDAC) (anticancer target)
3g49 −128.9 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)

−87.8 Median docking energy

β-Boswellic acid
3i6m −118.1 Torpedo californica acetylcholinesterase (TcAChE) (Alzheimer’s target)

+20.7 Median docking energy

β-Elemonic acid

3ua9 −147.3 Human tankyrase-2 (HsTANK2) = human poly(ADP-ribose) polymerase-5b (HsPARP-5b) (antitumor target)
3l3m −133.7 Human poly(ADP-ribose) polymerase-1 (HsPARP-1) (anticancer target)
3g49 −131.9 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)

−89.0 Median docking energy

δ-Boswellic acid
3g49 −106.7 Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (11βHSD1) (diabetes target)

−60.7 Median docking energy

a PDB: Protein Data Bank code. b The stereochemistry at C(24) was not experimentally determined for
3β-acetoxy-20S,24-dihydroxydammar-25-ene or for eupha-2,8,22-triene-20,24-diol; both diastereomers for each of
these compounds were examined in this reverse docking study.

The best overall triterpenoid ligand-protein target pairs were boscartene N with human
tankyrase 2 (HsTANK2, PDB 3ua9), Edock = −157.2 kJ/mol; 3α-hydroxytirucalla-7,24-dien-21-oic
acid with HsTANK2, Edock = −154.3 kJ/mol; α-elemolic acid with HsTANK2, Edock =
−152.7 kJ/mol; 3-oxotirucalla-7,9(11),24-trien-21-oic acid with HsTANK2, Edock = −151.0 kJ/mol;
3α-acetoxytirucalla-7,24-dien-21-oic acid with human glucokinase (PDB 4ixc), Edock = −150.4 kJ/mol;
isofouquieryl acetate with Guinea pig (Cavia porcellus) 11β-hydroxysteroid dehydrogenase type
1 (11βHSD1, PDB 3lz6), Edock = −150.1 kJ/mol; 3β-acetoxy-20S,24S-dihydroxydammar-25-ene with
Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR, PDB 2aba), Edock = −149.9 kJ/mol;
and 3β-acetoxydammar-24-ene-16β,20R-diol with Guinea pig 11β-hydroxysteroid dehydrogenase
type 1 (Cp11βHSD1, PDB 3lz6), Edock = −149.6 kJ/mol.

Frankincense oleo-gum resins have been used in traditional medicine to treat a variety
of inflammatory conditions, including arthritis, colitis, and asthma [58,59]. Boswellic acids,
including β-boswellic acid, 11-keto-β-boswellic acid, and acetyl-11-keto-β-boswellic acid, have been
implicated in the anti-inflammatory properties of Boswellia resins; these triterpenoid components
are involved in inhibition of 5-lipoxygenase (5-LOX), inducible nitric oxide synthase (iNOS),
cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) [60].

In-silico screening of the Boswellia triterpenoids was carried out against molecular targets of
inflammation, including human pancreatic secretory phospholipase A2 (HsPLA2), porcine pancreatic
phospholipase A2 (SsPLA2), human phosphoinositide 3-kinase (HsPI3K), human interkeukin-1
receptor associated kinase 4 (HsIRAK4), human glutathione transferase omega 1 (HsGSTO1),
human 5-lipoxygenase (Hs5-LOX), mouse inducible nitric oxide synthase (MmiNOS), ovine COX-1
(OaCOX-1), murine COX-2 (MmCOX-2), human fibroblast collagenase (matrix metalloproteinase-1,
HsMMP-1), murine soluble epoxide hydrolase 2 (MmEPHX2), human endoplasmic reticulum
aminopeptidase 2 (HsERAP2), human soluble epoxide hydrolase 2 (HsEPHX2), and human
phosphodiesterase 4B (HsPDE4B). The docking energies of the triterpenoid ligands with inflammatory
target proteins are shown in Table 7.

The Boswellia triterpenoids showed relatively weak docking to 5-LOX, iNOS, PI3K, IRAK4,
or GSTO1, and no docking at all to either COX-1 or COX-2 (positive docking energies).
However, several Boswellia triterpenoids showed relatively strong docking (Edock < −120 kJ/mol)
to human endoplasmic reticulum aminopeptidase 2 (HsERAP2), including 3β-acetoxy-20S,24S-
dihydroxydammar-25-ene, 3β-acetoxydammar-24-ene-16β,20R-diol, isofouquieryl acetate, ocotillyl
acetate, olibanumol J, and olibanumol J’. There is a significant association of ERAP2 with psoriatic
arthritis [61], and notably, Boswellia triterpenoids have shown promise for the treatment of
psoriasis [62]. Similarly, inhibitors of phosphodiesterase 4B have shown promise in the treatment of
psoriasis and atopic dermatitis [63], and isofouquierol and olibanumol J’ showed good docking
properties with HsPDE4B with docking energies of −128.3 and −128.8 kJ/mol, respectively.
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The only other strong docking observed was olibanumol J with murine soluble epoxide hydrolase
2 (MmEPHX2), 3α-acetoxytirucalla-7,24-dien-21-oic acid with human matrix metalloproteinase-1
(HsMMP-1), (20S)-3,7-dioxotirucalla-8,24-dien-21-oic acid with porcine pancreatic phospholipase
A2 (SsPLA2), and 3β-acetoxy-20S,24-dihydroxydammar-25-ene with human pancreatic secretory
phospholipase A2 (HsPLA2). The targeting of matrix metalloproteinase-1 (fibroblast collagenase)
is noteworthy; B. serrata extract has shown clinical efficacy as a treatment for osteoarthritis of the
knee [64].

Note that β-boswellic acid, 11-keto-β-boswellic acid, and 3-acetyl-11-keto-β-boswellic acid
had relatively weak docking with inflammation-relevant protein targets. It may be that these
Boswellia triterpenoids, rather than inhibiting particular enzyme targets, are inhibiting the secretion of
pro-inflammatory cytokines such as tumor necrosis factor α (TNFα), interleukin 1 (IL-1), IL-6, IL-12,
IL-18, or interferon γ (IFN-γ) [65].

Olibanumols G, H, I, and J all showed selective docking to S. aureus multidrug binding protein
(SaQacR). The olibanumols occupy the binding site of SaQacR, same site as the co-crystallized ligand in
PDB 3bti (Figure 10). The site is made up of aromatic amino acids Trp61, Tyr93, and Tyr123, forming a
hydrophobic pocket. The triterpenoid ligand olibanumol J also has a hydrogen-bonding interaction
between C(3)-OH of the ligand and the amide C=O of Ala153. Other key interacting amino acids in the
binding site are Ser86, Glu90, and Asn157. In addition to the olibanumols, six additional triterpenoids
also showed selective docking to SaQacR, 3-acetoxy-12,20(29)-lupadien-24-oic acid, lupeolic acid,
3-oxotirucalla-7,9(11),24-trien-21-oic acid, 4,23-dihydroburic acid, 9,11-dehydro-β-boswellic acid,
and boscartene N.

 

A B 

Figure 10. Lowest-energy docking pose of olibanumol J with Staphylococcus aureus multidrug
binding protein (SaQacR, PDB 3bti). (A): Ribbon structure of SaQacR showing olibanumol J (Edock

= −132.6 kJ/mol) in the active site. The co-crystallized ligand, berberine (Edock = −113.8 kJ/mol),
is shown as a green wire structure. (B): Key interactions of olibanumol J in the active site of SaQacR.
The hydrogen-bond is indicated by a blue dashed line.

Another antibacterial target protein that showed good docking properties was Enterobacter cloacae
pentaerythritol tetranitrate reductase (EcPETNR) with seven Boswellia dammarane triterpenoids
showing selective docking to this target, 3β-acetoxy-20S,24-dihydroxydammar-25-ene (both
diastereomers), 3β-acetoxydammar-24-ene-16β,20R-diol, dammarenediol II acetate, isofouquierol,
isofouquieryl acetate, and ocotillyl acetate. These dammarane triterpenoids occupy the active site
of EcPETNR, near to the riboflavin monophosphate redox cofactor, with very similar docked poses
(Figure 11). Key intermolecular contacts are hydrogen bonding of the C(3) acetoxygroup with Arg142,
hydrogen-bonding of C(20)-OH with the riboflavin monophosphate cofactor and His184 (Figure 11B).
In the case of 3β-acetoxy-20S,24S-dihydroxydammar-25-ene, there is also a hydrogen-bond between
the C(24)-OH group and Asp274.
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Figure 11. Enterobacter cloacae pentaerythritol tetranitrate reductase (EcPETNR, PDB 2aba). (A): Ribbon
structure of EcPETNR with docked dammarane triterpenoids (stick figures). The riboflavin
monophosphate cofactor is shown as a space-filling model. (B): Lowest-energy docked pose of
3β-acetoxy-20S,24S-dihydroxydammar-25-ene. Hydrogen-bonding interactions are indicated with blue
dashed lines.

Drugs that reversibly inhibit acetylcholinesterase are currently being explored to treat Alzheimer’s
disease [66], and Torpedo californica and murine acetylcholinesterases have been used as model enzyme
targets for anticholinesterase inhibition [67]. β-Boswellic acid and its derivatives (11-keto-β-boswellic
acid, 11-ethoxy-β-boswellic acid, 3-acetyl-β-boswellic acid, and 3-acetyl-11-keto-β-boswellic acid)
showed selective docking to Torpedo californica acetylcholinesterase (TcAChE, PDB 3i6m). Interestingly,
increasing oxygenation resulted in more exothermic docking energies (−118.1, −120.8, −124.6, −128.3,
and −129.7 kJ/mol, respectively). These β-boswellic acid derivatives all adopt the same lowest-energy
poses in the active site of the enzyme (Figure 12). It is tempting to suggest that the ordering of
docking energies is due to increasing hydrogen-bonding of the more oxygenated ligands. However,
the only hydrogen bonding seen is with the C(3)-substituent of the ligand (either –OH or –OAc) with
Tyr121 (see Figure 10B. Note that the active site of the acetylcholinesterase is surrounded by aromatic
amino acids (Trp84, Tyr334, Tyr121, Phe330, Phe331, and Trp279). The more important interactions,
therefore, are van der Waals hydrophobic interactions between the ligand and the aromatic amino
acids. The trend in docking energies for these β-boswellic acid derivatives is likely due to the increased
number of heavy atoms and increasing molecular weight. Olibanumols K, L’, M, and N also showed
selective docking to acetylcholinesterase proteins. The strongest-docking triterpenoid ligands to
TcAChE were 4,23-dihydroburic acid (Edock = −135.8 kJ/mol) and 3-acetoxy-5,12-ursadien-24-oic acid
(Edock = −131.7 kJ/mol); olibanumol N docked strongly with MmAChE (Edock = −133.0 kJ/mol).
The excellent docking properties of Boswellia triterpenoid ligands to acetylcholinesterase supports the
clinical use of frankincense to treat Alzeimer’s disease [41].
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A 

B C 

Figure 12. Lowest-energy docked poses of β-boswellic acid derivatives with Torpedo californica
acetylcholinesterase (TcAChE, PDB 3i6m). (A): Ribbon structure with docked ligands, β-boswellic acid
(brown), 11-keto-β-boswellic acid (magenta), 11-ethoxy-β-boswellic acid (yellow), 3-acetyl-β-boswellic
acid (red), and 3-acetyl-11-keto-β-boswellic acid (aqua). (B): Molecular environment of docked
β-boswellic acid in the active site of TcAChE. (C): Molecular environment of docked
3-acetyl-11-keto-β-boswellic acid in the active site of TcAChE.

Several protein targets related to cancer were targeted by Boswellia triterpenoids, including
poly(ADP-ribose) polymerase-1 (PARP-1), tankyrase-1 (TANK1), tankyrase-2 (TANK2), folate receptor
β (FRβ), and histone deacetylase (HDAC). Poly(ADP-ribose) polymerase-1 (PARP-1) is an important
enzyme for the repair of single-strand DNA breaks, and inhibition of PARP-1 can cause multiple
double strands DNA breaks to occur, leading to cell death [68]. Several types of cancers are more
dependent on PARP-1 than normal cells, so PARP-1 has become an attractive target for cancer
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chemotherapy [69,70]. At least 15 Boswellia triterpenoids showed selective docking to PARP-1 (see
Table 6). The strongest-docking ligands for human PARP-1 were (20S)-3,7-dioxotirucalla-8,24-dien-21-oic
acid (Edock = −141.8 kJ/mol) and eupha-2,8,22-triene-20,24R-diol (Edock = −139.8 kJ/mol).

Folate receptors are overexpressed in cancer cells, presumably due to the increased requirement
of cancer cells for folic acid needed in cell proliferation [71] and folate receptor-β is overexpressed in
lung, liver, skin, and soft tissue tumors, as well as associated stromal cells. Folate receptors, therefore,
show promise as chemotherapeutic targets for cancer and other human pathologies [72]. Three of the
Boswellia triterpenoids in this study showed excellent docking properties to human folate receptor β
(HsFRβ), namely dammarenediol II acetate, isofouquierol, and isofouquieryl acetate, with docking
energies of −132.3, −130.4, and −137.0 kJ/mol, respectively.

Histone deacetylases (HDAC) are enzymes that remove acetyl groups from lysine residues of
histones, which allow the histones to envelope DNA more tightly. Thus, HDACs can affect cell
growth and differentiation and cell death [73,74]. Histone deacetylase has been recognized as a
promising target for cancer chemotherapy [75,76]. Reverse docking of Boswellia triterpenoids has
revealed α-elemolic acid to preferentially dock to Aquifex aeolicus histone deacetylase (AaHDAC).

Frankincense-containing formulations had been used in ancient Greece for treating various
malignant tumors [77]. Frankincense has been used in the Indian traditional medicine (Ayurveda)
and in Traditional Chinese Medicine (TCM) as a treatment for proliferative diseases [78]. In addition,
extracts of frankincense oleo-gum resins have shown in-vitro cytotoxic activity on several human
tumor-derived cell lines [58,79–81], and these activities have been attributed to boswellic acids [82].
Interestingly, although β-boswellic acid [83] and 3-acetyl-11-keto-β-boswellic acid [84] have shown
antineoplastic activities, this reverse-docking study did not reveal particularly notable docking
properties to cancer-relevant protein targets. It may be that the boswellic acids and derivatives
are targeting inflammatory pathways [85,86] or multiple targets as their mechanisms of antineoplastic
activities [82,84].

Several Boswellia triterpenoids showed good docking properties to 11β-hydroxysteroid
dehydrogenase type 1 (11βHSD1). For example, the dammarane triterpenoids 3β-acetoxy-
20S,24-dihydroxydammar-25-ene, 3β-acetoxydammar-24-ene-16β,20R-diol, dammarenediol II,
dammarenediol II acetate, isofouquierol, and isofouquieryl acetate showed excellent docking
energies with Cavia porcellus 11β-hydroxysteroid dehydrogenase type 1 (Cp11βHSD1, PDB 3lz6).
These dammarane triterpenoids all occupy the same position in the active site of the enzyme,
blocking access to the NADPH cofactor (Figure 13). The docked dammaranes are sandwiched
between the NADPH cofactor and hydrophobic amino acids Tyr152, Tyr98, Tyr158, Leu192, and Tyr206
(Figure 13B). There are also close contacts, but no apparent hydrogen-bonds, with Thr197 and Asn99.
11β-Hydroxysteroid dehydrogenase type 1 mediates the interconversion of cortisone and cortisol
and overexpression of 11βHSD1 can lead to metabolic disease, characterized by visceral obesity,
hyperlipidemia, hypertension, glucose intolerance, insulin resistance, and type II diabetes [87,88].
Thus, inhibition of 11βHSD1 may serve as a treatment option for metabolic syndrome and type II
diabetes [89,90].

Boswellia serrata is used traditionally by diabetic patients in Iran, and B. serrata supplementation
has shown clinical benefit in blood lipid and glucose levels in type II diabetic patients [91,92].
Furthermore, B. serrata resin extract has been shown to prevent increase in blood glucose levels
in streptozotocin-induced diabetic mice [93]. Similarly, B. glabra extracts have shown hypoglycemic
effects in alloxan-induced diabetic rats [94]. The selective targeting of Guinea pig 11βHSD1 and human
11βHSD1 by Boswellia triterpenoids is consistent with the traditional use and anti-diabetic activities of
Boswellia oleo-gum resin.

Oxidosqualene cyclases (OSCs) are enzymes that catalyze the cyclization of 2,3-epoxysqualene to
form triterpenoids or steroids [95]. In mammals, cyclization of 2,3-epoxyaqualene leads to lanosterol,
which can then be converted to cholesterol [96]. Inhibition of oxidosqualene cyclase, therefore,
has emerged as a viable therapeutic option to treat hypercholesterolemia and atherosclerosis [97,98].
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The oxidosqualene-hopene cyclase from the thermophilic bacterium Alicyclobacillus acidocaldarius
is homologous to the human enzyme and has been crystallized with OSC inhibitors [99].
Several triterpenoid ligands, most notably ocotillyl acetate, 3β-acetoxydammar-24-ene-16β,20R-diol,
and dammarenediol II acetate, docked well to AaOSC with docking energies of −144.6, −139.2,
and −138.9 kJ/mol, respectively. These dammarane triterpenoids adopt the same positions in the
active site of the enzyme (Figure 14). The active site of AaOSC is a hydrophobic pocket composed of
Trp489, Trp169, Phe365, Ile261, Trp312, Phe601, and Tyr420. In addition, there is a hydrogen bond formed
between the C(24)-OH of the ligand and the phenolic -OH of Tyr609. The structural similarities between
triterpenoids and steroids are likely responsible for the docking properties of Boswellia triterpenoids
to OSCs.

A B 

Figure 13. Guinea pig 11β-hydroxysteroid dehydrogenase type 1 (Cp11β-HSD, PDB 3lz6).
(A): Lowest-energy docked poses of 3β-acetoxy-20S,24R-dihydroxydammar-25-ene (magenta),
3β-acetoxydammar-24-ene-16β,20R-diol (green), dammarenediol II acetate (yellow), and isofouquieryl
acetate (blue) with Cp11β-HSD. The NADPH cofactor is shown as a space-filling model.
(B): Isofouqueryl acetate in the active site of Cp11β-HSD showing the molecular environment.

A B 

Figure 14. Alicyclobacillus acidocaldarius oxidosqualene cyclase (AaOSC, PDB 1h36). (A): Lowest
energy docked poses of ocotillyl acetate (magenta), 3β-acetoxydammar-24-ene-16β,20R-diol (green),
and dammarenediol II acetate (yellow) with AaOSC. (B): Molecular environment of docked ocotillyl
acetate in the active site of AaOSC.

85



Medicines 2018, 5, 96

4. Conclusions

Numerous Boswellia terpenoid components have shown selective docking to bacterial protein
targets, antineoplastic molecular targets, diabetes-relevant targets, protein targets involved
in inflammatory disease conditions, and the Alzheimer’s disease target acetylcholinesterase.
The molecular docking properties of Boswellia terpenoid components corroborate the traditional
uses of frankincense, the clinical efficacy of frankincense, and the biological activities of Boswellia
oleo-gum resins and components. Furthermore, the biomolecular targets identified in this work should
lead to further exploration of development and improvement of inhibitors to treat these various
disease states.
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Abstract: Background: Cordyceps militaris is a medicinal mushroom and has been extensively used as
a folk medicine in East Asia. In this study, the separation of constituents involved in xanthine oxidase
(XO) inhibitory, antioxidant and antibacterial properties of C. militaris was conducted. Methods:

The aqueous residue of this fungus was extracted by methanol and then subsequently fractionated
by hexane, chloroform, ethyl acetate and water. The ethyl acetate extract possessed the highest XO
inhibitory and antioxidant activities was separated to different fractions by column chromatography.
Each fraction was then subjected to anti-hyperuricemia, antioxidant and antibacterial assays. Results:

The results showed that the CM8 fraction exhibited the strongest XO inhibitory activity (the lowest
IC50: 62.82 μg/mL), followed by the CM10 (IC50: 68.04 μg/mL) and the CM7 (IC50: 86.78 μg/mL).
The level of XO inhibition was proportional to antioxidant activity. In antibacterial assay, the CM9 and
CM11 fractions showed effective antibacterial activity (MIC values: 15–25 mg/mL and 10–25 mg/mL,
respectively). Results from gas chromatography-mass spectrometry (GC-MS) analyses indicated
that cordycepin was the major constituent in the CM8 and CM10 fractions. Conclusions: This
study revealed that C. militaris was beneficial for treatment hyperuricemia although in vivo trials on
compounds purified from this medicinal fungus are needed.

Keywords: Cordyceps militaris; xanthine oxidase; antioxidant; antibacterial; cordycepin; GC-MS

1. Introduction

Species in the genus Cordyceps are considered as valuable traditional medicines and other medical
applications worldwide, especially in East Asia countries [1,2]. Among them, Cordyceps militaris (L.)
Link is an ancient medicinal tonic and the most of C. militaris nowadays is produced by various modern
culture techniques [3]. C. militaris exhibited a wide spectrum of clinical health benefits including
antifatigue and antistress [4]; anti-inflammatory [5]; antiviral [6]; antifungal and anticancer [7];
HIV-1 protease inhibitory [8]; antioxidant [9]; anti-microbial [10]; inhibition high-fat diet metabolic
disorders [11]; immunomodulatory [12]; anti-tumor and anti-metastatic activities [13].

Furthermore, the hot water extract of C. militaris has been reported to contain various important
bioactive compounds such as cordycepin, adenosine, polysaccharides, fatty acids, mannitol, amino
acids, trace elements, ash, fiber and other chemical compositions [7,9,10,14–17]. Many researchers
noted that cordycepin (3′-deoxyadenosine) is an important and active metabolite [2,18]. The fermented
broth of C. militaris obtains clinical effects such as the prevention of alcohol-induced hepatotoxicity [19],
inhibitory effects on proliferation and apoptotic cell death for human brain cancer cells [20], inhibitory
effects on LPS-induced acute lung injury [21], anti-hyperglycemia [22], anti-tumor and anti-metastatic
activities [17]. Adenosine, another bioactive chemical of C. militaris, has a number of pharmacological
functions such as cardio-protective and therapeutic agents for chronic heart failure, a homeostatic
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modulator in the central nervous system [16], antioxidant and HIV-1 protease inhibitory [8]. C. militaris
also exhibited antifungal [23,24], cytotoxic activity [25], antibacterial, anti-tumor agents [13] and
plasma glucose reduction [26]. However, the xanthine inhibitory activity of this fungus has not been
comprehensively examined.

Nowadays, hyperuricemia, a pre-disposing factor of gout, has been recognized as a lifestyle
syndrome that affects the adult population in the developed as well as developing countries [27]. Gout
is induced by overproduction or under-excretion of uric acid. It is caused by a high dietary intake
of foods containing high amounts of nucleic acids, such as some types of seafood, meats (especially
organ meats) and yeasts [28]. Xanthine oxidase (XO) is considered as a cause of hyperuricemia.
The acute hyperuricemia can lead to the development of gout, hypertension, diabetes, chronic heart
failure, atherosclerosis and hyperlipidemia [29]. Until now, only allopurinol and febuxostat have
been clinically approved as XO inhibitors to treat hyperuricemia and gout. However, they also result
in many undesirable effects such as hypersensitivity syndrome, hepatitis nephropathy, eosinophilia,
vasculitis, fever, and skin rash [30,31].

The discovery of compounds possessing XO inhibitory is necessary to avoid such adverse effects
of allopurinol and febuxostat. Yong et al. [29] found that hot water extract of C. militaris exhibited
significant anti-hyperuricemic action but active components for this activity were not determined.
Additionally, the investigation on antibacterial performance of aqueous extracts of C. militaris has been
proceeded but bioactive compounds from the methanolic extract have not been elaborated [32–35].
Infectious diseases caused by bacteria are still the major reason of illness and death in developing
countries [36]. Gastroenteritis and urinary tract infection were predominated by bacteria such as
Escherichia coli, Staphylococcus aureus, Proteus mirabilis, and Bacillus subtilis [37,38]. Many plant extracts
have been found as nutritionally safe and easily degradable source of antibacterial agents against
human pathogens [39]. Hence, this study was conducted to investigate the xanthine oxidase inhibitory
and determine the correlation to the antioxidant and antibacterial properties of the folk medicine
C. militaris. The analyses of bioactive constituents from this medicinal mushroom were also conducted.

2. Materials and Methods

2.1. Chemicals

Methanol, hexane, chloroform, ethyl acetate and ethanol were purchased from Junsei Chemical
Co., Ltd., Tokyo, Japan. Potassium phosphate monobasic and dibasic, xanthine, xanthine
oxidase, allopurinol, and hydrochloric acid were obtained from Sigma-Aldrich Corp., St. Louis,
MO, USA. Reagents including 1,1-diphenyl-2-picrylhydrazyl (DPPH), sodium acetate, acetic acid,
2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium peroxodisulfate, and dibutyl
hydroxytoluene (BHT) were supplied by Kanto Chemical Co. Inc., Tokyo, Japan. Four bacteria
including Staphylococcus aureus, Escherichia coli, Bacillus subtilis, and Proteus mirabilis were provided by
Sigma-Aldrich Corp., St. Louis, MO USA. All chemicals used were of analytical grade.

2.2. Plant Materials and Samples Preparation

The dried and sterilized fruiting bodies of C. militaris were provided by Truc Anh Company,
Bac Lieu city, Vietnam. Fruiting body at green house of Truc Anh Company in the South of Vietnam
were harvested and dried by freeze-drying machine (Mactech MSL1000, 15 ◦C) and packaged on
April 18th, 2017. The sample was transferred to the Laboratory of Plant Physiology and Biochemistry,
Graduate School for International Development and Cooperation (IDEC), Hiroshima University,
Higashi-Hiroshima, Japan for further analysis.

2.3. Preparation of Plant Extract

The whole fruiting body of C. militaris was soaked in water for 12 h at room temperature and dried
in a convection oven (MOV-212F (U), Sanyo, Japan) at 50 ◦C for 2 d before pulverized into powder

93



Medicines 2019, 6, 20

using a grinding machine. The powder (1.0 kg) was immersed in 15 L methanol (MeOH) for two weeks
at room temperature. After that, the filtrate from powder-methanol dispersion was concentrated under
vacuum at 45 ◦C using a rotary evaporator (SB-350-EYELA, Tokyo Rikakikai Co., Ltd., Tokyo, Japan)
to produce 126.14 g of crude extract. The crude extract was suspended in distilled water (500 mL) and
successively fractionated with hexane, chloroform (CHCl3) and ethyl acetate (EtOAc) to produce 10.24,
19.25, 50.21, and 20.17 g extracts, respectively. The extract with the highest xanthine oxidase inhibitory
and antioxidant activities was used for further separation by column chromatography.

2.4. Fractionation of Ethyl Acetate Fraction

The EtOAc extract (16.28 g) possessed the highest xanthine oxidase inhibitory and antioxidant
on a preliminary test was subjected to a normal-phase of column chromatography (40 mm diameter
× 600 mm height, Climbing G2, Mixell, Tokyo, Japan) filled with silica gel (size Ǻ 60, 200–400
mesh particle size, Sigma-Aldrich, Tokyo, Japan). This process yielded 14 fractions by increasing
the polarity by MeOH with CHCl3 of the following eluents: CM1 in CHCl3, CM2 in CHCl3:MeOH
(9.9:0.1), CM3 in CHCl3:MeOH (9.8:0.2), CM4 in CHCl3:MeOH (9.6:0.4), CM5 in CHCl3:MeOH (9.4:0.6),
CM6 in CHCl3:MeOH (9.2:0.8), CM7 in CHCl3:MeOH (9:1), CM8 in CHCl3:MeOH (8.8:1.2), CM9
in CHCl3:MeOH (8.6:1.4), CM10 in CHCl3:MeOH (8.4:1.6), CM11 in CHCl3:MeOH (8:2), CM12 in
CHCl3:MeOH (7:3), CM13 in CHCl3:MeOH (1:1), and CM14 in CHCl3:MeOH (4:6).

2.5. Xanthine Oxidase (XO) Inhibitory Activity

The XO inhibitory activity was examined spectrophotometrically in aerobic conditions as
described previously [40] with some adjustments. The assay mixture consisted of 50 μL of tests
solution (6.25–100.00 μg/mL), 30 μL of 70 mM phosphate buffer (pH = 7.5) and 30 μL of enzyme
solution (0.01 units/mL in 70 mM phosphate buffer, pH = 7.5), which were prepared immediately
before use. After pre-incubation at 25 ◦C for 15 min, reaction was initiated by addition of 60 μL of
substrate solution (150 μM xanthine in buffer). After that, the assay mixture was incubated at 25 ◦C for
30 min. The reaction was stopped by adding 25 μL of 1 N hydrochloric acid (HCl) and the absorbance
was measured at 290 nm by using a microplate reader (MultiskanTM Microplate Spectrophotometer,
Thermo Fisher Scientific, Osaka, Japan). A blank was prepared in similar way but the enzyme solution
was accumulated to the assay mixture after the solution of 1 N HCl added. One unit of XO was defined
as the amount of enzyme that required to produce 1 μmol of uric acid per min at 25 ◦C.

The XO inhibitory activity was calculated by this formula (1):

% Inhibition = { (A − B)− (C − D)

(A − B)
} × 100 (1)

where A was the activity of the enzyme without test extracts or fractions, B was the control of A
without test extracts or fractions and enzyme. C and D were the activities of the test solutions with and
without XO. The values of IC50 were calculated from the means of the spectrophotometric data of the
test trials repeated 5 times. The test solutions were dissolved in DMSO (dimethyl sulfoxide) followed
by dilution with buffer. The final concentration of DMSO was less than 0.25%. Allopurinol at 6.25,
12.5, 25, 50, 100 μg/mL dilutions were used as a positive control.

2.6. Antibacterial Activity

The evaluation of antibacterial activity was based on a method described previously [41].
All bacterial strains were cultured in a Luria-Bertani (LB) broth for 24 h at 37 ◦C. The four bacterial
strains employed in this experiment included Staphylococcus aureus, Escherichia coli, Bacillus subtilis
and Proteus mirabilis. The final population was standardized to be 1.29 × 106 CFU/mL (S. aureus),
1.45 × 106 CFU/mL (E. coli), 1.63 × 106 CFU/mL (B. subtilis) and 2.87 × 106 CFU/mL (P. mirabilis).
An amount of 0.1 mL of the bacteria suspension was spread over the surface of the solid LB agar
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medium in Petri dish (9 cm in diameter). After that, filter paper discs (6 mm diameter) loaded
with 20 μL of each extract or fraction sample (with a concentration 40 mg/mL in DMSO) were
placed on the surface of the LB agar plates. The Petri dishes were incubated at 37 ◦C for 24 h and
then the inhibition zone was measured. Ampicillin and streptomycin were used as the positive
controls. The concentrations of the fractions included 1.25, 1.5, 2.5, 5, 10, 20, 25, 30, and 40 mg/mL).
The lowest concentration that inhibited the visible bacterial growth was evaluated as minimal inhibitory
concentration (MIC). Ampicillin and streptomycin (1.25, 0.625, 0.313, 0.156, 0.078, 0.039, 0.0195, 0.0097,
0.0048, 0.0024, 0.0012, and 0.0006 mg/mL) were used as positive controls. Subsequently, DMSO was
used as a negative control.

2.7. Antioxidant Activity

2.7.1. DPPH Radical Scavenging Activity

The antioxidant activity of the extracts and achieved fractions were determined by using
2,2-Diphenyl1-picrylhydrazyl (DPPH) free radical scavenging method as described previously [42]
with some adjustments. Briefly, an amount of 100 μL samples was mixed with 50 μL of 0.5 mM DPPH
and 100 μL of 0.1 M acetate buffer (pH 5.5). After mixing, the mixtures were maintained in the dark at
room temperature for 30 min. The reduction of the DPPH radical was measured at 517 nm using a
microplate reader. BHT standard solutions (0.001–0.05 mg/mL) were used as positive controls (2).

DPPH radical scavenging activity (%) = [{Acontrol − (Asample − Ablank sample)}/Acontrol] × 100 (2)

where Acontrol was the absorbance of DPPH solution without samples. Asample was the absorbance of
sample with DPPH solution and Ablank sample was the absorbance of sample without DPPH solution.
Lower absorbance showed higher DPPH radical scavenging activity. The IC50 (inhibitory concentration)
value was determined as the concentration required to decrease the initial DPPH radical concentration
by 50%. Therefore, the lower IC50 value indicated higher DPPH radical scavenging activity.

2.7.2. ABTS Radical Scavenging Activity

The ABTS radical cation decolorization assay was carried out as an improved ABTS method
mentioned noted previously [43] with some modifications. Briefly, the ABTS radical solution was
prepared by mixing 7 mM ABTS [2,20-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)] and 2.45 mM
potassium persulfate in water. After that, this solution was incubated in the dark at room temperature
for 16 h and then diluted with methanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. An aliquot
of 120 μL of the ABTS solution was mixed with 24 μL of samples and the mixture was incubated
in the dark at room temperature for 30 min. The absorbance of reaction was recorded at 734 nm
using a microplate reader. BHT standard (0.01–0.25 mg/mL) was used as a reference. The percentage
inhibition was calculated according to the formula (3):

ABTS radical scavenging activity (%) = [{Acontrol − (Asample − Ablank sample)}/Acontrol] × 100 (3)

The Acontrol was the absorbance of ABTS radical solution without samples. Asample was the
absorbance of ABTS radical solution with samples and Ablank sample was the absorbance of sample
without ABTS radical solution. A lower absorbance therefore indicated higher ABTS radical scavenging
activity. The IC50 (inhibitory concentration) value was calculated as the concentration needed to
scavenge 50% of ABTS. As a result, lower IC50 value showed higher antioxidant activity.

2.8. Identification of Chemical Constituents by Gas Chromatography-Mass Spectrometry (GC-MS)

A volume of 1 μL aliquot of each C. militaris fraction was injected into a GC-MS system (JMS-T100
GCV, JEOL Ltd., Tokyo, Japan). The column employed in this experiment was DB-5MS column
(length 30 m, internal diameter 0.25 mm, thickness 0.25 μm) (Agilent Technologies, J & W Scientific
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Products, Folsom, CA, USA). The system uses helium as a carrier gas and the split ratio was 5.0/1.0.
The temperature program was set up in the GC oven as follows: the initial temperature at 50 ◦C
without hold time, the programmed rate by 10 ◦C/min up to a final temperature of 300 ◦C with 20 min
for hold time. The injector and detector temperatures were set at 300 ◦C and 320 ◦C, respectively.
The mass range scanned from 29–800 amu. The peak data set was collected by using the JEOL’s GC-MS
Mass Center System version 2.65a (JEOL Ltd., Tokyo, Japan) and by comparing detected peaks with
National Institute of Standards and Technology (NIST) MS library [44].

2.9. Statistical Analysis

The data were statistically analyzed by one-way ANOVA using the Minitab 16.0 software (Minitab
Inc., State College, PA, USA). The significant difference among means were determined by using
Fisher’s test with the confidence level of 95% (p < 0.05). All experiments were carried out in triplicate
and expressed as means ± standard deviation (SD).

3. Results

3.1. Xanthine Oxidase Inhibitory Activity of C. militaris Fractions

Xanthine oxidase inhibition, which resulted in a decreased of uric acid production, was measured
spectrophotometrically at 290 nm. The ethyl acetate extract (EtOAc extract) showed an xanthine
oxidase inhibition by 31.66% at 100 μg/mL concentration, whereas other extracts exhibited negligible
inhibitions (Table 1).

Table 1. Xanthine oxidase inhibitory and antioxidant activities of C. militaris.

Extracts % XO Inhibition at 100 μg/mL
Antioxidant Activities

DPPH (IC50 mg/mL) ABTS (IC50 mg/mL)

Hexane (H) - 3.07 ± 0.04 a 4.45 ± 0.06 a

Chloroform (C) - 1.65 ± 0.15 b 2.52 ± 0.19 b

Ethyl acetate (E) 31.66 ± 2.86 0.60 ± 0.03 d 1.03 ± 0.02 d

Aqueous residue (W) - 1.35 ± 0.07 c 1.65 ± 0.07 c

Data presented means ± standard deviation (SD). Values in a column with similar letters are not significantly
different by Fisher’s test (p < 0.05). -: not detected.

All of 14 fractions from the EtOAc extract were assessed for their xanthine oxidase inhibitory
ability. Of them, eight fractions showed the presence of XO inhibition activity (Table 2). Furthermore,
the percentage of XO inhibition of CM8 (52.58%), CM7 (52.72%), CM10 (56.56%), and CM6 (61.70%)
fractions were found to be more active than other fractions. The XO inhibition were described by
IC50 value and the lower IC50 indicated the higher XO inhibition activity. Therefore, the CM8 fraction
possessed the most potential XO inhibition (IC50, 62.82 μg/mL), followed by CM10 (IC50, 68.04 μg/mL),
CM7 (IC50, 86.78 μg/mL), and CM6 (IC50, 87.73 μg/mL) fractions. Other fractions exhibited trivial
inhibitory activities which were not considerable enough to calculate IC50 values.
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Table 2. Xanthine oxidase inhibitory activity of EtOAc fractions isolated from C. militaris.

Fractions % XO Inhibition at 100 μg/mL IC50 Value (μg/mL)

CM1 - -
CM2 - -
CM3 - -
CM4 21.88 ± 0.78 f -
CM5 39.57 ± 0.56 d -
CM6 61.70 ± 0.64 b 87.73 ± 0.81 a

CM7 52.72 ± 0.74 c 86.78 ± 1.20 a

CM8 52.58 ± 1.55 c 62.82 ± 4.48 b

CM9 31.12 ± 3.71 e -
CM10 56.56 ± 2.95 c 68.04 ± 5.85 b

CM11 - -
CM12 11.92 ± 1.79 g -
CM13 - -
CM14 - -

Allopurinol 90.20 ± 6.19 a 4.85 ± 2.19 c

Data presented means ± standard deviations (SD). Values in a column with similar letters are not significantly
different (p < 0.05); -: not detected.

3.2. Antioxidant Activities of C. militaris Fractions

The antioxidant activities of C. militaris were evaluated using DPPH and ABTS tests, compared
with the standard BHT in Figure 1. The antioxidant properties were described by IC50 value and
the lower IC50 indicated the higher radical scavenging activity. Fourteen fractions obtained from
C. militaris showed various levels of DPPH and ABTS scavenging capacity (Table 1), of which the
fraction CM7 presented the strongest antioxidant activity in both DPPH and ABTS assays. Meanwhile,
the antioxidant activity of CM5 was the lowest performance in Figure 1.
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Figure 1. DPPH and ABTS radical scavenging activities of fractions from C. militaris and standard
antioxidant butylated hydroxytoluene (BHT). Column with similar letters are not significantly different
(p < 0.05).

In ABTS scavenging activity, the fractions CM7 and CM9 exposed the highest effective activity
(IC50, 0.702 mg/mL and 0.845 mg/mL, respectively), followed by the CM8 (IC50, 1.032 mg/mL) and
CM6 (IC50, 1.138 mg/mL). In the DPPH assay, the CM8 was also potential but it was statistically
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similar to that of the CM9 and CM10. Overall, it was found the CM6, CM7, CM8, and CM9 possessed
greater antioxidant capacities than other fractions.

3.3. Antibacterial Activities of C. militaris Extracts

The antibacterial activity of C. militaris was conducted on two Gram-positive (B. subtilis and
S. aureus) and two Gram-negative (E. coli and P. mirabilis). Table 3 showed that levels of antibacterial
activities versus four bacteria were varied among fractions. Both CM9 and CM11 were the
most potential candidates to inhibit the growth of most tested bacteria (MIC, 15–25 mg/mL and
10–25 mg/mL). All fractions showed a lower inhibition than that of streptomycin and ampicillin.
Ampicillin and streptomycin provided MIC values of 0.0097–0.039 and 0.078–0.156 mg/mL (Table 3).

Table 3. Antibacterial activity in term of MIC values of EtOAc fractions isolated from C. militaris.

Fractions
Minimum Inhibitory Concentration (mg/mL)

B. subtilis S. auereus E. coli P. mirabilis

CM1 25 25 30 25
CM2 30 20 25 30
CM3 30 - 30 30
CM4 - - - -
CM5 30 30 30 -
CM6 25 20 - -
CM7 25 30 25 30
CM8 - 30 20 -
CM9 15 25 25 20
CM10 - 30 30 -
CM11 10 25 15 25
CM12 15 20 20 30
CM13 - 20 - -
CM14 - 25 - -
DMSO - - - -

Ampicillin 0.0195 0.039 0.0097 0.0195
Streptomycin 0.156 0.078 0.156 0.156

-: no inhibition.

3.4. GC-MS of Analysis of C. militaris

Gas chromatographic-mass spectrometry (GC-MS) is a very powerful and reliable analytical
technique for identifying the presence of constituents in complex mixtures [45]. The major active
components of the principal 14 fractions were detected and identified by GC-MS (Supplementary
Materials Figures S1–S14) and summarized in Table 4. Principal constituents from C. militaris included
cordycepin (3′-deoxyadenosine), hexadecenoic acid and pentadecanal. (Table 4; Supplementary
Materials Figures S1–S14).

Cordycepin, appeared as the main compound that was detected in fractions of CM8, CM9 and
CM10, while pentadecanal was found in most of fractions (CM3-CM10). Additionally, fatty acids
(hexadecanoic acid, methyl hexadecanoate and methyl 2-oxohexadecanoate) were distributed in the
CM1, CM2, CM6, CM7, CM11, CM12, CM13 and CM14 fractions. (Table 4; Supplementary Materials
Figures S1–S14).
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Table 4. Principal compounds identified from different fractions of C. militaris.

No. Major Constituents
Retention Times

(min)
Peak Area

(%)
Fractions

1
1) Methyl hexadecanoate 16.72 5.95

CM12) Hexadecanoic acid 17.09 17.08
3) (9Z,12E)-Octadeca-9,12-dienoic acid 18.73 29.54

2

1) Methyl hexadecanoate 16.72 2.23

CM2
2) Hexadecanoic acid 17.11 20.64
3) (9Z,12E)-Octadeca-9,12-dienoic acid 18.76 32.16
4) (9R,10R,13R,17R)-17-[(E,2R,5R)-5,6-Dimethylhept-3-
en-2-yl]-10,13-dimethyl-1,2,9,11,12,15,16,17-octahydrocyclopenta
[a] phenanthren-3-one

29.12 6.25

3

1) Pentadecanal 14.56 16.02

CM3
2) Methyl 2-oxohexadecanoate 17.41 3.04
3) Octadecanal 22.11 34.91
4) Dodecanamide 25.55 2.73

4
1) Pentadecanal 14.56 10.38

CM42) Methyl 2-oxohexadecanoate 17.40 3.20
3) Octadecanal 22.11 30.13

5

1) Pentadecanal 14.56 7.11

CM5
2) Hexadecanal 15.65 1.30
3) Methyl 2-oxohexadecanoate 17.41 3.22
4) Octadecanal 22.11 25.85

6

1) (1R,2R,3S,4R)-3-Deuterio-6,8-dioxabicyclo [3.2.1]
octane-2,3,4-triol 11.82 5.65

CM6
2) Pentadecanal 14.56 53.80
3) Hexadecanoic acid 17.07 1.33
4) Methyl 2-hydroxyhexadecanoate 20.30 1.25
5) Henicosan-1-ol 26.33 1.99

7

1) (1R,2R,3S,4R)-3-Deuterio-6,8-dioxabicyclo [3.2.1]
octane-2,3,4-triol 11.76 1.92

CM7
2) Pentadecanal 14.52 21.35
3) Hexadecanoic acid 17.03 1.75
4) Methyl 2-oxohexadecanoate 17.37 1.26
5) N-(2-Hydroxyethyl) octanamide 18.77 2.73

8

1) (1R,2R,3S,4R)-3-Deuterio-6,8-dioxabicyclo [3.2.1]
octane-2,3,4-triol 11.76 0.54

CM82) Pentadecanal 14.52 19.79
3) 3′-Deoxyadenosine 21.98 55.38

9
1) Pentadecanal 14.55 19.90

CM92) Methyl 2-oxohexadecanoate 17.40 0.77
3) 3′-Deoxyadenosine 21.97 58.04

10
1) Tetradecanal 13.39 0.83

CM102) Pentadecanal 14.56 45.00
3) 3′-Deoxyadenosine 21.95 18.61

11

1) 2-hydroxybutanedioic acid 6.18 1.89

CM11
2) Hexadecanoic acid 17.03 1.90
3) (11E,13Z)-Octadeca-1,11,13-triene 18.67 0.72
4) 1,3-Dihydroxypropan-2-yl hexadecanoate 21.89 3.79

12
1) Hexadecanoic acid 17.03 1.41

CM122) (11E,13Z)-Octadeca-1,11,13-triene 17.68 1.27
3) (1R)-1-Hexadecyl-2,3-dihydro-1H-indene 21.74 2.62

13
1) Hexadecanoic acid 17.02 4.18

CM132) (11E,13Z)-Octadeca-1,11,13-triene 18.67 15.71

14
1) N,N-Dimethyl-1-undecanamine 12.06 2.02

CM142) Hexadecanoic acid 17.03 9.95
3) (11E,13Z)-Octadeca-1,11,13-triene 18.76 25.50

4. Discussion

It was reported that the significant increase of gout and hyperuricemia principally caused by the
changes in unusual habits of diet and exercise regimen [46]. The food with high content of nucleic acids
such as meat and seafood raised the risk of gout disease. Hyperuricemia is a biochemical abnormality
or metabolic disorder that results in development of gout and related oxidative stress-related diseases
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such as cancer, cardiovascular disease and a variety of other disorders [47]. Therefore, the lowering
serum uric acid concentration within normal range is important and can be achieved by blocking the
biosynthesis of uric acid [27]. Xanthine oxidase (XO) is a form of xanthine oxidoreductase, which has
been discovered for decades. Natural XO inhibitors from plants are used in traditional herbal medicines
for the treatment of gout or diseases associated with symptoms such as arthritis and inflammation [28].
From this fact, screening of XO inhibitory activity from medicinal plants might be an effective way to
find new potential candidates for these major disease treatments. In this study, the xanthine oxidase
inhibitory, antioxidant and antibacterial activities of C. militaris were determined. It was found that
C. militaris obtained potent xanthine oxidase inhibitory, antioxidant and antibacterial properties and
possessed rich phytochemicals which were characterized by column chromatography and GC-MS
analyses (Tables 1–4).

Several previous studies showed that the majority of natural compounds that possessed XO
inhibition belonged to lanostanoids [48], flavonoids [31], and phenolics [49]. From GC-MS results,
cordycepin appeared as the major bioactive constituents in CM8, CM9, and CM10 fractions separated
by column chromatography. Thus it was suggested that this compound may be responsible for the XO
inhibition, although the purification of cordycepin as well as other bioactive components and examined
for their XO inhibition is apparently required. Earlier researches showed that cordycepin obtained
remarkable anti-hyperuricemic action in an in vivo model [50]. Thus, this research highlighted that
cordycepin found C. militaris played a crucial role in inhibition of XO by an in vitro model. Oxidative
stress results in human disease development or an abnormal immune response [9]. Furthermore,
it was reported that free radicals caused oxidative damage to biomolecules and are responsible for
progression of several diseases such as aging, cancer, inflammatory, diabetes, metabolic disorders,
atherosclerosis and cardiovascular diseases [51]. Therefore, xanthine oxidase acted as a biological
source of oxygen-derived free radical that led to cell and tissue damage [48]. Obviously, the XO
inhibitory activity of C. militaris was attributed to their survival strategy to the oxidative stress.
For example, several studies showed that polysaccharides from aqueous extracts of C. militaris
possessed antioxidant properties [33–35] but there was little polysaccharide quantity found in
methanolic extracts [25]. Furthermore, the in vitro antioxidant activity was reported to be correlated
to cordycepin [21,52] and fatty acids [53]. The considerable amounts of cordycepin and fatty acids
observed in CM7, CM8, CM9 and CM10 fractions by this study noticed that these compounds obtained
in C. militaris might be responsible for significant antioxidant performance (Table 1; Figure 1) as found
in previous reports [23,54].

The urinary tract infection and gastroenteritis have become a more serious problem today because
of multidrug resistance to E. coli, S. aureus, P. mirabilis and B. subtilis infection [37,38]. In recent years,
it was documented that methanolic extract of C. militaris had potential antibacterial activity [23,25].
To date, thousands of phytochemicals derived from plant extracts with various mechanisms of action
have been identified as antibacterial compounds [55]. In this study, cordycepin appeared as the key
component antibacterial activity, especially in E. coli and B. subtilis although further in vitro trial
was needed. This study highlighted that C. militaris obtained potential substances which may be
beneficial for the treatments of gout and bacterial infection. Several previous studies also indicated
that fatty acids and the derivative methyl esters exhibited antibacterial activities [53,56]. The fatty
acids with a chain length of more than 10 carbon atoms induced lysis of bacterial protoplasts. This
mechanism could further distress the expression of bacterial virulence which played an important role
in establishing infection [57]. Therefore, the presence of n-hexadecanoic acid (CM12, CM11, CM2, and
CM1 fractions), hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester (CM11), hexadecanoic
acid, 2-oxo-, methyl ester (CM9, CM7), hexadecanoic acid, methyl ester and 9,12-octadecadienoic acid
methyl ester (Table 4) suggested that these constituents characterized by this study may be responsible
for potent antibacterial activity of this medicinal fungus as reported by many previous reports [58,59].
This study has successfully separated fractions from C. militaris active on XO inhibitory, antioxidant
and antibacterial activities separated by column chromatography and identified potent constituents by
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GC-MS analysis. However, the minimum bacteria concentration (MBC) should also be measured to
achieve more efficacies on antibacterial activity. It was proposed that there were some compounds
other than cordycepin and fatty acids in C. militaris can also be potential for pharmaceutical properties
and needed further analyses.

5. Conclusions

This is the first study revealed that the medicinal fungus C. militaris possessed strong xanthine
oxidase inhibition which may be potential for hyperuricemia treatment, although further in vivo trial
is required. By employing separative techniques of column chromatography and GC-MS analyses,
cordycepin, fatty acids and their derivatives appeared as the major compounds that may be responsible
for antioxidant, antibacterial and anti-hyperuricemia activities as observed by this research. Findings of
this study highlighted that C. militaris is potential to develop foods and drinks potential for treatment
of hyperuricemia. Investigation of bioactive constituents purified from C. militaris on potent medicinal
and pharmaceutical properties of this ancient fungus should be further elaborated.
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methanolic extract of Cordyceps militaris (L.) Link fruiting body shows antioxidant, antibacterial, antifungal
and antihuman tumor cell lines properties. Food Chem. Toxicol. 2013, 62, 91–98. [CrossRef]

24. Chen, R.; Jin, C.; Li, H.; Liu, Z.; Lu, J.; Li, S.; Yang, S. Ultrahigh pressure extraction of polysaccharides from
Cordyceps militaris and evaluation of antioxidant activity. Sep. Purif. Technol. 2014, 134, 90–99. [CrossRef]

25. Dong, C.H.; Yang, T.; Lian, T. A Comparative study of the antimicrobial, antioxidant and cytotoxic
activities of methanol extracts from fruit bodies and fermented mycelia of caterpillar medicinal mushroom
Cordyceps militaris (Ascomycetes). Int. J. Med. Mushrooms 2014, 16, 485–495. [CrossRef] [PubMed]

26. Cheng, Y.W.; Chen, Y.I.; Tzeng, C.Y.; Chen, H.C.; Tsai, C.C.; Lee, Y.C.; Lin, J.G.; Lai, Y.K.; Chang, S.L. Extracts
of Cordyceps militaris lower blood glucose via the stimulation of cholinergic activation and insulin secretion
in normal rats. Phytother. Res. 2012, 26, 1173–1177. [CrossRef] [PubMed]

27. Kapoor, N.; Saxena, S. Xanthine oxidase inhibitory and antioxidant potential of Indian Muscodor species.
3 Biotech 2016, 6, 1–6. [CrossRef]

28. Nguyen, M.T.T.; Awale, S.; Tezuka, Y.; Le Tran, Q.; Watanabe, H.; Kadota, S. Xanthine oxidase inhibitory
activity of Vietnamese medicinal plants. Biol. Pharm. Bull. 2004, 2, 1414–1421. [CrossRef]

29. Yong, T.; Zhang, M.; Chen, D.; Shuai, O.; Chen, S.; Su, J.; Chunwei, J.; Delong, F.; Xie, Y. Actions of
water extract from Cordyceps militaris in hyperuricemic mice induced by potassium oxonate combined with
hypoxanthine. J. Ethnopharmacol. 2016, 194, 403–411. [CrossRef] [PubMed]

102



Medicines 2019, 6, 20

30. Liu, F.; Deng, C.; Cao, W.; Zeng, G.; Deng, X.; Zhou, Y. Phytochemicals of Pogostemon cablin (Blanco) Benth.
aqueous extract: Their xanthine oxidase inhibitory activities. Biomed. Pharmacother. 2017, 89, 544–548. [CrossRef]

31. Santi, M.D.; Paulino Zunini, M.; Vera, B.; Bouzidi, C.; Dumontet, V.; Abin-Carriquiry, A.; Grougnet, R.;
Ortega, M.G. Xanthine oxidase inhibitory activity of natural and hemisynthetic flavonoids from Gardenia
oudiepe (Rubiaceae) in vitro and molecular docking studies. Eur. J. Med. Chem. 2018, 143, 577–582. [CrossRef]
[PubMed]

32. Zhan, Y.; Dong, C.; Yao, Y. Antioxidant activities of aqueous extract from cultivated fruit-bodies of Cordyceps
militaris (L.) Link in vitro. J. Integr. Plant Biol. 2006, 48, 1365–1370. [CrossRef]

33. Yu, R.; Yang, W.; Song, L.; Yan, C.; Zhang, Z.; Zhao, Y. Structural characterization and antioxidant activity of
a polysaccharide from the fruiting bodies of cultured Cordyceps militaris. Carbohydr. Polym. 2007, 70, 430–436.
[CrossRef]

34. Fengyao, W.; Hui, Y.; Xiaoning, M.; Junqing, J.; Guozheng, Z.; Xijie, G.; Zhongzheng, G. Structural
characterization and antioxidant activity of purified polysaccharide from cultured Cordyceps militaris. Afr. J.
Microbiol. Res. 2011, 5, 2743–2751. [CrossRef]

35. Chen, X.; Wu, G.; Huang, Z. Structural analysis and antioxidant activities of polysaccharides from cultured
Cordyceps militaris. Int. J. Biol. Macromol. 2013, 58, 18–22. [CrossRef] [PubMed]

36. Dzotam, J.K.; Touani, F.K.; Kuete, V. Antibacterial activities of the methanol extracts of Canarium schweinfurthii
and four other Cameroonian dietary plants against multi-drug resistant Gram-negative bacteria. Saudi J. Biol.
Sci. 2016, 23, 565–570. [CrossRef]

37. Chimnoi, N.; Reuk-ngam, N.; Chuysinuan, P.; Khlaychan, P.; Khunnawutmanotham, N.; Chokchaichamnankit, D.;
Thamniyom, W.; Klayraung, S.; Mahidol, C.; Techasakul, S. Characterization of essential oil from Ocimum
gratissimum leaves: Antibacterial and mode of action against selected gastroenteritis pathogens. Microb. Pathog.
2018, 118, 290–300. [CrossRef]

38. Mishra, M.P.; Rath, S.; Swain, S.S.; Ghosh, G.; Das, D.; Padhy, R.N. In vitro antibacterial activity of crude
extracts of 9 selected medicinal plants against UTI causing MDR bacteria. J. King Saud Univ. Sci. 2017, 29,
84–95. [CrossRef]

39. Mostafa, A.A.; Al-Askar, A.A.; Almaary, K.S.; Dawoud, T.M.; Sholkamy, E.N.; Bakri, M.M. Antimicrobial
activity of some plant extracts against bacterial strains causing food poisoning diseases. Saudi J. Biol. Sci.
2018, 25, 253–258. [CrossRef]

40. Umamaheswari, M.; AsokKumar, K.; Somasundaram, A.; Sivashanmugam, T.; Subhadradevi, V.; Ravi, T.K.
Xanthine oxidase inhibitory activity of some Indian medical plants. J. Ethnopharmacol. 2007, 109, 547–551.
[CrossRef]

41. Fukuta, M.; Xuan, T.D.; Deba, F.; Tawata, S.; Khanh, T.D.; Chung, I.M. Comparative efficacies in vitro of
antibacterial, fungicidal, antioxidant and herbicidal activities of momilatones A and B. J. Plant Interact. 2007,
2, 245–251. [CrossRef]

42. Elzaawely, A.A.; Xuan, T.D.; Tawata, S. Essential oils, kava pyrones and phenolic compounds from leaves
and rhizomes of Alpinia zerumbet (Pers.) B.L. Burtt. & R.M. Sm. and their antioxidant activity. Food Chem.
2007, 103, 486–494. [CrossRef]

43. Mikulic-Petkovsek, M.; Samoticha, J.; Eler, K.; Stampar, F.; Veberic, R. Traditional elderflower beverages: A
rich source of phenolic compounds with high antioxidant activity. J. Agric. Food Chem. 2015, 63, 1477–1487.
[CrossRef] [PubMed]

44. Andriana, Y.; Xuan, T.D.; Quan, N.V.; Quy, T.N. Allelopathic potential of Tridax procumbens L. on radish and
identification of allelochemicals. Allelopath. J. 2018, 43, 222–238. [CrossRef]

45. Xuan, T.D.; Yulianto, R.; Andriana, Y.; Khanh, T.D. Chemical profile, antioxidant activities and allelopathic
potential of liquid waste from germinated brown rice. Allelopath. J. 2018, 45, 1–12. [CrossRef]

46. Nile, S.H.; Park, S.W. Chromatographic analysis, antioxidant, anti-inflammatory and xanthine oxidase
inhibitory activities of ginger extracts and its reference compounds. Ind. Crops Prod. 2015, 70, 238–244.
[CrossRef]

47. Kapoor, N.; Saxena, S. Potential xanthine oxidase inhibitory activity of endophytic Lasiodiplodia pseudotheobromae.
Appl. Biochem. Biotechnol. 2014, 173, 1360–1374. [CrossRef]

48. Lin, K.W.; Chen, Y.T.; Yang, S.C.; Wei, B.L.; Hung, C.F.; Lin, C.N. Xanthine oxidase inhibitory lanostanoids
from Ganoderma tsugae. Fitoterapia 2013, 89, 231–238. [CrossRef]

103



Medicines 2019, 6, 20
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Abstract: Background: A diet rich in fruits and vegetables contributes to lowering the risk of chronic
diseases. The fruits of Malus x domestica are a rich dietary source of bioactive compounds, namely
vitamins and antioxidants, with recognized action on human health protection. Tuscany is known
for its rich plant biodiversity, especially represented by ancient varieties of fruit trees. Particularly
noteworthy are the many ancient Tuscan varieties of apple trees. Methods: Sugar quantification via
HPLC and spectrophotometric assays to quantify the antioxidant power and total polyphenol content
revealed interesting differences in 17 old varieties of Malus x domestica Borkh. recovered in Siena
(Tuscany). Results: The quantification of antioxidants, polyphenols, and the main free sugars revealed
that their content in the old fruits was often superior to the widespread commercial counterparts
(‘Red Delicious’ and ‘Golden Delicious’). Such differences were, in certain cases, dramatic, with
8-fold higher values. Differences were also present for sugars and fibers (pectin). Most ancient fruits
displayed low values of glucose and high contents of xylitol and pectin. Conclusions: The results
reported here suggest the possible use of ancient apple varieties from Siena for nutraceutical purposes
and draw attention to the valorization of local old varieties.

Keywords: Malus x domestica; Tuscany; ancient varieties; nutraceutics; antioxidants; polyphenols;
sugars; pectin

1. Introduction

The consumption of fruits and vegetables has beneficial effects on human health, as they contribute
to lowering the risk of chronic diseases and improve the immune system [1].

The fruits of Malus x domestica are consumed worldwide [2,3] and are a rich source of
phytochemicals (a.k.a. bioactive molecules that are plant metabolites with a biological effect) that
contrast oxidative damage and positively impact human health [4]. In particular, polymeric apple
proanthocyanidins contribute substantially to limiting lipid peroxidation and, therefore, oxidative
stress [5]. Apple oligomeric procyanidins also display anti-cancer properties: they have anti-mutagenic
effects, they modulate signal transduction pathways and they may even display epigenetic action [3,6].

The skins of apples contain pentacyclic triterpenes, which have anti-inflammatory effects [2].
Particularly noteworthy is the case of the triterpene-caffeates betulinic acid-3-cis-caffeic, betulinic
acid-3-trans-caffeic and oleanolic acid-3-trans-caffeic reported in the suberized skin tissues of the
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russeted fruits of ‘Merton Russet’ [7]. The consumption of apple fruits with skins, therefore, results in
a higher intake of bioactives, as well as of dietary fibers [8].

The concentration of bioactives varies in function of the apple fruit maturation stage and variety
(reviewed by [3]). We have recently reported on the rich repertoire of ancient varieties of both
herbaceous and woody plants of Tuscany. In particular, we have shown their nutraceutical values
by measuring the content of key bioactive molecules (flavonoids, anthocyanins, carotenoids) [9,10].
Ancient varieties of plants were cultivated in the past but have fallen out of agricultural interest
with the progressive development of cultivars meeting specific market needs, e.g., yield/key fruit
characteristics such as shape, size and color. Interestingly, such ancient varieties display a high content
of bioactive molecules (even superior than commercial counterparts) [9], as well as high adaptability
to exogenous stresses [11]. These features make them interesting for agronomical and nutraceutical
studies and as a source of interesting genetic characters to be used for breeding purposes.

Many of these ancient varieties have been recovered across Tuscany and, subsequently, included
in the regional germplasm bank through law 64/04 (recently reviewed by Berni and co-authors [11]).
The province of Siena in Tuscany has recovered many plants thanks to the actions supported by this
law, with the aim of protecting and propagating the old local germplasm.

We here investigate the antioxidant power, as well as the polyphenol, free sugar and pectin content
of 17 ancient apple fruits representing the biodiversity repertoire of Siena. We provide evidence of their
value for nutraceutical applications and promote the valorization, on a local scale, of ancient plants for
the diversification of the fruit market and their use in the daily diet as sources of functional molecules.

Locally-grown ancient varieties will contribute to the restoration of regional habitats and exploit
local resources, notably the soil (and associated microbial consortia). The products obtained by
locally-grown ancient varieties are fully traceable, can be used as functional foods and are obtained
with a “0 km” concept [9].

2. Materials and Methods

2.1. Fruit Collection

The fruits of 17 ancient apples (a pool of 3–4 fruits per biological replicate) were harvested during
the year 2014 from plants present in the experimental field “Il Campino”, a part of the Tuscan regional
germplasm bank, localized in Siena (43◦18′16”N 11◦22′32”E). Fruits were collected at the maximum
stage of maturation, i.e., between 30–40 days after flower anthesis. Our study included two commercial
varieties ‘Red Delicious’ and ‘Golden Delicious’ for comparison. After harvest, fruits were immediately
placed at −80 ◦C to block any metabolic processes. The ancient varieties studied here are: ‘Solaio’,
‘Campo Pianacce’, ‘Viale Casetta’, ‘Gialla Pianacce’, ‘Tre Colli’, ‘Ancaiano’, ‘Piatta Cantine’, ‘Filare Delle
Pianacce’, ‘Tocchi’, ‘Rossa Casetta’, ‘Ficareto’, ‘Rugginosa Delle Pianacce’, ‘Vecchio Pollaio’, ‘Strada
Pianacce’, ‘Podere Pianacce’, ‘Sotto Muro Casetta’, ‘Casolana’, ‘Red Delicious’, and ‘Golden Delicious’.

2.2. Extraction of Antioxidants and Phenolic Compounds

The extraction procedure was performed according to Berni et al. [12] following a previously
described method [13]. Fruits were analyzed in three independent biological replicates, as well as
three experimental replicates for each variety. Three grams of frozen fruits were added to 9.0 mL of
70% acetone and then homogenized using an Ultra-Turrax®T-25 basic (IKA®-Werke GmbH & Co.,
IKA, Staufen, Germany). The mixture was then sonicated for 20 min with an Elma Transsonic T 460/H
for 20 min and homogenized again to ensure complete tissue lysis. The final mixture was centrifuged
for 5 min at 12,000 rpm (centrifuge 5415D, Eppendorf®, Hamburg, Germany) and filtered through a
0.45 μm membrane to remove impurities.
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2.3. Evaluation of the Antioxidant Power

The ferric reducing antioxidant power (FRAP) assay was used to determine the antioxidant
capacity of the extraction solution [14]. The FRAP assay is a simple, commonly used method to evaluate
the antioxidant capacity of plant materials and, in particular, fruits [15,16]. Thaipong and colleagues
showed the simplicity, speed and high reproducibility of the FRAP method, as well as the highest
Pearson correlation value between total antioxidant compounds and total phenolic molecules [17].
The reduction of ferric to ferrous ions at low pH causes a colored ferrous-tripyridyltriazine (TPTZ)
complex. The FRAP reagent was freshly prepared as recently reported in Berni et al. [12] by mixing
2040 μL of sodium acetate 300 mM pH 3.6 to 200 μL of TPTZ 10 nM (Sigma Chemical, St. Louis,
MO, USA) and 200 μL of ferric chloride 20 mM. At the end, 20 μL of sample were added to the
FRAP reagent and then the solution was incubated for 1 h at 37 ◦C. The solutions were compared
to a previously prepared ferric chloride standard curve measured at 593 nm (UV-Vis instrument
Shimadzu UV Visible Recording Spectrophotometer UV 160, Shimadzu, Kyoto, Japan). The values
were expressed as micromole (μmol) of Fe2+ equivalents per gram of fresh weight (μmol Fe2+/g FW).

2.4. Evaluation of the Phenolic Content

The Folin–Ciocalteu method (F-C method) was performed for the phenolic content determination.
The method is described by Berni et al. [12]. Briefly, 0.5 mL of sample was added to 3.0 mL of distilled
water and 0.25 mL of F-C reagent (Sigma Chemical, St. Louis, MO, USA). Then, 0.75 mL of saturated
sodium carbonate and 0.95 mL distilled water was added to the mixture [18]. The solutions were
incubated for 30 min at 37 ◦C and measured at 765 nm. Results were compared to a previously prepared
gallic acid (GA; Sigma chemicals, St. Louis, MO, USA) standard curve. The total phenolic content was
expressed as milligrams of gallic acid equivalents per gram of fresh weight (mg GAE/g FW).

2.5. Evaluation of the Sugar Content

For quantification and calibration, a standard solution was prepared by dissolving D(+)-fructose,
D(+)-glucose, D(+)-sucrose, and poly-D-galacturonic acid methyl ester (to quantify soluble pectin
contents via HPLC, as detailed below) in water (Sigma-Aldrich, St. Louis, MO, USA, HPLC grade) for
five different concentration levels, viz. 50, 100, 500, 1000, 2500, and 5000 ppm. The sample preparations
and HPLC analyses were performed following the methods described by [19]. Five grams of frozen
fruits were dissolved in 10 mL of ultra-pure water, homogenized using an Ultra-Turrax and then
sonicated for 20 min. The mixture was homogenized once again and centrifuged at 4 ◦C at 12,000 rpm
for 10 min. The supernatant was filtered through a 0.45 μm membrane and then injected into the HPLC
loop. For the soluble sugar analysis, a Waters 600 pump E with refraction index detector 2410 was
used. The HPLC analysis was performed isocratically with the column Sugar Pak 1 (S5 μm, 250 mm ×
4.6 mm i.d.) in ultra-pure water under the following conditions: flow rate = 1.0 μL/min, data rate =
1 pps, run time = 15 min, gain = 1, column heater temperature = 35 ◦C, sample temperature = 5 ◦C,
pressure = 50 psi, nebulizer: heating (90%) and injection volume = 20.

2.6. Statistical Analysis

For each extract, three analytical measurements were performed and the final value was calculated
as an average for each sample. Three independent biological replicates were obtained from each variety
and the values were reported using the standard deviation (SD). A one-way ANOVA with a Tukey’s
post-hoc test was performed on log2 transformed values with IBM SPSS Statistics v19 (IBM SPSS,
Chicago, IL, USA). The Pearson correlation coefficient was calculated using a Pearson correlation
coefficient calculator (https://www.socscistatistics.com/tests/pearson/Default2.aspx).
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3. Results

3.1. Antioxidant Capacity

The antioxidant capacity values ranged from 97.13 μmol Fe2+/g FW to 5.85 μmol Fe2+/g FW in
the ancient apple varieties. The ‘Solaio’ variety reported the highest antioxidant concentration; also,
‘Campo Pianacce’ and ‘Viale Casetta’ varieties showed interesting values (48.79 and 36.29 μmol Fe2+/g
FW, respectively, as shown in Table 1). The values obtained for the commercial fruits were 13.51 μmol
Fe2+/g FW in ‘Red Delicious’ and 11.99 μmol Fe2/g FW in ‘Golden Delicious’. Interestingly, 12 out of
the 17 ancient varieties studied showed a content of antioxidants that was higher than the commercial
ones (Table 1).

Table 1. The table shows the values (±SD) of antioxidants (expressed as μmol Fe2+/g FW) and
polyphenols (expressed as mg GAE/g FW) in the ancient and commercial apples studied. Different
letters indicate statistically significant differences among values (p < 0.05).

Variety Name Total Antioxidants Total Polyphenols

Solaio 97.13 ± 4.94l 8.72 ± 2.46f

Campo Pianacce 48.79 ± 0.97k 2.25 ± 0.06e

Viale Casetta 36.29 ± 3.51j 1.87 ± 0.04de

Gialla Pianacce 28.34 ± 2.25ij 1.35 ± 0.07cde

Tre Colli 22.87 ± 0.58hi 0.88 ± 0.16cde

Ancaiano 19.90 ± 1.62gh 1.29 ± 0.08cde

Piatta Cantine 18.98 ± 1.12fgh 1.21 ± 0.03cde

Filare Delle Pianacce 18.47 ± 0.55fgh 4.25 ± 0.15e

Tocchi 18.15 ± 1.45fgh 1.86 ± 0.01de

Rossa Casetta 16.51 ± 0.85efg 0.67 ± 0.07abc

Ficareto 15.55 ± 1.56defg 1.09 ± 0.10cde

Rugginosa Delle Pianacce 14.81 ± 0.16cdef 0.80 ± 0.04bcd

Red Delicious 13.51 ± 0.35cde 0.26 ± 0.01a

Vecchio Pollaio 13.43 ± 1.74cde 1.10 ± 0.03cde

Strada Pianacce 13.29 ± 0.62bcde 0.66 ± 0.06abc

Golden Delicious 11.99 ± 0.89bcd 0.30 ± 0.01ab

Podere Pianacce 11.35 ± 1.13bc 0.74 ± 0.01bcd

Sotto Muro Casetta 9.98 ± 0.12b 0.60 ± 0.21abc

Casolana 5.85 ± 1.65a 0.59 ± 0.20abc

3.2. Total Phenolic Content

The highest polyphenol contents were found in the varieties ‘Solaio’ and ‘Campo Pianacce’
(8.72 mg GAE/g FW and 2.25 mg GAE/g FW shown in Table 1).

Interestingly, the commercial varieties showed the lowest values: 0.30 mg GAE/g FW for ‘Golden
Delicious’ and 0.26 mg GAE/g FW for ‘Red Delicious’ (Table 1). To evaluate the contribution of
polyphenols to the total antioxidant capacity, the Pearson correlation coefficient was calculated.
It showed a positive correlation (r = 0.8803).

3.3. Soluble Sugar and Pectin Contents

As shown in Table 2, the ancient varieties displayed different concentrations, both among
themselves and among the commercial ones. As expected, the most prominent soluble sugar in
apples was fructose. In the commercial varieties, this sugar was found at the highest concentrations
with approximately the same values (‘Golden Delicious’ 69.14 mg/g FW and ‘Red Delicious’ 64.46
mg/g FW). Notably, fructose was in high concentrations also in the ancient varieties ‘Tre Colli’,
‘Ficareto’ and ‘Strada Pianacce’ (63.58, 59.14, and 55.29 mg/g FW, respectively; Table 2), while in
‘Vecchio Pollaio’, and ‘Gialla Pianacce’, the lowest values were obtained (16.31 and 15.52 mg/g FW;

108



Medicines 2019, 6, 27

Table 2). Differently from fructose, the highest values of sucrose were measured in two ancient varieties:
‘Casolana’ with 61.34 mg/g FW and ‘Ficareto’ with 53.5 mg/g FW (Table 2).

Table 2. The table shows the values (±SD) of free sugars and pectin (expressed as mg/g FW) in the
ancient and commercial apples studied. Different letters indicate significant differences among values
(p < 0.05).

Variety Name Glucose Fructose Sucrose Xylitol Pectins

Solaio 30.72 ± 0.67l 48.45 ± 0.26f 13.13 ± 0.07b 13.70 ± 0.04k 19.72 ± 0.06l

Campo Pianacce 13.58 ± 0.15gh 43.30 ± 0.08e 16.96 ± 0.06c 3.72 ± 0.05f 13.41 ± 0.21i

Viale Casetta 31.69 ± 1.57l 51.98 ± 0.49g 33.36 ± 0.12i 13.68 ± 0.04k 4.26 ± 0.11ab

Gialla Pianacce 17.86 ± 0.28ij 15.52 ± 0.32a 20.38 ± 0.22e 2.61 ± 0.05d 4.34 ± 0.07b

Tre Colli 17.29 ± 0.34i 63.58 ± 0.51j 42.35 ± 0.31l 6.41 ± 0.32j 11.71 ± 0.25h

Ancaiano 20.54 ± 0.60k 43.59 ± 0.32e 20.19 ± 0.08e 5.47 ± 0.14i 11.86 ± 0.07h

Piatta Cantine 19.34 ± 0.34jk 49.66 ± 0.20f 11.96 ± 0.12a 1.01 ± 0.06a 9.11 ± 0.12f

Filare Delle Pianacce 12.94 ± 0.08fg 43.40 ± 0.32e 25.03 ± 0.13f 4.06 ± 0.09fg 13.51 ± 0.05i

Tocchi 13.49 ± 0.44g 51.68 ± 2.15g 41.34 ± 0.20k 4.91 ± 0.05hi 16.04 ± 0.09j

Rossa Casetta 11.93 ± 0.06f 51.98 ± 0.62g 33.31 ± 0.17i 13.79 ± 0.19k 4.05 ± 0.16a

Ficareto 9.82 ± 0.15e 59.14 ± 0.30i 53.57 ± 0.31m 4.77 ± 0.11h 17.06 ± 0.14k

Rugginosa Delle Pianacce 14.75 ± 0.16h 48.44 ± 0.29f 20.21 ± 0.04e 4.01 ± 0.07fg 12.15 ± 0.16h

Red Delicious 30.11 ± 0.42l 64.46 ± 0.48j 11.81 ± 0.03a 1.29 ± 0.09b 5.14 ± 0.12c

Vecchio Pollaio 8.54 ± 0.08d 16.31 ± 0.18b 26.55 ± 0.27h 3.14 ± 0.07e 15.31 ± 0.18j

Strada Pianacce 4.50 ± 0.26b 55.29 ± 0.29h 25.97 ± 0.07g 2.10 ± 0.07c 10.98 ± 0.16g

Golden Delicious 20.44 ± 0.79k 69.14 ± 0.36k 17.34 ± 0.17d 2.31 ± 0.14c 6.46 ± 0.26d

Podere Pianacce 5.37 ± 0.13c 49.68 ± 0.17f 32.75 ± 0.10i 2.27 ± 0.04c 17.38 ± 0.23k

Sotto Muro Casetta 9.31 ± 0.26e 35.44 ± 0.21d 37.63 ± 0.18j 4.28 ± 0.31g 7.06 ± 0.07e

Casolana 1.96 ± 0.09a 31.71 ± 0.23c 61.34 ± 0.18p 3.99 ± 0.03fg 9.32 ± 0.18f

Concerning glucose, the highest values were measured in ‘Viale Casetta’ (31.69 mg/g FW), ‘Solaio’
(30.72 mg/g FW) and ‘Red Delicious’ (30.11 mg/g FW) and the lowest was observed in ‘Casolana’
(1.96 mg/g FW). Commercial varieties resulted in much higher concentrations, as compared to most
ancient fruits, as reported in Table 2.

The HPLC analysis also showed a high concentration of xylitol in all the varieties studied (Table 2).
‘Rossa Casetta’, ‘Solaio’ and ‘Viale Casetta’ showed the highest xylitol contents (13.79, 13.70, and 13.68
mg/g FW, respectively) and 14 out of 17 ancient varieties displayed higher concentrations, as compared
to the commercial counterparts (‘Golden Delicious’ 2.31 mg/g FW and ‘Red Delicious’ 1.29 mg/g FW;
Table 2).

Finally, the chromatographic method used revealed the presence of fibers in overall high
concentration. In particular, pectins were detected. Fourteen out of 17 apple varieties showed
higher values than commercial ones, particularly ‘Solaio’, ‘Podere Pianacce’ and ‘Ficareto’ varieties
(19.72, 17.38, and 17.06 mg/g FW, respectively; Table 2). ‘Rossa Casetta’, ‘Viale Casetta’ and ‘Gialla
Pianacce’ reported instead the lowest values (4.05, 4.26, and 4.34 mg/g FW, respectively; Table 2).
The commercial apples ‘Red Delicious’ and ‘Golden Delicious’ displayed relatively low values of 5.14
and 6.46 mg/g FW, respectively (Table 2).

4. Discussion

Diet plays an important role in human health: the consumption of specific types of food (fruits
and vegetables) has been linked to the prevention of chronic diseases [20]. Functional foods, i.e., those
foods that have the added value of exerting a positive effect on health, are rich in nutraceuticals (mainly
phytochemicals produced by the plant secondary metabolism, such as the phenylpropanoid pathway),
which contribute towards mitigating problems related with, e.g., the gastrointestinal tract [21] and
prevent chronic diseases, such as type 2 diabetes [22]. The consumption of functional foods improves
the antioxidant and anti-inflammatory responses of the organism and helps fight cardiovascular
diseases and cancer [21].
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We here report on the nutraceutical content of 17 ancient apples from the province of Siena in
Tuscany and compare the values obtained with those measured in two commercial varieties. Twelve
of the 17 ancient fruits displayed antioxidant capacity values that were higher than the commercial
apples (Table 1) and, interestingly, a high Pearson coefficient was calculated when correlating the
antioxidant capacity with the total polyphenol contents. Polyphenols were found in higher quantities
in all the ancient apples here studied (Table 1).

The results presented show that the ancient apples from Siena have a remarkably interesting
antioxidant potential, which motivates their use as functional foods. As we recently discussed, the
valorization of ancient regional varieties grown by exploiting the local soil (and associated microbiota)
can greatly contribute to boosting the regional economy and favors the manufacture of fully traceable
products with a minimal C footprint [9]. The recovery of such historical fruit tree species diversifies, at a
local level, the consumers’ choice of fruits and also contributes to the restoration of regional habitats.

Our results are even more interesting if one considers the data about the sugars and fibers.
While the commercial fruits displayed among the highest glucose levels, some ancient varieties from
Siena, such as ‘Strada Pianacce’ and ‘Casolana’, had extremely low values (Table 2).

Carbohydrates are the main source of energy for the human body. They are, therefore, an essential
component of the diet, but a high intake can lead to various problems and diseases, such as
hyperglycemia and diabetes.

The apple fruit can provide sugars for about 12–18% of its weight [23]. Therefore, determining
the sugar classes contained is relevant for nutraceutics. The dominant sugar is fructose and its
concentrations were higher in the commercial fruits due to the culture conditions used (e.g., specific
fertilization regimes) to meet market demands of yield.

The overall lower presence of glucose in the ancient fruits indicates a potential value of the
Tuscan apples in hypoglycemic diets. The higher presence of xylitol in the ancient fruits confirms this,
since this sugar has a much lower glycemic index than sucrose and is metabolized independently of
insulin [24].

A further element in favor of the use of ancient Tuscan apples as functional foods is the content of
fibers (pectins): a diet rich in fibers has been associated with a reduced risk of colorectal cancer [25].
Pectins are interesting for their gelling and emollient properties and they are useful in the regulation of
intestinal functions, by preventing the reabsorption of bile acids, thus favoring their elimination [26].

The regional cultivation of ancient plants represents an innovative agricultural strategy relying on
the exploitation of local natural resources and has a beneficial agronomical impact from an ecological
standpoint. In order to cope with the progressive land loss observed in the last years [27] due to the
inexorable industrialization, plant varieties thriving in environments with minimal human input (i.e.,
fertilization, irrigation) are important resources [9,11].

In terms of sustainable agricultural development, wild lands with minimal human intervention
preserve the local microbiota which developed in equilibrium with the local microhabitat and soil
properties. Ancient plants have established a perfect synergistic relationship with the local microbiota
and soil and such a condition is likely contributing to the higher resilience to exogenous stresses
observed in these varieties.

Drought is a major environmental stress compromising agricultural production worldwide and
affecting the yield of crops. It is known that non-commercial plant varieties, such as landraces, show
enhanced drought tolerance (recently reviewed in [11]), thereby attracting much interest in terms of
optimized agricultural programs relying on less water input.

Last but not least, the high content of antioxidants of ancient plant varieties [9,12] can determine
a higher resistance to biotic stresses, thanks to the enhanced production of phenolics or terpenoids,
which have a protective effect against pests. This can favor a decrease in the use of pesticides. Therefore,
an agricultural management based on the cultivation of locally adapted ancient varieties contributes
not only to the preservation of the local biodiversity, but has also a beneficial ecological impact, since
less water and pesticides may be used.
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5. Conclusions

Our study confirms and strengthens the previously reported data on the nutraceutical value of
ancient Tuscan plant varieties. We provide here a case study on apples and show that the ancient fruits
recovered across the province of Siena represent a rich source of phenolics with antioxidant activity,
fibers and sugars with low glycemic index, notably xylitol. Their use in food products, either fresh
or processed, is interesting and such ancient apple fruits are an alternative (and in the case of some
varieties here analyzed) superior source of nutraceuticals and fibers. Future studies should aim at
characterizing, at a molecular level, the genes/enzymes acting in secondary metabolic pathways in
such ancient apple varieties.
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Abstract: Background: The phytochemical composition, antioxidant, cytotoxic, and antimicrobial
activities of a methanol extract from Glycyrrhiza glabra L. (Ge), a 50% ethanol (in water) extract
from Paeonia lactiflora Pall. (Pe), and a 96% ethanol extract from Eriobotrya japonica (Thunb.)
Lindl. (Ue) were investigated. Methods: The phytochemical profiles of the extracts were analyzed
by LC-MS/MS. Antioxidant activity was evaluated by scavenging 2,2-diphenyl-1-picrylhydrazyl
(DPPH) and 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) radicals and reducing
ferric complexes, and the total phenolic content was tested with the Folin–Ciocalteu method.
Cytotoxicity was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay in murine macrophage RAW 264.7 cells. Antimicrobial activity of the three plant
extracts was investigated against six bacterial strains with the broth microdilution method. Results:

Only Pe showed high antioxidant activities compared to the positive controls ascorbic acid and
(−)-epigallocatechin gallate (EGCG) in DPPH assay; and generally the antioxidant activity order was
ascorbic acid or EGCG > Pe > Ue > Ge. The three plant extracts did not show strong cytotoxicity
against RAW 264.7 cells after 24 h treatment with IC50 values above 60.53 ± 4.03 μg/mL. Ue was
not toxic against the six tested bacterial strains, with minimal inhibitory concentration (MIC)
values above 5 mg/mL. Ge showed medium antibacterial activity against Acinetobacter bohemicus,
Kocuria kristinae, Micrococcus luteus, Staphylococcus auricularis, and Bacillus megaterium with MICs
between 0.31 and 1.25 mg/mL. Pe inhibited the growth of Acinetobacter bohemicus, Micrococcus luteus,
and Bacillus megaterium at a MIC of 0.08 mg/mL. Conclusions: The three extracts were low-cytotoxic,
but Pe exhibited effective DPPH radical scavenging ability and good antibacterial activity; Ue did not
show antioxidant or antibacterial activity; Ge had no antioxidant potential, but medium antibacterial
ability against five bacteria strains. Pe and Ge could be further studied for their potential to be
developed as antioxidant or antibacterial candidates.

Keywords: TCM; phytochemistry; LC-MS/MS; antioxidant activity; ABTS; DPPH; FRAP; ascorbic
acid; EGCG; total phenolics; antimicrobial activity

1. Introduction

Traditional Chinese medicine (TCM) has a history of thousands of years in China. The first
professional TCM book was Shen Nong’s Chinese Materia Medica written in the Eastern Han Dynasty
(AD 25–220), but before that time, people already had records of plants used as medicines. With time
and the development of their practical uses, the types of traditional medicines and books about them
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increased gradually. TCM and the secondary metabolites of TCM plants, such as the anti-malarial drug
artemisinin, have been used to treat various diseases and become more and more popular in the world,
based on modern pharmacological studies [1]. In vitro antioxidant activities of extracts of TCM plants
have been widely studied and the strong antioxidant activity of many TCM plants has been found to
be due to high phenolic contents (flavonoids, phenolic acids, lignans, tannins, coumarins, etc.) [2,3].

Aerobic metabolism is important for most cells to produce energy. This process generates free
oxygen radicals or reactive oxygen species (ROS). Excessive generation of ROS may lead to oxidative
chain reactions and thus an imbalance of oxidants and antioxidants in the body, and can cause
molecular damage and several health conditions [4–6]. For example, ROS can oxidize the purine base
guanosine, leading to 8-oxoguanosine; if not repaired, this transformation can lead to mutations and
proteins with impaired functions. Antioxidants (present in cells or acquired via food or medicinal
plants) can delay or inhibit the oxidative reactions or scavenge initiating radicals, thus limiting the
oxidative damage [7,8]. The role of antioxidants can be determined by their interaction with oxidative
free radicals [9]. A diversity of antioxidants is produced in plants, and phenolics constitute a major
antioxidant group in many medicinal and food plants [10,11].

Glycyrrhiza glabra is one of the most frequently used traditional medicine in China and Europe
since long ago [12,13]; Paeonia lactiflora is often used together with G. glabra to enhance the therapeutic
effect, for example, in the prescription “Shaoyaogancaotang” [14,15]; one of the main secondary
metabolite in Eriobotrya japonica, the triterpene ursolic acid, has a similar structure as 18β glycyrrhetinic
acid, which is a major secondary metabolite in G. glabra. So, the three plant extracts were studied
in order to compare their pharmacological effects. The species have been introduced before in
Reference [16].

A methanol extract of Glycyrrhiza glabra (Ge), a 50% ethanol (in water) extract of Paeonia lactiflora
(Pe), and a 96% ethanol extract of Eriobotrya japonica (Ue) were studied for their antioxidant activity
as well as cytotoxicity and antimicrobial activity. The solvents for the extraction were optimized
according to the literature [17–19]. Few studies on the antioxidant activity of these species had been
conducted, or only one kind of antioxidant assay was applied; and it would also be interesting to
study the antibacterial capacity of the species on different bacteria to broaden their future application.
Our study may help to evaluate the therapeutic potential of the species.

The phytochemical composition of the extracts was studied by LC-MS/MS and largely confirmed
from other laboratories (shown in Tables S1–S4 in the Supplementary Materials). We employed
three different assays (DPPH, ABTS, and Ferric Reduction Antioxidant Potential (FRAP) assay) to
examine the potential antioxidant activity of the three plant extracts, the Folin–Ciocalteu method
to determine the total phenolic contents, and a MTT assay to determine a possible cytotoxicity
against murine macrophage RAW 264.7 cells. Antimicrobial activity of the three plant extracts against
gram-negative (E. coli XL1-Blue MRF′, Acinetobacter bohemicus) and gram-positive (Kocuria kristinae,
Micrococcus luteus, Staphylococcus auricularis, and Bacillus megaterium) bacteria was analyzed using
standard broth microdilution assays.

2. Materials and Methods

2.1. Plant Materials and Plant Extraction

The origins of the three TCM plants, and the extraction processes of Ge, Pe, and Ue have previously
been described [16].

2.2. Reagents and Chemicals

Ascorbic acid and ferric chloride were purchased from AppliChem (Darmstadt, Germany),
and gallic acid from Ferak Berlin (Berlin, Germany). Formic acid and Folin–Ciocalteu were
obtained from Merck (Darmstadt, Germany), ampicillin from Panreac AppliChem (Darmstadt,
Germany), and acetonitrile, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-triazine
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(TPTZ), 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), Trolox, (−)-epigallocatechin
gallate (EGCG), doxorubicin, ciprofloxacin, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) from Sigma-Aldrich (Darmstadt, Germany). The reference substances paeoniflorin
and ursolic acid were obtained from Baoji Herbest Bio-Tech (Baoji, China).

2.3. Cell Lines and Bacterial Strains

Murine macrophage cell line RAW 264.7 was a gift from PD Dr. Katharina Kubatzky (Medical
Microbiology and Hygiene, Heidelberg University, Heidelberg, Germany). Acinetobacter bohemicus DSM
102855, Kocuria kristinae DSM 20032 (formerly known as Micrococcus kristinae), Micrococcus luteus DSM
20030 (synonym Micrococcus lysodeikticus), Staphylococcus auricularis DSM 20609, and Bacillus megaterium
DSM 32 were purchased from the German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). E. coli XL1-Blue MRF′ is a cloning strain from Stratagene
(Heidelberg, Germany).

2.4. LC-MS/MS Analysis

For Ge, the LC-MS/MS analysis was performed on a Thermo Finnigan LCQ Advantage ion
trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA) with an ESI source, coupled to a
Thermo Scientific Accela HPLC system (MS pump plus, autosampler, and PDA detector plus) (Thermo,
San Jose, CA, USA) with an EC 150/2 Nucleodur 100-3 C18ec column (Macherey-Nagel, Düren,
Germany). A gradient of water and acetonitrile (ACN) with 0.1% formic acid each for ESI+ and
ESI-mode was applied from 20% to 80% ACN in 20 min at 20 ◦C. The flow rate was 0.3 mL/min.
The injection volume was about 25 μL. The MS was operated with a capillary voltage of 10 V (ESI+) or
−10 V (ESI-), source temperature of 240 ◦C, and high purity nitrogen as a sheath and auxiliary gas at a
flow rate of 70 and 10 (arbitrary units), respectively.

For Pe and Ue, the LC-MS/MS analysis was performed on a Finnigan LCQ-Duo ion trap mass
spectrometer with an ESI source (ThermoQuest, San Jose, CA, USA), coupled to a Thermo Scientific
Accela HPLC system (MS pump plus, autosampler, and PDA detector plus) (Thermo, San Jose,
CA, USA) with an EC 150/3 Nucleodur 100-3 C18ec column (Macherey-Nagel, Düren, Germany).
A gradient of water and ACN with 0.1% formic acid each was applied for Pe from 5% to 40% ACN in
100 min at 30 ◦C and for Ue from 5% to 80% ACN in 60 min and to 95% in another 30 min at 30 ◦C.
The flow rate was 0.5 mL/min. The injection volume was about 20 μL. The MS was operated with a
capillary voltage of 10 V (ESI+) or -10 V (ESI-), source temperature of 240 ◦C, and high purity nitrogen
as a sheath and auxiliary gas at a flow rate of 80 and 40 (arbitrary units), respectively.

In all measurements, the ions were detected in a mass range of 50–2000 m/z. A collision energy
of 35% was used in MS/MS for fragmentation. Data acquisitions and analyses were executed by
XcaliburTM 2.0.7 software (Thermo Scientific, Karlsruhe, Germany). For compound determination in
Ge, the positive and negative modes were used, and for Pe and Ue only the negative mode.

2.5. DPPH Radical Scavenging Assay

The stable free radical DPPH•, shows a deep violet color in solutions and has a strong absorption
at 517 nm. When an odd electron is paired off by an antioxidant, the deep violet color disappears.
The decrease in absorption is a measure for antioxidant activity [20]. The procedure was modified
from Brand-Williams et al. [21]. In a 96-well plate, 100 μL of 0.2 mM DPPH• in methanol was
added to 100 μL serial-diluted plant extracts and allowed to react for 30 min in darkness at ambient
temperature. Ascorbic acid and EGCG were used as positive controls. The absorption was read
spectrophotometrically at 517 nm with a Tecan Nano Quant infinite M200 PRO Plate Reader (Tecan,
Männedorf, Switzerland). Results are expressed as EC50 (the concentration where 50% of the DPPH
radical is inhibited). The calculation equation is:
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% inhibition = (AB − AE)/AB × 100

where AB and AE are the absorptions in the absence and presence, respectively, of antioxidant
substances (plant extracts).

2.6. Assay of Trolox-Equivalent Antioxidant Capacity (TEAC)/ABTS assay

The ABTS radical (ABTS+•) shows a blue-green color and displays absorption at 734 nm. When
a pre-formed free radical ABTS+• reacts with electrons donated by an antioxidant, the color and
absorption are decreased and compared with that of the standard antioxidant compound Trolox,
a water-soluble vitamin E analog [22]. The procedure is according to Pietta et al. [23]. In total, 7 mM
ABTS was mixed with 2.45 mM potassium persulfate in de-ionized water and the mixture was put in
darkness at ambient temperature for 12–16 h to make the ABTS+• stock solution. The ABTS+• stock
solution was diluted with water to obtain the working solution, which should have an absorption
of 0.7 (± 0.02) at 734 nm. In 96-well plates, 250 μL of ABTS+• working solution was added to 50 μL
serial-diluted plant extracts or Trolox. Trolox (0–40 μM) in 100% ethanol was used to make a standard
curve. The plates were incubated at 37 ◦C in darkness for 6 min and the absorption was read at 734 nm
with Tecan Nano Quant infinite M200 PRO Plate Reader. Ascorbic acid and EGCG were used as
positive controls. Results were compared with Trolox and expressed as TEAC (Trolox equivalents in
mM Trolox/mM test substance).

2.7. Assay of the Ferric Reduction Antioxidant Potential (FRAP)

In the FRAP assay, the trivalent ferric ion complex (Fe3+ - TPTZ) is reduced by reducing agents or
antioxidants under acidic conditions, to a complex of divalent ferrous ion (Fe2+ - TPTZ), which shows
a blue color and has a peak of absorption at 593 nm [24]. The procedure was performed according
to Benzie et al. [25]. Briefly, the FRAP reagent was prepared by mixing 10 mM of TPTZ in 40 mM
of hydrogen chloride, 300 mM of acetate buffer (pH 3.6), and 20 mM of ferric chloride in water at
a ratio of 1:10:1. In 96-well plates, 175 μL FRAP reagent solution was added to 25 μL serial-diluted
substances or ferrous sulfate standards in water. The plates were incubated at 37 ◦C in darkness for
7 min and the absorption was measured at 593 nm with Tecan Nano Quant infinite M200 PRO Plate
Reader. The results are expressed by comparison with the standard ferrous ion to obtain the ferrous
equivalent, FE (mmol Fe2+/g test substance).

2.8. Total Phenolic Content Tested by the Folin–Ciocalteu Method

The colorimetric Folin–Ciocalteu method was modified from Swain et al. [26]. The final product
from the reaction of the Folin–Ciocalteu method shows a blue color and can be recorded at 750 nm [27].
In total, 100 μL of Folin–Ciocalteu reagent was added to 20 μL of the plant extracts and the standard
gallic acid in methanol in a 96-well plate. After 5 min, 80 μL of 7.5% sodium carbonate was added
to each well. The plate was allowed to stand in darkness at ambient temperature for 2 h before the
absorption was read at 750 nm with Tecan Nano Quant infinite M200 PRO Plate Reader. The standard
curve was made with gallic acid (final concentration 0–40 μg/mL). The total phenolic content was
compared with gallic acid to obtain the GAE (gallic acid equivalents in mg gallic acid/g test substance).

2.9. Cell Culture and Cytotoxicity Assay

RAW 264.7 cells were cultured in DMEM supplemented with 10% FBS, 100 U/mL
penicillin-streptomycin and 2 mM L-glutamine, and incubated at 37 ◦C with 5% CO2. The MTT
assay was modified from Mosmann [28]. A density of 6 × 104 RAW 264.7 cells was seeded in a 96-well
plate and incubated at 37 ◦C for 24 h. Different concentrations of a substance dissolved in media were
added to the cells for an 24 h incubation. The media were removed, and media containing 0.5% MTT
were added into every well and further incubated for 2–4 h at 37 ◦C. Finally, after centrifuging the
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plate at 400 rpm for 10 min, the absorption was read at 570 nm with the Tecan Nano Quant infinite
M200 PRO Plate Reader. The chemotherapeutic agent doxorubicin was used as a positive control.

2.10. Determination of Minimum Inhibitory Concentrations (MIC) and Minimum Bactericidal Concentrations
(MBC) by Broth Microdilutions

Broth microdilution was carried out in accordance with CLSI [29]. The plant extract was dissolved
in DMSO and then serial diluted with MHB from 10 mg/mL to 0.0048 mg/mL in triplicate in a 96-well
plate. The final concentration of DMSO in the test did not exceed 5%. The bacterial suspensions
were added to the plate to yield 5 × 105 cfu/mL. The plates were incubated at 37 ◦C for 20 h.
The lowest concentration of plant extract in the well with no visible turbidity was considered the MIC.
To determine the minimum bactericidal concentration, 3 μL of suspensions from the clear wells were
spread out on an LB agar plate and incubated at 37 ◦C until sufficient growth was obtained. The lowest
concentration that reduced the number of viable cells of the initial inoculum to <0.1% was regarded as
the MBC. MHB media, 5% DMSO, ampicillin, ciprofloxacin, and bacterial suspensions were used as
controls, respectively.

2.11. Statistical Analysis

Data analysis was carried out with GraphPad Prism 6 (Graphpad Software, San Diego, CA, USA),
and SigmaPlot®11.0 (Systat Software, San Jose, CA, USA). Results were expressed as the mean ± SD.
Statistical significance was evaluated using t-test and significance was set at p < 0.05. All experiments
were performed independently at least three times.

3. Results

3.1. LC-MS/MS Analysis of Glycyrrhiza glabra Extract

As we can see from Figure 1 and Table 1, several secondary metabolites have been identified by
LC-MS/MS analysis from Glycyrrhiza glabra, among which glycyrrhizic acid and (iso)liquiritin apioside
isomers are the most abundant compounds.

 

(a)

(b)

Figure 1. The photodiode array chromatogram (PDA) (a) and the total ion current (TIC) (b) of the
G. glabra extract. The compounds listed in Table 1 correspond to the retention times of the TIC.
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Table 1. Retention times (RT), MS data, and tentatively identified compounds in the G. glabra extract.

RT
(min)

[M-H]−
(m/z)

MS/MS (m/z) from
[M-H]−

[M-H]+

m/z
MS/MS (m/z) from
[M+H]+

PDA λmax

[nm]
Tentative
Identification

References

2.78 563.29 353.19; 443.13; 473.12;
503.16 565.07

409.11; 427.05; 445.06;
457.03; 481.05; 499.03;
511.04; 528.96; 546.95

217; 274;
334 rhamnoliquiritin [30]

3.39 577.31
353.21; 383.21; 439.18;
457.14; 473.19; 503.09;
559.26

579.18 423.07; 441.03; 525.04;
542.95; 560.91

217; 272;
331 isoviolanthin [30,31]

3.78 549.59 255.12; 297.14; 429.11 551.11 388.11 217; 270;
314

liquiritin
apioside isomer [30,32]

257.21 136.97; 146.94; 238.98 source fragment

419.13 256.94; 296.73; 364.73;
399.87 source fragment

3.99 549.43 255.09; 297.17; 417.23;
429.12

551.16 313.29; 388.11 227; 276;
311

liquiritin
apioside isomer [30,32]

419.05 257.01 source fragment

257.21 136.96; 147.03; 238.97 source fragment

4.28 417.26 n.d. 418.94 257.01 217; 276;
309 liquiritin [30,32]

257.17 136.96; 147.03; 238.97 source fragment

5.86 549.43 n.d. 551.13 n.d. 219; 360 isoliquiritin
apioside isomer [30,32]

6.05 549.36 n.d. 551.14 n.d. 220; 365;
380

isoliquiritin
apioside isomer [30,32]

6.28 695.42 531.22; 549.17 431.13 269.10 218; 262;
307

licorice
glycoside
isomer

[30]

6.51 695.33 531.18; 549.18 697.26 668.04 220; 282;
316

licorice
glycoside
isomer

[30]

725.29 255.32; 416.95; 531.21;
549.18

727.21 549.09; 726.16
licorice
glycoside
isomer

[30]

6.59 417.16 255.09 419.15 257.01 217; 297;
371 isoliquiritin [30,32]

7.54 983.63 820.91 985.43 n.d. 216 licorice saponin
A3 [30,32,33]

7.78 695.30 n.d. 697.1 516.49 218; 325;
362

licorice
glycoside
isomer

[30]

725.28 n.d. 727.03 549.09; 726.16
licorice
glycoside
isomer

[30]

9.49 837.52 530.89; 661.45 839.24 663.02; 761.61 215 licorice saponin
G2 [30,32,33]

1675.47 837.42 - - dimer

10.25 821.75 351.07; 759.49 823.31 n.d. 217; 250 glycyrrhizic acid [30,32,33]

1643.72 821.6 1645.69 n.d. dimer

10.91 821.67 n.d. 823.31 n.d. 217; 245 probably
saponin

pers. com.
PW

11.19 821.54 351.12 823.13 n.d. 216; 369 probably
saponin

pers. com.
PW

11.59 822.91 351.06; 646.57; 803.97 825.15 n.d. 216 licorice saponin
J2 [30,32,33]

16.17 407.15 n.d. 409.07 203.03; 204.98; 247.05;
363.06; 391.00 217; 280 3-hydroxyglabrol [30]

17.81 391.28 n.d. 393.08 204.97; 337.00 216; 282 glabrol [30]

782.92 n.d. dimer

n.d. not detectable. Fragments shown in bold are the main fragments.
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3.2. LC-MS/MS Analysis of Paeonia lactiflora Extract

As shown in Figure 2 and Table 2, several compounds have been identified in the Paeonia lactiflora
extract by LC-MS/MS analysis. Among them, paeoniflorin, galloylpaeoniflorin isomer, probably
oxypaeoniflorin, and compounds related to pentagalloyl glucose and to benzoyloxypaeoniflorin are
the abundant secondary metabolites.

(a)

(b)

NL: 5.61E5 
Total Scan PDA 
P. lactiflora H2O 
0.1%FA_neg_100 min 
_5-50ACN 

NL: 9.66E7 
TIC F: -c ESI Full ms 
[50.00-2000.00] MS 
P. lactiflora H2O 
0.1%FA_neg_100 min 
_5-50ACN 

Figure 2. The photodiode array chromatogram (PDA) (a) and the total ion current (TIC) (b) of the
P. lactiflora extract. The compounds listed in Table 2 correspond to the retention times of the TIC.

Table 2. Retention times (RT), MS data, and tentatively identified compounds in the P. lactiflora extract.

RT
(min)

[M-H]−
(m/z)

MS/MS (m/z)
PDA λmax
(nm)

Tentative
Identification

References

4.63 169.11 125.22; 126.38; 169.12 250 gallic acid [34]

338.62 169.12; 253.11; 291.91; 320.43; 339.05 gallic acid
[2M-CO2-H]− pers. com. BW

6.27 493.26* 169.18; 241.14; 283.26; 313.13; 331.04; 403.13 230; 273 galloylsucrose
isomer [35]

986.96 Nl

6.97 493.24* 211.22; 271.12; 313.16; 331.04; 384.22; 433.14;
475.58 230; 273 galloylsucrose

isomer [35]

986.98 Nl

7.32 493.19* 169.25; 271.45; 313.17; 331.04; 389.98; 449.02 230; 274 galloylsucrose
isomer [35]

986.88 Nl
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Table 2. Cont.

RT
(min)

[M-H]−
(m/z)

MS/MS (m/z)
PDA λmax
(nm)

Tentative
Identification

References

9.68 483.19 150.90; 169.14; 193.34; 223.18; 271.10; 295.22;
313.12; 331.11; 426.15 230; 273 digalloyl glucose [36]

21.17 495.22 177.12; 299.13; 333.19; 387.11; 447;06; 465.17;
477.11 227; 253 probably

oxypaeoniflorin [37]

27.50 525.03 196.34; 213.42; 283.35; 317.24; 357.38; 391.56;
435.70; 475.77; 479.07; 524.58

221; 237;
273 albiflorin [38]

29.28 197.17 124.32; 141.56; 153.01; 169.18; 197.16 231; 272 probably ethyl
gallate [36]

394.72 -

30.14 635.1 207.31; 234.79; 313.09; 358.75; 465.13; 483.14;
524.23; 566.84; 589.17 233; 276 trigalloyl glucose [36]

30.53 449.04 165.01; 179.34; 205.10; 261.31; 282.87; 309.03;
326.95; 398.60; 431.13 243; 274 peaoniflorin

[M-CH2O-H]− Standard

479.04 149.09; 177,10; 248.83; 267.08; 309.08; 326.98;
355.61; 356.96; 432.93; 449.16; 460.71; 477.94 paeoniflorin [M-H]− [36,39]

525.01 176.88; 282.89; 327.09; 356.85; 449.01; 476.31;
478.83; 494.01; 506.96

paeoniflorin
[M+HCOOH-H]− [37,38]

32.08 463.24 301.30; 343.04; 394.94; 445.33; 463.25 253; 361;
280

visculdulin I
2′-glycoside [38]

39.69 787.17** 295.17; 447.22; 465.33; 483.29; 617.32; 635.17 232; 277 probably tetragalloyl
glucose isomer [36]

40.29 611.22 301.30; 343.35; 385.33; 427.35; 445.21 232; 272

40.93 477.22 160.70; 300.45; 315.12; 357.02; 408.88 227; 253;
360

probably related to
isorhamnetin
7-O-glucoside

[36]

41.36 301.31 145.14; 185.44; 229.47; 257.47; 301.33 249; 367

509.10 202.99; 254.25; 314.06; 372.80; 440.82;
463.22; 480.12

787.13** 295.23; 403.40; 465.43; 530.46; 573.46; 617.18;
635.14; 679.31; 719.88

probably tetragalloyl
glucose isomer [36]

42.74 631.25 271.16; 313.23; 399.30; 465.30; 479.28; 491.23;
509.22; 585.17; 613.18

234; 274 gallylpaeoniflorin
isomer [35–37,39,40]

47.77 939.11 277.04; 341.21; 385.21; 447.13; 511.35; 573.25;
599.15; 617.19; 725.13; 769.12; 787.03

234; 269 probably related to
pentagalloyl glucose [36]

48.49 615.18 239.29; 263.04; 281.22; 401.27; 431.23; 447.22;
459.26; 477.22; 495.21; 567.13; 585.16; 597.17

232; 275 mudanpioside H [36]

61.98 599.26 241.29; 281.46; 333.31; 385.39; 403.06; 429.22;
447.51; 459.42; 477.31; 569.17; 581,12 233; 274 probably related to

benzoyloxypaeoniflorin [39]

1394.92
599.23; 937.97; 970.98; 1090.82; 1126.36;
1165.39; 1241.78; 1257.75; 1309.67;
1318.90; 1336.64

73.24 628.99 552.66; 582.88 239; 274 probably related to
benzoylpaeoniflorin [37,39]

1212.42 876.29; 1067.88

* isomers; ** related; nl: neutral loss. Fragments shown in bold are the main fragments.

3.3. LC-MS/MS Analysis of Eriobotrya japonica Extract

As shown in Figure 3 and Table 3, several main compounds (ursolic acid and nerolidol-
trirhamnopyranosyl-glucopyranoside or loquatifolin A or 6,7-trans-nerolidol-trirhamnopyranosyl-
glucopyranoside, etc.,) have been identified in the Eriobotrya japonica extract by LC-MS/MS analysis.

120



Medicines 2019, 6, 43

Table 3. Retention times (RT), MS data, and tentatively identified compounds in the E. japonica extract.

RT (min)
[M-H]−
(m/z)

MS/MS (m/z)
PDA λmax
(nm)

Tentative Identification References

11.05 352.96 110.40; 143.67; 179.20; 191.20;
284.50; 312.26

234; 295;
325 probably chlorogenic acid [41]

420.95 259.61; 301.23; 331.19; 343.20; 352.64;
360.36; 375.14; 385.20; 392.55; 403.15 n.c.

17.18
(16.48–17.26) 463.17

151.00; 179.09; 190.34; 221.17; 255.30;
271.50; 300.25; 301.16; 325.03; 343.10;
373.35; 400.93; 418.54; 445.14

234; 347 hyperoside or isoquercetin
isomers [42,43]

547.19 220.44; 292.64; 310.81; 384.91; 437.90;
478.82; 500.58; 515.88 n.c.

593.04 255.34; 284.19; 327.19; 411.21; 429.21;
447.18; 473.09; 565.32 n.c.

855.43 417.31; 545.16; 563.31; 691.43; 709.34;
735.38; 864.27 n.c.

901.14 299.82; 439.19; 610.71; 721.14; 763.80;
854.33; 914.59 n.c.

28.12 821.37 511.74; 529.60; 657.60; 675.39; 721.14;
766.16

221; 234;
280

(trans)nerolidol-
trirhamnopyranosyl-
glucopyranoside or
loquatifolin A

[44]
(compound 1 or 4)

867.12 596.27; 675.92; 690.31; 721.42; 740.66;
786.99; 815.64; 820.05; 833.88 n.c.

1688.98 551.69; 696.87; 719.35; 821.28; 865.28;
881.05; 1275.89; 1396.00; 1541.66 n.c.

29.11 807.37 529.33; 661.43; 675.31
217; 234;
280 unknown new compound [44]

(compound 2)

853.02 350.34; 454.48; 503.33; 649.33; 731.12;
784.53; 809.49; 839.42; 853.53 n.c.

31.52 675.31 204.97; 307.09; 383.17; 467.33; 529.20;
574.81

221; 234;
283; 312

nerolidol-
dirhamnopyranosyl-
glucopyranoside

[44]
(compound 3 or 5)

721.21 490.37; 597.16; 675.29
[M+HCOO-H]− of 675.31
[M-H]− [44]

33.12-33.67 967.47

309.10; 351.25; 395.15;437.27; 511.25;
529.48; 579.22; 639.41; 657.34; 675.47;
717.98; 743.29; 761.35; 803.44; 821.38;
848.32; 865.41; 922.75; 945.31

334; 289;
323 n.c.

997.51

381.23; 467.03; 511.14; 529.05; 543.22;
567.25; 603.04; 657.15; 675.18; 697.48;
721.08; 773.26; 803.34; 821.36; 833.47;
915.25; 938.24

probably nerolidol–
rhamnopyranosyl-
rhamnopyranosyl–
(4-trans-feruloyl)-
rhamnopyranosyl–
glucopyranoside

[45]

1065.21 405.44; 513.91; 579.73; 675.96; 1020.72;
1033.32; 1041.27; 1057.41; 1067.28 n.c.

50.02 633.52 339.61; 469.47; 487.39; 513.48; 571.44;
589.50; 615.47; 633.50

219; 235;
310

probably
3-O-p-coumaroyltormetic
acid

[46]

1267.27 1102.55 n.c.

62.90 523.39 - 219; 235;
281

Usolic acid
(monomer adduct)* Standard

933.70 408.37; 455.50; 500.98; 584.57; 745.53;
870.99; 933.70

Usolic acid
[2M + Na+ -2H+]− Standard

1411.83 455.52; 501.44; 933.71; 1302.93;
1377.25; 1410.15

Usolic acid
[3M + 2Na+ -3H+]− Standard

1885.16 934.78; 1391.11; 1406.28; 1447.24;
1608.90; 1743.24; 1855.24

Usolic acid
[4M + 3Na+ -4H+]− Standard

All further mass peaks were assumed to be chlorophyll related, because of absorption maxima of 408 nm and higher.
n.c.: not classifiable. Fragments shown in bold are the main fragments.* Ursolic acid shows, instead of its monomer
ion (m/z 455.50 [M-H+]−), an unknown adduct combination (X) with m/z 523.39 [M+X-H+]− and forms additional
dimer, trimer, and tetramer adducts with Na+ ions.
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Figure 3. The photodiode array chromatogram (PDA) (a) and the total ion current (TIC) (b) of the
E. japonica. The compounds listed in Table 3 correspond to the retention times of the TIC.

3.4. Antioxidant Activities and Total Phenolic Contents

The antioxidant activity of the three plant extracts was determined and compared with the known
antioxidants ascorbic acid and EGCG. Results are shown in Table 4. The standard curve of Trolox in the
ABTS test, ferrous sulfate in FRAP, and gallic acid equivalents in the total phenol test are provided in
supplementary Figure S1. The positive control ascorbic acid showed the lowest EC50, i.e., the highest
scavenging effect in DPPH assay. Pe had an EC50 value close to ascorbic acid, but slightly higher,
meaning it had a slightly weaker antioxidant effect than ascorbic acid; however, this effect was not
significant in ABTS and FRAP assays. Ge and Ue did not show stark antioxidant capacity in the
three assays. The total phenolic contents analyzed by the Folin–Ciocalteu method are shown as GAE
(the phenolic content in 1 g dried sample is equivalent to the amount of gallic acid in mg). The more
phenolics in the plant extract, the stronger its antioxidant activity. Pe contained more total phenolics
than the Ue and Ge.

Table 4. The in vitro antioxidant capacity and total phenolic content of the plant extracts.

Plant Extracts
DPPH EC50

(μg/mL)
TEAC
(mM Trolox/mM)

FE
(mmol Fe2+/g)

GAE
(mg gallic acid/g)

Ascorbic acid 2.31 ± 0.01 6363.67 ± 32.37 14,268.44 ± 66.18 -

EGCG 9.20 ± 1.18 15,708.35 ± 54.72 25,318.57 ± 114.83 -

Glycyrrhiza glabra extract 116.17 ± 0.55 672.19 ± 5.06 477.42 ± 13.00 34.19 ± 2.07

Paeonia lactiflora extract 5.15 ± 0.05 2567.26 ± 32.83 3504.07 ± 51.07 323.19 ± 10.19

Eriobotrya japonica extract 35.50 ± 1.99 758.63 ± 5.23 1464.28 ± 8.32 131.32 ± 12.33

-: not tested; TEAC: Trolox equivalents in mM Trolox/mM test substance; FE: ferrous equivalents in mmol Fe2+/g
test substance; GAE: gallic acid equivalents in mg gallic acid/g test substance.

3.5. Cytotoxicity

The potential cytotoxicity (IC50 values) of the three plant extracts in RAW 264.7 cells were assessed.
The three plant extracts showed concentration-dependent inhibition of cell growth (data not shown),
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and they were not cytotoxic (with IC50 values between 60 and 100 μg/mL) compared to the positive
control doxorubicin and EGCG.

3.6. Antimicrobial Activity

The MIC and MBC of the three plant extracts against two gram-negative (E. coli XL1-Blue MRF′

and Acinetobacter bohemicus) and four gram-positive bacteria (Kocuria kristinae, Micrococcus luteus,
Staphylococcus auricularis, and Bacillus megaterium) are presented in Table 5. At the concentrations
tested, the three plant extracts varied considerably in their antimicrobial activity against the six bacterial
strains. Ue restrained the growth of bacteria at or above 5 or 10 mg/mL. Ge showed intermediate
antibacterial activity against all bacterial species (MIC between 0.31 mg/mL and 1.25 mg/mL), except
E. coli XL1-Blue MRF′ (MIC > 10 mg/mL). On the other hand, Pe inhibited the growth of Acinetobacter
bohemicus, Micrococcus luteus, and Bacillus megaterium at 0.08 mg/mL (Table 5). The control groups
(5% DMSO and bacterial suspensions) showed normal bacterial growth, meaning that the solvents did
not inhibit bacterial growth in any case.

Table 5. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
the three plant extracts.

Bacteria
MIC
MBC

Ampicillin
(μg/mL)

Ciprofloxacin
(μg/mL)

Glycyrrhiza glabra
Extract (mg/mL)

Paeonia lactiflora
Extract (mg/mL)

Eriobotrya japonica
Extract (mg/mL)

E. coli XL1-Blue
MRF′

MIC 8 0.03 >10 2.5 10

MBC 16 0.06 - 5 -

Acinetobacter
bohemicus

MIC 2 0.03 1.25 0.08 5

MBC 8 0.05 2.5 1.25 10

Kocuria kristinae
MIC 0.13 0.13 0.63 1.25 >10

MBC 0.25 0.5 1.25 2.5 -

Micrococcus luteus
MIC 0.25 0.5 0.31 0.08 10

MBC 2 2 1.25 0.63 -

Staphylococcus
auricularis

MIC 0.5 0.06 0.63 1.25 5

MBC 4 0.13 1.25 >10 10

Bacillus
megaterium

MIC 0.25 0.06 0.31 0.08 10

MBC 1 0.13 0.63 0.31 -

-: not detectable.

4. Discussion

Pe has a relatively high DPPH• scavenging activity, which is comparable to that of ascorbic acid.
This finding is in agreement with Lee et al. and Bae et al. [47,48]. Ge and Ue extracts were weaker
antioxidants in DPPH, ABTS, and FRAP assays. The results of Ge are in agreement with literature
data, in which the main plant secondary metabolites (PSMs) liquiritin, glycyrrhizin, and glycyrrhetinic
acid did not scavenge the DPPH• or the effects were not strong [49–51]. We also tested the effect of
glycyrrhizin on scavenging DPPH•, but the effect was negligible (data not shown).

Plant polyphenols usually exhibit good antioxidant properties [11,52–55]. In detail, the specific
structure of polyphenols enables them to donate hydrogen, delocalize electrons, quench singlet oxygen,
and react with free radicals [56,57]. E. japonica, the leaves of which contain polyphenols, was found
to possess a high degree of antioxidant activity and the radical scavenging activity of its seed extract
increased with the polyphenol content [58,59]. The difference of the antioxidant activity of E. japonica
between our results and the literature may be due to different solvents of the plant extracts. The three
methods used employ different mechanisms, but the reducing capacity of the three plant extracts
showed the same trend in the three assays (ascorbic acid or EGCG > Pe > Ue > Ge). Pe contained the
most phenolics and therefore showed probably the strongest antioxidant activity.
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Our previous study examined the cytotoxicity of the three plant extracts in the drug-resistant
cancer cell line CEM/ADR 5000 and Caco-2 compared to the sensitive cancer cell line CCRF-CEM and
HCT-116. The three plant extracts did not show strong cytotoxicity compared to the positive control
doxorubicin in sensitive and resistant cell lines [16]. This time, we showed that the three plant extracts
were not cytotoxic against a murine macrophage RAW 264.7 cell line, either. These results verify that
the traditional usage of these plants is safe and pave the way for their future usage.

Plant extracts and essential oils have been widely studied and used as antimicrobial agents
in the last decades [11,60]. The MBC of the three plant extracts is usually two to four times that
of MIC, suggesting a dose-dependent effect on bacteria. The ratio of some MBC to MIC is >4,
suggesting the bacteriostatic effect of the plant extracts on the bacteria. Few antimicrobial studies
of the leaf extract of E. japonica have been conducted and it did not show toxicity against the six
bacterial strains here. The G. glabra extract showed antimicrobial activity in some other bacterial
strains [61–65] and medium effect against five bacterial strains in this study. The P. lactiflora extract was
reported to exhibit antibacterial and antiviral activity [66,67]; its antibacterial effect was strong on some
bacteria species here. The secondary metabolites in plants, such as saponins, phenolic compounds
(e.g., flavonoids or tannins), essential oils, and monoterpenes, contribute to their antimicrobial
capacity [11,68–70]. Wang reviewed the finding that one triterpene (18β-glycyrrhetinic acid) and four
flavonoids (licochalcone A, licochalcone E, glabridin, and liquiritigenin) underlie the antimicrobial
activity in G. glabra [71]. Low concentrations of the PSMs in G. glabra, such as glycyrrhizic acid,
18β-glycyrrhetinic acid, liquiritigenin, and isoliquiritigenin, were also tested in the six species, but
the effect was not significant (data not shown), suggesting that these PSMs did not contribute to
the medium antibacterial activity of G. glabra. However, polyphenols can interact with proteins
in cells, because they possess several phenolic OH groups, which allow them to make hydrogen
and ionic bonds with amino groups in proteins. When important bacterial proteins are affected, an
antimicrobial effect can occur [72]. The strong antibacterial effect of Pe was probably due to its phenolic
content. Correspondingly, the same principle might also explain the antibacterial activity of Ge and Ue.
The mechanism of antimicrobial activity of P. lactiflora root and E. japonica leaves was reported to be
disruption of protein and cell-wall synthesis [73]. More studies are needed to elucidate the potential of
the three plant extracts as antimicrobial agents and the possible mechanisms.

5. Conclusions

Our results show that the three extracts of TCM plants are low-toxic, but biologically active, which
would explain their wide usage in traditional medicine. Especially Pe and Ge, should be studied
further for their potential to be developed as antioxidant food supplements or antibacterial drugs.
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Abstract: Plant-based secondary metabolites with medicinal potentialities such as defensins are small,
cysteine-rich peptides that represent an imperative aspect of the inherent defense system. Plant
defensins possess broad-spectrum biological activities, e.g., bactericidal and insecticidal actions, as
well as antifungal, antiviral, and anticancer activities. The unique structural and functional attributes
provide a nonspecific and versatile means of combating a variety of microbial pathogens, i.e., fungi,
bacteria, protozoa, and enveloped viruses. Some defensins in plants involved in other functions
include the development of metal tolerance and the role in sexual reproduction, while most of
the defensins make up the innate immune system of the plants. Defensins are structurally and
functionally linked and have been characterized in various eukaryotic microorganisms, mammals,
plants, gulls, teleost species of fish, mollusks, insect pests, arachnidan, and crustaceans. This defense
mechanism has been improved biotechnologically as it helps to protect plants from fungal attacks in
genetically modified organisms (GMO). Herein, we review plant defensins as secondary metabolites
with medicinal potentialities. The first half of the review elaborates the origin, structural variations,
and mechanism of actions of plant defensins. In the second part, the role of defensins in plant
defense, stress response, and reproduction are discussed with suitable examples. Lastly, the biological
applications of plant defensins as potential antimicrobial and anticancer agents are also deliberated.
In summary, plant defensins may open a new prospect in medicine, human health, and agriculture.

Keywords: defensins; secondary metabolites; plant defense; antimicrobial and anticancer activity;
medicine; innate immunity

1. Introduction

In nature, plants are continuously confronted with attacks from pests and other microbial
pathogens such as fungi and bacteria. In addition, plants also suffer and face harsh environmental
conditions of salt and drought stress. To overcome these stresses, plants have established a very
complex mechanism to protect themselves from pests, pathogens, and fungal attacks [1]. Besides,
many other defense factors including polyacetylenes, phenolics, alkaloids, terpenoids, and hydrogen
peroxide are also generated to circumvent these kinds of occurrences. Along with the above-described
chemicals, plants also released an array of defensins and defensin-related proteins [2,3].

Plant defensins are cysteine-rich highly stable peptides of 4–45 amino acid residues, comprising a
part of the immune system that can present antifungal, antibacterial, or proteinase inhibitory activity.
These peptides display a conserved three-dimensional structure containing α-helix and triple-stranded
β-sheet stabilized into a compact structure through disulfide linkages [4]. This structure resembles
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defense peptides in insects and mammals, revealing a common historic origin. Moreover, only one class,
namely defensins, seems to be conserved between invertebrates, plants, and vertebrates (Figure 1) [5].
Nowadays, it is revealed that the ubiquitous presence of these peptides among the plant kingdom
play a noteworthy role in the innate immune system of plants. Plants that express defensins are
highly resilient to fungal attacks and show augmented growth and development [6]. Active against a
variety of human and fungal pathogens, these proteins have a potential use in therapeutics, medicines,
as well as agriculture. As plant defensins play a very important role in defending plants against
pathogenic microorganisms and other insects, they also interfere with the plant cells along with fungal
cells. Some defensins can destroy microorganisms in 15–90 min by their disruptive actions on the
cytoplasmic membrane.

Figure 1. (A) Three-dimensional structure of defensins of plant, invertebrate (insect and mollusk),
and vertebrate (mammalian) origin. Structures were downloaded from the protein data bank (http:
//www.rcsb.org/pdb; PDB accession ID numbers: MGD-1: 1FJN, defensin A: 1ICA, drosomycin:
1MYN, Rs-AFP1: 1AYJ, HNP-3: 1DFN, HBD-2: 1FD3, RTD-1: 1HVZ). Pictures were generated using
Rasmol software. The α-helices and β-sheets are shown in yellow and red, respectively. (B) The amino
acid sequence of mature Rs-AFP1 and 2. Dashes indicate identical amino acid residues. Connecting
lines between cysteine residues represent disulfide bonds, while the spiral and arrows indicate the
location of the α-helix and β-strands, respectively. Adapted from Thomma et al. [5], with permission
from Springer Nature. Copyright (2002) Springer-Verlag.

2. Origin of Defensins

At the start of the 1990s, numerous cationic plants with cysteine-abundance antimicrobial peptides
were investigated. At first, plant defensins were reported in the seed products associated with whole
wheat (Triticum turgidum) as well as barley (Hordeum vulgare) [7,8]. Initially, these peptides were
categorized as a novel and detached member of the thionin family because of their resemblance in
amino acid sequence, molecular weight, and the number of cysteines [7–9]. Nevertheless, subsequent
research revealed significant variations within the arrangement of the disulfide bridge, showing no
relationship between these two peptide families [10]. Broekaert et al. [11] renamed these types of
peptides as plant defensins after evaluating their functional and structural similarities to formerly
identified antimicrobial peptides (AMPs) found in mammals and insects. Defensins are structurally
as well as functionally linked defense peptides that have been characterized in various eukaryotic
microorganisms, as well as in mammals, plants, gulls, teleost species of fish, mollusks, insect pests,
arachnidan, and crustaceans, in addition to fungi [11–16]. Phylogenetic studies indicated that these
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kinds of peptides share a common antecedent as tested among mollusk, arthropod, mammal, and bird
defensins [17]. This prediction was usually reported because of the common interspecies conservation
at different levels of peptide structures. The unique cysteine residue and the useful interspecies
conservation affirmed that particular defensins present a common evolution. Depending on these
types of results, the polyphyletic source associated with defensin peptides was uncertain. Through in
silico studies, Zhu [18] revealed the existence of defensin-like peptides in Anaeromyxobacter dehalogenans,
Myxobacteria, and Stigmatella aurantiaca. Despite the scarcity of details regarding antimicrobial activities,
it is likely that these peptides characterize an antique method of defense inside prokaryotes that were
transferred to the particular eukaryotic family during their progression [6]. In consonance with
this particular perspective, six new groups of AMPs have been recognized in fungi. These families
comprise 25 members containing defensins related to plant, insect, and invertebrate defensins [19].
This discovery provided insight into the resemblance of a bacterial peptide to two fungal defensin-like
peptides, revealing that a bacterial antecedent contributed to these defensin molecules [19].

3. Structure of Defensins

Plant defensins exhibit a highly conserved three-dimensional structural conformation comprised
of one α-helix and three β-strands in antiparallel position. In addition, the arrangement of the
amino acid sequence is also well conserved because of the occurrence of 6–8 cysteine residues
constituting 3–4 disulfide interactions in the following order: Cys1–Cys8, Cys2–Cys5, Cys3–Cys6, and
Cys4–Cys7 [20]. Nonetheless, plant defensins with five disulfide bridges have also been identified.
The presence of an additional disulfide bond positioned after the α-helix and the primary β-sheet does
not influence the typical three-dimensional structural organization of the defensins [21]. Moreover,
the literature survey also revealed plant defensins with alternate structural organizations, including
defensins from Petunia hybrida (PhD1 and PhD2), Nicotiana alata (NaD1), and ZmESR6 obtained from
evolving maize kernels. These kinds of defensins comprise an additional acidic C-terminal pro-domain
with still unknown functionalities. However, De Coninck and colleagues [22] reported its involvement
in vacuolar targeting and circumventing damaging consequences caused by the basicity of the defensin.
The sequence arrangement of plant defensins amino acids is not a conservative sequence, except the
cysteines and a glycine located in the second β-sheet [23]. Figure 2 shows the three-dimensional
structural conformation of six antifungal defensins from plants [3].

Figure 2. Three-dimensional structural conformation of six antifungal plant defensins (adopted
from Lacerda et al. [3], an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY)).
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4. Mode of Action

A representation of the proposed action mechanisms of the plant defensins is shown in
Figure 3 [24]. Indeed, the mechanism of antifungal defensins is most likely subject to electrostatic
interactions in the middle of peptides and hyphal films, prompting a disturbance by a fast
instigation of K+ efflux and Ca+ uptake and preventing parasitic growth. Notably, two major
scientific hypotheses—the carpet model and the pore model—have been speculated to elucidate
the action mechanism of antimicrobial defensin peptides. According to both models, defensins
preferentially interrelate with negatively charged structures of pathogens’ cell membrane, resulting in
increased membrane permeability and cell leakage followed by necrotic cell death. The carpet model
explicates the pore formation of several peptides into the cell membrane, whereas the pore model
demonstrates the formation of oligomers of those peptides, which then produce numerous pores into
the membrane [3]. On the contrary, several reports have hypothesized an alternative mechanism of
action of defensins without damaging the cell membrane of pathogens. In this hypothesis, these defense
peptides are internalized into the intracellular environment, leading to elevated ion penetrability by
reacting with the membrane phospholipids [25,26]. Therefore, they can also increase the generation of
reactive oxygen species (ROS) and trigger apoptosis or intracellular programmed cell death [25,26].
The location of positively charged amino acids at loops or β-sheet regions has been reported to be
useful for antifungal potentiality, suggesting that the interaction of positively charged Rs-AFP1 peptide
with fungal pathogens might occur through electrostatic interfaces [27]. Some other reports focused on
the structural assessments of plant defensins also recognized the significance of positively charged
amino acid residues (located at the loop region) for antifungal activities, as well as working as a
specificity factor against a range of pathogenic fungi [28]. Sagaram et al. [29] reported the presence of
amino acid residues at the γ-core motif of MtDef4 as a crucial antifungal tool and specificity factor
towards numerous pathogens. The mutagenesis studies of the RGFRRR region from MtDef4 revealed
that the replacement of Arg and Phe at positions 4 and 3, respectively (positively charged hydrophobic
residues), with Ala residues led to a significant deterioration of antifungal activity [29].

Figure 3. Schematic overview of the proposed mechanisms of action of the plant defensins. (A)
RsAFP1 and RsAFP2; (B) Psd1; (C) MsDef1; (D) MtDef4; (E) NaD1. Reprinted from Vriens et al. [24],
an open-access article distributed under the terms and conditions of the Creative Commons Attribution
license (http://creativecommons.org/licenses/by/3.0/). Copyright (2014) the authors, Licensee MDPI,
Basel, Switzerland.
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5. Role of Defensins in Plant Defense

The protective role of defensin peptides in the protection of plants has been well described. Many
reports have revealed that defensins are an essential component of the plant inherent immunity [30].
De Beer and Vivier [31] isolated four defensin genes (Hc-AFP1–4) with homology and clustered
closest to defensins isolated from other Brassicaceae species. The same study also used propidium
iodide assays to reveal the anti-fungal potential of all newly isolated defensin genes against Botrytis
cinerea. A light microscopy analysis confirmed that the anti-fungal activity was related to an increase
in membrane permeabilization (Figure 4) [31]. In summary, most of the plant defensins exhibited a
constitutive expression pattern with upregulation following pathogens attacks, injuries, and abiotic
stresses. Defensins are widely distributed and identified in flowers, tubers, leaves, pods, and
seeds, where these peptides play a significant protective role during seed germination and seedling
development [32]. Besides, plant defensins are also found in different tissues such as stomata, xylem,
stomata, and parenchyma cells, and other peripheral regions [33]. Interestingly, plant defensins
presented broad-spectrum antimicrobial activities, and some reports described the production of
transgenic plants with the constitutive expression of foreign defensins. Therefore, these transgenic
plants possess multiple biological potentialities, such as antibacterial, antifungal, and insecticidal
activities, protein synthesis inhibition, inhibitors of digestive enzymes, and abiotic stress and heavy
metal resistance [6,34]. Due to their potential biological activities, these defensins are categorized as
promiscuous proteins. For instance, different homologous forms of a family of defensins isolated from
V. unguiculata may present antibacterial and antifungal activities, as well as enzyme inhibition [35].
Though they display numerous biological activities, the antimicrobial role of plant defensins is
predominantly noticed against a range of pathogenic fungi.

 

Figure 4. Combined overlay of the light microscopical analysis at 20× magnification and the cell
permeabilization assay conducted on B. cinerea grown in the presence of Hc-AFPs for 48 h at 23 ◦C. (A)
Control, (B) Hc-AFP1 25 μg/mL, (C and D) Hc-AFP2 15 μg/mL, (E) Hc-AFP3 25 μg/mL, (F) Hc-AFP4
18 μg/mL. The yellow fluorescence indicates a compromised membrane and the black arrows indicate
structures that are leaking their cellular content into the surrounding medium. Adapted from De
Beer and Vivier [31], an open-access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0). Copyright (2011) the authors,
licensee BioMed Central Ltd.
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6. Peptides Involved in the Stress Response

Metal ions at higher concentrations are known to retard plant growth and development. Higher
concentrations stimulate the generation of ROS such as free radicals, leading to oxidative stress. Plants
exhibit defensive strategies such as cellular-free metal content (i.e., metal prohibition, cell wall binding,
chelation, and sequestration), and governing cellular responses (i.e., anti-oxidative defense and the
repair of stress-damaged proteins to cope with diverse types of these toxic metals) [36]. However,
the synthesis of explicit chelators followed by metal complexes sequestration is of prime significance to
restrict concentrations of free metals. As a key component of the metal-scavenging system, glutathione
is a peptide that controls the metal ions uptake in response to ROS in plants due to its high affinity to
metals [37]. The biosynthesis of glutathione (GSH) and its contribution in chelation–redox control are
schematically shown in Figure 5 [37]. In addition, it acts as an important precursor of phytochelatins
(PCs) that form complexes with heavy metals, which can then easily be accommodated into vacuoles.
It has been observed that these PCs are effective in retaining high levels of metals in tobacco and
other plants. These are also involved in the transport of metals. PCs are synthesized under specific
conditions of plant growth and development. The activity of glutamylcysteine synthase, phytochelatin
synthase, and serine acetyltransferase enzymes determine their synthesis and the binding capacity of
metals to different sites [37].

Figure 5. A schematic illustration of glutathione (GSH) biosynthesis and its involvement in chelation
and redox control. Adapted from Jozefczak et al. [37], an open-access article distributed under the terms
and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/
by/3.0/). Copyright (2012) the authors; licensee Molecular Diversity Preservation International,
Basel, Switzerland.

7. Involvement of Peptides in Reproduction

SCR/SP11 (S locus cysteine-rich) is a peptide of 15 units. It consists of eight cysteine residues
and its structure resembles that of defensins. Its structure is helpful in interaction with sigma kinase.

134



Medicines 2019, 6, 29

LAT52, a member of this family, is important in developing a connection between stigma and pollen,
which enhances hydration and the sprouting of the pollen tube. Another type of peptide, LTPs, were
found to exhibit the same function in pollen growth when studied in Arabidopsis thaliana. These are
slightly larger at 70 units. Therefore, these are not subjected to proteolysis and secreted like other
peptides. In Liliumlongi florum, peptide SCA (stigma/style cysteine-rich adhesin) is involved in the
attachment of pollens. This peptide works in association with chemocyanin and exhibits chemotropic
behavior towards the pollen tube. It is a plant cyanin, which contains Cu as a binder. A defensin
named LURE, which has been found to contain this cysteine, acts in defense and reproduction in
Torenia fournieri L. Here, this defensin functions as a chemoattractant for pollens. In maize, it is secreted
by synergid cells and helps in the release of sperms from pollens. LURE contains disulfide bonds
that assure attachment of egg with sperm. It is actively released upon the approach of sperms in the
ovary. ZmTLA1 is a peptide found in maize. Its nature is hydrophobic and it acts as a proteolipid. It is
present in protoplast and actively takes part in the maturation of pollens [38].

8. Biological Functionalities of Plant Defensins

Different plant defensins possess multiple biological functionalities due to the huge variations
in amino acid sequences on the surface loops. Notable functions include antibacterial activity, the
inhibition of protein formation, α-amylase and trypsin enzyme interference, heavy metals resistance,
and plant growth, development, and sexual reproduction [7,39–42]. Among these functions, antifungal
activity is the most common function and is a well-characterized function of plant defensins.

8.1. Plant Defensins—Antimicrobial Activity

In the early 1990s, Terras and colleagues [43] revealed that the antimicrobial activity of plant
defensins was predominantly investigated against fungal pathogens. Nevertheless, some bacterial
strains particularly belonging to the Gram-positive group were also detected to be suppressed
by plant defensins, but the activity was less pronounced as compared to fungi. The growth of
Gram-positive bacteria inhibited by plant defensins include Bacillus subtilis, Bacillus cereus, Bacillus
megaterium, Curtobacterium flaccumfaciens, Clavibacter michiganensis, Staphylococcus aureus, Staphylococcus
epidermidis, Sarcina lutea, and Mycobacterium phlei. Amongst the Gram-negative bacterial strains
tried in inhibition bioassays were Agrobacterium tumefaciens, Agrobacterium rhizogens, Agrobacterium
radiobacter, Azospirillum brasilense, Alcaligenes eutrophus, Erwinia carotovora, Escherichia coli, Proteus
vulgaris, Pseudomonas aeruginosa, Pseudomonas synrigae, Pseudomonas cichorii, Pseudomonas fluorescens,
Pseudomonas lachrymans, and Salmonella typhimurium [43–50]. Antibacterial activity is the most
important characteristic of the vertebrate trans-defensins; however, it is less common in the cis-defensins
family peptides from plants. In trans-defensins, disulfides orient in opposite directions and link to
different secondary structure elements. Meanwhile, in cis-defensins, disulfides orient to the same
cysteine-stabilized α-helix. Except for fabatins from the broad bean, Vicia faba has a profound inhibitory
potential towards Gram-negative Pseudomonas aeruginosa and is moderately active against Enterococcus
hirae and Escherichia coli. Notably, they have bacteria-specific activity, and thus exhibit no activity
against Candida albicans or Saccharomyces cerevisiae [51]. In contrary, defensins from other Fabaceae
members such as Ct-AMP1 from Clitoria terna and VaD1 from azuki bean are active against bacteria as
well as fungal species [45]. As compared to lipid II binding by vertebrate defensins, plant defensins
commonly carry out their antibacterial activity by binding to other lipids, i.e., phospholipids and
fungus-specific sphingolipids [52,53]. Unlike bacteria, fungal pathogens are a more common risk faced
by plants; this explains the prevalence of antifungal defensins over defensins with antibacterial activity.
Several reports have shown the inhibition in growth of an array of fungal species by incubation
with plant peptides. These strains and phytopathogens include Aspergillus niger, Saccharomyces
cerevisiae, Neurospora crassa, Alternaria solani, Alternaria brassicola, Cladosporium sphaerospermum, Fusarium
oxysporum, Cladosporium colocasiae, Colletotrichum lindemuthianum, Fusarium decemcellulare, Fusarium
culmorum, Fusarium graminearum, Fusarium verticillioides, Nectria haematococca, Penicillium expansum,
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Penicillium digitatum, Rhizoctonia solani, Septoria tritici, Trichoderma viride, Verticilium alboatrum, and
Verticillium dahliae [45,54–60]. The suppressive activity and required concentration of defensin for
inhibition varies and depends on specific fungal pathogens and the plant defensin. Some potential
antimicrobial mechanisms of plant defensin-based AMPs or host defense peptides (HDPs) are shown
in Figure 6.

Figure 6. Potential antimicrobial mechanisms of plant defense-based antimicrobial peptides (AMPs) or
host defense peptides HDPs.

8.2. Plant Defensins—Anticancer Activity

Cancer is one of the prevalent causes of worldwide mortality, with approximately 8.2 million
deaths in 2012 [61]. In spite of progress made in cancer treatment, conventional chemotherapy presents
the serious disadvantage of broad-spectrum toxicity. The use of AMPs appeared as a unique and
alternative family of anticancer agents to overcome the drawbacks of chemotherapeutic drugs [62,63].
Defensin-like peptides and plant defensins, in addition to their antimicrobial activities, also possess
potential anticancer and cytotoxicity effects [63]. Wong and Ng [64] reported the first plant defensin,
sesquin from Vigna sesquipedalis, which showed anticancer activity and repressed the growth of
leukemia M1 and MCF-7 cell lines. Later on, the same research group found a limenin defensin
from Phaseolus limensis that caused 30% and 60% proliferation inhibition of L1210 and M1 leukemia
cells, respectively [65]. Lunatusin, another anticancer defensin obtained from Phaseolus lunatus seeds,
suppressed the propagation of MCF-7 cancer cell lines. However, the cell-free inhibitory activity of
lunatusin in the reticulocytes system of rabbit indicates its cytotoxicity towards normal cell types and
tissues [66]. Subsequently, many reports have identified a number of different plant defensins with
great potential to inhibit the multiplication of colon and breast cancer cell lines without exhibiting
any cytotoxic effects on normal types. For example, Lin and colleagues [67] identified a defensin from
Phaseolus vulgaris that potentially suppressed the growth of various cancer cells such as MCF-7, HepG2,
HT-29, and Sila without affecting human erythrocytes or embryonic liver cells under the identical
conditions. The proliferation of L1210 and HL60 cells was inhibited by a coccinin defensin peptide
from Phaseolus coccineus, but it did not exhibit any cytotoxic influence on the propagation of mouse
spleen cells [68]. Likewise, Phaseolus coccineus-derived phaseococcin possessed profound inhibitory
activity against L1210 and HL60 cells without affecting the normal proliferation of rabbit reticulocytes
or mouse splenocytes [69]. Without any effect on immortalized bovine endothelial cells, the complete
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inhibition of HeLa cells viability was achieved by γ-thionin defensin from Capsicum chinense [70].
Generally, the mechanism of anticancer activity of plant defensins is poorly elucidated. Though a study
by Lobo et al. [71] unveiled the only mechanism of action speculated to date, experimental studies are
still necessary for further corroboration. Indeed, antimicrobial peptides have been found to possess an
amphipathic three-dimensional structural organization, with one positively charged hydrophilic face
and another hydrophobic portion of the molecule. Notably, these charged faces of the plant defensin
molecules constitute an initial electrostatic binding with structures of opposite charge on the surface
of the pathogenic microorganisms [34]. This speculation is substantiated by charged structures on
the surface of microorganisms/mammalian cells and charged amino acids [72–74]. The hydrophobic
portion following the initial binding is moved near the cell membrane, resulting in the lysis of the
membrane. In contrast to normal cells, mammalian cancer cells exhibit a greater negative surface
charge because of their high transmembrane potential and the aberrant expression of sialic acid. As a
result, these cancer cells have an electrophoretic influence on antimicrobial peptides and thus attract
them towards the membrane [75,76]. The interaction between defensing peptides and cancer cells
presenting abnormal sphingolipids related to tumor development is another alternative mechanism of
action, but lacks practical validation [34].

9. Concluding Remarks and Future Prospects

Increasing pathogen resistance to conventional antibiotics and inadequate health treatment
options have intensified the development of new treatment approaches to overcome these challenges.
In these scenarios, cationic plant peptides are very important for many biotechnological and medicinal
purposes owing to their broad-spectrum biological activities. These plant defensins can also be
produced in the eukaryotic host by heterologous expression due to non-toxic effects to mammalian
cells. Notably, these defensin peptides from many plants such as Abutilon indicum can be used to treat
many kinds of infectious diseases such as tuberculosis, piles, and liver disorders. Moreover, they can
also be used to cure a variety of cancers. In addition, antifungal defensin-based agro-bioproducts
are expected to be targeted as an essential means to improve crop productivity in the near future.
Given the accelerated development of peptide libraries, bioinformatics, proteomics, and agriculture
biotechnology strategies, these plant defensins could emerge as novel antimicrobial or anticancer
drugs for a myriad of medical applications.
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Abstract: Although the medicinal properties of Cannabis species have been known for centuries,
the interest on its main active secondary metabolites as therapeutic alternatives for several pathologies
has grown in recent years. This potential use has been a revolution worldwide concerning public
health, production, use and sale of cannabis, and has led inclusively to legislation changes in some
countries. The scientific advances and concerns of the scientific community have allowed a better
understanding of cannabis derivatives as pharmacological options in several conditions, such as
appetite stimulation, pain treatment, skin pathologies, anticonvulsant therapy, neurodegenerative
diseases, and infectious diseases. However, there is some controversy regarding the legal and
ethical implications of their use and routes of administration, also concerning the adverse health
consequences and deaths attributed to marijuana consumption, and these represent some of the
complexities associated with the use of these compounds as therapeutic drugs. This review
comprehends the main secondary metabolites of Cannabis, approaching their therapeutic potential and
applications, as well as their potential risks, in order to differentiate the consumption as recreational
drugs. There will be also a focus on the analytical methodologies for their analysis, in order to aid
health professionals and toxicologists in cases where these compounds are present.

Keywords: cannabis; cannabinoids; therapeutics; toxicology; analytical determination; legalization

1. Introduction

The secondary metabolism of plants plays an important role in their survival in its environment.
Secondary metabolites are able to attract pollinators, to defend plants against predators and diseases,
and for that reason have been exploited for biopharmaceutical purposes. The secondary metabolites
are also present in great amounts in the so-called food plants, conferring them taste, color, and scent.
Moreover, numerous plant secondary metabolites such as alkaloids, anthocyanins, flavonoids,
quinones, lignans, steroids, and terpenoids have found commercial applications, namely as drugs, dye,
flavor, fragrance, and insecticides [1].
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Cannabis sativa L. (Cannabinaceae), also known as marijuana or hemp, belongs to a group of
herbaceous shrubs 1 to 2 m in height, and is widely distributed in temperate and tropical areas.
Three species are usually recognized: Cannabis sativa, Cannabis indica, and Cannabis ruderalis (the latter
may be included under C. sativa), and all may be treated as subspecies of a single species, C. sativa.
The plant is accepted as being native from Central Asia. Several preparations of C. sativa including
marijuana, hashish, charas, dagga, and bhang, are estimated to be consumed by 200–300 million people
around the world [2], being the most popular illicit drug of the 21st century according to the United
Nation Office on Drugs and Crime (UNODC) [3].

Cannabis has been cultivated widely in the world for its achene fruits (often wrongly referred to
as seeds), which are rich in oils and other phytonutrients, and are frequently used as human food or
animal feedstuff, as well as for its fibers, for traditional medicine and spiritual purposes as therapeutic
and hallucinogenic drug [2,4]. Cannabis is one of the most consumed drugs worldwide, together with
legal drugs such as tobacco, alcohol, and caffeine.

Cannabis plants contain more than 545 known compounds. In addition to phytocannabinoids
(which are C21 terpenophenolic, or C22 for the carboxylated forms, compounds with physiological
and often psychotogenic effects, possessing monoterpene and alkylresorcinol moieties in their
molecules [4–6]), they include alkanes, sugars, nitrogenous compounds (such as spermidine
alkaloids or muscarine), flavonoids, non-cannabinoid phenols, phenylpropanoids, steroids, fatty
acids, approximately 140 different terpenes that are predominantly monoterpenes such as β-myrcene,
α- and β-pinene, α-terpinolene, but also sesquiterpenes including β-caryophyllene, di- and triterpenes,
as well as various other common compounds [4,5].

Out of over 100 cannabinoids identified so far, the most potent in terms of psychoactive activity
is trans-Δ-9-tetrahydrocannabinol (THC) [7]. Four stereoisomers of THC exist, but only the (–)-trans
isomer occurs naturally. Two structurally related substances (Δ9-tetrahydrocannabinol-2-oic acid and
Δ9-tetrahydrocannabinol-4-oic acid - THCA) are usually also present, sometimes in large amounts.
The heat of combustion during smoking converts partly THCA to THC. One isomer which is also active
(Δ8-THC) occurs in much smaller amounts. Other related compounds include cannabidiol (CBD) and
cannabinol (CBN), the latter particularly in aged samples, and presenting pharmacological effects different
than those attributed to THC (Figure 1). All these compounds are collectively known as cannabinoids
and, unlike many other psychoactive substances, are not nitrogenous bases [8]. Individual
cannabinoids are being developed and identified in Cannabis strains, and their effects on symptoms
of illnesses suffered by patients are being studied. The main types of natural cannabinoids belong to
the families of the cannabigerol-type, cannabichromene-type, cannabidiol-type, cannabinodiol-type,
tetrahydrocannabinol-type, cannabinol-type, cannabitriol-type, cannabielsoin-type, isocannabinoids,
cannabicyclol-type, cannabicitran-type, and cannabichromanone-type [9].
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Figure 1. Some natural cannabinoids from the cannabis plant.

THC has been used as an anti-vomiting drug in cancer chemotherapy and as an appetite stimulant,
especially for AIDS patients [2]. On the other hand, CBD, the isomer of THC, has no psychotropic effect.
However, it possesses a variety of other pharmacological activities [2], namely, it reduces aggressive
behavior in the L-pyroglutamate-treated rat, spontaneous dyskinesias in the dystonic rat, and turning
behavior in the 6-hydroxyldopamine-treated rat caused by apomorphine [2]. Cannabichromene and
related compounds possess anti-inflammatory, anti-fungal, and anti-microbial activities [2]. Therefore,
cannabinoids are considered to be promising agents for the treatment of several types of diseases [2].

Based on the content of the psychoactive constituent THC, the chemotypes of C. sativa include the
drug type (marijuana, 1.0–20% THC), intermediate type (0.3–1.0% THC), and fiber type (hemp, <0.3%
THC) [10,11]. The drug type is regarded as an illicit drug of abuse and its cultivation is prohibited in
most nations due to the psychotropic effect [10]. While the fiber type (hemp), cultivated as a source of
textiles and food, is legal in several countries [10].

Cannabinoids are synthesized and stored predominantly in glandular trichomes, hair-like
epidermal protrusions densely concentrated in the bracts and flowers of cannabis plants [12]. Various
strategies have been pursued to extract and deliver the pharmacological agents from cannabis. The use
of chemical solvents such as petroleum ether or ethanol are likely to leave unwanted residues, whereas
extractants such as olive or coconut oil provide a more organic alternative [12].

The therapeutic potential and applications of those compounds, as well as their potential risks,
in order to differentiate from recreational consumption will be discussed below. In addition, a focus on
the analytical methodologies for their analysis will be presented.

2. Modes of Use in Recreational and Therapeutic Situations, Pharmacokinetics, and
Pharmacodynamics

Despite the increasing interest that cannabinoids have aroused, their pharmacokinetics and
pharmacodynamics are not yet fully understood, limiting the work of researchers [13]. Regarding
the cannabinoids with therapeutic applications, the information about these concepts is even less
abundant [13]. The pharmacokinetics of these compounds are strongly related to their route of
administration [14–16]. The route of consumption of cannabinoids most commonly used is the airways.
Smoking is more common for recreational consumption, while the vaporized form is used for both
recreational and therapeutic purposes [13]. However, the trends of consumption of cannabis as
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recreational use change quickly, namely with the advent of new synthetic substances, as synthetic
cannabinoids [17].

The use of the respiratory tract as a form of consumption allows a rapid and efficient passage
from the lungs to the brain [18]. Plasma concentrations of THC and CBD are detected within a few
seconds of inhalation, reaching their maximum 3 to 10 min after consumption [19–22]. In a study
by Kauert et al. [23], it was found that the maximum concentrations of serum THC after smoking
cigarettes with about 18.2 mg and 36.5 mg of cannabinoids were 48 μg/L and 79 μg/L, respectively.
The bioavailability of CBD is about 31% and ranges from 10% to 35% for THC [20,21]. The large range
of variation is due not only to the variability within subjects, but also to inhalation time, number,
interval, and duration of puffs, inhalation volume, and particle size [15,24]. The inhaled device also
interferes with these values because when using tobacco, part of the active compound present in the
cigarette is destroyed by pyrolysis (about 23% to 30%) [25]. There are also losses at the end of the
cigarette and second-hand smoke since they are not consumed [25]. It should be emphasized that the
bioavailability values vary between smokers and non-smokers. Studies by Lindgren et al. [26] and
by Azorloza et al. [27] allowed to verify that the bioavailability of THC in smokers (23% to 27%) is
superior to the bioavailability in non-smokers (10% to 14%).

Another common way to consume cannabinoids, both therapeutic and recreational, is oral
administration in the form of capsules, food or cannabis-infused drink [18]. This route has the
advantage of not forming harmful compounds during consumption, as it happens when smoked [18].
By oral consumption, both THC and CBD have reduced bioavailability (less than 20%), since they are
highly lipophilic [28–30]. In a study by Ohlsson et al. [31] a bioavailability of 6 ± 3% was obtained
for the ingestion of 20 mg of THC in a chocolate biscuit. However, in another study by Wall et al. [32],
after ingestion of cannabinoids in gelatine capsules, the bioavailability obtained was 10% to 20%.
Absorption is variable, as the compounds are degraded either in the stomach or in the intestines [33].
In areas where pH is low, isomerizations and protonations may occur, resulting in substituted CBDs [33].
This route of administration causes extensive hepatic metabolism to the ingested compounds, with
maximum plasma concentrations of THC and CBD being reached between 1 h and 2 h after the
consumption [13,20]. Nevertheless, there are studies where these same concentrations were only
reached at 4 h [34] and 6 h [26,35] after consumption. In 2015, Ahmed et al. [36] administered orally
0.75 mg and 1.5 mg in elderly patients, with a maximum concentration of 0.41 μg/L and 1 μg/L,
respectively. However, in another study, where 20 mg of cannabinoids were administered orally in
daily users, the maximum concentrations obtained were 16.5 μg/L [37].

One variation of oral administration is the use of oromucosal delivery. This route of administration
is mainly used for therapeutic applications [13]. Absorption occurs rapidly through the buccal mucosa,
reaching higher plasma concentrations when compared to the oral route of administration [13].
Sublingual administration is also common for therapeutic use [20]. By using this route of
administration, first-pass hepatic metabolism is avoided [18]. In a phase II study where THC was
administered, it was possible to measure plasma concentrations of 14 μg/L [38].

The dermal administration of cannabinoids is a pathway that has been used for therapeutic
purposes [20]. The application of compounds in the skin also avoids the first pass metabolism [18].
Cannabinoids have a hydrophobic nature, limiting its diffusion through the skin [13]. Studies on
human skin have shown that CBD crosses the skin barrier more easily than THC, since it is more
lipophilic [39,40]. Another study in guinea pigs showed that the plasma concentration of THC was
4.4 ng/mL at 1.4 h and was maintained for more than 48 h [41]. There are also studies in which the
ways of improving the bioavailability of cannabinoids using this route of administration have been
explored [20,40,42].

Other less common routes that have been investigated for therapeutic purposes are rectal and
ophthalmic [20]. During rectal administration, the bioavailability of cannabinoids is very discrepant,
depending on the composition of the suppository [20]. A THC hemisuccinate suppository was the one
with the highest bioavailability (13.5%) in monkeys [43]. In a study by Brenneisen et al. [44], where
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THC plasma concentrations were evaluated, it was found that after administration of 2.5 to 5 mg of
THC, peak plasma concentrations ranged from 1.1 to 4.1 ng/mL and were reached between 2 h and
8 h, respectively. Regarding the ophthalmic route, there is a much smaller number of studies. A study
in rabbits showed very different bioavailability values (6% to 40%). It was also possible to verify that
maximum plasma concentrations were reached after 1 h of administration [45].

After absorption, the cannabinoids decrease their concentration in the plasma, as they are
distributed rapidly by the tissues [18]. This distribution is based on the physical-chemical properties
of cannabinoids and the degree of the tissue irrigation [13,20]. Also, individual characteristics, such as
body composition and health status, can influence this process [46]. Thus, cannabinoids distribute more
rapidly through more irrigated tissues, such as the brain, lung, heart and liver [13,47,48]. Distribution
volumes are estimated approximately 3.4 L/kg for THC and 32 L/kg for CBD [21,49]. Due to their
lipophilicity, these compounds have high affinity for adipose tissue, and their chronic consumption
can lead to accumulation in that tissue with subsequent redistribution [13,20].

In the particular case of cannabinoid consumption during pregnancy, THC crosses the placenta
rapidly and can reach the foetus [30,50]. Studies have revealed that maternal blood THC concentrations
were very close to the concentrations found in foetal blood, although foetal blood concentrations
were lower [20]. Chronic cannabinoid consumption also leads to accumulation of THC in breast
milk [20]. A human study showed that the concentration of THC in breast milk was higher than the
concentration of the same compound in plasma [51]. In this way, it was verified that a child in the
stage of breast-feeding consumes daily between 0.01 and 0.1 mg of THC, for each one or two cigarettes
of cannabis that the mother smokes [20].

The metabolism of THC is mainly at the hepatic level and involves phase I reactions: aliphatic
hydroxylations, oxidation of alcohols to ketones and acids, β-oxidation and degradation of the pentyl
lateral chain, epoxides, decarboxylations, and conjugations [18,20,52]. Microsomal reactions involve
cytochrome P450 (CYP) complex enzymes [53,54]. In humans the CYP2C9, CYP2C19, and CYP3A4
subfamilies are responsible for the metabolism of THC in the liver [13,20,55]. However, extrahepatic
metabolism also occurs in tissues expressing CYP450 complex enzymes, such as the brain, small
intestine, heart, and lung [13,20]. More than 100 THC metabolites were identified, which are mostly
mono-hydroxylated compounds [20,25]. In humans, C-11 is the most attacked site, being the major
metabolites 11-hydroxy-THC (11–OH–THC, active) and 11-carboxy-THC (THC–COOH, inactive)
(Figure 2) [20,21,52,56]. Huestis et al. [57] detected peak concentrations of 11–OH–THC only 13 min
after the onset of smoking. Subsequently, these metabolites undergo glucuronidation as a phase II
reaction, or, less commonly, conjugation with amino acids, fatty acids, sulphate and glutathione [13,18,20].
These reactions are catalysed by UGT1A9 and UGT1A10 in the case of 11–OH–THC and UGT1A1 and
UGT1A3 in the case of THC-COOH [30]. Also, C-8 and C-9 are attacked, but in a smaller scale [18,20].

Figure 2. Main metabolites of THC.

The metabolism of CBD and CBN is similar to that of THC [18,20]. Concerning CBD, it also
occurs at the hepatic level and is firstly performed by the CYP2C19 and CYP3A4 subfamilies and
subsequently by the CYP1A1, CYP1A2, CYP2C9, and CYP2D6 subfamilies [13,58]. Oxidation reactions
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occur at C-9 and the lateral chain, but a part of this compound is excreted unchanged [18]. As regards
CBN, a primary metabolite is formed by hydroxylation of C-9 to form an additional aromatic ring [18].
Thus, this compound is metabolized more slowly and less extensively than THC [59].

After metabolism, the plasma concentrations of cannabinoids and their metabolites gradually
decrease. In a study by Huestis et al. [22], the concentration of 0.5 μg/L of THC in the plasma took
between 3 h and 12 h to be reached after smoking a cigarette with 16 mg of THC. When consuming
a dose of 34 mg, the same concentration took between 6 and 27 h to be reached. In the same study,
THC-COOH was detected between 2 and 7 days at the lowest dose and between 3 and 7 days after
administration of the highest dose [22]. The elimination half-life of THC is not easy to calculate
because it is influenced by the balance between plasma and adipose tissue, which is a time-consuming
process [13,20]. Also, CBD presents a great variation as regards its half-life time. In a study by Consroe
et al. [60], it was possible to verify that after daily oral intake of CBD, elimination half-life ranged
from 2 to 50 days. In another work by Ohlsson et al. [21] a mean elimination half-life of 31 ± 4 h after
inhalation of CBD was reported.

Cannabinoids after being metabolized are excreted for days [61]. Typically, between 80% and 90%
of the THC consumed is excreted as carboxylate and hydroxylate metabolites [18,62,63]. Approximately
5% of the acid metabolites are eliminated unchanged, 20% to 35% are excreted in the urine, and between
65% and 80% are eliminated in the faeces [25,32,48]. The major excreted glucuronic metabolite
is THC–COOH glucuronide. However, its free form (THC–COOH) is also excreted through the
urine [34,64,65]. On the other hand, the predominantly excreted form in faeces is 11–OH–THC [18,63].
The elimination of CBD is similar to the one of THC [20]. About 16% of the metabolites of this
compound are excreted via urine in 72 h [20]. However, in the case of CBD a high amount is excreted
unchanged in the faeces [20].

Concerning the mechanism of action, the effects of cannabinoids occur through agonism in specific
receptors [20]. These receptors are part of the endocannabinoid system, which plays important roles
in the development of the central nervous system (CNS), synaptic plasticity, and also in the response
to both external and endogenous aggressions. This system is constituted not only by cannabinoid
receptors, but by endogenous cannabinoids (endocannabinoids) and the enzymes responsible for their
synthesis and degradation as well [66]. Two cannabinoid receptors are identified, CB1 and CB2 [67].
Other entities, as the transient receptor potential (TRP) channels, and peroxisome proliferator activated
receptors (PPARs) are also engaged by some cannabinoid’s compounds. The endocannabinoid system
also plays an important role in different diseases, for instance in epilepsia. CB1 and CB2 receptors
are coupled to inhibitory G proteins, which when activated inhibit adenylate cyclase, inhibiting
the conversion of AMP to cyclic-AMP [20]. CB1 receptors are found mainly in the central and
peripheral nervous system and also in some peripheral organs and tissues (e.g., leukocytes, spleen,
endocrine glands, heart and areas of the reproductive, urinary and gastrointestinal systems) [67].
CB2 receptors are mainly located at the level of the immune system (tonsils, spleen, and leukocytes)
and hematopoietic cells, which are of great interest for therapeutic purposes [20,30]. The affinity
presented by cannabinoids is different for each type of receptor [20]. THC has affinity for both types of
receptors, behaving as a partial agonist of both, yet it is more effective for CB1 type [13,20,68]. It is
through this link that THC exerts its psychoactive and analgesic effects [13]. Cannabidiol has low
affinity for both types of receptors [69,70]. It has been described that this compound exerts its activity
through non-cannabinoid receptors [30,69]. This evidence was verified in a study by Laprairie et al. [69]
where CBD was found to modulate CB1R receptors by binding to an allosteric site. TRP channels
are located mostly on cell-membranes, and many of them are responsible for mediating several
physiological responses, for instance pain, temperature, tastes, pressure, and vision. These channels
interact with other proteins, and often form signalling complexes, for which the exact pathways of
which are not known [71]. TRP channels, particularly TRPV1, which is located in dorsal root and
trigeminal ganglia, brain, peripheral nerve ends, skin, bladder, pancreas and testis, are activated by the
endocannabinoid anandamide under certain conditions [72]. On the other hand, PPARs are a group
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of nuclear receptor proteins that act as transcription factors that regulate gene expression. They play
crucial roles in the regulation of cell differentiation, development, metabolism, and tumorigenesis of
higher organisms. The different isoforms of PPARs (α, β, and γ) are activated by some cannabinoids,
as has been shown in reporter gene assays, binding studies, selective antagonists and knockout studies.
Some cannabinoid-induced effects follow the activation of these isoforms, mainly PPARα and γ,
including analgesic, neuroprotective, neuronal function modulation, anti-inflammatory, metabolic,
anti-tumor, gastrointestinal and cardiovascular effects. This activation often occurs in conjunction with
the activation of the more traditional target sites of action, namely the CB1 and CB2 receptors and the
TRPV1 ion channel. Some of the effects of inhibitors of endocannabinoid degradation or transport are
also mediated by PPARs [73].

3. Secondary and Toxic Effects, Dependence, and Tolerance

Cannabis smokers usually inhale deeply and hold their breath to maximize THC absorption in
the lungs, in order to achieve the desired effects. These effects appear within a few minutes time
interval, and one of the most common is euphoria. The sensations of relaxation and pleasure are the
main reason for young people to take cannabis, but the intensity of the “high” depends on the dose,
mode of administration and the user’s prior experience with cannabis or other drugs (for example,
tobacco smokers have more experience compared to people who have never smoked). Besides the
known euphoria and therapeutic effects, there are several authors that report effects on memory and
cognition, motor function, reaction time, and psychomotor performance. A state of physical inertia
with ataxia, dysarthria, and incoordination are some symptoms that can last for a few hours, as well
as an increased speed of thought. The time distortion along with poor psychomotor performance for
certain tasks can be explained by memory lapses. Physically, the immediate effect that cannabis users
present is the increase in blood pressure, which may account for changes in the heart rate. Taking into
account the effects usually associated with cannabis consumption, a major concern nowadays is the
ability to drive motor vehicles under the influence of such substances. In fact, cannabis use is a major
risk for road accidents, even more because it is often used concomitantly with other drugs, such as
alcohol; in addition, the effects of both drugs on the psychomotor impairment are additive [74,75].

Regarding acute toxicity, there is no supporting evidence that cannabinoid consumption may
induce overdose and/or death situations [76]. However, coma situations have been described in case
of ingestion by children [74].

The chronic effects of cannabis are characterized by their complexity, and the literature reports that
cannabis users are usually affected in several organic systems (immune, respiratory, gastrointestinal,
cardiovascular, and reproductive). Concerning the cardiovascular system, besides the negative effects
on the oxygen delivery, smoking cannabis contributes to the increase of carboxyhaemoglobin and
heart effort. As mentioned above, elevated blood pressure may lead to strokes in patients with
cerebrovascular disease, or to exacerbations in case of hypertensive patients [75]. In contrast, chronic
cannabis smokers develop bronchitis and emphysema symptoms, as well as abnormalities in the
large airways and poor function of the lungs. Another factor which may contribute to respiratory
complications is that cannabis is usually smoked together with tobacco, increasing the risks of lung
cancer and other diseases. Regarding the reproductive system, men are affected by a reduction in
the number of spermatozoids and decreased sperm mobility, facing the risk of infertility, while in
women the effects caused by cannabis-smoking mothers during their pregnancy are not very clear.
It is assumable that during the pregnancy, as a result of exposure of the fetus in the uterus, the use
of cannabis produces an increased risk of birth defects [74]. Concerning the role of CB2 receptors
on the immunosuppressive actions, high doses or concentrations of THC may induce effects on the
immunologic system, such as stimulation of the lymphocytes proliferation, enhanced production of
interleukin-2, and macrophage function [77]. Cannabis use has also been correlated to the onset of
some psychotic episodes. Despite being uncommon, some studies have associated these episodes to
heavy cannabis users, in which large doses of THC produced delusions, hallucinations, and paranoid
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ideations. This so-called “cannabis psychosis” has been reported to cause an exacerbation of the
symptoms of mental illness, like schizophrenia. The frequent use and the rising potency of cannabis
suggest that young people may have their first-episode of psychosis earlier than usual [74,78].

Other disorders related with mood and anxiety have been part of the complications of long-term
use of cannabis. Bipolar disorder, panic attacks, and severe anxiety are some effects caused by this
chronic cannabis use [79].

Tolerance to cannabis is usually associated to effects as antinociception, anticonvulsant activity,
loss of locomotor activity, and hypotension caused by repeated doses of THC and other psychoactive
cannabinoids. Tolerance to most drugs normally occurs in two ways, either by changes in
pharmacokinetics or by variations in pharmacodynamics. In the case of cannabinoids tolerance
develops by changes in pharmacodynamics, once there is evidence that the receptors play an important
role [77]. Tolerance can affect mood, memory, psychomotor performance, sleep, heart rate, arterial
pressure and body temperature, among other symptoms. In several studies the cognitive effects
of tolerance were identified, but not much attention was paid to psychopathological effects [74].
These studies play a decisive role in what concerns the therapeutic use of cannabis, which may
promote certain problems if drug consumption originates serious manifestations. Furthermore, there
is frequent development of tolerance in conjunction with dependence and withdrawal symptoms.

Dependence and withdrawal symptoms are characterized by a strong desire to reuse the substance
and a defective control over its use, and these are indicators that a person is undergoing a drug
dependency. Abstinence symptoms occur when there is an interruption in drug use and adverse effects
appear due to this abrupt reduction of use [80].

For many years, it was common to claim that cannabis did not present dependence, since there
was no evidence of tolerance or withdrawal syndrome, particularly when compared to other drugs.

However, it was observed in some studies that the withdrawal syndrome of cannabis had
some similarities to those of alcohol and opioid withdrawal states. Some of the effects related
to this dependence include anxiety, irritability, insomnia, muscle tremor, anorexia, and increased
reflexes [74,75]. In recent surveys [81], a substantial proportion of people who show dependence
are long-term cannabis users, with 57% from 243 users qualified for lifetime DSM-III-R and ICD-10
cannabis dependence diagnoses. On the other hand, Anthony et al. [82] estimated that few persons
who had ever used cannabis met the criteria DSM-III-R for dependence on this drug at some time
in their lives, which suggests that some chronic cannabis users can develop cannabis dependence
syndrome. In fact, most authors claim that long-term cannabis use has been associated with a decline in
cognitive functions, which seemingly can be reversed, however, after a few days of abstinence [9,83,84].

Budney et al. [85] reported a comparison of three possible treatments based on motivational
strategies. However, it is still not clear what treatment must be provided, if some, for dependent
cannabis users that cannot stop using despite of knowing the adverse effects.

Despite the controversy regarding dependence, relative to other drugs of abuse, cannabis is usually
associated with minimal withdrawal symptoms, but with the development of tolerance instead.

4. Prevalence and Control Status

High-risk drug use is one of the five key indicators of the European Monitoring Centre for Drugs
and Drug Addiction (EMCDDA) for monitoring in Europe. This type of indicator is an important tool
for consumption trends, as well as for drug categorization. As mentioned above, cannabis is the most
consumed drug worldwide, which is due in part to the ease of acquisition and to the low prevalence
of dependence situations. In the last report of the EMCDDA, in 2017, the drug accounted for 74% of
an overall estimate of 1.5 million offences. Cannabis is also the most commonly used illicit drug in
Europe, and its prevalence is about five times higher than that of other drugs. It is estimated that
17.2 million young adults (aged 15–34 years) have used cannabis in the last year across the European
Union, while 87.6 million will use it throughout life (aged 15–64 years). The trends in use also vary
between countries. In surveys performed from around 2017, the prevalence rates in the previous year
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in the age range of 15 to 34 range from 3.5% in Hungary to 21.5% in France [86,87]. Based on surveys
of the general population, it is estimated that around 1% of European adults are daily or almost daily
users of cannabis, meaning that they have consumed this drug in 20 or more days from the previous
month. About 37% of these people are older consumers, aged 35-64, with about three-quarters of them
being male [86–89].

Concerning regulation issues, cannabis and cannabis resin are both listed in Schedules I and IV
of the United Nations 1961 Single Convention on Narcotic Drugs [90]. The debate concerning laws
aiming at prohibiting or permitting the use of this drug worldwide has gained new fuel since 2012,
as the supply and use of recreational cannabis in Uruguay and some states of the US (and more recently
in Canada). Legislative proposals aiming at legalizing cannabis have raised important concerns on the
eventual increase in its use, and consequently the related harms, and possibilities related to the ways
in which cannabis for non-medical purposes could be regulated to mitigate these concerns have raised.
Indeed, the use of cannabis-based products as medicine to treat certain conditions is not prohibited by
international law. Also, and according to UN conventions, the use of any drug under international
control should be limited to those situations involving medical and scientific purposes.

The system of controls which is deemed necessary in the case that a country decides to allow
cultivation of cannabis not intended for industrial or horticultural purposes is described under Article
28 of the 1961 Convention, while the 1971 Convention controls specifically THC. In Europe, THC may
be included in capsules, cannabis extract may be used as a mouth spray, and dried cannabis flowers
may be used for vaporizing or making cannabis tea, all of those uses in the case of authorized
medicines [86]. By contrast, smoking cannabis for medical purposes is not authorized at all, which is
due on the one hand to the fact that there are many strains of cannabis plants, and each one of them
has the capability of producing a wide range of chemicals. In addition, the range and concentration of
chemicals may also vary within one plant, and it depends for instance on light levels during growth or
maturity at harvest. Therefore, these factors should have to be strictly controlled to allow the prescriber
and/or the pharmacist to be able to judge the content and as such deliver the needed chemicals for
a particular patient. On the other hand, inhaling smoke from burning plant material can hardly be
considered a healthy method for the delivery of substances to the bloodstream, as harmful tars and
particles will be inhaled as well. Also, when the chemicals have no psychoactive activity, for instance
as occurs with CBD, it is difficult for the user to know accurately the dose. There is no harmonized EU
law on cannabis use, and each country may deal with drug offences differently [86]. Indeed, while
many countries have adopted decriminalization and have turned the simple possession of drugs a
non-criminal offense, others have preconize much more severe penalties, and the mere possession of
even small amounts of drug can lead to several years in prison [91].

The evolution of the cannabis market, triggered by recent developments on the American
continent concerning its legalization in some jurisdictions, entails new policy challenges, as a rapid
development of a commercial market for cannabis has emerged. Consequently, innovations concerning
the preparations under which the drug is available (for instance highly potent strains of cannabis,
vaping liquids, and edible products) or in delivery systems for its consumption. In some jurisdictions,
the legal market for recreational drugs has been accompanied by regulations that allow access to
cannabis for medical and therapeutic purposes. Other important policy issues in this area include
questions on what constitutes appropriate treatment for cannabis-related disorders, how to ensure
policy synergies with tobacco control strategies, and what constitutes a harm reduction approach
which is effective with this regard. The prevalence of cannabis use in Europe remains high in historical
terms, and recent increases have been observed in some EU Member States. The potency of the drug,
which has risen sharply in the last decade, also reaches high levels, whether it is cannabis resin or
herbaceous cannabis. Beyond public health issues, there are concerns about what will be the impact of
this large illicit market on community safety and how it might even be funding organized crime. Taking
into account the several involved issues, defining what constitutes the most appropriate response to
cannabis use is a task of growing complexity and importance [86,87].
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5. Therapeutic Indications

The use of preparations derived from Cannabis sativa in medicine has a long history. However,
this use has largely declined in the twentieth century, and its consumption for medical purposes was
limited when cannabis was included in the United Nations Single Convention on Narcotic Drugs
in 1961, and classified as not presenting known medical uses. Notwithstanding, there has been a
reappearance of patient interest in using these drugs for the treatment of a variety of medical conditions,
including chronic and cancer pain, depression, anxiety disorders, sleep disturbances and neurological
disorders in the past 20 years, since their symptoms were reportedly improved by using cannabis.

This increased interest of patients in using cannabis medically was accompanied by a renewed
interest of scientists on the potential medical use of several of the plant’s constituents. This occurred
after the discovery in the early 1990s of a cannabinoid system in the human organism, which has been
associated to the control of important biological functions, such as cognition, memory, pain, sleep
and immune functioning. However, the early classification of cannabis as a drug with no medical
use has made it difficult to adequately conduct clinical research on the matter. In the mid-1990s the
medical use of cannabis for people with a variety of illnesses, such as chronic pain, terminal cancer and
multiple sclerosis was legalized in several states of the USA, which was afterwards followed by many
other states. In 1999, Canada introduced a program involving medical cannabis, which has expanded
thereafter. In fact, since the early 2000s, several other countries have implemented the medical use of
cannabis under specified conditions, for instance Israel (2001), the Netherlands (2003), Switzerland
(2011), Czech Republic (2013), Chile (2015), Australia (2016), Norway (2016), Peru (2017), Germany
(2017) and more recently Thailand (2018) among others legislated to allow the medical use of cannabis
under specified conditions.

Most EU countries now allow, or are considering allowing, the medical use of cannabis or
cannabinoids in some form [86,92]. “Sativex®”, containing approximately equal quantities of THC
and CBD is the most recognized product marketed in a number of European countries. This product,
which is administered by spraying inside the cheek or under the tongue, has been authorized in 17 EU
Member States (Austria, Belgium, Czech Republic, Denmark, Finland, France, Germany, Ireland, Italy,
Luxembourg, Netherlands, Poland, Portugal, Slovakia, Spain, Sweden, United Kingdom) and Norway
for the treatment of muscle spasticity in patients with multiple sclerosis. Other products available in
Europe are Marinol (Dronabinol), containing synthetic THC, which is used in cancer treatment, AIDS
and multiple sclerosis; and Cesamet™ (Nabilone), containing a synthetic analog to THC, used for
cancer treatment. However, national approaches vary widely in terms of both the products allowed
and the regulatory frameworks governing their provision [92].

Other countries have however more restrictive laws, allowing only the use of certain
cannabis-derived pharmaceutical products, such as Sativex®, Marinol or Epidiolex® (CBD). In the
United States, 33 states and the District of Columbia have legalized the medical use of cannabis,
but at the federal level its use remains prohibited for all purposes [93,94]. In the following lines,
a more comprehensive review will be made on the uses of cannabis to treat medical conditions.
This search was made based on the PubMed and Google Scholar databases using the following search
strings: “cannabis insomnia”; “cannabis and anxiety”; “cannabis and post-traumatic stress disorder”;
“cannabis and fibromyalgia”; “cannabis and pain management”; “cannabis and appetite treatment”,
“cannabinoids and dermatology or skin therapy”, “cannabinoids and glaucoma”, “cannabinoids and
infections therapy”, “cannabis and epilepsy”, “cannabis and Tourette syndrome”, “cannabis and
Parkinson disease”, “cannabis and Alzheimer disease”, “cannabis and multiple sclerosis”, “ cannabis
and nausea and/or vomiting”.

This section summarizes the evidences on the properties of cannabis and cannabinoids from
systematic reviews of random controlled clinical trials. A particular challenge in interpreting the
evidences is that several different cannabis products and preparations have often been used and may
have contained several different active ingredients.
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5.1. Pain Management

Pain management is a problem of general interest and a public health issue, which increasingly
attracts the attention of several countries that consider the use of cannabis in cases of acute or chronic
pain. It can be said that legal and political decisions influence the habits of cannabis use in these
situations. Since the early 2000s, several studies have been published on the advantages and limitations
of cannabis implementation in the therapy of patients with persistent pain. In recent years there has
been an increase in the number of studies and reviews conducted in this area.

As an example, the study by Bigand et al. [95] aimed at analyzing health outcomes of adults
using opioids for pain with the addition of cannabis use, evaluating the beneficial or non-beneficial
effects of this. One-hundred-and-fifty patients aged between 19 and 85 years prescribed with opiates
for the treatment of persistent pain, including pain correlated to cancer, were included in this study.
The management of physiological symptoms was considered by patients to be a major benefit of
cannabis use, and most reported the relieve of symptoms, namely pain, insomnia and nausea, anxiety,
depression, and stress. Negative symptoms such as weight gain, red eyes, dry mouth, nausea,
fast heart, lack of concentration, poor memory, drowsiness, apathy, lack of motivation, and more
serious symptoms such as increased anxiety, paranoia, seizures and anaphylaxis due to allergic reaction
were reported as well. The authors of this study concluded that legalizing cannabis for medical and
recreational use brings more knowledge to both patients and health professionals who become more
aware of the effects of cannabis on pain-related symptoms, thus enabling open communication, more
treatment options, and greater safety for patients.

By the end of 2017, Armour et al. [96] conducted an online study of endometriosis in the female
population of Australia between the ages of 18 and 45. Current medical treatments do not generally
provide sufficient pain relief or have intolerable side effects, and this research aimed to determine the
prevalence of use of common forms of self-management. Four hundred and eighty-four responses
were considered as valid. The authors concluded that women using cannabis and hemp/CBD oil
reported these substances among the most well-evaluated in terms of effectiveness in reducing pain.
However, as the number of women using it was small and the results were self-reported, clinical trials
are needed in this area to determine any possible role of legally-obtained medicinal cannabis in the
management of endometriosis.

The pain of rheumatic patients is one of the reasons to consider using medicinal cannabis as an
alternative treatment to the implemented therapies, such as opioids. Fitzcharles et al. [97] compiled
the Canadian legislation and the studies conducted on the effects of medicinal cannabis in these
patients, and have concluded that patients should be provided with health professionals that have the
best evidence-based information on the beneficial effects as well as on cannabis damage, facilitating
dialogue between patients and physicians, in an attempt to reduce drug-related harms, not only to
patients but also to society. However, clinical trials of medicinal cannabis in these patients have not
yet been conducted, and the beneficial evidence for pharmaceutical cannabinoids in fibromyalgia,
osteoarthritis, rheumatoid arthritis, and back pain are insufficient. On the other hand, there is evidence
of a high risk of harm. They have also concluded that medical cannabis can provide relief for some
patients and short-term risks such as psychomotor effects, appetite changes, dizziness, mood effects,
and more serious effects such as disorientation and psychosis may even be anticipated. It is also known
that cannabis should not be smoked because the inhalation of combustible products carries a bronchial
risk; however, long-term risks have not yet been determined.

Palace et al. [98] developed a state program with safe and controlled administration of medical
cannabis to resident patients diagnosed with chronic pain, neuropathy or Parkinson’s disease.
These authors concluded that the elderly who used medicinal cannabis demonstrated significant
decreases in the use of prescription drugs, mainly the use of opioids, and medicinal cannabis should
be seen as an additional clinical option to relief the symptoms. As in the previously described studies,
they concluded that with the acceptance and diffusion of this knowledge, more health professionals
could help patients to benefit and request this alternative therapy. These authors stated that the
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available medicinal cannabis formulations contained a standardized dose of CBD with little or no
THC; this is capable of eliminating psychoactive effects in the elderly, improving the safety profile in
chronic pain treatment.

Shin et al. [99] have reviewed the available literature on the use of cannabis and cannabinoids in
the treatment of cancer pain, such as breast cancer, lymphoma, and cervical cancer. As the number of
studies on the efficacy of these compounds is limited, it becomes challenging and difficult to give a
definite recommendation for a certain practice. Although evidence is scarce, they is enough to justify
more research on the use of cannabis in cancer, and this process is facilitated in cases of legislation
changes concerning its consumption. Limitations such as the small number of patients in the study,
abstinence, withdrawal due to negative side effects, and use of different pain scales were found.
The authors concluded that some of the studies reported that THC is more effective than the placebo,
but other studies have found THC to be no more effective than placebo, making it difficult to find
agreement on its use for treatment.

More recently, Campbell et al. [100] have delineated the currently available evidence on cannabis
and medicinal cannabis for the treatment of non-oncologic chronic pain, such as neuropathic pain,
multiple sclerosis-related pain and visceral pain, which are among the most important reasons for
research in the use of these compounds. These authors concluded that there are several limitations
that need to be studied because the patients’ perceptions regarding the efficacy of cannabinoids in
cases of pain are not included in the existing evidence. This makes it important to manage patients’
expectations and to better understand what the potential side effects are, as these can limit the drug’s
use. It is accepted that in most of these studies a combined dose of THC and CBD was used, with little
proof of the benefits that other cannabis-based medicines have in neuropathic pain.

Noteworthy is the work developed by Perron et al. [101], who intended to describe abstinence
patterns of cannabis in a large sample of patients who used medical cannabis, in order to test the
association between withdrawal symptoms and functioning. Participants in this study were adults
over 21 years of age interested in having or maintaining medical certification for the use of cannabis for
the treatment of chronic pain. Two-thirds of the patients reported at least one symptom of moderate or
severe abstinence and the most frequently observed symptom was difficult sleep, which was followed
by anxiety, irritability and appetite disturbances. Abstinence symptoms occurred at significantly higher
rates for patients with poor mental functioning compared to patients with high mental functioning.
In addition, there was no visible association between physical functioning and withdrawal symptoms.
The authors concluded that these abstinence symptoms were highly prevalent in patients who used
medical cannabis at least three times a week. These findings, although limited, may be important for
patients and may assist health professionals in deciding which therapies to apply, and therefore a more
effective intervention, as they become better aware of the negative consequences of using medical
cannabis. Additional studies will always be necessary, addressing other issues, such as legislation and
the differences between countries and how patients may be affected by this.

Cannabinoids may also be used in the treatment of fibromyalgia, namely in the relief of
lumbar pain, fatigue and mood disturbances, symptoms which are usually associated to this
disease [102,103]. Some researchers have found a correlation between deficiencies in endocannabinoid
system and fibromyalgia, and recently published studies have focused on the therapeutic effects of
cannabis on it [97,104–106]. Yassin et al. [107] evaluated the improvement of pain and function in
situations of patients with fibromyalgia, with the addition of cannabis therapy to the standardized
pharmacological analgesic treatment. A cross-over observational study was conducted in which
thirty-one patients between 21 and 75 years were observed and treated with the standard therapy
(oxycodone hydrochloride, naloxone hydrochloride, and duloxetine) for three months. After that
time, patients were able to choose cannabis treatment for six months. The authors concluded that the
standardized therapy led to a small improvement when compared to non-treated situations, while
the cannabis treatment allowed a significant improvement after three months of implementation and
that this improvement was maintained at six months. There was, thus, an advantage of cannabis
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treatment compared to the medication normally prescribed in a patient with low back pain associated
to fibromyalgia. No patient had to discontinue therapy due to adverse events, and most of them
have decreased or discontinued standard analgesics consumption. The authors further concluded that
additional randomized clinical trials are needed to assess whether the results can be generalized to
the general population, as the mechanism of cannabis pain relief associated to this pathology is not
defined. Another associated problem is the lack of standardization of the amount of THC/CBD that
should be applied. The proportion of THC to CBD recommended in the chronic pain therapeutic in
this trial was 1:4.

Pain treatment is undoubtedly the most studied therapeutic indication of cannabis. In general,
researchers have found that cannabis-based medicines are probably effective for treating the
neuropathic pain and painful spasms usually associated to multiple sclerosis [108], as well as
neuropathic pain associated to diabetes, HIV, and other illnesses. However, it is unclear whether
or not smoked marijuana is effective in reducing pain in multiple sclerosis [108,109]. Cannabis can
be used to treat chronic pain associated to cancer and other causes, and studies generally suggested
cannabis-related improvements in chronic pain measures in cancer patients [103,110,111]. Most studies
used Sativex® preparations, and have generally shown positive results [111,112].

5.2. Epilepsy

Epilepsy is a disorder from the CNS in which the brain activity becomes abnormal, causing
episodes of involuntary movement that may involve a part or the entire body. Globally, an estimated
2.4 million people are diagnosed with epilepsy each year and has an annual cumulative incidence of
67.77 per 100,000 persons [113].

Drug resistance epilepsy is defined as failure to stop all seizures in a patient who had adequate
trials of at least two appropriate medications, such as Dravet syndrome and Lennox–Gastaut syndrome,
in which it is usual to have both generalized and focal drug-resistant seizures [114].

New medications have been approved in the past two decades, but these have not reduced the
proportion of patients with intractable epilepsy [115]. In the last few years enormous interest has been
generated by social and news media about the beneficial effects of cannabis products for the treatment
of drug-resistant or refractory epilepsy. This is the most recent therapeutic approach for cannabis
products, and evidences found in studies using animals will be separated from those obtained in
clinical trials aiming at a better systematization of the gathered information.

5.2.1. Evidence in Animal Models and Basic Pharmacological Mechanisms

After centuries of anecdotal reports, there has been an expansion of preclinical trials in order
to investigate the pharmacologic potential of various phytocannabinoids as anticonvulsant drugs.
These reports evaluate those cannabinoids that do not have psychoactive properties, mainly CBD but
also including cannabidivarin and Δ9-tetrahydrocannabivarin.

In the early 1970s, CBD was found to have anticonvulsant properties in experimental animal
models. Carlini et al. [116] suggested that 200 mg/kg of CBD significantly protected the mice from the
convulsant and lethal effects of leptazol. Furthermore, Consroe et al. [117] suggested that the CBD
effects were comparable to those of phenytoin and enhance the anticonvulsant effects of phenobarbital
and phenytoin. In subsequent reports, CBD consistently showed anticonvulsant effects in several
animal epileptic models including: maximal electroshock test (mES) [118–120]; 6 Hz and subcutaneous
metrazol threshold test [120]; pentylenetetrazol [121]; pilocarpine and penicillin models [122].

To date, the antiepileptic mechanism of action of CBD remains unknown. CBD has low affinity
for both CB1 and CB2 endocannabinoid receptors and is therefore likely to be exerting its activity via
cannabinoid receptor-independent [119,121,123]. In contrast to CB1, CB2 receptors are attractive targets
for the development of novel therapeutic approaches, and nowadays it is acknowledged that the
anti-inflammatory properties of cannabinoid agonists also involve these last receptors. CB2 receptor
activation has proven to decrease the production of proinflammatory molecules in a number of neural
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cell types, such as rat microglial cells, primary mouse astrocytes, human microglial, and THP-1
cells [124–127]. Other potential mechanisms includes agonist at transient receptor potential (TRP)
cation channels (specifically calcium channel modulation) [128]; blocks T-type calcium channels [129];
modulation of serotonin (5-HT1A/5-HT2A) and adenosine (A1 and A2) receptors [130,131] and
modulation of voltage dependent anion-selective channel protein 1 (VDAC1) [132].

Cannabidivarin (propyl analogue of CBD) is an effective anticonvulsant in a broad range of seizure
models [133]. Like CBD, cannabidivarin anticonvulsant properties are not mediated by CB1 receptor
and have agonist effects at TRP cation channel [134]. Δ9-tetrahydrocannabivarin, another cannabinoid
found in cannabis, exerts some anti-epileptiform effects in vitro and very limited anticonvulsant effects
on pentylenetetrazole–induced seizure model. The anticonvulsant properties are consistent with a CB1
receptor–mediated mechanism [135].

Although cannabis has been used medicinally for centuries, it is only within the last few decades
that there is accumulated evidence that some cannabinoids have anticonvulsant properties in animal
epileptic models. Despite this evidence, the mechanisms by which these compounds exert anti-seizure
effects are poorly understood. Identification of mechanisms underlying the anticonvulsant efficacy of
cannabinoids is critical to determine other potential treatment options.

5.2.2. Clinical Evidence in Epilepsy

From the 1980s to the last few years, several studies have been conducted, some of them
randomized and blinded, that involve the use of isolated CBD as a therapeutic option for epilepsy.

Mechoulam and Carlini [136] treated four patients with CBD (200 mg daily) and five patients with
placebo. CBD treatment showed that 75% of the patients had a remarkable improvement in seizures
throughout the entire three-month period while none of the placebo patients showed any improvement.

Cunha et al. [137] conducted a trial of fifteen adult patients with focal-onset epilepsies.
The patients were given between 200–300 mg of CBD or placebo. Patients treated with CBD,
7/8 reported improvement in seizures; while seven of the patients who received placebo remained
unchanged [137].

In contrast, two studies provided a few details (patients with uncontrolled seizures were
randomized into either placebo or CBD groups) but suggested little or no difference in seizure
frequency between placebo and CBD groups. In Ames 1985, 12 patients institutionalized due to
mental retardation with uncontrolled seizures were given three capsules of placebo or 100 mg of
CBD [138]. The other trial was an unpublished abstract from a conference. Twelve patients were
treated with a single-blind placebo for six months followed by double-blind 300 mg of CBD or placebo
in a cross-over trial lasting an additional 12 months [138].

Insufficient preclinical and clinical data have intersected with a need for more effective therapies
for drug resistance epilepsy, which created a demand for CBD-based treatments. Recently, there
has been a surge in clinical trials investigating the additive effects of highly purified CBD treatment
(Epidiolex®; GW Pharmaceuticals) to daily antiepileptic drugs (AEDs) regimens in both children and
adults [139–144].

In an open-label interventional trial, 214 patients (aged 1–30) with severe, intractable,
childhood-onset, treatment resistant epilepsy, were given oral CBD at 2–5 mg/kg/day, then up-titrated
until intolerance or to a maximum dose (25 or 50 mg/kg/day) for 12 weeks. Add-on treatment with
CBD led to a clinically meaningful reduction in seizure frequency and had an adequate tolerability
and safety profile [141].

Devinsky et al. [142] reported results on both efficacy and safety data on patients who received
Epidiolex® as part of their daily regimen for at least 14 weeks. In this double-blind, placebo-controlled
trial, 120 children and young adults with drug-resistant Dravet syndrome, were randomly assigned in a
1:1 ratio to receive CBD oral solution (dose escalated up to 20 mg/kg/day) or placebo. This trial showed
that CBD resulted in a greater reduction in convulsive–seizure frequency than placebo. The median
frequency of convulsive seizures per month decreased from 12.4 to 5.9 with CBD, in comparison with a
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decrease from 14.9 to 14.1 with placebo. At least a 50% reduction in convulsive seizure frequency was
43% with CBD (27% with placebo) and 5% of patients became seizure-free (0% with placebo) [142].

In 2018, a series of trials showed the long-term safety and efficacy of CBD in children and adults
with treatment-resistant epilepsies. An update on an expanded access program provided the safety
outcomes up to 144 weeks and efficacy up to 96 weeks in more than 600 patients. Results from this
ongoing expanded access program supported that add-on CBD may be an efficacious long-term
treatment option for treatment-resistant epilepsies. CBD treatment was associated with 51% and 48%
reductions in median monthly convulsive and total seizures respectively after 12 weeks. Reductions
were similar among visit windows through 96 weeks of treatment and CBD was generally well
tolerated [139].

In addition, Devinsky et al. [143] presented an interim analysis of the safety and efficacy from
264 patients with Dravet syndrome treated with long-term CBD (mean modal dose 21 mg/kg/day,
median treatment 274 days). In this open-label extension trial, CBD treatment had an acceptable safety
profile. Sustained reductions in convulsive and total seizures were observed through 48 weeks and
85% of patientscaregivers reported improvements in overall condition [143].

In two additional randomized, double-blind, placebo-controlled trials, CBD treatment at a dose
of 10 mg or 20 mg per kilogram per day was associated with greater reductions in the frequencies of
seizures among children and adults with the Lennox–Gastaut syndrome [140,144].

Adverse events that occurred more frequently in the CBD treatment with the concomitant AEDs
included diarrhea, vomiting, fatigue, pyrexia, somnolence, and abnormal results on liver-function
tests [139–144].

Some effects of CBD may relate to interactions with other AED [145]. CBD inhibits cytochrome
P450 (CYP2C19) and produces an increase in plasma concentrations of N-desmethylclobazam (active
metabolite) [146]. In patients taking clobazam and CBD who experience bothersome sedation,
a reduction of the clobazam (or CBD) dose may be considered.

In these trials [139–144], abnormal liver function test results were noted in participants taking
concomitant valproate, suggesting a CBD-valproate interaction. CBD had no effect on systemic levels
of valproate, which suggests that the interaction may be pharmacodynamics [147].

Based on the results obtained in these clinical trials, in June 2018, the US Food and
Drug Administration (FDA) approved Epidiolex®; for the treatment of seizures associated with
Lennox–Gastaut syndrome or Dravet syndrome in patients two years of age or older.

Recently, there has been a growing interest in using of CBD-enriched cannabis oil (medical
cannabis) for the treatment of drug-resistance epilepsy. One case (called Charlotte case) that received
a lot of media attention, reported a little girl who showed substantial decreased seizures when she
started therapy with a high concentration of CBD/THC cannabis oil. Charlotte was given a low dose
of a sublingual preparation of a cannabis extract and slowly increased the extract dose, keeping the
THC content sufficiently low to avoid psychotropic effects. For the first time, Charlotte experienced
seven consecutive days without a single seizure. With a baseline frequency of 300 convulsions per
week, Charlotte had a >90% reduction in seizures [148].

Several online forum surveys have been performed examining the effects of medical cannabis
for intractable pediatric epilepsy. In a telephone/Internet survey, 84% of parents who had
administered CBD-enriched cannabis to 19 children with epilepsy (Dravet syndrome, Doose syndrome,
Lennox–Gastaut syndrome and idiopathic epilepsy) reported substantial reductions in seizures
frequency [149].

Another online parental survey focused on perceived efficacy, dosage, and tolerability of medical
cannabis in 117 children with epilepsy syndrome (infantile spasms, Lennox–Gastaut syndrome, and
other). The perceived efficacy and tolerability were similar across etiologic subgroups, with 85% of
them reporting some reduction in seizure frequency and 14% reporting complete seizure freedom.
The median duration and the median dosage of CBD exposure were 6.8 months and 4.3 mg/kg/day,
respectively [150].
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Finally, Press et al. [151] presented a retrospective review of children and adolescents (n = 75) with
various epileptic encephalopathies who were given oral cannabis extracts. Thirteen percent of patients
reported to have a reduction in seizure frequency (>50% in response). The responder rate varied based
on epilepsy syndrome: Dravet 23%, Doose 0%, and Lennox–Gastaut syndrome 88.9% [151].

Other beneficial effects reported in these three studies included increased alertness, better
mood, and improved sleep [149–151]. In addition, Hussain et al. [150] reported improvements in
language and motor skills when using CBD. The few side effects reported included increased appetite,
somnolence/fatigue, and an increase in seizure frequency [149–151].

The limitations of the online surveys are of paramount importance and introduce the possibility
for numerous sources of confounding: bias selection patients, lack of placebo controls, unblinded
self-assessment of efficacy/tolerability, inconsistency of CBD concentration and inaccuracy in the
identification of patients’ epilepsy syndromes.

Three publications on clinical trials appeared between 2016 and 2018 evaluating the efficacy and
safety of medical cannabis for the treatment of refractory epilepsy. An observational longitudinal
study suggested that adding CBD-enriched cannabis extract to the treatment regimen of patients with
refractory epilepsy may result in a significant reduction in seizure frequency according to parental
reports [152]. Fifty-seven children and adolescents (1–20 years) with epilepsy of various etiologies
were treated with cannabis oil extract (CBD/THC ratio of 20:1) for at least three months.A dose of
2–5 mg/kg/day (divided into three daily doses) was added to the baseline antiepileptic regimen and
the dosage was incremented until intolerance (THC did not exceed 0.15–1.35 mg/kg/day). Of the
46 patients included in the efficacy analysis, 43.5% had a seizure reduction >50%; 22% had a reduction
of 50–75%; 30% had a reduction of 75–99%; and 4% were seizure-free [152].

The second report was a prospective open-label trial that described safe dose, tolerability, and
efficacy of a cannabis oil containing CBD/THC ratio of 50:1 in children with Dravet syndrome.
Nineteen participants completed the 20-week intervention. Mean dose achieved was 13.3 mg/kg/day
of CBD (range 7–16 mg/kg/day) and 0.27 mg/kg/day of THC (range 0.14–0.32 mg/kg/day). Cannabis
oil treatment resulted in a significant reduction in motor seizures of 70.6%, improvement in quality of
life and reduction in electroencephalogram spike activity [153].

The last report was a retrospective study describing the effect of medicinal cannabis on children
and adolescents with intractable epilepsy. Seventy-four patients started the treatment (CBD/THC ratio
of 20:1) for at least three months (average six months). CBD dose ranged from 1 to 20 mg/kg/day and
THC dosage did not exceed 0.5 mg/kg/day. Most of the patients (89%) reported a reduction in seizure
frequency (18% reported 75–100% reduction; 34% reported 50–75% reduction, 12% reported 25–50%
reduction, and 26% reported <25% reduction) [154].

CBD-enriched medical cannabis is shaping up to be a very promising anticonvulsant option,
with favorable safety profile. For a clearer judgment of the potential therapeutic effects, the risks and
legality of a cannabis oil, it is important to know its exact composition. Consistent formulation through
strict methodology will allow to assess the synergism of other phytocannabinoids as well as other
compounds such as flavonoids and terpenoids.

5.3. Neurodegenerative Disorders: Parkinson’s Disease, Alzheimer’s Disease, and Multiple Sclerosis

5.3.1. Parkinson’s Disease

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder characterized clinically
by symptoms such as bradykinesia, rigidity, tremor, and postural instability. These symptoms
are produced by brain dopaminergic denervation at the striatum level and progressive death of
dopaminergic neurons in the pars compacta of the substantia nigra. Parkinson’s Disease is multifaceted
with disparate etiologies, a range of clinical symptoms and variations in pathology [155]. Scientific
evidence indicates that immunological pathways are important in the pathophysiology of PD [156].

157



Medicines 2019, 6, 31

The impact cannabis has on motor and nonmotor symptoms of PD may be modulated by the
dopaminergic, serotonergic, adrenergic, and neuroprotective properties of cannabinoids. The CB1
receptor is one of the most abundant receptors in the CNS. The CB1 receptor is highly expressed in the
basal ganglia, the brain structures primarily affected in PD [157]. This specific localization of CB1 may
explain the effect of cannabinoids on cognitive and motor activity. The CB2 receptors are expressed
primarily in peripheral immunocompetent cells and lymphoid organs but are also expressed in the
CNS [158]. The CB2 receptors have been found to modulate microglia activation and may play a role
in neuroinflammation/neuroprotection [159], since as mentioned above, their activation has proven to
decrease the production of proinflammatory molecules in a number of neural cell types.

Furthermore, pre-clinical research demonstrated that cannabinoids prevent neuronal damage
into the nigra pars compacta in rodents probably by its antioxidant activity, possibly associated a CB
receptor-independent [160]. In an additional study Peres et al. [161] reported that CBD’s antioxidant
and anti-inflammatory actions would attenuate reserpine-induced motor and cognitive impairments
in an experimental model.

In animal models of PD, the levels of CB1 receptors appear to be downregulated in the substantia
nigra and the globus pallidus at early phases (12 months of age). By contrast, CB1 receptors
showed an elevation in the same areas when animals were analyzed at older ages [162]. Together,
these studies suggest a complex link between the pathophysiology of PD and changes in the
endocannabinoid system.

The results of clinical trials examining the role of cannabinoids in the treatment of PD are mixed.
A first preliminary clinical open pilot study reported that CBD treatment (100–600 mg/day CBD in
capsules with sesame oil vehicle) for six weeks in PD patients, improved dystonia in all patients
(n = 5) in a range from 20 to 50%. However, in two patients CBD treatment at doses over 300 mg/day
exacerbated the hypokinesia and resting tremor. Side effects included hypotension, dry mouth,
psychomotor slowing, lightheadedness, and sedation [163].

An open-label pilot study reported that CBD in flexible dose (started with an oral dose of
150 mg/day) for 4 weeks in six patients with psychosis in PD, improved the psychotic symptoms [164].

In another trial, 21 PD patients were randomized to placebo, CBD 75mg/day or CBD 300 mg/day
for six weeks. No significant changes were found between CBD and placebo in scores obtained with
Unified PD Rating Scale (motor and general symptoms score) and possible neuroprotective effects.
However, in the PD Questionnaire (well-being and quality of life) significant differences were found
between the total score of the placebo and CBD 300 mg/day groups. No serious adverse events were
reported [165].

Many studies examining the efficacy of cannabis in PD are limited to questionnaires and
observation in patients actively consuming marijuana either recreational or prescribed. These
observational/questionnaires uncontrolled studies suggest that cannabis could improve motor
symptoms. In some studies, patients who consumed cannabis reported improvements in some of the
symptoms of the PD: tremor, bradykinesia, rigidity, problems with sleep and pain [166–170]. In other
study, five patients with idiopathic PD found no benefit for tremor following a single administration
of smoked cannabis (1 g. cigarette containing 2.9 % THC) [171].

Unfortunately, a few randomized double-blind clinical trials have been carried out with cannabis
on people with PD. A crossover study in 19 PD patients demonstrated that an oral cannabis extract
(1.25 mg CBD and 2.5 mg THC and per capsule, maximum daily dose 0.25 mg/kg THC) was well
tolerated and had no pro- or antiparkinsonian action [172].

At present, a phase II randomized, open-label, double-blind trial, is underway to evaluate the
tolerability, safety and dose-finding of cannabis oil for pain in PD. Mixed cannabis oil preparation
consisting of three differing formulations of THC and CBD (proportions of THC and CBD in the
following ratios: 18:0.2; 10:10; 1:20) will be administered to a total of 15 assigned patients randomly to
one of the three groups. Estimated primary completion date will be available in December 2019 [173].
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5.3.2. Alzheimer’s Disease

A widely accepted theory underlying the pathophysiology of Alzheimer’s disease (AD) is the
deposition of amyloid-β protein in specific brain regions leading to localized neuroinflammatory
responses and accumulation of intra-cellular neurofibrillary tangles. These events result in neuronal
cell death with accompanying loss of functional synapses and changes in neurotransmitter levels [174].

Pre-clinical studies suggest that the endocannabinoid system protects against neuronal cell death,
oxidative stress, and inflammation, events associated with the development of AD. In-vitro experiments
determined that THC could bind and competitively inhibit the enzyme acetylcholinesterase
as well as prevent acetylcholinesterase-induced amyloid-β protein aggregation [175]. Several
mechanisms have been suggested to explain CBD neuroprotection: reduction of oxidative stress
and anti-apoptotic effects [176], inhibition Aβ-induced tau protein hyperphosphorylation which leads
to the formation of neurofibrillary tangles [177], decrease in amyloid-β production and amyloid-β
induced neurodegeneration by inhibition of inducible nitric oxide synthase (iNOS) and interleukin-1β
protein expression [178].

Long-term CBD treatment (CBD 20 mg/kg/day for 8 months) in a transgenic model of AD,
prevented social recognition deficit (not associated with any changes in amyloid load or oxidative
damage). This study revealed a subtle impact of CBD on neuroinflammation, cholesterol and dietary
phytosterol retention [179].

Clinical evidence indicates that dronabinol (synthetic form of THC) and medical cannabis may
have some benefit in treatment of behavioral and psychological symptoms of dementia.

There were two open-label prospective studies [180,181], two randomized double-blind
placebo-controlled repeated crossover trials [182,183], a double-blind placebo-controlled crossover
design [184], a placebo-controlled trial [185] and one retrospective study [186]. Five reports used
dronabinol [180,182,184–186] and two reports used medical cannabis [181,183]. Three studies were
2 weeks in duration [180,182,185], one trial was 17 (mean) days long [186], another study was 4 weeks
in duration [181] and two trials were 12 weeks in duration [183,184].

The dose of dronabinol were 2.5 mg/day [180,182,184,185] and one study used dronabinol at
7.03 mg/ day (mean) [186], one trial used THC up to 3 mg/day [183], and one used maximal dose of
15 mg/day [181].

Six studies indicated that symptoms improved with the use of cannabinoids: reduction of
nocturnal motor activity and agitation [180,182,185], decreased of delusions, agitation/aggression,
irritability, apathy, sleep and caregiver distress [181,184], decreased of aberrant vocalization, motor
agitation, aggressiveness and resisting care [186]. Only one found that there was no benefit to using THC
when compared with placebo over a 12-week period at a maximum dose of 3 mg/day [183]. Adverse
effects reported with dronabinol were tiredness, sedation, somnolence, confusion, and euphoria for a
longer period [184,186].

The limitations of these studies include a small number of participants, short study duration
and lack of placebo group. Current data should be considered as preliminary. It would be premature
to say that the cannabinoids have any effect on dementia symptoms or progression. Additional
double blinded, randomized, placebo-controlled trials are needed to evaluate the efficacy and safety of
cannabinoids in AD. In addition, CBD has demonstrated effects in pre-clinical AD models suggesting
a deeper investigation to clarify the potential clinical utility of CBD.

5.3.3. Multiple Sclerosis

Multiple sclerosis is a chronic autoimmune, inflammatory neurological disease characterized by
demyelination in the CNS caused by inflammatory immune-mediated attacks [187,188]. In 2015 there
were more than 2 million people worldwide affected by multiple sclerosis [189] and it is currently
incurable [190].
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Typical syndromes at presentation include monocular visual loss due to optic neuritis,
limb weakness or sensory loss, double vision or ataxia [191]. A progressive clinical course develops in
many of the persons affected, eventually leading to impaired mobility and cognition.

Pre-clinical studies suggest that cannabis and individual cannabinoids improve the signs of motor
dysfunction in experimental models of multiple sclerosis [192].

Lyman was one of the first to report the effects of THC in animals with autoimmune
encephalomyelitis (multiple sclerosis model). In that study, affected animals treated with THC either
had no clinical signs of the disorder or showed mild clinical signs with delayed onset. In addition,
examination of central nervous system tissue revealed a marked reduction of inflammation [193].

Additional reports have supported and extended these findings demonstrating that THC,
but not CBD, ameliorated both tremor and spasticity and reduced the overall clinical severity of
the disease [194,195].

Some reports highlight the importance of the CB1 receptor in controlling spasticity, tremor and
the neuroinflammatory response in multiple sclerosis [195–197]. Although great evidence suggests
cannabinoids exert immunosuppressive effects, it is believed that the neuroprotective properties
of cannabinoids may be more relevant than their immunosuppressive characteristics in multiple
sclerosis [197–199].

Cannabinoids therapeutic potential has aroused considerable interest in multiple sclerosis
treatment. Patients with multiple sclerosis are using or considering using cannabis for a range
of symptoms. Recent studies have indicated that there is a wide acceptance of cannabis within
the multiple sclerosis community, with 20–60% of MS currently using cannabis, and 50–90% would
consider usage if it were legal and more scientific evidence was available [200,201].

In some countries a mixture of cannabinoids (Nabiximols/Sativex®: mixture of THC and CBD in
an approximate ratio of 1:1) has been approved for the symptomatic treatment of multiple sclerosis
spasticity and neuropathic pain in cases in which previous medication has proved ineffective [202].

Recently, Torres-Moreno et al. [203] conducted a systematic review and meta-analysis to assess
the efficacy and tolerability of medicinal cannabinoids by oral or oromucosal administration in the
symptomatic treatment (spasticity, pain, and bladder dysfunction) of patients with multiple sclerosis.
The medicinal cannabinoids evaluated were nabiximols; oral cannabis extract contains THC and CBD;
dronabinol and nabilone.

Nineteen studies involving 3161 patients were identified to have satisfied the eligible criteria
(randomized, placebo-controlled, double-blind, and parallel/crossover-designed trials for a minimum
length of treatment of 2 weeks). Medicinal cannabinoids produce a limited and mild reduction of
subjective spasticity, pain, and bladder dysfunction in patients with multiple sclerosis, but no changes
in objectively measured spasticity. In the analysis of subjective spasticity, significant differences were
observed with respect to the active treatments of oral cannabis extract and nabiximols. Efficacy in
pain of oral cannabis extract and nabilone was also demonstrated, in addition to efficacy in bladder
dysfunction for oral cannabis extract.

Variability in the compounds studied also influences the interpretation of tolerability results.
In the total adverse events analysis, there was a higher risk of adverse events in nabiximols treatments
and a higher risk of withdrawals due to adverse events in nabiximols; oral cannabis extract and
dronabinol treatment.

Currently, there is no evidence of reports that evaluate the efficacy of cannabinoids versus other
treatments (corticosteroids, anticholinergic agents) in multiple sclerosis. In addition, research into the
possible combinations might bring about greater synergy benefits than in an individual form.

Future research should also be aimed at obtaining more conclusive evidence about the efficacy of
cannabis or individual cannabinoids against the signs and symptoms of multiple sclerosis, dose and
route of administration and at exploring strategies that maximize separation between the beneficial
therapeutic effects and the undesirable effects.
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5.4. Post-Traumatic Stress Disorder

In the present day, clinicians need to counsel patients with post-traumatic stress disorder (PTSD)
who are using or requesting to use cannabis for therapeutic or recreational purposes. For this
reason, it is important to understand benefits or potential harms of cannabis in this disorder [204].
O’Neil et al. [205] report that in a general way, there is insufficient evidence regarding the benefits and
harms of cannabis preparations for patients with PTSD. A review made by these authors points several
trials treating PTSD patients with THC and CBD, randomizing its amounts present in smoked cannabis.
The outcomes observed were categorized as changes in the Clinician-Administered PTSD Scale.

However, according to Bitencourt and Takahashi [206], human and animal studies suggest that
CBD may offer therapeutic benefits for PTSD, revealing fewer side effects than the pharmacological
therapy currently adopted for this disorder. Although with evidence that points to the modulation
of the endocannabinoid system, the authors recognize that more studies should be performed for a
better understanding of the neurobiological mechanisms. CBD was also studied by Elms et al. [207]
who observed that patients taking daily oral CBD over an 8-week period demonstrated an overall
decrease in PTSD symptom severity. The authors recognize the good toleration of CBD and that only a
minority of patients did report fatigue and gastrointestinal discomfort. Steenkamp et al. [208] report
that their clinical and preclinical studies suggest the cannabinoids may offer therapeutic benefits in
this disorder, and that the pharmacological enhancement of endocannabinoid system signaling has
yielded promising results in rodents, preventing dysfunctional stress-related processes. The authors
also recommend future controlled studies in humans for a better evaluation of the relation between
PTSD and cannabis.

5.5. Tourette’s Syndrome

Tourette’s syndrome (TS) is an inherited neuropsychiatric disorder characterized by the presence
of multiple motor tics and at least one vocal tic [209]. Although the cause of TS is unknown,
current research points to abnormalities in certain brain regions (basal ganglia, frontal lobes,
and cortex), the circuits that interconnect these regions, and the neurotransmitters dopamine, serotonin,
and norepinephrine [210,211].

Since the central endocannabinoid system is an important modulatory in the brain that influences
and controls all important neurotransmitter systems, it can be speculated that TS might be caused
by a dysfunction in the central endocannabinoid system. Noteworthy, there is a strong interaction
between the dopaminergic and the central endocannabinoid system [212,213], particularly in basal
ganglia [214,215]. Therefore, it can also be speculated that cannabinoids may inhibit dopaminergic
activity in brain areas associated with motor control resulting in movements such as tics [216].

For many patients with TS, available medications do not help with their symptoms, or cause
significant side effects. Cannabinoids have been explored as a treatment for TS since the 1980s.
In 1988, for the first time it was suggested that cannabis might be such an alternative treatment option
for TS. Sandyk et al. [217] reported three patients who experienced a reduction in motor tics and
obsessive-compulsive behavior when smoking cannabis. No side effects occurred, and treatment effect
was stable over time and did not decrease [217]. Subsequently, a small number of case studies has
been published describing beneficial effects of cannabis in patients with TS. In most of these cases,
the authors report about beneficial effects on both tics and psychiatric symptoms and no reports
available about severe side effects [218,219].

Later, two clinical trials investigated the effect of oral THC in TS patients. In a double-blind
placebo-controlled trial 12 adult patients were randomly treated with oral THC (gelatin capsules at
2.5 and 5.0 mg) or placebo [220]. Patients received a single dose of THC (5; 7.5 or 10 mg) according to
their body weight, sex, age, and prior use of cannabis. Motor and vocal tics and obsessive-compulsive
behavior were improved in the treatment groups. No side effect or mild transient adverse reaction
(headache, nauseas, ataxia, and anxiety) were reported in patients who had received 7.5 or 10 mg of
THC [220]. The second report is a randomized, double-blind, placebo-controlled study with 17 patients
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with TS treated over a 6-week period with up to 10 mg/day of THC [221]. Tic severity and global
clinical outcome scores were improved in some patients, while other patients did not benefit from
THC treatment. In addition, THC reached effectiveness after a three-week period treatment, which
persisted or even increased after more than four weeks. No serious side effects occurred during the
study [221].

While these trials have shown promising results, recently Abi-Jaoude et al. [222] conducted
a retrospective study of cannabis (smoked or vaporized) effectiveness and tolerability in 19 adult
patients with TS. Nine patients had previously participated in trials with one or more pharmaceutical
cannabinoid. The frequency of use varied significantly, from frequent usage of small doses throughout
the day to daily use for one week followed by three weeks off. The estimated average total daily dose
also varied substantially, from less than 0.1–10 g, for a median of 1 g daily. Tic severity decreased by
60% and 94.7% of the patients were at least “very much improved” or “much improved” according
to the clinical global impression severity scales. Cannabis was generally well-tolerated, although
most participants reported side effects. It is interesting that patients reported to have much greater
improvement in their symptoms using inhaled cannabis than using cannabinoid pharmaceuticals
(pure oral THC, THC/CBD oromucosal spray, or the oral cannabinoid nabilone) [222].

To date, a double-blind, randomized, crossover pilot trial is underway to assess the efficacy and
safety of three vaporized medical cannabis products with different THC and CBD contents, as well as
placebo, in adults with TS [223]. Estimated completion date will be available on May 2019.

Based on clinical evidence and preliminary controlled studies, it has been suggested that
cannabis-based medication may be a new and promising treatment strategy for patients with TS.
Several clinical studies have been initiated to further investigate the efficacy and tolerability of different
cannabis-based medications in the treatment of patients with TS including nabiximols (Sativex®) [224],
THC (dronabinol) [225,226], and medicinal cannabis [223].

5.6. Nausea and Vomiting

Chemotherapy-induced nausea and vomiting (CINV) is one of the most distressing and common
adverse events associated with cancer treatment [227]. The CB1 and CB2 receptors have been found
in areas of the brainstem associated with emetogenic control [158,228]. Pre-clinical studies suggest
that the anti-nausea and anti-emetic properties of cannabinoids (THC, dronabinol, nabilone) are most
related to their actions at CB1 receptors [229–231]. In addition, an in vitro study suggests that Δ9-THC
antagonizes the serotonin receptor (5-HT3), a target of standard anti-emetic drugs [232].

Cannabinoids have been used effectively for treating CINV since 1985. In a systematic review,
Whiting et al. [103] reported 28 studies (1772 participants) that assessed the use of cannabinoids for
nausea and vomiting due to chemotherapy. Fourteen studies assessed nabilone, 3 for dronabinol, 1 for
nabiximols, 4 for levonantradol, and 6 for THC. Other specific cannabinoids were not discriminated
and individually evaluated. These trials included placebo controlled or used the antiemetics
(prochlorperazine, chlorpromazine and domperidone) as comparators. The authors concluded that all
trials suggested a greater benefit for cannabinoids than for both comparator and placebo, although the
differences did not reach statistical significance in all studies [103].

Dronabinol and nabilone were approved by the FDA in 1985 for the treatment of CINV in
patients who have failed to respond adequately to conventional antiemetic treatment [233,234].
The American Society for Clinical Oncology Expert Panel on Antiemetics recently issued updated
guidelines and recommended dronabinol and nabilone for the treatment of nausea and vomiting
caused by chemotherapy or radiation therapy [235].

Clinical experience remains insufficient for recommendation of cannabis for the treatment of
nausea and vomiting caused by chemotherapy or radiation therapy. An uncontrolled pilot study
reported that fifty-six patients who had no improvement with standard antiemetic agents were treated
with cannabis and 78% demonstrated a positive response to marijuana [236].
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Musty et al. [237] reported that patients who used a THC capsule experienced 76–88% relief from
nausea and vomiting while those who smoked cannabis showed a 70–100% relief [237]. While a clinical
trial comparing ondansetron to smoked cannabis (in doses of 8.4 mg or 16.9 mg THC; 0.30% cannabinol;
0.05% CBD) showed that both doses of Δ9-THC reduced subjective ratings of queasiness and objective
measures of vomiting; however, the effects were very modest compared to ondansetron [238].

The insufficient clinical evidence of medical cannabis combined with the relatively unfavorable
side effect profile and the lack of trials comparing cannabinoids with newer antiemetics has limited
their clinical utility.

In addition, because medical and legal concerns, the use of medical cannabis and CBD oil is not
recommended for management of CINV and is not included in the most recent guidelines for CINV
from the Multinational Association of Supportive Care in Cancer (MASCC)/European Society for
Medical Oncology (ESMO) and the American Society of Clinical Oncology (ASCO) [235,239].

5.7. Treatment of Loss of Appetite

Weight loss and anorexia can be considered as common secondary side effects of several
diseases, such as cancer, and represent a frequent clinical manifestation in patients with human
immunodeficiency virus infection (HIV) and advanced acquired immunodeficiency syndrome
(AIDS) [102]. This means that when cannabis or its derivatives are implemented, they can improve
effects such as pain but can also influence the effect of loss of appetite or weight.

Two systematic reviews were conducted on trials implementing therapies with cannabinoids in
patients with HIV and AIDS. Whiting et al. [103] evaluated four randomized controlled trials using
dronabinol, with one of them investigating inhaled cannabis as well. These authors concluded that
there was some evidence suggesting that cannabinoids were effective in weight gain for patients
diagnosed with HIV. Lutge et al. [240] have focused their review on weight and appetite changes in
patients with HIV or AIDS in trials in which dronabinol or inhaled cannabis have been implemented.
These studies concluded that patient weight increased at higher doses of dronabinol and cannabis
and that the median weight also increased with consumption of these compounds when compared to
placebo. However, these investigators concluded that evidence on the use of cannabis and cannabinoids
in relation to efficacy, safety and changes in appetite and weight were limited and insufficient.

More recently, Badowski and Yanful [241] performed a review where they compiled information
on the use of oral dronabinol in controlling anorexia and weight loss in patients with HIV, AIDS and
cancer. This natural compound exerts the effects acting directly on the appetite and vomiting control
centers, being indicated in adult patients with HIV and AIDS but not being approved in cancer cases.
The authors concluded that there is a limitation in the standardized definitions and that anorexia and
weight loss can be misjudged when present in these diseases, and dronabinol can be considered as
an additional treatment option in patients. Once again, it was also concluded that with legalization,
new studies and new research should be carried out to evaluate the efficacy and safety of cannabis and
dronabinol in appetite stimulation.

Andries et al. [242] carried out a study with the aim of investigating the effects of dronabinol
treatment on weight and eating disorder-related psychopathological personality traits in cases of
women with severe and prolonged anorexia nervosa. The study was conducted at a specialist care
center for eating disorders, which included twenty-five women over the age of 18 and diagnosed for at
least 5 years, where a randomized study was led between dronabinol-placebo and placebo-dronabinol.
The authors concluded that although the sample size was low, there was good tolerance to dronabinol
therapy during the four weeks of study, which induced significant weight gain, while no serious
psychotropic adverse events were observed. They also concluded that this compound administered at
low doses can be used as a safe palliative therapy in diagnosed and selected women.

Finally, Scheffler et al. [243] investigated long-term changes in body mass index, among other
parameters, in cannabis users compared to non-users. This study included 109 patients who were
treated for various levels of schizophrenia from one episode to patients receiving antipsychotics for
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12 months. In contrast to the other reported studies, the researchers that during the first year of
treatment there was a greater increase in body mass index in cannabis negative cases compared to
cannabis positive cases, after adjusting the different parameters. These differences were not adequately
explained by differences in sex, age, alcohol or methamphetamine use, dose or duration of treatment.
In contrast to the use of acute cannabis that stimulates appetite, it can be hypothesized that chronic
cannabis use may have the effect of suppressing appetite and thus avoiding the weight gain of its
users and reducing the risk of obesity. However, other factors such as food malpractice and smoking
may influence and contribute to these outcomes. The authors emphasize once again the importance of
further longitudinal studies to evaluate possible effects varying in dose and composition of cannabis,
with genetics and aspects of quotidian life and in determining the mechanisms by which cannabis
reduces the weight gain, being unlikely that it will be used for this purpose.

5.8. Cutaneous Treatments and Dermatology

Over the past years, cannabinoids grew interest in the dermatologic area, mostly due to their
anti-inflammatory and immunosuppressive properties, as well as its hydrophobic behavior [244].
Some of the research focus on pathologies such as skin cancer and inflammatory skin diseases as
contact dermatitis and atopic dermatitis, amongst others [245]. However, according to Theroux and
Cropley [246], Piffard was one of the pioneers in this field, leading to further investigation in the
present and future, thus suggesting that this theme is not so recent after all. Despite that, the studies
covered in this review are recent.

Wilkinson and Williamson [247] conducted a study where the main goal was not only to analyze
if phytocannabinoids (THC, CBD and cannabigerol) can inhibit keratinocytes hyper-proliferation
(one of the reasons why psoriasis occurs), but also if there is any connection with cannabinoid
receptors. In fact, the authors made two important findings. The first is that all cannabinoids
tested could indeed inhibit in vitro keratinocytes proliferation. IC50 values of maximum inhibition
of proliferation for all compounds was reached between 3 and 5 mM, apart from cannabigerol,
that was 2.5 and 3 mM. The second is that this mechanism is autonomous from CB1 and CB2 agonist
receptors activation. Hence, their hypothesis was that the anti-proliferative effects observed were
due to the interaction between cannabinoids and peroxisome proliferator-activated receptor-gamma
(PPAR-γ) [247]. The authors observed that cannabigerol and CBD revealed greater potency regarding
anti-proliferation, and that the greatest IC50 was observed for THC. Still, these results show a potential
in using cannabinoids to treat psoriasis.

A different pathology is sebum’s excess and acne. In 2015, Ali et al. [248] conducted a clinical trial
where they assessed the effects of a 3% cannabis seed extract cream on 11 males who suffered from
acne. By applying such formulation on the subjects’ right cheek twice a day for 12 weeks, culminated
in a reduction of sebum level after 48 h, in contrast to the control (cannabis free formulation) on the
left cheek. In addition, results show a decrease in skin erythema. Most importantly, no side effects
were observed, which sounds promising for future treatments.

Callaway et al. [249], performed a comparative clinical trial where patients ingested hempseed
oil, suggesting this consumption can improve atopic dermatitis. A daily ingestion of 30 mL of the
oil showed improvement on skin dryness, irritation, and itchiness, observing a reduction of these
symptoms. The group of researchers believes that this results from the high content of polyunsaturated
fatty acids present in the hempseed oil. It has been demonstrated that commercial hempseed oil is rich
in CBDA, THCA, CBD, THC, CBG, CBN and CBDV [250]. However, Callaway et al., [249] have not
studied which of the latter could be responsible for the outcome.

In 2007, a therapeutic clinical trial was carried out in by Eberlein et al. [251] using an
endocannabinoid, namely N-palmitoylethanolamine, in a cream used as a regular treatment to assess
atopic dermatitis and its symptoms. At the end of the trial, a 58.6% combined score was achieved
in what concerns a decline in overall symptoms—erythema, pruritus, and dryness, amongst others.
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This comes to prove that it is possible to perceive with studies of this kind, in order to reduce
corticosteroids as a route of treatment in diseases as atopic dermatitis.

In a three case-study report, patients autonomously made use of formulations with cannabinoids
in its composition, in the form of cream, oil, and spray, in order to treat epidermolysis bullosa, a genetic
skin disorder that causes blisters and skin erosion. All three, expressed a decrease of pain and blister’s
formation, as well as wound healing [252]. This is beneficial, since it avoids the use of other medicines;
however, it is necessary to proceed with further investigation, because this observational study did not
take enough further conclusions.

Another study and a different pathology—Kaposi sarcoma—was studies and it was proved by
Maor et al. [253] that CBD can induce cancer cells’ apoptosis, the mechanism is associated to a G
protein-coupled receptor that binds to CBD.

Armstrong et al. [254] proved that the induction of autophagy can make THC trigger apoptosis of
melanoma cells, leading to loss of carcinogenic cells’ viability. Also, by administrating a “Sativex-like”
admixture of equivalent quantity of THC and CBD leads to a less harmful environment, since it
prevents melanoma from progressing and inhibits tumor growth. This Sativex® formula is provided
as a great example to treat metastatic melanoma, nonetheless further studies should be performed in
humans [254].

Amongst other herbs, cannabis was included in a study review by Li et al. [255] in which they
scrutinized the use of herbs as a medicine for skin cancer. They referred to an in vitro study where
anandamide, 2-arachidonoylglycerol, and N-palmitoylethanolamine were used and they observed a
reduction of cell viability.

In 2017, Maida et al. [256] observed cases of patients with pyoderma gangrenosum, a case of
inflammatory dermatosis in which patients experience extreme and sometimes chronic painful ulcers.
In this study, three patients were observed and accepted to be part of the trial. Patient 1 had applied
in his wounds an oil (5 mg/mL of THC + 6 mg/mL of CBD), which was commercially acquired.
A daily dose of 1 mL of such oil applied to wounds and bandaging made the patient experience relief
of pain and skin irritation, which led to stoppage of the use of corticosteroids. Patient 2, used the
same oil with different ratios (7 mg/mL of THC + 9 mg/mL of CBD), applying 0.5–1.0 mL to wounds
two/three times a day. As a result, patient experienced a reduction of pain symptoms, nonetheless not
statistically significant (p = 0.0720). Finally, patient 3 used the same oil composition of patient 2 and
applied the same amount (0.5–1.0 mL) two times a day. This patient also experienced pain relief [256].
This research brings out new perspectives for cannabis as an analgesic. However, further studies
should be performed, since the sample does not permit to take general conclusions.

In general, the obtained results bring hope to the potential of cannabinoids as a therapeutic in
dermatology. Still, a lot more needs to be done and more clinical trials should be performed. As said
before, researches in this field are becoming more frequent. That is why, several reviews on the topic
were performed [245,257,258].

5.9. Infectious Diseases

Pathogenic microorganisms can cause infectious diseases that can spread from one living organism
to another, which includes animals and humans. Therefore, there is an urgent need to find solutions
to eradicate such diseases. Even though cannabis is being recently investigated as a treatment for
many other disorders, when it comes to infections studies they are scarce. In spite of this, there is
a case in which CBD was tested as a neuroprotective agent in patients with cerebral malaria [259].
Campos et al. [259], were able to prove in a murine model that CBD can serve as an adjuvant treatment,
helping on behavior, relief of anxiety, and improvement of the cognitive function, since the cannabis
secondary metabolite promotes recovery of cognitive deficits. In addition, it helped by increasing
survival. In any case, these results imply a potential role of cannabinoids as a treatment option, further
studies need to be undertaken, to determine cannabinoids’ full potential in this field.
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Meza and Lehmann [260] hypothesized that the phytocannabinoid betacaryophyllene (BCP)
could activate the cannabinoid type 2 receptor (CB2R) (part of the endocannabinoid system) bettering
the beginning of hyper-inflammatory phase on patients with sepsis. The CB2R activation allows an
immunosuppressive response, which plays a crucial role in such a phase. As result, it is believed that
sepsis aggravation will be reduced. Nevertheless, this study is just a proposal, and further studies
need to be pursued to achieve solid and accurate results.

As observed, studies correlating cannabis as a potential therapeutic target to treat infections are
scarce. More needs to be performed in order to achieve significant conclusions.

5.10. Glaucoma

Glaucoma is often caused by an anomalously high intraocular pressure (IOP) on the eye [261].
This pressure can be controlled, therefore for most treatments the main goal is to decrease it [261].

In 1998, a review performed by Green [262] came into realization that oral or topical cannabinoids
administration would be a good option for glaucoma therapy. However, the same did not happen for
smoked marijuana. In spite of IOP reduction on smoking marijuana users, its toxic effects surpassed
what was supposed to be beneficial. Nonetheless, only THC is mentioned, and the author defended
that further investigation regarding cannabinoids should be done.

In 2006, a trial with six participants was conducted by Tomida et al. [263]. Five milligrams of
THC was administrated sublingually and had an effect on the reduction of IOP. Contrarily , 40 mg
of CBD increased IOP. Overall, studies are promising, regarding sublingual route administration of
THC. However, taking into account that TCH mechanisms on reducing IOP is not yet fully understood,
further research and studies need to be performed.

A recent study by Miller and colleagues [264] tested two phytocannabinoids on mice. THC and
CBD were applied atopically. Results showed that 5 mM of THC reduced IOP at a rate of 30% for
at least 8 h. The mechanism is associated with cannabinoid-related receptors (CB1 and GPR18).
Diversely, CBD was counterproductive, because it diminished THC effects, which was the opposite
desire outcome [264].

Regardless of the few and redundant studies on this topic, it is possible to conclude that topical
and oral administration of cannabinoids have a potential to become part of anti-glaucoma treatment,
encouraging research to pursue such an agenda in the field.

5.11. Sleep and Anxiety Disorders

The therapeutic use of cannabis to treat insomnia is a bit controversial, since this is one of the
symptoms usually associated to the consumption of this substance. However, in recent years some
studies have become very relevant in the therapeutic use of cannabis on people who show sleeping
problems. Usually, insomnia is defined as a multifaceted disorder, which is caused by stress factors,
health problems that patients may suffer or simply by their daily lives [109]. In some research, it is
stated that THC is responsible for sleep promotion, as well as CBD, which have both psychoactive and
non-psychoactive properties, which suggests a possible interaction on both cannabis components [265].
Nicholson et al. [266] concluded that THC and CBD have distinct activities on sedative and alerting
situations, and therefore their combinations apparently would provide better balance on their activity.
Furthermore, some authors claimed that cannabis is effective for insomnia treatment showing results
that support the idea of cannabis’ inducing effects on sleep [267]. Nonetheless, it was also evaluated that
the use of cannabis would be associated with poor quality of sleep; these contradictory effects found in
several studies depend on the concentration of cannabinoids, dose, and the route of administration of
this substance [268].

Discoveries about the increased consumption of cannabis in people with anxiety problems led
some authors to investigate a possible reason for this. The fact that people consume the drug to
relax (since relaxation is the most common symptom reported from this drug) may explain this
situation [269]. Apparently, THC presents two different effects: when at high doses, the anxiogenic
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symptoms are predominant, while at low doses the anxiolytic effects prevail. CBD also plays an
interesting role in this area, producing anxiolytic effects, and when administered orally has the ability
to attenuate the anxiogenic effects of THC. Bergamaschi et al. [270] found that patients who suffer
social anxiety disorder had less anxiety when a dose of CBD was provided. This suggests that cannabis
use as a medication for anxiety disorders is a very appealing subject for further research.

To date, studies that were focused on disorders like the Huntington’s or Parkinson’s diseases,
dystonia, and also on inflammatory bowel diseases (such as the Crohn’s disease) have not provided
scientists with sufficient evidence supporting the effectiveness of cannabis. This situation occurs
also with anxiety-related disorders, such as post-traumatic stress disorder; depressive disorders;
sleep disorders; and types of chronic pain not yet included in clinical trials as well. Despite that,
some patients suffering from these conditions have reported clinical benefits from using cannabis
or cannabinoids.

However, for the great majority of these medical conditions, there is either no evidence of
effectiveness from controlled clinical trials, or there is limited evidence from studies rated as susceptible
to bias because of small patient samples, poor controls or no comparison between cannabis or
cannabinoids with placebo or active drug treatments was made [103,261]. Therefore, medical
professionals who treat these conditions may be reluctant to use cannabinoids outside clinical trials
in the absence of such evidence. Nonetheless, patients are using cannabis and cannabinoids to treat
symptoms of these conditions in countries where they are able to do so. This highlights the need
to expand the evidence base by undertaking robust studies that cover the full range of cannabis
preparations being used, including addressing the issue raised by some patients who report greater
benefit from using the whole plant than from using single extracts of cannabinoids, the so-called
entourage effect [92,271].

6. Challenges in the Determination of Secondary Metabolites of Cannabis

A laboratorial analysis to determine cannabis products use or content can be carried out by
measuring of a wide number of cannabinoids and possible metabolites [272]. Nowadays, the most
commonly searched cannabinoids on a routine analysis involve cannabigerol, cannabigerolic acid,
CBD, cannabidiolic acid, THC, THCA, Δ8-THC, tetrahydrocannabivarin, cannabichromene, and CBN,
and their presence can be influenced by several factors. These factors can turn into challenges that can
result in erroneous interpretations or incorrect results if not taken into consideration. This analytical
determination is of importance, since therapeutic and clinical decisions may depend on it and the
assessment of patient compliance as well. In addition, it is also important to evaluate whether
the consumption was licit or not, or even to know the concentrations of the active ingredients in
formulations. Three big challenges are going to be pointed: (1) sample used for determination;
(2) sample preparation; and finally (3) analytical instrumentation, covering the major concerns when
cannabinoids are to be determined.

6.1. Samples used for Determination

The first big challenge regarding the mentioned cannabinoids is related to the selection of the
sample used for their identification and quantification. The analytical field is versatile but requires a
careful evaluation according to the main goal of the analysis. The determination of cannabinoids in
biological and other specimens has a great importance either in forensic or clinical toxicology, since
they are the most widely abused drugs over the world [273]. This analysis can be performed in both
biological and non-biological specimens.

6.1.1. Biological Specimens

Blood and urine are historically the elected biological specimens for drug test analysis either
in ante-mortem or post-mortem cases [274]. Blood usually identifies a recent drug use and gives
an indication of the degree of influence by a drug at the time of collection [272,275]. However,
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the invasive procedure necessary for its sampling has been pointed as a pitfall. The common alternative
is the analysis of urine, applied successfully in workplace drug testing and in abstinence control
programs [275–277]. Although the presence of certain drugs of abuse or their metabolites in urine can
be interpreted as evidence of relatively recent exposure, this does not apply for cannabis [278].

Currently there is an increasing interest for alternative samples to determine cannabinoids, with
focus on less invasive collectors and the acquisition of more information regarding cannabis use [274].
These include other body fluids and tissues such as oral fluid, sweat, and hair , or in case of foetal drug
exposure, meconium and umbilical cord [272,274].

Oral fluid collection is easy and non-invasive, and considered by some authors the only body
fluid where drug levels would correlate to those in blood [272,275,278–280]. These reasons justified the
extensive application of this biological fluid to determine cannabinoids [281–285]. However, the risk of
contamination from residual drug in the mouth might not allow this correlation hence this biological
specimen has not received broader acceptance to date [272,276]. In addition, its collection may be
thwarted by lack of sample available for analysis caused by physiological, or drug itself factors [286].
The presence of food and stimulation techniques might also result in an incorrect quantification of
drug presence [286].

The evolution of analytical instrumentation, mainly related to its sensitivity, together with the
advances in sweat collection, have made possible the determination of drugs in this specimen [285].
The detection of THC in sweat was reported for the first time in 1990 [287] and later detected in
sweat wipes drivers under influence [288,289]. In the past, the scientific community has questioned
this matrix’s usefulness since there was a variation between individuals in the amount of sweat they
excreted, and the first trials to determine the presence of xenobiotics applied patches that occluded the
skin resulting in skin problems (e.g., irritation, alteration of the steady-state, pH, and infections) [274].
More recently, non-occlusive patches are being applied which use an absorbent cellulose pad, being
able to detect drug use shortly before the patch was applied and lasting up to seven days [272,275].
Nevertheless, THC is a neutral molecule, unlike the majority of other drugs of abuse, and for this
reason, its diffusion is expected to be slower and low amounts are usually detected (ng/patch) [289].

The hair drug analysis has become widespread in recent years and thus has become increasingly
important [272,290–292]. The analysis provides long-term information on drug use over a time
period as long as the length of the hair allows (weeks, months, or even years), something that does
not occur with other biological matrices [290,292,293]. However, this specimen also presents its
pitfalls. One must consider the cosmetic treatments of hair or ethnicity (black or brown hair tend
to accumulate more basic-type drugs, due to higher levels of eumelanin) [272]. These factors may
lead to an incorrect interpretation of results. In hair, THC was proven to be detected in greater
concentrations when compared to THC–COOH, usually the target metabolite to identify cannabis
use. This metabolite, although inactive, has a long half-life, but the concentrations found in hair
are very low (e.g., sub-picogram per mg range) due to the very poor hair incorporation rate, and
sometimes not detectable at all even when extremely sensitive analytical methods are used [294,295].
This may be a problem, since the detection of this metabolite in hair is mandatory to distinguish active
consumption from external contamination. In this sense, only sophisticated analytical methods are
capable of THC–COOH determination, such as: GC-MS with negative chemical ionisation (NCI)
after derivatization with fluorinated reagents; special GC techniques (large injection volume or
bi-dimensional-GC); GC-MS/MS; LC-MS, and MS2 [290]. In addition, external contamination of
THCA has been reported, due to manipulation of cannabis material and side stream smoke [290].
Also, there is evidence of formation of THC resulting from decarboxylation of THCA when alkaline
hair digestion at elevated temperatures was applied in sample preparation [290]. Furthermore,
the phase I metabolites of THC undergo phase II, forming corresponding glucuronides, and although
THC–COOH-glucuronide has been already characterised in hair, the same has not been reported for
11–OH–THC glucuronide [290].
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Regarding maternal and neonatal biological specimens, the identification and quantification of drugs
and their metabolites offer an objective and reliable approach. Among these specimens, meconium has
been widely employed to identify foetal drug exposure during the 3rd trimester [275,296,297]. The main
metabolite of THC, THC–COOH, has been reported as the most abundant metabolite detected in
meconium samples [298]. The collection of meconium from diapers is also considered non-invasive,
which is a big advantage when we are dealing with new-borns, nevertheless some pitfalls have also
been pointed, such as the fact that meconium can be expelled prior to, or during, delivery and become
unavailable for analysis [299]. In addition, the meconium may not be expelled for days to weeks after
birth, and it is often of limited quantity [299]. The determination of cannabinoids in this matrix may
be possible without hydrolysing the sample because it has been proven that hydrolysis increases the
positivity identification rate [300]. Hydrolysis is known for allowing glucuronides cleavage increasing
the free analytes concentration [300].

An alternative to meconium regarding foetal drug exposure is the umbilical cord tissue.
This specimen is available immediately at birth, for all neonates, and a large amount of tissue is
usually available for the analysis [299]. The cannabis data in this sample is scarce and not much
information is available on metabolite profile [297].

6.1.2. Non-Biological Specimens

The remarkable pharmacological activity of psychoactive cannabinoids makes drug-type
Cannabis sativa one of the most researched medicinal plant [301]. However, to the pharmaceutical
industry, only two phenotypes are taken in consideration, one being the drug-type cannabis, rich in
THC, and used for medicinal or recreational purposes, and other is fibre-type cannabis which is known
for being rich in non-psychoactive cannabinoids [302]. The chemical composition of cannabis strains is
limited, there is a variability within the plants, interaction of the environment of production, all factors
that still require to be carefully monitored [303]. One has to consider that there are a large number of
compounds and due to the necessity for standardized treatment in patients (composition and dosage),
the use of cannabis should be standardized [304]. Regarding pharmaceutical products, for hemp oil,
a great variability was observed for the two samples analysed, although the main component detected
was CBD [301]. The authors of this study also point that a decarboxylation process of cannabidiolic
acid into CBD might happen for hemp oil and extract during the extraction or during storage over
time [301].

In addition, around the world different forms of cannabis products such as, fibres, oils, resins,
dried inflorescences, and leaves are consumed [303]. The recent surge in the sale of cannabis-based
consumer products has also increased the challenge for sample types required for analysis. These
include foods, candies, beverages, topicals, vapes/eliquids, and oral supplements in various
forms [305].

6.2. Sample Preparation

In any analytical protocol, the sample preparation is crucial in order to achieve accurate and
reliable results [273]. The complex nature of the sample matrices, mentioned above, in which
cannabinoids may be present, does not allow them to be directly introduced into the analytical
instrument [306]. These challenges start with the matrix homogenization and continue through the
analyte extraction, clean-up to remove unwanted interferences and derivatization [273].

The traditional liquid–liquid extraction (LLE) and solid-phase extraction (SPE) are commonly
the most widely used techniques on a routine cannabinoid determination [272,290,297–299,307–310].
The most common solvent applied in LLE of cannabinoids is mixture of hexane:ethyl acetate on
proportions of 9:1 [272,298,307,311] although 1:1 is also mentioned [309]. Other organic solvents
might be applied in this technique, such as acetonitrile [310], but the extractions may not reveal as
efficient. Regarding SPE, the reported sorbents include mainly mixed mode and cation exchange
ones such as Oasis MCX [300], Chromabond HR-XA [290], Strata X-C [281,297], CleanScreen [285],
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Isolute HCX [312], and specific THC sorbents, such as, CEREX HPSPE THC [299]. These conventional
sample preparation techniques result, overall, in great cannabinoids recoveries, nevertheless, several
drawbacks have been pointed in the most recent years, namely, difficulty in automation, its complicated
and time-consuming processes, and the large amounts of sample and organic solvents that they usually
require [313].

The mentioned drawbacks have nowadays been overcome by modern microextraction
techniques [273,314,315]. Jain and Singh (2016) [273] have made and excellent and extensive
review on these miniaturized procedures applied to cannabinoids determination. Among the most
common techniques are solid-phase microextraction (SPME) [316–322] solid-phase dynamic extraction
(SPDE) [323,324], microextraction by packed sorbents (MEPS) [325,326], and dispersive liquid–liquid
microextraction (DLLME) [327] among others. These techniques focus on reducing the time of sample
preparation and the amounts of organic solvents. Moreover, also trying to reduce the amount of
biological specimen required, it reveals advantages such as, low-cost operation, possibility to couple
online with analytical instruments and good extraction efficiencies [273,314,315,328].

Regarding the cannabis plants and its commercial products such as pharmaceutical formulations,
one should also consider the challenge of maceration and homogenization. As mentioned above,
there should be a careful standardization of the method used for cannabis extraction as it is highly
important for the introduction of this plant as therapeutic drug [304]. Several extraction solvents have
been applied for this purpose. They include ethanol, methanol, chloroform, hexane, petroleum ether,
and mixtures of them but in these reports recovery rates are scarce [329].

Moran et al. [304] have reported polar solvents as the best suitable to extract cannabinoids,
whereas it is most adequate to extract all active compounds with a mixture of polar and non-polar
solvents, such as n-hexane and ethanol. These authors focus on FDA regulations that limit the levels of
n-hexane in pharmaceutical products, but this can be surpassed by the usage of a more polar solvent
such as heptane [304]. On the contrary, Richins [303] uses a less polar solvent, acetone, justifying it
as an excellent option for THC with the advantage of extracting fewer sugars and polysaccharides
than methanol does. Gul et al. [330] used a mixture of methanol and chloroform (9: 1, v/v) in sample
preparation reporting recovery rates above 90% to major components but in the case of cannabigerolic
acid, cannabigerol, and Δ8-THC the recovery rates were lower than 85%.

6.3. Analytical Instrumentation

Several analytical methods have been applied to determine cannabinoids in a wide range of
matrices. The rising expansion on cannabis market has resulted in a constant development of
quantitative analytical methods for their major compounds [305]. Cannabinoids can be detected using
immunoassays (EMIT®, ELISA, fluorescence polarization, radioimmunoassay), which are usually
adopted as a preliminary method in a systematic toxicological analysis (STA). Nevertheless, these can
result in false negative and false positive reports which might be consequence of structurally related
drugs recognized by the antibodies, adulterants affecting pH, detergents, and other surfactants [331].
In this sense, it is common procedure to confirm by chromatographic techniques any positive result
given by the immunoassay [331]. The most common use gas chromatography (GC) coupled to mass
spectrometry (GC/MS) [272,285,310–312] or flame ionization detector (GC/FID) [303] and liquid
chromatography (LC) coupled to mass spectrometry (LC/MS) [301,302,332] or ultraviolet detector
(LC/UV) [250,302,305,333]. Nevertheless, GC methods are recognized for its difficulty to identify
and quantify acidic cannabinoids such as cannabigerolic acid, cannabidiolic acid, and THCA because
they are decarboxylated into their neutral forms during analysis [329,334]. This decarboxylation of
cannabinoid acids can be avoided if previously derivatized [335]. Cardenia et al. [335] tested different
derivatization procedures with silylation and esterification (diazomethane-mediated), reagents and
solvents (pyridine or ethyl acetate), and observed that methylation caused an increase in the
signal-to-noise ratio of all carboxylic compounds, except for cannabigerolic acid. In comparison to the
GC, the LC appears as a suitable tool to analyze the native composition of the cannabis plant [329].
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Another challenge related with the analytical instrumentation is their ability to determine
these cannabinoids when present in low concentrations. LC coupled to tandem mass spectrometry
(LC–MS/MS) using electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI)
is considered nowadays by many authors as the method of choice when drugs of abuse are to be
determined, mainly because of the elevated signal-to-noise ratio and selectivity presented [336,337].
For an accurate mass measurement LC coupled with time-of-flight (TOF) MS [299] or hybrid
linear ion-trap-Orbitrap (LTQ-Orbitrap) MS [308,338] have been successfully applied to determine
cannabinoids [336]. These accurate mass analytical instruments can reveal themselves of crucial
importance, together with in vivo assays, for the determination of unknown metabolites.

7. Conclusions and Future Perspectives

There is still much to know concerning the effects of most chemical components of cannabis,
their efficacy, whether or not patients are responding to the treatment, defining the correct doses,
which is the best way of administration, and the side effects. Notwithstanding, the scientific community
is becoming more and more interested in studying new therapeutic possibilities of cannabis, despite
the fact that there is no scientific evidence supporting its adequate use for most situations.

Cannabis legalization for medical purposes is still a barrier that needs to be overcome, since
in most cases legislation is ambiguous and insufficient to allow regulated access for use in medical
situations. Its recreational use concerns authorities, as it is the most consumed drug worldwide; indeed,
200–300 million consumers are estimated around the world. Besides the high number of consumers,
in several countries, maximum historical figures were achieved, and there have been several changes
in trafficking, with the appearance of high-potency strains of cannabis, edible products, and e-liquids,
innovations in the forms of available drug and delivery systems for consumption, which nowadays
represent sources of concern for authorities. There is no doubt that further studies are needed to
ascertain whether or not the potential benefits compensate the risks, namely in terms of the long-term
adverse effects, which are still barely known.
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Abstract: The abuse of psychotropic substances is a well-known phenomenon, and many of them are
usually associated with ancestral traditions and home remedies. This is the case of Mitragyna speciosa
(kratom), a tropical tree used to improve work performance and to withstand great heat. According
to several published studies, the main reasons for kratom consumption involve improving sexual
performance and endurance, but also social and recreational uses for the feeling of happiness and
euphoria; it is also used for medical purposes as a pain reliever, and in the treatment of diarrhea,
fever, diabetes, and hypertension. However, this plant has gained more popularity amongst young
people over the last years. Since it is available on the internet for purchase, its use is now widely
as a drug of abuse, namely as a new psychoactive substance, being a cheaper alternative to opioids
that does not require medical prescription in most countries. According to internet surveys by the
European Monitoring Centre for Drugs and Drug Addiction in 2008 and 2011, kratom was one of
the most widely supplied new psychoactive substances. The composition of kratom is complex;
in fact, more than 40 different alkaloids have been identified in Mitragyna speciosa so far, the major
constituent being mitragynine, which is exclusive to this plant. Besides mitragynine, alkaloids such
as corynantheidine and 7-hydroxamitragynine also present pharmacological effects, a feature that
may be attributed to the remaining constituents as well. The main goal of this review is not only
to understand the origin, chemistry, consumption, and analytical methodologies for analysis and
mechanism of action, but also the use of secondary metabolites of kratom as therapeutic drugs and
the assessment of potential risks associated with its consumption, in order to aid health professionals,
toxicologists, and police authorities in cases where this plant is present.

Keywords: Mitragyna speciosa; kratom; secondary metabolites; therapeutic uses; toxicology; analysis

1. Introduction

Several botanical products can be used for recreational purposes, and the effects include changes
in mood, perception, behavior, and even in physiological parameters [1]. Although consumers usually
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have the wrong idea that they are completely safe and consumption does not involve any social
or health risks, it is important to note that evidence of toxicity of such products has already been
reported [2,3]. Commonly, the consumption of certain plants is associated with specific locations where
people use them for what it seems to be the “natural effects” of the plant compounds. Regardless,
a recurrent problem is the purification of the natural compounds in order to achieve stronger effects.
This justifies the importance of early studies on addiction potential and classification of newly emerging
psychoactive compounds.

Globally, the figures concerning consumption of new psychoactive substances (NPS) of natural
origin are not clear. According to the European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA), the proportion of seizures in the category of other NPS (including those of natural origin)
was of 12% in 2013 [4].

Mitragyna speciosa, belonging to the Rubiaceae family, found in both Asia and Africa, is a good
example of such a NPS of natural origin. It is known as kratom, kakuam, kraton, ketum, ithang, or thom
in Thailand and biak-biak in Malaysia or krypton when combined with O-demethyltramadol [5–9].

In Thailand, kratom’s tree can mostly be found in the south of the country, and it is easily obtained
from teashops, being used as a substitute for alcohol and opium.

Two types of kratom can be identified based on the color of the leaf vein, which can be either
green or red. Locals usually prefer the red vein, characterized for its bitterness and longer effects [5].
Fresh leaves, at a dosage of normally 10 to 30 fresh leaves per day, are mostly used chewed swallowed
as a powder, but they can also be dried for smoking or used to make tea [10].

In 1943, kratom was put under regulatory control by the Kratom Act in Thailand which was
believed to be an economic move rather than a decision based on the concern for public health.
During that time, taxes were involved with the opium trade and, because it was so expensive, people
started to use kratom as a substitute, and this had consequences for the Thai government’s income.
Later in 1979, kratom was classified in Category V of a narcotics classification by the Thai government
in the Narcotics Act, the same as cannabis, opium, and hallucinogenic mushrooms (the least restrictive
and punitive level) [10–12].

Kratom was originally used mainly for its medicinal value in treating mild medical problems,
namely fever, diarrhea, diabetes, pain, as a wound poultice, and to reduce the strain and fatigue of
physical labor; however, it became also known and used to suppress opiate withdrawal symptoms
given its affordability and availability [11–14]. In recent years, young consumers started to use kratom
tea as a base for a cocktail known as “4 × 100”, consisting of kratom tea, cough syrup, Coca-Cola,
and ice cubes. This eventually became a concern since these consumers were using additives such as
benzodiazepines to enhance the effects [10].

Vicknasingam et al. [13] studied the major reasons for kratom consumption and also the
socio-demographic characteristics of its users. The study was conducted on 136 active users, of which
76.5% had a previous history of drug use. The presented reasons for kratom’s consumption were
reduction in addiction to other drugs, improvement of opiate addiction withdrawal symptoms, and its
affordability relatively to heroin. A lot of short and long-term users claimed to have felt an increase
in their capability for hard work, activeness, and heightened sexual desire [13,15]. An anonymous
cross-sectional online survey was conducted in the USA in 2006, where 8049 users were studied
through available social media and online resources from the American Kratom Association [16].
This study concluded that kratom is primarily used by middle-aged (31–50 years) and middle-income
($35,000 and above) individuals, the main purposes being to treat pain (68%) and emotional or mental
conditions (66%).

Mitragyna speciosa can still be easily found on the internet for purchase, being a rather cheap
alternative for opioids that does not require medical prescription [17,18]. In Europe, products labeled
as Mitragyna speciosa (‘kratom acetate’ or ‘mitragynine acetate’) have been available since the early
2000s [19]. In recent years, products containing kratom are sold as ‘incense’ for their psychoactive
effects, but concentrations of these active components vary depending on the variety of kratom used,
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circumstances, and harvesting time. The United Nations Office on Drugs and Crime questionnaire on
NPS also revealed that kratom was one of the top three plant-based substances, along with khat and
Salvia divinorum. Because kratom was not often under surveillance in national drug abuse surveys,
information on its prevalence has been limited. Kratom and its active alkaloids are not listed under the
1961 and 1971 Conventions, but several countries have made policies for its control, also including
mitragynine and 7-hydroxymitragynine (7-HMG) [20]. According to the internet surveys by EMCDDA
in 2008 and 2011, kratom was one of the most widely supplied NPS [21]. Currently, Mitragyna speciosa
is not illegal in most European countries or in the USA. In many EU countries, such as Denmark,
Latvia, Lithuania, Poland, Romania, and Sweden, Mitragyna speciosa and/or mitragynine and 7-HMG
are controlled drugs due to their high misuse potential. In other countries they are under control by the
narcotic laws, including Australia, Malaysia, Myanmar, and Thailand (which has legalized the use of
kratom and cannabis plants for medicinal use on December 2018). In New Zealand, Mitragyna speciosa
and mitragynine are controlled under the Medicines Amendment Regulations [21].

Different formulations are available, including raw leaves, capsules, tablets, powder,
and concentrated extracts. So far, more than 40 alkaloids have been identified in Mitragyna speciosa,
the major constituent being mitragynine, which is exclusive to this plant [5,22–24]. Their relative
amount varies monthly and according to the geographic origin of the plant [25,26]. Other constituents
are paynantheine (PAY)–9%, speciogynine (SG)–7%, 7-HMG–2%, and speciociliatine (SC)–1% [25,27].
7-HMG is a 7-hydroxyindolenine derivative of mitragynine (Figure 1) [28].

Figure 1. Structures of secondary metabolites: (A) mitragynine, (B) 7-hydroxymitragynine (7-HMG),
(C) paynantheine (PAY), (D) speciogynine (SG) and (E) speciociliatine (SC).

These are indole alkaloids of the corynanthe-type with a monoterpene (iridoid) moiety.
Other compounds include raubasine and a few yohimbe alkaloids [26,29]. In general, kratom contains
at least one alkaloid that can block calcium channels and reduces N-methyl-D-aspartate
(NMDA)-induced currents [30]. Other compounds, such as flavonoids, terpenoid saponins,
polyphenols, and various glycosides are also present [25]. Veeramohan et al. [31] performed a
metabolomics study using the mature leaves of the green variety of Mitragyna speciosa in order to
obtain a more complete profile of kratom’s secondary metabolites.

The alkaloids known to have a pharmacological effect are mitragynine, corynantheidine,
and 7-HMG, but the remaining constituents might also provide this effect [25].
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2. Research Methodology

The search for this review was conducted online on Pubmed, Google Scholar, and European
Monitoring Centre for Drugs and Drug Addiction websites. Research papers, bibliographic reviews
and case reports were included, the research done in Portuguese and in English. The search strings used
were: “Mitragyna speciosa” and “consumption” and “toxicology” and “pharmacokinetics” and “case
reports” and “pharmacological effects”. The search was performed between December of 2018 and
January of 2019. No publishing date restrictions were used. In order to assess their relevance, all papers
fulfilling the search strings were screened independently by four of the authors. Only those that were
selected by at least two authors were subjected to review and were included in the manuscript.

3. Toxicokinetics and Pharmacodynamics

Kratom’s pharmacokinetics in humans has not been well studied so far, and several factors
such as metabolic half-life, protein binding properties, elimination rates, and metabolism are not yet
known [26,32]. Studies in rats showed that the absorption of Mitragyna speciosa after oral administration
presents a much smaller AUC compared to intravenous administration, despite the oral dose being
higher. The low oral bioavailability may be related to poor aqueous solubility of Mitragyna speciosa,
which results in a smaller fraction for absorption [33]. Mitragynine is also believed to be a basic drug,
becoming highly solubilized and ionized in the stomach, which reduces its absorption and therefore
bioavailability [34]. Furthermore, using Caco-2 cells to predict intestinal absorption, mitragynine
showed better permeability than 7-HMG [35].

In terms of elimination/half-life, mitragynine demonstrated biphasic elimination from plasma,
suggesting distribution into inner tissue compartments. However, given the short half-life
(mean half-life of 2.9 ± 2.1 h after injection), it is rapidly eliminated. Still, there are some contradictory
reports on this matter, stating a higher half-life for mitragynine [35,36]. A case report of a young
kratom user showed that approximately 10–14 days after consumption has stopped kratom metabolites
could still be detected in urine. Saturation of enzymatic pathways or high plasma protein binding
could account for this situation, but none was proven to be right [35].

Concerning distribution, according to a case report, after conducting high-throughput molecular
screening of mitragynine activity at central nervous system receptors, it was shown that it is a
mu- and kappa-opioid agonist [37]. Mitragynine and 7-HMG are transported by passive diffusion,
presenting reflux ratios of 1 and 1.2 respectively [35]. Also, a complementary pharmacokinetics
study was performed, in which the effects of a single intravenous dose of mitragynine (5 mg/kg,
mitragynine hydrochloride) were compared to those of either a single oral dose (20 mg/kg, mitragynine
hydrochloride), lyophilized kratom tea, or the organic fraction of the lyophilized kratom tea at an
equivalent mitragynine dose of 20 mg/kg in rats. After intravenous administration, mitragynine
exhibited a decrease in the concentration–time profile, indicating its fast distribution from the systemic
circulation or central compartment to peripheral compartments [38]. Another study was performed
by Yusof et al. [39], who have evaluated for the first time the rate and the extent of mitragynine and
7-HMG transport across the blood–brain barrier.

Kratom metabolism is mainly hepatic and there is some evidence that it can affect the metabolism
and efficiency of other drugs via induction of drug-metabolizing enzymes such as CYP450s and
UDP-glucuronosyl transferase (UGT) [40].

An assay evaluated the effect of Mitragyna speciosa alkaloid extract on CYP, and has found
that kratom was responsible for CYP3A4, CYP2D6, and CYP2C9 inhibition [41], but unfortunately
there are no studies that can help finding which particular kratom alkaloid is responsible for this
inhibition. Kamble et al. [42] verified that CYP3A4 was mainly responsible for the metabolism,
with minor contributions of CYP2D6 and CYP2C9. The same authors have described that mitragynine
was extensively metabolized in liver microsomes primarily to O-demethylated and mono-oxidated
metabolites. Due to these cytochrome-related genetic variations in humans, these enzymes will partly
account for inter-individual differences in drug metabolism and toxicity [43].
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Additionally, Philipp et al. [44] observed that isomeric compounds found in the kratom users’
urine were SG and its metabolites, which can be also used as markers for Mitragyna speciosa presence.

Renal excretion of mitragynine is not considered significant, and mitragynine is not expected to
be prone to substantial postmortem redistribution [36,45].

There are several studies that evaluate the effects of Mitragyna speciosa on human recombinant
CYP450 enzyme activities [41]. This leads to implications, especially when mitragynine is
co-administered together with herbal or modern drugs which follow the same metabolic pathway,
contributing to herb–drug interactions [46].

According to Hanapi et al. [46], mitragynine might inhibit cytochrome P450 enzyme activities,
specifically CYP2D6, and the strongest inhibitory effect was observed on CYP2D6, with a half-maximal
inhibitory concentration (IC50) value of 0.45 ± 0.33 mM, followed by CYP2C9 and CYP3A4 with
IC50 values of 9.70 ± 4.80 and 41.32 ± 6.74 μM respectively. Similar results are presented by Kong
et al. [41], with apparent IC50 values of 0.78 μg/mL and 0.636 μg/mL for CYP3A4 and CYP2D6,
respectively. Cinosi et al. [47] corroborate the possibility of a drug interaction if mitragynine and
7-hydroxymitragynine are administered together with drugs that are P-glycoprotein substrates.
The authors mention, however, that Mitragyna speciosa is unlikely to have any significant clinical effects
on CYP3A4 activity, but on the other hand might inhibit CYP2D6. Moreover, Lim et al. [48] performed
an in vitro evaluation of cytochrome P450 induction and of the inhibition potential of mitragynine,
and found that this alkaloid induces mRNA and protein expression of CYP1A2 consistent with the
increased CYP1A2 enzymatic activity. Nevertheless, this alkaloid appears as a weak CYP3A4 inducer
at the transcriptional level and a weak CYP3A4 enzyme inhibitor, leading to the same conclusion of
Cinosi et al. [47], that it is unlikely to cause any significant clinical effects on CYP3A4 activity.

In this sense, the overall opinion is that the concomitantly administered drugs that may
modulate these CYP isoenzymes activities will lead to clinically significant drug–drug interactions.
Such interactions may result in serious adverse drug reactions, especially regarding drugs with short
therapeutic windows such as carbamazepine, theophylline, digoxin warfarin, and phenytoin [49].

According to a review made by Ulbricht et al. [50], Mitragyna speciosa is likely to be unsafe
if used by patients with neurologic disorders or that are taking either neurologic agents, such as
alcohol, sedatives, benzodiazepines, opioids, or opium-containing products, or stimulant substances,
such as caffeine, caffeine-containing products, cocaine, yohimbine, or related compounds. Also,
the co-administration with monoamine oxidase inhibitors (MAOIs) is not advised. Recently, a case
report of a fatality in a 27-year-old man was described by Hughes [51], who found a toxic blood
concentration of quetiapine in conjunction with mitragynine.

Concerning the interactions of Mitragyna speciosa herb and food, there are some reports on this
matter. According to a previous systematic review [50], the concomitant use of MAOIs, ayahuasca
(Banisteriopsis caapi), syrian rue (Peganum harmala), or passion flower (Passiflora incarnata) with Mitragyna
speciosa may potentially cause serious reactions. Moreover, yohimbe (Pausinystalia yohimbe) combined
with Mitragyna speciosa may cause overstimulation and increased blood pressure, as it also occurs with
the concomitant use of caffeine [50].

There have been reports on the concomitant use of opioids with Mitragyna speciosa causing
oversedation or potential respiratory depression [52,53]. Mitragyna speciosa has reportedly been used
for centuries for its psychoactive properties, opium-like effects, and ability to treat opioid addiction
and opioid withdrawal. Reports starting in the mid-1800s give an account of Mitragyna speciosa being
used as an opium substitute [54].

4. Clinical Effects/Pharmacology

Kratom has been found to have addiction potential in animal models when mitragynine and
7-HMG were given orally for five days [55].
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4.1. Analgesic Properties

Mitragynine has a high affinity to mu-opioid receptors [56–58]. These receptors mediate analgesia,
respiratory depression, and euphoria. It has been shown that its antinociceptive activity is mostly
mediated by the supraspinal mu- and delta-opioid receptor subtypes, therefore making it the alkaloid
responsible for the analgesic activity of kratom [57–59]. This also corroborates the claim that kratom can
be used as an opium substitute or to diminish opium addiction, reducing the pain from withdrawal
symptoms. Its affinity for kappa-receptors is considerably lower [58]. However, Stolt et al. [60]
concluded that it exhibits analgesic effects via kappa-receptors and showed as well depressant effects
on locomotor activity via presynaptic dopamine effects. The reinforcing effects of 7-HMG are mediated
in part by mu- and delta-opiate receptors [61].

It is possible to use kratom as an anesthetic, and Vermaire et al. [62] reported the first case of this
application by a patient using kratom for chronic pain.

Stimulation of post-synaptic alpha-2 adrenergic receptors, and/or blockage stimulation of 5-HT2
receptors by Mitragyna speciosa is also suggested. It is theorized that the effectiveness of the methanolic
extract on alleviating positive and negative symptoms of psychosis may be due to inhibition of D2 and
5-HT2 receptors [63,64].

7-HMG also demonstrated high opioid receptor potency. In terms of analgesic activity,
both mitragynine and 7-HMG were found to be more potent than morphine (mitragynine is about
13 times more effective, while 7-HMG is four times more effective) [13,55]. However, in a more recent
study, kratom powder was found to have less affinity for the mu-opioid receptor than morphine [65].

At a cellular level, mitragynine can inhibit neurotransmitter release by reversibly blocking
neuronal Ca2+ channels. It is proposed by the authors that the decrease in neurotransmitters leads to
inhibition of pain transduction [66]. Mitragynine also inhibited adenylyl cyclase in NG108-15 cells
through opioid receptors.

Cardiotoxicity was observed by induction of potentially fatal ventricular tachyarrhythmia
(Torsade de Pointes). Blockage of the human Ether-a-go-go-Related Gene (hERG) channel in the
heart constitutes a major risk of cardiotoxicity, and it is believed that Mitragyna speciosa suppresses
hERG-mediated K+ currents and prolongs action duration [67].

Opioid agonistic activities were studied with twitch contraction in guinea pig ileum induced
by electrical stimulation. The crude extract inhibited the twitch contraction, which was reversed
by naloxone. Also, each extracted alkaloid (7-HMG, mitragynine, SC, PAY, and SG) inhibited the
electrically-induced twitch contraction in a concentration-dependent fashion [68].

Both methanolic and the alkaloid extract of Mitragyna speciosa leaves were found to prolong
the latency of nociceptive response on heat-induced pain in the hot plate test in mice, but not
in the tail-flick test [69]. However, when Sabetghadam et al. [70] performed a study comparing
the antinociceptive effects of alkaloid (20 mg/kg), methanolic (200 mg/kg), and aqueous extracts
(100–400 mg/kg), they concluded that they all prolonged the latency of nociceptive responses in
both tests. These analgesic effects were blocked by naloxone, which suggests partial mediation by
opioid-receptors, similar to what occurs with morphine. Returning to the tail-flick and hot-plate
tests, 7-HMG was again demonstrated to have a more potent antinociceptive activity than morphine.
Its higher lipophilicity apparently makes it easier to penetrate the blood–brain barrier [71].

4.2. Anti-Inflammatory Properties

The anti-inflammatory effects of Mitragyna speciosa have also been studied [56,72,73].
The cyclooxygenase isoforms, COX-1 and COX-2, are involved in the inflammatory pathway that
catalyzes prostaglandin PGE2 formation, which is one of the strongest inflammatory mediators.
Mitragynine is capable of inhibiting COX-2 mRNA and protein expression, and therefore inhibits PGE2
formation. At lower concentrations it did not affect COX-1 mRNA and protein expression, but caution
is advised at higher doses [72]. Overall, authors suggest that the anti-inflammatory properties of
Mitragyna speciosa may result from a combination of inhibition of pro-inflammatory mediator release
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and vascular permeability in addition to enhanced immunity, stimulation of tissue repair, and healing
processes [73].

4.3. Gastrointestinal Effects

Kratom also seems to have gastrointestinal effects [56]. The in vivo effect of the methanolic extract
of kratom leaves in the gastrointestinal tract of rats reduced defecation frequency and fecal weight in
castor oil-induced diarrhea. A single dose of the extract resulted in intestinal transit reduction; however,
further decreases were not observed with prolonged intake. Since pre-treatment with naloxone had
no impact on defecation frequency, it is believed that kratom may affect other pathways besides
opioid-receptors [74].

Centrally injected mitragynine into the fourth ventricle of anesthetized rats resulted in a
dose-dependent inhibition of 2-deoxy-D-glucose-stimulated gastric acid secretion; however, this effect
was reversed by naloxone, which indicates the involvement of opioid receptors [75]. Mitragynine
injected into the lateral cerebroventricle had no influence in acid secretion. Its effects of anorexia and
weight loss may be related to the direct inhibition of neurons in the lateral hypothalamus. As for
7-HMG, a subcutaneous injection on mice resulted in gastrointestinal transit inhibition [71].

Mitragyna speciosa both acute and chronic effects include reduction of food and water consumption,
and the additionally gained weight had a tendency to be reduced [76].

A study on the modulation of the glucose transport system of L8 muscle cells demonstrated
that kratom can increase the rate of glucose uptake as well as protein levels of glucose transport,
corroborating anti-diabetic effects [77].

4.4. Anti-Depressant Activity

Furthermore, kratom has also shown anti-depressant activity [78]. The overproduction of
corticosterone reflects a hyperactivity of the hypothalamic–pituitary–adrenal axis, which provides a
depression indicator. By significantly reducing corticosterone concentration in mice exposed to the
forced swim test and tail suspension tests, mitragynine seems to possess anti-depressant effects [79].

Ismail et al. [80] also discovered an impairment between spatial learning and memory processing
during chronic administration of kratom, observing learning deficits similar to those induced by chronic
morphine or Δ-9-tetrahydrocannabinol treatment. However, an investigation on the acute effects of
Mitragyna speciosa extract and mitragynine on short-term memory and motor coordination in mice
showed that neither of them had a significant effect [81]. In 2018, a study conducted in humans [82]
corroborated precisely these results, and apparently high intakes of kratom juice (>3 glasses daily) did
not impair motor, memory, attention, nor executive function of regular kratom users.

4.5. Antioxidant and Anti-Bacterial Properties

As for antioxidant and anti-bacterial properties, Mitragyna speciosa proved to have both [83].
Nevertheless, there is no sufficient evidence that supports the use of Mitragyna speciosa for clinical
indications and this becomes even clearer due to the contradictory information existing on this matter.

5. Toxicology

The pharmacologic effects of kratom leaves and their constituents are dose-dependent. Low to
moderate dosages (1 to 5 g) can offer light stimulant effects to help workers against fatigue,
while moderate to high dosages (5 to 15 g) may have opioid-like effects [13]. However, kratom
also presents stimulant effects at high dosages (>15 g) [25,84]. Anxiety, irritability, and enhanced
aggression are described, and long-term high dose consumption has been related to several atypical
effects [13]. Hyperpigmentation of the cheeks, tremor, anorexia, weight loss, and psychosis have
been noted in individuals with long-term addiction [84]. Although the use of kratom in opioid
withdrawal situations is discussed in the scientific literature, some authors [85–88] have examined the
consequences of withdrawal from kratom. Withdrawal is highly uncomfortable for some users, and as
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such maintaining abstinence becomes difficult. In fact, clinicians need to be aware of withdrawal
symptoms and implement a similar approach as for opioid withdrawal scenarios, with long-term
maintenance to prevent relapse. Trakulsrichai et al. [36] performed a study on the pharmacokinetics
of mitragynine in 10 male subjects using kratom tea, and no serious adverse effects were found.
All subjects have reported developing tongue numbness after drinking the tea and an increase in blood
pressure and heart rate. These last symptoms had a delayed onset of 8 hours after tea consumption,
which was even later than Tmax (0.83 ± 0.35 h), and as such further studies are required.

A recent study reported the death of rats after treatment with 200 mg/kg total alkaloid extract [89].
Other assays showed greater toxicity of the alkaloid extract when compared to the methanolic extract,
with LD50 values of 173.20 mg/kg and 4.90 g/kg, respectively, in mice. In a 14-day period to evaluate
acute toxicity, 100, 500, and 1000 mg/kg doses of standardized methanolic extract were administered
to rats and did not affect spontaneous behavior, food and water consumption, absolute and relative
organ weight, nor hematological parameters. It did however significantly increase blood pressure one
hour after administration, and the highest dose of extract also induced acute severe hepatotoxicity and
mild nephrotoxicity after single dose administration [90]. Sub-chronic high doses of Mitragyna speciosa
have also been found to damage the kidneys and lungs, as emphysema, over-inflation of the alveoli,
and an increase in serum creatinine and blood urea were observed [91]. Furthermore, both the plant
extract and mitragynine showed cytotoxicity to human neuronal cells, but no genotoxicity in the
mouse lymphoma gene mutation assay (Saidin). Also, no mutagenic effects were observed in a study
performed using the Ames test [92]. The results concerning the benefits and toxicity of kratom are
inconclusive; for instance, Fluyau et al. [93] have not determined if the biochemical benefits of the
plant outweigh its toxicity and risks. On the contrary, it seems that the potential side effects outweigh
the benefits, and severe and real health hazards can, insidiously, lead to death.

Cases involving multiple toxicity and fatal outcomes after mitragynine or kratom use have been
reported, but the underlying causes remain unclear. Recently, in 2019, Rusli et al. [94] attempted to
correlate the effects of mitragynine with glycoprotein-P, a multidrug transporter which modulates
xenobiotic pharmacokinetics and plays a key role in the mediation of drug–drug interactions.
Using biomolecular techniques, these authors concluded that mitragynine interacted with important
residues at the nucleotide binding domain site of glycoprotein-P’s structure, but not with the residues
from the substrate binding site. Therefore, mitragynine is likely to be a glycoprotein-P inhibitor in vitro
but it is not a substrate. Hence, concurrent administration of mitragynine-containing kratom products
with psychoactive drugs which are glycoprotein-P substrates may lead to toxicity, and this can be
clinically significant.

6. Case Reports

Some case reports have also been published. In the following section the main case reports found
in literature will be discussed, in order to better understand the toxic effects of this plant. A 64-year-old
male, who regularly used kratom to self-medicate his chronic pain, was found by his wife unconscious
and seizing. A urine concentration of mitragynine of 167 ± 15 ng/mL was detected [95].

Nine unintentional deaths were reported due to consumption of krypton. Both mitragynine
(0.02 to 0.18 μg/g) and O-desmethyltramadol (0.4 to 4.3 μg/g) concentrations were determined in
postmortem blood samples [96].

A 44-year-old subject with chronic abdominal pain started taking kratom after reading about
it on the internet. The increase of dose intake and subsequent attempts to reduce failed due to
experiencing withdrawal symptoms. The patient gained 60 pounds, became lethargic and developed
myxedematous face. A severe primary hypothyroidism was diagnosed, and the authors have related
it to Mitragyna speciosa due to the reduction of the thyroid gland response to thyroid-stimulating
hormone [97].
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Another case report of a 25-year-old man suggested that kratom had induced intrahepatic
cholestasis, which was confirmed by liver biopsy. Mitragynine was detected in both urine and
serum samples [98].

Furthermore, a 44-year-old man with a history of depression, alcohol dependence, and other
substance misuse was admitted for kratom detoxification. Prior to his admission, the patient was
consuming approximately 40 g of kratom divided into 4 doses over 24 h. The patient also experienced
withdrawal symptoms, even though he was regularly consuming kratom, which suggests the short
half-lives of the active substances in kratom and a dependence syndrome primarily via agonist activity
at the opioid receptors [99].

Domingo et al. [100] also reported a 22-year-old male with a history of drug addiction who used
to mix an unknown amount of herbal substances. Prior to his death he fell from a window before
going to bed but did not attend the hospital. A very high blood concentration of mitragynine was
detected; however, the cause of death was determined to be aspiration of chyme. It is believed that,
although kratom was not the direct cause of death, it had an important role in it. High doses produce
sedative effects, and postmortem examination confirmed a humerus fracture of the left arm. It seems
that the pain was alleviated by mitragynine, explaining the lack of urgency of the subject to seek
medical attention [100].

Kratom’s consumption in Southeast Asia is changing. A recent study performed by
Singh et al. [101,102] based on self-reported information suggested that prolonged kratom use does
not result in serious health risks nor impairs social functioning. Two recent trends have also emerged:
the first involves the reported use of kratom to ease withdrawal from opioid dependence in rural
settings, while the second is related to adulterated kratom cocktails being consumed by young people
to induce euphoria in urban areas.

The presented evidences corroborate the fact that kratom is not only toxic but can also be lethal.
The Food and Drug Administration [103] reported 44 deaths associated to kratom use, one of them
involving mitragynine alone. These findings have prompted the institution to issue warning letters
to numerous businesses that were illegally selling kratom. Nevertheless, it is not always clear which
substances may be responsible for the effects, because in many situations kratom is not the only
product being consumed, hence further studies are required on this matter.

7. Analytical Methodologies

To date, there are some techniques that have been suggested for the determination of Mitragyna
speciosa, with special focus on mitragynine [104]. These techniques are imperative, not only for
identification and quantification of plant components, but also for metabolic studies, and forensic
and clinical toxicology. Therefore, it is important to achieve easy, inexpensive, and efficient ways to
identify this plant or its components in biological specimens [104]. An increased focus must be given
when kratom is present with other products or when there is adulteration of its chemical composition.
Chromatographic methods seem to be the most commonly used, with high-performance liquid
chromatography (HPLC) being the most popular [105]. Other methods include gas chromatography
and liquid chromatography coupled to mass spectrometry (MS). Genetic methods have inclusively
been used to identify the plant [9]. Some of the methods are reviewed in Table 1 (biological samples)
and Table 2 (plant material).

Kowalczuk et al. [106] proposed a comprehensive authentication procedure that involves botanical
analysis of leaf material and mitragynine identification by thin layer chromatography (TLC) and HPLC.
Although microscopic analysis cannot be used by itself for kratom identification due to fragmentation
of material and similarities between species, it can help in gathering information on the characteristic
elements of the powdered material, especially because of the difficulty of dried plant material analysis
due to incomplete removal of chlorophyll.
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Lesiak et al. [32] proposed the identification of unique biomarkers for Mitragyna speciosa recurring
to high resolution (HR)-DART-MS, a robust and fast way for data acquisition, without the need for
sample pre-preparation steps. Fresh leaves and leaf extract analysis allowed the identification of
Mitragyna speciosa following the detection of mitragynine isomers and 7-HMG. However, there was
a significant difference in the amount of information provided by each different specimen, with a
drop of 56% of the obtained information when the leaf extract was used. The possibility of identifying
Mitragyna speciosa by comparison of the mass spectral data with those of unknown plant leaves was
also approached with the help of linear discriminant analysis (LDA), being successful [32].

Parthasarathy et al. [107] reported a method with HPLC-diode array detection (DAD). DAD may
be used for Mitragyna speciosa analysis because it stands as a fast and simple method, although it is
not specific enough and seems to lack clear definition [105]. Comparison of extracts showed a higher
mitragynine concentration in methanol and alkaloid-rich extracts when compared to the water extract.
This is explained by the poor mitragynine solubility in water. Acid–base extraction technique also
increased mitragynine concentration by converting the compound (and also other alkaloids) into its
salt form, which is water soluble, and then back extracting the compound into the organic layer after
neutralization, resulting in more concentrated extracts [107].

Ion mobility spectrometry (IMS) has also been used for the detection of mitragynine in
15 commercial samples. Its high sensitivity, at the ng level, and portability makes it attractive for
screening. Fuenffinger et al. [108] used IMS and later compared the results with those obtained using
liquid chromatography–tandem mass spectrometry (LC–MS/MS). LC–MS/MS detected mitragynine
in one additional sample, whose concentration was below the IMS detection limit.

Furthermore, a monoclonal antibody (MAb) against mitragynine was produced and its ability
to provide detection in leaf samples was also studied. The immunogens were prepared by
means of the glutaraldehyde and carbodiimide methods. Immunogenicity was confirmed by
determining the hapten numbers using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS). This method provided a rapid and sensitive way of mitragynine
quantification [109].

Gas chromatography (GC) systems are viable and readily accessible due to their high selectivity
and relative low maintenance costs. Their coupling to MS provides good determination capabilities for
compounds. Still, there are some issues that cannot be ignored. The high temperature required for
alkaloid elution combined with the upper temperature limit of the polymeric GC stationary phases
impairs the parametric adjustment of resolution of alkaloid mixtures, and derivatization is often
deemed necessary [105]. In addition, these systems are not capable of adequately resolving a number
of diastereomers, such as mitragynine’s. This stands as an even bigger issue given the importance
of mitragynine in Mitragyna speciosa analysis [105]. A study using GC–MS for urine samples could
only detect mitragynine metabolites and some SC, SG, and PAY metabolites, with detection limits of
100 ng/mL for all diastereomers and PAY [110].

A comparison between GC and MS, supercritical fluid chromatography (SFC) and DAD,
and UHPLC and MS and DAD for the analysis of mitragynine and other indole and oxindole alkaloids
reported the GC method as less satisfactory. It proved to be unable to resolve mitragynine and
SC. These diastereomers are only differentiated by the orientation of a single inner hydrogen atom,
which makes the separation very hard by GC with a liquid stationary phase. In addition, the use of
standard capillary columns may also have contributed to the inadequate resolution of the compounds.

SFC methods stood as a better choice given that they are faster, simpler and do not require as
much organic liquids as the HPLC techniques [105]. Both were able to analyze mitragynine and other
indole and oxindole alkaloids, but they differ in their effectiveness to identify mitragynine when its
stereoisomers SG and SC are also present; indeed, and although mitragynine is the main compound of
Mitragyna speciosa, it is important to find methods capable of identifying possible interferences from
other diastereomers, which highlights the need for chromatographic separation [105].
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The extraction technique can influence the yield in raw extracts and the relative alkaloid
content of Mitragyna speciosa leaves, also highlighting the importance of extraction optimization.
Mudge et al. [111] used the HPLC–UV technique to determine mitragynine and 7-HMG, and compared
extraction solvents reporting methanol as the best choice; furthermore, they observed better extraction
efficiency of mitragynine with 70% methanol with 0.5 M acetic acid. Other factors, such as the extraction
method (shaking versus sonicating), solvent volume (10 versus 20 mL), and time (30 versus 60 min)
were evaluated. Although results were inconclusive, shaking seemed to improve precision [111].
Other assays [112] compared ultrasound assisted extraction (UAE), microwave-assisted extraction
(MAE), and supercritical carbon dioxide extraction (SFE-CO2) (using methanol, ethanol, water,
and binary mixtures). Using LC/ESI–MS analysis, MAE (methanol:water, 1:1) gave the highest
alkaloid fraction amount, while UAE showed the best yield for mitragynine. The authors concluded
that UAE (methanol:water) seemed to be the most effective method to obtain a large quantity of the
alkaloid [112].

Scientific literature concerning the determination of the main active compounds of Mitragyna
speciosa in biological fluids is very scarce, mostly focusing on urine specimens. In these cases, hydrolysis
is usually performed with β-glucuronidase and/or arylsulfatase because metabolites are majorly
excreted in the conjugate form [110,113–116]. Regarding extraction procedures, some authors use
liquid–liquid extraction with methyl tert-butyl ether [113,117], ethyl tert-butyl ether [115], or n-butyl
chloride [116].

However, solid phase extraction (SPE) seems promising. It yields clean chromatograms due to
its capability of removing interferences from the matrix, leading to increased sensitivity, precision,
and accuracy; it also presents short total analysis time and requires smaller sample volumes [33,114,118].
In fact, Mcintyre et al. [45] describe a fatal case report where peripheral blood, central blood, liver,
vitreous, gastric content, and urine were used to screen for mitragynine by SPE (C18) followed by
GC–MS. Using this approach the authors achieved limits of detection and limits of quantitation of
0.03 and 0.05 mg/L, respectively. Holler et al. [116] report the first publication of a death involving
propylhexedrine and mitragynine. The authors determined mitragynine presence in urine and blood,
after previous hydrolysis with β-glucuronidase and sulfatase. The extraction was performed with 3 mL
of n-butyl chloride and the analysis was performed using a LC–MS/MS system. The authors achieved
limits of detection and quantitation of 0.25 and 1 ng/mL respectively, and successfully applied the
extraction technique to other specimens (liver, vitreous humor, kidney, heart, spleen, lung, and bile) in
order to detect mitragynine. Heart was the only specimen in which the compound was not detected.

Bar adsorptive microextraction, using a modified N-vinylpyrrolidone polymer sorbent phase,
combined with liquid desorption followed by HPLC–DAD, was used in human urine matrices
(BAμE–LD/HPLC–DAD). This technique provided high selectivity for mitragynine, good performance,
and it is easy to work-up and environmentally friendly [119].

Although most of these methods proved to be reliable for mitragynine analysis, they require
complex sample preparations. They can also be too laborious, expensive, and not so easily accessible;
therefore, further studies are required on this matter. One should keep in mind that so far kratom
constituents are not detected by conventional drug screening tests (e.g., immunoassay tests).

Tables 1 and 2 review the available literature (PubMed) about the analytical techniques (from 2010
to present) studied in human biological matrices and plant material.
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8. Conclusions and Future Perspective

It is still very compelling for people to use substances that can enhance their abilities. Several NPS
or so-called ‘designer drugs’ are usually used in non-medical scenarios as synthetic alternatives for
illicit drugs of abuse. Kratom is an example of these new trended drugs. Its consumption is traditional
in southern Thailand, and it was formerly consumed for the purposes of withstanding great heat
and fatigue. Nowadays there are a wide amount of other reasons for consumption, such as opium
substitution, to diminish opium addiction, or reduce pain from withdrawal symptoms. Unfortunately,
kratom itself seems to cause dependence, therefore leading to withdrawal symptoms whenever
people stop using it. It has also been reported to cause an increase in blood pressure, hepatotoxicity,
nephrotoxicity, emphysema, over-inflation of the alveoli, and cytotoxicity to human neuronal cells and
there are even several reports regarding fatalities after kratom consumption. This alone is a pretty good
reason to pay more attention to this plant. It is important to develop simple, inexpensive, and effective
methods for Mitragyna speciosa analysis so that more information about toxicity, interactions with
other drugs, metabolic actions, and pharmacology can be understood. This becomes even clearer
due to the ease of acquisition on the internet. The lack of a convenient test for mitragynine detection
makes it a lot harder for authorities to detect kratom users, and therefore harder to provide health care
for them. A small plant that was originally used traditionally in a particular region in Asia is now
used worldwide with no need for medical prescription or supervision and for which a dependence
treatment is yet to be known.

Mitragyna speciosa also seems to present interesting effects, namely antinociceptive,
anti-inflammatory, gastrointestinal, anti-depressant, antioxidant, and anti-bacterial. Still, there is no
sufficient evidence that supports its use for clinical purposes, and therefore further studies are required.
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Abstract: Background: Plants and their derived natural compounds possess various biological
and therapeutic properties, which turns them into an increasing topic of interest and research.
Juniperus genus is diverse in species, with several traditional medicines reported, and rich in
natural compounds with potential for development of new drugs. Methods: The research for
this review were based in the Scopus and Web of Science databases using terms combining
Juniperus, secondary metabolites names, and biological activities. This is not an exhaustive
review of Juniperus compounds with biological activities, but rather a critical selection taking into
account the following criteria: (i) studies involving the most recent methodologies for quantitative
evaluation of biological activities; and (ii) the compounds with the highest number of studies
published in the last four years. Results: From Juniperus species, several diterpenes, flavonoids,
and one lignan were emphasized taking into account their level of activity against several targets.
Antitumor activity is by far the most studied, being followed by antibacterial and antiviral activities.
Deoxypodophyllotoxin and one dehydroabietic acid derivative appears to be the most promising
lead compounds. Conclusions: This review demonstrates the Juniperus species value as a source of
secondary metabolites with relevant pharmaceutical potential.

Keywords: Juniperus; secondary metabolites; diterpenes; flavonoids; lignans; cytotoxic; antitumor;
antibacterial; amentoflavone; deoxypodophyllotoxin

1. Introduction

Plants have been used by humans since the start of mankind thousands of years ago as
construction material [1], clothing [2], and obviously, as food and drugs [3]. Although scientific
knowledge has permitted the development of medicine to today’s standards based on herbal and
traditional medicines, the oldest form of medicine known to man, they are still used around the
world [4]. The use of plants themselves, their derived natural compounds and their biological and
therapeutic properties have become a topic of increasing interest and investigation not only in modern
medicine and pharmacology [5], but also in food and cosmetics industries [6].

Juniperus species are a good bet in the development of new drugs with natural compounds,
since it is a diverse genus (75 species of Juniperus [7]) with several traditional medicinal applications
reported. For example, Juniperus excelsa M.Bieb. is used to treat abdominal spasm, asthma, diarrhea,
fever, gonorrhea, headache, and is also useful as antihypertensive, diuretic, carminative, appetizer,
anticonvulsant, and flavoring agent [8]. In Turkey, powdered Juniperus oxycedrus subsp. oxycedrus L.
berries are consumed to lower blood glucose levels [9], while in Mexico, Juniperus communis L. is
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used to treat respiratory problems, gastrointestinal infections, cardiovascular and/or blood disorders,
and as astringent [10]. Use of J. communis also covers the treatment of urinary problems, migraines,
diabetes, gonorrhea, and skin irritations [11].

The extracts and secondary metabolites from Juniperus species exhibit also interesting
bioactivities [12,13], especially the Juniperus oxycedrus L. and J. communis, two of the most studied
species in terms of their phytochemistry, pharmacological, and therapeutic effects [14,15]. It can
be highlighted that extracts and compounds from both plants exhibit antimicrobial, antioxidant,
antidiabetic, anti-inflammatory, anticonvulsant, analgesic, and cytotoxic activities [14,15], and
additionally J. communis also possess antifertility, hepatoprotective, diuretic, neuroprotective,
antiparasitic, and anti-ulcer properties [14].

Some of the most relevant studies published in recent years on the bioactivities of Juniperus
extracts show clearly that Juniperus continues to be a hot spot in research on natural products as well
as contribute to further highlight the pharmacological potential of this genus and of its chemical
constituents. For example, Jung et al. [16] reports the butyrylcholinesterase (BChE) inhibitory activity
of the compound valenc-1(10), 3(4), 11(12)-trien-2-one isolated from Juniperus chinensis L. with an IC50

value of 68.45 μM (IC50 = 18.75 μM for berberine). In Lee and colleagues work [17], Juniperus rigida
Siebold & Zucc. fruit ethanol extract was showed to possess anti-atopic properties in in vivo oxazolone-
and 2,4-dinitrochlorobenzene(DNCB), and induced atopic dermatitis in mice models. It was suggested
that the therapeutic effect verified by this extract occurs by decreasing the overproduction of interleukin
4 (IL-4) and immunoglobulin E (IgE) and accelerating skin barrier recovery function. Groshi et al. [18]
assessed the cytotoxicity of the polar extract (methanol), and non-polar extracts (dichloromethane
and n-hexane) of Juniperus phoenicea L. leaves against four human cancer cell lines concluding that
the dichloromethane extract was the most cytotoxic extract against the lung carcinoma cell line A549
(IC50 = 13 μg/mL), while n-hexane extract exhibits the broadest spectrum of activity with IC50 values
of 10, 14, 16, and 40 μg/mL against hepatocellular carcinoma cell line HepG2, human breast cancer cell
line MCF-7, human lung carcinoma A549, and human bladder carcinoma cell line EJ138, respectively.
On the other hand, imbricataloic acid isolated from Juniperus phoenicea var. turbinata (Guss.) Parl. (syn.
Juniperus turbinata Guss.) ethanol extract showed the strongest cytotoxic activity (IC50 values of 0.06,
0.114, and 0.201 μM on human colon cancer HCT116, human malignant melanoma A375, and human
breast adenocarcinoma MDA-MB-231 cell lines, respectively), being several times more potent than
the reference compound cisplatin (IC50 values of 1.87 to 11.86 μM) [19] indicating that imbricataloic
acid make a promising anticancer drug candidate.

The essential oil of Juniperus species are also a research target once they exhibit a great diversity of
bioactivities. For example, the essential oil of J. phoenicea var. turbinata (syn. Juniperus turbinata Guss.)
exhibits cytotoxic effects against HCT116, A375, and MDA-MB-231 human tumor cell lines,
in a concentration-dependent inhibitory effect with IC50 values of 9.48–33.69 μg/mL [19].
Juniperus oxycedrus essential oil exhibited high antitrypanosomal activity (IC50 of 0.9 μg/mL) against
Trypanosoma brucei brucei, with no cytotoxic effects on RAW 267.4 macrophage cell line showing the
highest selectivity index (63.4) [20]. The authors of this study suggest that α-pinene would likely be
the responsible for the J. oxycedrus essential oil antitrypanosomal properties. In another work using
male mice [21], Juniperus virginiana L. essential oil at 400 and 800 mg/kg showed anxiolytic effect,
although it failed to inhibit the anxiety-related behavior by light-dark box.

The interest of the Juniperus species is also at the nutritional/functional food level and
some studies, including in vivo studies on this subject, have recently been published. Inci and
colleagues [22] found that low supplementation levels of J. communis berry (0.5% and 1%) in Japanese
quails (Coturnix coturnix japonica) diets have positive impacts on some body qualities, feed intake,
and live weight. Juniperus species are also valuable in terms of their wood since it is a viable
construction material classified as durable or even very durable, like J. communis case [23]. In this
context, Ateş et al. [24] suggest that Juniperus foetidissima Willd. could be aimed for new natural
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wood preservatives development since its methanol extract reported antifungal activity against
Pleurotus ostreatus with an IC50 value of 0.30 μg/μL.

Besides all the bioactive activities and other benefit effects of Juniperus species mentioned above,
it should be noticed that toxicity side effects were found in Juniperus species such as the spoonful
ingestion of J. oxycedrus extract of branches can cause poisoning, leading to fever, hepatotoxicity, renal
failure, severe hypotension, and severe cutaneous burns on the face [25]. Adverse effects were also
mentioned by Prinsloo and colleagues [3] to Juniperus sabina L. that contains thujone, a neurotoxic
compound, and to Juniperus scopulorum Sarg., which contains safrole, a liver carcinogen substance [3].

Taking into account the abovementioned bioactivities of some Juniperus species, their importance
as a source of novel natural compounds is well cleared. The increased interest and investigation of
these species lead to new discoveries of interesting and promising metabolites. Juniperus L. metabolites
pharmaceutical potential has been previously well reviewed in 2006 [12] and in 2015 [13], thus this
work aims to update the information relative to the recently published studies involving Juniperus
species secondary metabolites. It is important to highlight that this is not an exhaustive review of
all the studies regarding compounds with biological activities form Juniperus species, but rather a
selection taking into account the compounds whose biological activity and mechanism of action show
that they are compounds with high pharmacological potential.

2. Bioactive Secondary Metabolites from Juniperus Species

2.1. Terpenoids

2.1.1. Dehydroabietic Acid

The dehydroabietic acid (1) (Figure 1) has a lipophilic abietan-8,11,13-trien structure with only
one polar substituent, the equatorial carboxylic group at C-4. This acid is widely distributed in nature,
being present in J. oxycedrus, J. phoenicea, and Juniperus brevifolia (Seub.) Antoine [12,13]. This compound
has been considered as an interesting starting material for the synthesis of new compounds which
means, an excellent leader compound, with important biological properties, having at least two
hundred dehydroabietane derivatives described in literature [26]. Dehydroabietic acid (1) and its
derivatives display not only antiviral [27] and antitumor [28,29] effects, but also gastroprotective [30],
antimicrobial [31], and anti-inflammatory [32] properties.

More recently, new interesting dehydroabietic acid derivatives were studied. Hou and
colleagues [33] accessed the in vitro antiproliferative activity of various dehydroabietic acid derivatives
possessing a 1,2,3-triazole-tethered nucleus at C-14, against four different human cancer cell lines,
showing that the majority of the newly synthesized derivatives displayed effective antiproliferative
activities, being the presence of 1,2,3-triazole moiety substituted on C-4 crucial to the high cytotoxic
activity. The dehydroabietic acid methyl ester derivative (1a) (Figure 1), with the substituent
(2-(4-(3-(tert-butoxycarbonylamino)phenyl)-1H-1,2,3-triazol-1-yl)acetamido) at C-14, was the most
potent derivative tested, exhibiting better IC50 values (i.e., 0.7 to 1.2 μM) against the tested cells
lines (PC-3, SK-OV-3, MDA-MB-231 and MCF-7 human cell lines) than the clinical anticancer drug
fluorouracil (5-Fu) (5.2 to 24.5 μM IC50 values). Moreover, it also demonstrated weak cytotoxicity
against HL-7702 and HFF-1 normal cells. These results imply that, with proper structure modifications,
these types of derivatives could be aimed for development into a new anticancer natural product-like.

In a very recent work [34], the antibacterial activity of various N-sulfonaminoethyloxime
derivatives of dehydroabietic acid was assessed against Staphylococcus aureus Newman strain and
multidrug-resistant Staphylococcus aureus strains (NRS-1, NRS-70, NRS-100, NRS-108, and NRS-271).
The results showed that these dehydroabietic acid derivatives showed great antibacterial effect with
minimum inhibitory concentration (MIC) values ranging from 0.78 to 1.56 μg/mL against the strains
tested. With a MIC of 0.39 to 0.78 μg/mL (MIC = 0.63–1.2 μM) against Staphylococcus aureus Newman,
the meta-CF3 phenyl derivative (1b) (Figure 1) showed the highest antibacterial activity, similar to the
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positive-control compound vancomycin, that had a MIC of 0.78 to 1.56 μg/mL (MIC = 0.54–1.1 μM)
against the same bacteria strain.

 

Figure 1. Dehydroabietic acid (1) identified in Juniperus species and its derivatives (1a and 1b) with
significant cytotoxic and antibacterial activities.

2.1.2. Ferruginol

Ferruginol (2) (Figure 2) is, like dehydroabietic acid, a tricyclic diterpene with an aromatic ring
but without the C-18 carboxylic acid and with a hydroxyl group at C-12. It is widely distributed
in Juniperus genus [13,35], being particularly abundant in hexane extract of J. excelsa berries (32.9%
of all the detected compounds) [36]. Several previous reports showed that this compound exhibits
a great diversity of bioactivities such as anti-acaricide, antiplasmodial, nematicidal, antibacterial,
antileishmanial, antiviral, antifungal, and antitumoral [26,36–41].

213



Medicines 2018, 5, 81

 

Figure 2. Ferruginol (2) from Juniperus species and the most active antiviral derivative (2a).

A recent study [42] showed that ferruginol (2) has antitumor activity, presenting inhibitory effects
on HepG2 (IC50 = 11.4 ± 2.9 μg/mL, 39.8 μM) and Hep3B (IC50 = 19.4 ± 4.3 μg/mL, 67.7 μM) cell lines,
without affecting the normal hepatocyte line L-02 viability (IC50 > 100 μg/mL, 349 μM). However, we
would like to point out that the results previously mentioned have a standard deviation of around 20%
of the value of the mean, which impairs the scientific impact of the results. Since ferruginol (2) exhibited
the highest activity against Hep3B and HepG2 cell lines, the authors also assessed the mechanisms
of apoptosis caused by compound (2). The results indicated that ferruginol (2) downregulated the
expression levels of anti-apoptotic protein Bcl-2 (related to mitochondrial apoptosis pathway) and
upregulated pro-apoptotic proteins Bcl-2-associated X (Bax), caspase-3, and caspase-9 [42].

Increased production, accumulation, and aggregation of the neurotoxic peptide amyloid-β (Aβ)
within the brain triggers severe molecular changes affecting many signaling pathways associated
with neuronal metabolism, signaling, and neuronal communication, leading to spatial memory loss
and learning impairment associated with Alzheimer’s disease [43]. Amyloid β oligomers induce an
imbalance in the calcium signaling kinases (vital for maintaining the integrity and functionality of
synapses), which leads to progressive impairment of the synaptic connections, altering the capacity
for hippocampal long-term potentiation (LTP) resulting in neuronal apoptosis [44]. A recent study
by Zolezzi and colleagues [45] found that ferruginol (2) might have a potential neuroprotective role
in neurodegenerative alterations. Their study reports that 10 μM of ferruginol induce an increase
in calcium intracellular levels in hippocampal neurons from mice and promote neuroprotection
against apoptosis, synaptic protein loss, and LTP inhibition triggered by amyloid β oligomers.
The capacity of ferruginol to induce an increase in calcium was correlated with an increase in
Ca2+/calmodulin-dependent protein kinase II (CaMKII) and in the active form of protein kinase
C (PKC) in hippocampal slices, indicating that the changes in the LTP process and the calcium
levels may be intermediated by the activation of calcium-dependent mechanisms involving PKC and
CaMKII [46].

Furthermore, ferruginol (2) is the starting material for the synthesis of several compounds with
high activity level and less secondary effects. In the work by Roa-Linares and colleagues [47], ferruginol
and two analogues, showed relevant antiviral activity against Dengue Virus type 2, human Herpesvirus
type 1, and human Herpesvirus type 2. The ferruginol derivative with a phthalimide moiety at C-18
(2a) (Figure 2), was ten times better (EC50 = 1.4 μM) than the reference ribavirin (EC50 = 13.5 μM)
against Dengue Virus type 2 in a post-infection treatment and with a selectivity index value of 57.7,
which indicates that this compound presents great potential as a therapeutic agent and should be
aimed for further biopharmaceutical and pre-clinical studies [47].
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2.1.3. Hinokiol

Hinokiol (3) (Figure 3) is a 3β,12-dihydroxy-abieta-8,11,13-trien present in Juniperus species,
e.g., J. brevifolia, J. chinensis, J. excelsa, J. phoenicea, Juniperus procera Hochst. ex Endl. Juniperus przewalskii
Kom. and Juniperus squamata Buch.-Ham. ex D.Don [12,13], with interest for the scientific community
due to its pharmacological potential, since this compound has been reported to inhibit the generation
of nitric oxide (NO) and TNF-α, as well as the production of pro-inflammatory enzymes from
lipopolysaccharide-stimulated RAW macrophages [48,49]. Antioxidant [50] and hepatoprotective [51]
effects have also been reported for hinokiol, as well as antitumor properties against human ovarian
carcinoma (HO-8910) and cervical carcinoma (HeLa) cell lines [52].

 

Figure 3. Diterpenes (3–5) from Juniperus species with significant pharmacological potential.

In a more recent study, Wang and colleagues [53] reported the inhibition of voltage-gated Na+

channels (VGSCs) by hinokiol at 30 μM, in rat hippocampal CA1 neurons, differentiated NG108-15
cells and neuroblastoma N2A cells; VGSCs are crucial in the excitability of neurons since they permit
the influx of Na+ during the upstroke phase of action potential, which ensures the quality of rapid
signal transmission in the nervous system [53]. The VGSC inhibition by hinokiol presented in this
work could be interpreted as an anti-anxiety, anaesthetic or anticonvulsant activity, but further research
is necessary to clarify this topic and to hypothesize about future pharmacological applications.

2.1.4. Sugiol

Sugiol (4) (Figure 3), 12-hydroxy-abieta-8,11,13-triene-7-one is widely distributed in the
Cupressaceae family, being found in J. brevifolia, J. chinensis, J. communis, Juniperus polycarpos K.Koch,
J. procera, Juniperus rigida var. conferta (Parl.) Patschke (syn. J. conferta Parl.) and Juniperus formosana
Hayata [12,13,16,54,55]. Sugiol presents hepatoprotective [51] and antioxidant properties [56].

Bajpai and Kang [57] evaluated sugiol for tyrosinase and α-glucosidase inhibitory activity in vitro,
in terms of its antimelanogenesis and antidiabetic potential, respectively. The results showed that sugiol
at the concentration range of 0.100 to 10 mg/mL presented efficacy on inhibiting α-glucosidase (12.34 to
63.47% of inhibition) similar to acarbose (19.2 to 65.5% of inhibition at same concentration range), while
at concentration 0.020 to 0.50 mg/mL, sugiol inhibits 28.2 to 67.4% of tyrosinase activity, only a little
less active than kojic acid used as reference (32.4 to 76.5% inhibition at the same concentration range).

The Bajpai research group [58] reports also the potential of sugiol as antiviral once it inhibits the
growth of H1N1 influenza virus in a cytopathogenic reduction assay using Madin-Darby canine kidney
(MDCK) cell line. Severe cytopathic effect occurred in MDCK cells exposed to H1N1 influenza virus
but in MDCK cells treated with sugiol (500 μg/mL) along with H1N1 influenza virus, cytopathic effect
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was absent. In fact, MDCK cells treated with sugiol showed similar morphology to control MDCK
cells that were not exposed to H1N1 influenza virus.

Jung et al. [59] showed that sugiol may be useful against human solid tumors as an inhibitor of
transketolase (TKT) and of the signal transducer and activator of transcription 3 (STAT3). In fact, the
TKT reaction plays a crucial role in the pentose phosphate pathway, and its inhibition interrupts the
production of FAD, NAD(P)+, CoA, and ATP, as well as the synthesis of DNA and RNA in cancer
cells [60], while STAT3 inhibition plays an important role in the induction of cancer cells apoptosis [61].
In the work by Jung et al. [59], STAT3 activation was 40% inhibited by 20 μM of sugiol in DU145
prostate cancer cells, limiting their proliferation through cell cycle arrest at the G1/S checkpoint.
The mechanism of inhibition proposed indicates that inhibition of TKT by sugiol imply ROS-mediated
ERK activation and ERK activated phosphorylates STAT3 on Ser727 and recruits a protein tyrosine
phosphatase MEG2, which dephosphorylates STAT3 on Tyr705 leading to the inhibition of STAT3 [59].

A very recent study [62] showed that sugiol reduced the cell viability of human pancreatic cancer
cells (Mia-PaCa2) in a concentration-dependent manner being the IC50 value of 15 μM. The cytotoxic
activity of sugiol was found to be caused by reactive oxygen species (ROS)-mediated alterations in
mitochondrial membrane potential (MMP), in conjunction with an upregulation of Bax expression (an
inducer of apoptosis) and a downregulation of Bcl-2 expression (an antiapoptotic protein). Additionally,
the study indicates that sugiol also caused cell cycle arrest in G2/M phase of the cell cycle, ultimately
leading to apoptosis. Furthermore, sugiol also inhibited the migratory capacity of Mia-PaCa2 cells at
15 μM concentration. This study suggests that sugiol is a very good candidate to in vivo evaluation
against pancreatic cancer. Unfortunately, the authors of this study have not evaluated the compounds
cytotoxicity towards a non-tumor cell line under the same conditions and did not use an approved
clinical drug as positive control. If they had, they would have increased the impact of their work and
its contribution to the field.

2.1.5. Totarol

The compound totarol (5) (Figure 3) is a tricyclic phenolic diterpene with a totarane skeleton.
It is found in several Juniperus species such as J. brevifolia, J. chinensis, J. communis, J. conferta,
J. excelsa, J. formosana, J. phoenicea, J. procera and Juniperus drupaceae Labill. [12,13]. It is the most
abundant compound in the hexane extract of J. brevifolia bark (11 mg of compound by 100 mg
of extract) [54], being also found in species from other genus [63]. This compound seems to
be a good bet towards new interesting active drugs development since it displays a range of
interesting bioactivities such as antibacterial [64–66], antimycobacterial [38], antileishmanial [36],
antimalarial [67,68], antistaphylococcal activity caused by efflux inhibitory properties [69], as well as
nematicidal activity and antifouling attributes [36]. Furthermore, totarol could also be used as activity
enhancer of some conventional drugs [70].

A promising antimicrobial target is the bacterial cell division machinery and totarol (5), by
perturbing the cell division, has the capacity to restrain bacterial growth [71]. A recent study [72]
focused on the molecular targets and mechanism of action of totarol in Bacillus subtilis. Their
quantitative proteome analysis showed that diterpene (5) induced changes in 139 proteins expression
levels. The same study also reports that Bacillus subtilis major central metabolic dehydrogenases are
repressed by totarol (5) at IC50 = 1.5 μM leading to metabolic shutdown in the bacteria.

Another study [73] reports that totarol (5) has vascular protective effects in vivo, by activating the
protein kinase B/heme oxygenase-1 (PKB/HO-1) pathway, further increasing superoxide dismutase
(SOD) and antioxidant glutathione (GSH) levels, which leads to ischemia-induced brain injury
suppression. An in vitro assay showed totarol as no toxicity on cerebellar granule cells (CGC) at
various concentrations (1 to 5 μM), which strengthens its protective properties. In order to simulate the
situation of patients with acute stroke, a post-ischemia administration of totarol in rats (1 and 10 μg/kg)
was used. The results showed considerable decreases in infarct volume compared with the untreated
group. Moreover, totarol treatment (1 and 10 μg/kg) radically enhanced the ischemia-induced
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neurological deficit. The study also reported notably infarct volume reduction with 10 μg/kg of
totarol administration.

2.2. Flavonoids

2.2.1. Amentoflavone

Amentoflavone (6) (Figure 4), is a flavonoid dimer composed by two apigenin units linked by a
carbon-carbon bond between C-8 and C-3′, belonging to the biflavonoid family of compounds and
is found in several Juniperus species, like: J. oxycedrus, J. phoenicea, J. rigida, J. virginiana, J. chinensis,
J. communis, J. drupacea, J. foetidissima, Juniperus bermudiana L., Juniperus indica Bertol.,
mboxemphJuniperus macrocarpa Sm., and Juniperus occidentalis Hook. [12,13,74].

Amentoflavone (6) possesses a wide variety of bioactivities, such as antiphotoaging [75],
antifungal [76], antimicrobial [77], antioxidant [78], anti-inflammatory [79], antidiabetic [80],
antipsoriasis [81], diuretic [82] and antitumor [83,84], as well as neuroprotective [85] and osteogenesis
effects [86], and it confers cardiovascular injury protection [87]. Although all these bioactivities are
well reviewed with great detail by Yu et al. [74] there are still some studies that are worth mentioning
that were not included in the review.

 

Figure 4. The bioactive flavonoids amentoflavone (6) and rutin (7) from Juniperus species.

Inhibition of prostaglandin D2 (PGD2) has been found as a pharmacological mechanism for the
treatment of androgenic alopecia (i.e., pattern hair loss) [88]. A study [89] found that amentoflavone (6)
might inhibit PGD2 synthesis and that it has acceptable skin permeability as well as not being irritating
or corrosive to skin, suggesting that amentoflavone (6) can be used to develop safe and high-efficacy
hair loss treatment.

Estrogens have a crucial role in the initiation and the progression of breast cancers. Aromatase
catalyses the rate-limiting step in endogen/estrogen synthesis and its activity is stated to be higher
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in breast cancer [90]. Tascioglu et al. [91] showed that amentoflavone (6) could act as an aromatase
inhibitor being determined the IC50 value as 93.6 μM in an in vitro assay.

In a very interesting study [92], the protective effect of amentoflavone (6) against Freund’s
adjuvant induced arthritis in rats was evaluated. The findings show that treatment with 20 mg/kg
and 40 mg/kg doses of amentoflavone (6) has suitable anti-arthritic properties since it demonstrates to
positively control inflammation in the adjuvant induced arthritic rat model. Protective effects were
also reported in another study [93], where it was demonstrated that amentoflavone (6) protected
dopaminergic neurons against MPTP/MPP+-induced neurotoxicity. This neuroprotective activity may
have its clinical application in the treatment of some central nervous system (CNS) diseases, such as
Parkinson’s disease and ischemia.

Another study [94] examined the effects of amentoflavone in human ovarian cancer cell lines
OVCAR-3 and SK-OV-3. The results showed that this biflavonoid (6) could considerably suppress
cell propagation, block cell cycle progression at the G1/G0 phase and induce cell apoptosis. In both
cell lines, amentoflavone (6) displayed dose- and time-dependent inhibition. In SK-OV-3 cells assay,
after 48 h of treatment with compound (6) at 20 and 50 μM the cell viability decrease 15% and
20%, respectively, while with incubation time extended to 72 h, the decrease cell viability was 19%
and 31% for the respective doses. In OVCAR-3 cells, the results were similar. Also, apoptotic cell
population increased after 48 h and 72 h treatment at 20 μM and 50 μM. Furthermore, the results
showed that amentoflavone (6) repressed the expression of S-phase kinase protein 2 (Skp2) through
ROS/AMPK/mTOR signaling [94], which contributed to amentoflavone antitumor effect against
ovarian cancer.

The amentoflavone (6) inhibitory activity on human aldo-keto reductase family 1 member B10
(AKR1B10), which is a detoxification enzyme involved in drug resistance, was studied [95]. The results
showed that compound (6) decrease the growth of A549 human lung cancer cells in vitro and in vivo
by potently inhibition of human AKR1B10 activity (IC50 = 1.54 μM).

A key transcription factor that responds to oxidative stress is nuclear factor erythroid 2-related
factor 2 (Nrf2) and its activation is related with prevention of aging, inflammation and cancer [96].
A recent study [97] found that amentoflavone (6) could trigger Nrf2 activation through ROS-mediated
activation of the p38-AKT/PKB pathway in HaCaT keratinocytes.

A dipeptidyl peptidase IV (DPP-IV) inhibitors increase the activation of glucagon-like peptide 1
(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP), leading to the inhibition of secretion
of glucagon and enhancement of β-cells functionality [98]. Thus the control of DPP-IV activity is
an essential factor in management of type 2 diabetes, and amentoflavone (6), with an IC50 value of
3.9 ± 0.5 μM, was recognized as a potential DPP-IV inhibitor [99].

2.2.2. Rutin

Rutin, 3,3′,4′,5,7-pentahydroxyflavone-3-rhamnoglucoside, and also known as quercetin
3-rutinoside (7) (Figure 4), is a flavonol found in many plants including Juniperus species like
J. communis, J. excelsa, J. foetidissima, and J. oxycedrus [12,100].

Recently, two papers [101,102] have exhaustively reviewed the rutin (7) bioactivities and
pharmacological potential. They showed that it possesses multiple pharmacological activities, including
antioxidant, hepatoprotective, vasoprotective, anticarcinogenic, neuroprotective, cardioprotective and
antidiabetic activities [101,102].

A recent work, not included in the mentioned reviews, reported that rutin can provide
cardioprotective effect [103]. In this work, rutin at 50 μM was more effective than the cardioprotective
agent dexrazoxane (DZR) at same concentration, in preventing pirarubicin-induced toxicity in rat
cardiomyoblasts H9c2. The apoptosis rate of rutin (7) treatment after cells exposed to pirarubicin was
nearly 20%, while DZR treatment reported an apoptosis rate of about 30% [103]. The authors propose
that the protective effect of rutin (7) is related with its ability to scavenge intracellular ROS and inhibit
cell apoptosis by modulating the transforming growth factor (TGF)-β1-p38 MAPK signaling pathway.
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An interesting work by Parashar et al. [104] found that rutin (7) (100 mg/kg) could alleviate
chronic unpredictable stress (CUS) in mice, acting as an antidepressant. Since CUS impairs locomotors
abilities of animals [105], the fact that rutin (7) treated animals were more balanced and active than
the untreated ones, indicates a strong stimulatory effect on balancing activity, muscle coordination
and locomotion. In addition, animals treated with rutin (7) had intact memory and were capable to
identify a previously encountered object, thus spending more time discovering a novel object [104].
Stressed animals treated with rutin (7) presented an intact hippocampus with morphology and cell
number similar to control animals that were not subjected to CUS [104].

2.3. Lignans

Deoxypodophyllotoxin

Deoxypodophyllotoxin (DPT) (8) (Figure 5) is an aryltetralin cyclolignan having been isolated
from several Juniperus species like J. virginiana, J. rigida, J. sabina, J. squamata, J. procera, J. bermudiana,
J. chinensis, J. communis, J. phoenicea, Juniperus procumbens (Siebold ex Endl.) Miq. Juniperus recurva
Buch.-Ham. ex D.Don, Juniperus taxifolia Hook. & Arn. Juniperus thurifera L., and Juniperus x media V.D.
Dmitriev [12,13,106,107].

 

Figure 5. The bioactive lignan deoxypodophyllotoxin (8) identified in Juniperus species and its cytotoxic
derivatives (8a) and (8b).
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The main characteristic of this compound is its great cytotoxic potential as reported in
several studies [108–112]. Furthermore, DPT (8) also reported anti-inflammatory [113] and anti-
angiogenic [109,111] properties.

A study [114] showed that deoxypodophyllotoxin (8) has a significant cytotoxic activity in vitro
since it has inhibited the growth of numerous cancer cell lines (i.e., human glioblastoma-astrocytoma
U-87 MG, human glioblastoma SF126, gastric carcinoma SGC-7901, gastric carcinoma BGC-823,
ovarian carcinoma HO-8910, human ovarian carcinoma SK-0V-3, human colon carcinoma HT-29,
breast carcinoma MDA-MB-231 and human choriocarcinoma JeG-3) with IC50 values varying from
13.95 to 26.72 nM, while the clinical anticancer drug etoposide was less efficient (IC50 ≥ 73.57 nM) [114].
Furthermore, the same study [114], also suggests that deoxypodophyllotoxin (8) treatment resulted in
a dose- and time-dependent induction of apoptosis via caspase-dependent pathways by decreasing the
expression of cyclin-dependent protein kinase 2 (Cdc2), cyclin B1, and cell division cycle 25C protein
(Cdc25C), leading to cell cycle arrest in G2/M phase.

A recent study [115] also showed that DPT (8) at 5 nM induced G2/M cell cycle arrest in both
human breast cancer cells MCF-7 (MCF-7/S) and their acquired resistant cells (MCF-7/A), while
paclitaxel (10 nM) showed no effect on the cell cycle progression of the MCF-7/A cells. Besides that,
DPT (8) exhibited antiproliferative activity against the MCF-7/S and MCF-7/A cell lines, with IC50

values of 10.61 ± 1.09 nM and 5.86 ± 0.30 nM respectively, with a resistance index (RI) [(IC50 of
MCF-7/A cell line)/(IC50 of MCF-7/S cell line)] of 0.552 [115]. These values were better than the ones
obtained by paclitaxel and etoposide [115]. Furthermore, DPT (8) at 12.5 mg/kg, suppressed in vivo
the tumor growth in MCF-7/S and in MCF-7/A xenograft mice, exhibiting tumor volume growth
inhibition of 49.62% in the MCF-7/S xenografts, approaching the tumor volume growth inhibition
of paclitaxel (53.86% at 12.5 mg/kg). In addition, DPT (8) has potential to be a new microtubule
inhibitor for breast cancer treatment since its antitubulin polymerization activity showed the absence
of the polymerized tubulin, indicating that deoxypodophyllotoxin disrupted microtubule assembly
in a different manner than paclitaxel [115]. The results presented by Zang et al. [115] also confirmed
that deoxypodophyllotoxin (8) was not a substrate of the P-gp efflux pump and could overcome
P-gp-mediated multi-drug resistance, unlike what happens with paclitaxel which is a P-glycoprotein
(P-gp) efflux pump substrate [116].

An in vivo study [117] showed the antitumor property of deoxypodophyllotoxin (8) on MDA-
MB-231 human breast cancer xenografts in BALB/c nude mice in a concentration-dependent manner.
Deoxypodophyllotoxin (8) was combined with hydroxypropyl-β-cyclodextrin (DPT-HP-β-CD) in order
to turn it more soluble and facilitate its intravenous administration. The results revealed that DPT (8)
exhibited strong inhibitory effect and great antitumor activity, being the treatment with DPT-HP-β-CD
(20 mg/kg) in MDA-MB-231 xenograft more efficient than the ones with etoposide (20 mg/kg) and
docetaxel (20 mg/kg) [117], two anticancer drugs in clinical therapeutic [118,119]. The authors [117]
also point out that, similar to other cancer chemotherapy drugs, DPT-HP-β-CD treatment caused
gastrointestinal reactions after intravenous injection, consequential reducing food intake, which led to
weight loss in the mice.

An in vitro study from Hu et al. [120] investigated the cytotoxic effect of DPT (8) on human
prostate cancer DU-145 cells and its potential action mechanism. The results revealed that DPT (8)
induced cell apoptosis and inhibited cell proliferation. Detection of high levels of the caspase-3
expression suggests that caspase-mediated pathways were involved in DPT-induced apoptosis.
Moreover, the authors suggest that apoptosis was also induced through downregulation of the levels
of phosphorylated Akt and activation of the p53/B-cell lymphoma 2 associated X protein/phosphatase
and tensin homolog (i.e., Akt/p53/Bax/PTEN) signaling pathway [120]. Although this work must be
emphasized because it exposes a new target involved in the DPT (8) mechanism of action, no control
was used nor were IC50 values against DU-145 cells line presented, which is a misfortune since it
decreases the scientific impact of the study.
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Parthanatos is a unique cell-death pathway that is distinctive from necrosis, apoptosis or other
recognized forms of cell death. It is a process dependent on the over activation of the nuclear enzyme
poly (ADP-ribose) polymerase 1 (PARP-1), causing it to synthesize a massive quantity of PAR polymer
until reaching toxic levels, resulting in large-scale chromatin condensation and DNA fragmentation,
leading to cell death [121]. A study [122] found that DPT (8) triggered parthanatos in rat C6, human
SHG-44 and U87 glioma cell lines via induction of excessive reactive oxygen species (ROS). In addition,
alterations of parthanatos-related proteins triggered by DPT (8) occurred in a dose and time dependent
manner and involved the induced cytoplasmic accumulation of PAR polymer in SHG-44 and C6
glioma cells as well as the upregulation in the nuclear level of AIF and in the cytoplasmic and nuclear
levels of PARP-1 [122].

ROS production plays a crucial role in apoptosis signaling, leading to cancer cell death [123],
but it also can trigger autophagy [124]. Since autophagy is a degradation process in intracellular
organelles that occurs when cells undergo nutrition deprivation and external stimulus, its activation is
essential for preserving intracellular homeostasis and allowing the cell to survive [125]. An interesting
study [126], demonstrated that deoxypodophyllotoxin (8) induces both autophagy and apoptosis
in osteosarcoma U2OS cells, through modification of mitochondrial membrane potential (MMP),
which is related with generation of ROS. Furthermore, DPT (8) suppressed the PI3 K/AKT/mTOR
signaling cascades, a pathway that leads the autophagy activation. Hence, these results indicate that
deoxypodophyllotoxin (8) triggers simultaneously cytoprotective autophagy and cytotoxic apoptosis.

DPT (8) was used in a recent study [127], to establish a physiologically based pharmacokinetic-
pharmacodynamic (PBPK-PD) model that allowed to predict the tumor growth in human lung
carcinoma NCI-H460 tumor-bearing mice during deoxypodophyllotoxin (8) multi-dose treatment,
as well as in gastric cancer SGC-7901 tumor-bearing mice. Briefly, the PBPK-PD model uses
in vitro/in vivo pharmacodynamic correlations and predicts antitumor effectiveness in tumor-bearing
mice based on in vitro pharmacodynamics assays results. The authors defend that this PBPK-PD
model could be use with other compounds besides DPT, permitting a faster dose regimen design and
anticancer candidate screening in drug discovery processes.

Derivative compounds from deoxypodophyllotoxin (8) also present great potential as anticancer
drugs, as it is shown in a study from Guan et al. [128]. In their study, cytotoxic activity of various
deoxypodophyllotoxin–5-fluorouracil hybrid compounds were evaluated using four human cancer
cell lines and the human lung fibroblast non-tumoral cell line WI-38. The majority of the hybrids
were more potent in their cytotoxicity to the four tumor cell lines and presented reduced toxicity
against the normal cell line than the reference compounds etoposide and 5-FU. The most promising
compound was 4′-O-demethyl-4-deoxypodophyllotoxin-4′-yl 4-((6-(2-(5-fluorouracil-yl)acetamido)
hexyl) amino)-4-oxobutanoate (8a) (Figure 5) that presented IC50 values of 0.27 to 4.03 μM against
HeLa, A549, HCT-8 and HepG2 cells, being less toxic (IC50 = 113.8 μM) to WI-38 cells than 5-FU
and etoposide (IC50 values of 78.52 μM and 35.8 μM respectively) [128]. Furthermore, this hybrid
compound (8a) can inhibit A549 cell migration by up-regulation TIMP-1 and down-regulation matrix
metallopeptidase 9 (MMP-9), as well as cause cell-cycle arrest in the G2/M phase by affecting levels of
the cell-cycle regulators p-cdc2, cdc2 and cyclin B1 [128].

The same deoxypodophyllotoxin derivative (8a) (Figure 5), named C069 by Xiang et al. [129],
could have antiproliferative effects in human umbilical vein endothelial cells (HUVEC), in a dose- and
time-dependent way. C069 (8a) at concentrations of 0.1 and 0.3 μM, showed better antiproliferative
activity than etoposide at 1 μM, and low cytotoxicity against human normal lung cells WI-38 [129].
Since HUVEC represent a model cell line used to study angiogenesis processes, its non-proliferation is
translated as an anti-angiogenesis property of C069 (8a).

Zhu et al. [130], showed that other DPT derivative (8b) (Figure 5), exhibits the IC50

values of 0.22 ± 0.02 μM against MGC-803 cells, being more active than the reference etoposide
(IC50 values > 10 μM against the same cells line) and it can cause cell cycle arrest in G2/M phase
through regulation of cell cycle check point proteins expression, such as p21, cdc25c, CDK1, cyclin A,
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and cyclin B. The same derivative (8b) at 4 mg/kg was also able to reduce in 45.56% the weights and
volumes of HepG2 xenografts in mice in just 14 days [130].

Despise the impressive clinical efficacy of the deoxypodophyllotoxin (8) and its derivatives, their
therapeutic use still needs to overcome some difficulties like its poor water solubility [131] and rapid
elimination [132].

3. Conclusions

In conclusion, Juniperus genus is very rich in species and promising metabolites with
pharmaceutical potential, being J. communis and J. oxycedrus the two most studied species in terms of
their phytochemistry, pharmacological and therapeutic effects.

As a summary, the effects of Juniperus secondary metabolites and the level of activity/mechanism
of action are shown in Table 1.

Table 1. The key points of each secondary metabolite highlighted.

Compound Biological Activity (Tested Model) Level of Activity a (Control/Mechanism b) Ref.

1a
Antitumor (PC-3, SK-OV-3,

MDA-MB-231 and MCF-7 cell lines)
IC50 = 0.7–1.2 μM (IC50 = 5.2–24.5 μM

to 5-FU) [33]

1b
Antibacterial (Staphylococcus aureus

Newman)
MIC = 0.63–1.2 μM (MIC = 0.54–1.1 μM

to vancomycin) [34]

2

Antitumor (HepG2 cell line) IC50 = 39.8 μM (low cytotoxicity to L-02
cell line) [42]

Neuroprotective (hippocampal neurons
from mice) At 10 μM cause ↑ calcium intracellular) [45]

2a Antiviral (Dengue Virus type 2) EC50 = 1.4 μM with SI = 57.7 (EC50 = 13.5
μM to ribavirin) [47]

3
Neurons excitability (rat hippocampal

CA1 neurons) At 30 μM cause inhibition of VGSC [53]

4

Antidiabetic (α–glucosidase inhibition)
At 33.2 mM cause more than 65% of

inhibition (at 15.4 mM acarbose cause
identical inhibition)

[57]

Antimelanogenesis
(tyrosinase inhibition)

At 1.7 mM cause more than 65% of
inhibition (at 3.5 mM kojic acid cause

identical inhibition)
[57]

Antiviral (MDCK cell line exposed to
H1N1 virus)

At 1.7 mM protect against severe cytopathic
effect caused by H1N1 virus [58]

Antitumor (DU145 cell line) At 20 μM the STAT3 activation was
40% inhibited [59]

Antitumor (Mia-PaCa2 cell line)
IC50 = 15 μM (↑ Bax expression, ↑
ROS–mediated alterations, ↓ Bcl–2
expression, ↓ migratory capacity

[62]

5

Antibacterial (Bacillus subtilis) At IC50 = 1.5 μM inhibition of metabolic
dehydrogenases [72]

Vascular-protection (rats)
At 1–10 μg/kg ↓ infarct volume, ↑

ischemia–induced neurological deficit by
activation of PKB/HO–1, SOD and GSH

[73]
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Table 1. Cont.

Compound Biological Activity (Tested Model) Level of Activity a (Control/Mechanism b) Ref.

6

Antitumor (aromatase inhibition) IC50 = 93.6 μM [91]

Antitumor (OVCAR-3 and SK-OV-3)
20–50 μM cause ↓ cell propagation, block
cell cycle progression at the G1/G0 phase

and induce cell apoptosis
[94]

Antitumor (A549) IC50 = 1.54 μM (inhibition of human
AKR1B10 activity) [95]

Anti-arthritis (adjuvant induced
arthritic rats) At 20–40 mg/kg cause ↓ inflammation [92]

Antidiabetic (DPP-IV inhibition) IC50 = 3.9 μM [99]

7

Cardioprotective (rat
cardiomyoblasts H9c2)

At 50 μM exhibits an apoptosis rate of 20%
after pirarubicin–induced toxicity (30%

to dexrazoxane)
[103]

Antidepressant (in mice) At 100 mg/kg alleviate CUS [104]

8

Antitumor (U-87 MG, SF126, SGC-7901,
BGC-823, HO-8910, SK-0V-3, HT-29,

MDA-MB-231, JeG-3)

IC50 = 13.95–26.72 nM by ↓ Cdc2
expression, ↓ cyclin B1, ↓ Cdc25C (IC50 ≥

73.57 nM to etoposide)
[114]

Antitumor (MCF-7/S, MCF-7/A) IC50 = 5.86 nM, RI = 0.552 (paclitaxel and
etoposide exhibit higher IC50 and RI) [115]

Antitumor (MCF-7/S and in MCF-7/A
xenograft mice)

At 12.5 mg/kg 49.2% of tumour volume
growth inhibition (identical to paclitaxel) [115]

8a

Antitumor (HeLa, A549, HCT-8 and
HepG2 cell lines)

IC50 = 0.27–4.03 μM, cell migration
inhibition, ↑ TIMP-1 expression, ↓ MMP-9

expression, more selectivity than 5-Fu
and etoposide

[128]

Antitumor (HUVEC cell line) At 0.1–0.3 μM higher activity and
selectivity index than etoposide at 1 μM [129]

8b
Antitumor (MGC-803 cell line) IC50 = 0.22 μM (IC50 values > 10 μM

to etoposide) [130]

Antitumor (HepG2 xenografts in mice) At 4 mg/kg ↓ in 45.56% the weights and
volumes of tumor [130]

a The activity level presented as half maximal inhibitory concentration; b When available, data about activity level
of the clinical drug used as positive control and/or action mechanism are given. ↑: increased level; ↓: decrease level.

Regarding bioactivities, antitumor activity is by far the most studied, being followed by antiviral
and antibacterial activities, with several works researching compounds found on Juniperus species
mainly for these properties.

From the compounds mentioned in this review, deoxypodophyllotoxin (8) appears to be the most
promising one in terms of development into a pharmaceutical natural drug, since it has reported
antitumor effects against breast cancer acquired resistant cells (MCF-7/A), with IC50 = 5.86 nM, a
very interesting value in the nanomolar level. However, their therapeutic use still needs to overcome
obstacles like its poor water solubility. A deoxypodophyllotoxin derivative more soluble could do
the trick. The dehydroabietic acid derivative 1a also appears to be a good bet for further studies and
development since it has shown IC50 values between 0.7–1.2 μM against PC-3, SK-OV-3, MCF-7 and
MDA-MB-231 tumor cell lines, an activity higher than the one exhibited by the anticancer agent 5-FU
used clinically, and with significant selectivity once dehydroabietic acid derivative 1a displayed very
weak cytotoxicity against normal cells.

The majority of the studies addressed in this review were made at the in vitro scale, with only
a handful being done in in vivo. In fact, this is only the first step of a long, expensive, and very
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selective route until it can be declared as a compound with real potential to be a new drug, that is, with
therapeutic application or as a new head of series. Thus, while this review work outlines the most
promising compounds on which more studies are published in recent years, we are convinced that
only the two compounds highlighted in the previous paragraph will be interesting enough to attract
the attention of the pharmaceutical industry.

In light of this, the more active and promising compounds presented in Juniperus species should
be taken to the next step, with future works aiming to in vivo testing assessment of them, particularly
the ones with antitumor effects.

On the other hand, studies regarding any bioactivity assay of any compound should always
present IC50 values of a reference compound in order to increases their scientific impact and facilitate
results comparison.

This review hopes to demonstrate the Juniperus species value and their importance as a source of
metabolites with relevant pharmaceutical potential.
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Abbreviation

5-Fu Fluorouracil
A375 Human malignant melanoma
A549 Human lung carcinoma
AIF Apoptosis inducing factor
AKR1B10 Aldo-keto reductase family 1 member B10
AKT/PKB Protein kinase B
AMPK Adenosine monophosphate -activated protein kinase
ATP Adenosine triphosphate
Aβ Amyloid-β
Bax Bcl-2-associated X
BChE Butyrylcholinesterase
BGC-823 Gastric carcinoma
C6 Rat glial tumor
CaMKII Ca2+/calmodulin-dependent protein kinase II
Cdc2 Cyclin-dependent protein kinase 2
Cdc25C Cell division cycle 25C protein
CGC Cerebellar granule cells
CNS Central nervous system
CoA Coenzyme A
CUS Chronic unpredictable stress
DNA Deoxyribonucleic acid
DNCB 2,4-Dinitrochlorobenzene
DPP-IV Dipeptidyl peptidase IV
DPT Deoxypodophyllotoxin
DPT-HP-β-CD Mixture of deoxypodophyllotoxin with hydroxypropyl-β-cyclodextrin
DU145 Human prostate cancer
DZR Dexrazoxane
EC50 Half maximal effective concentration
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EJ138 Human bladder carcinoma
ERK Extracellular signal-regulated kinase
FAD Flavin adenine dinucleotide
GIP Glucose-dependent insulinotropic polypeptide
GLP-1 Glucagon-like peptide 1
GSH Glutathione
H9c2 Rat cardiomyoblasts
HaCaT Nontumorigenic human epidermal cells
HCT-8 Human colorectal adenocarcinoma
HCT116 Human colon cancer
HeLa Human cervical carcinoma
Hep3B Human hepatoma
HepG2 Human hepatocellular carcinoma
HFF-1 Human normal fibroblast
HL-7702 Human liver normal
HO-8910 Human ovarian carcinoma
HT-29 Human colon carcinoma
HUVEC Human umbilical vein endothelial cells
IC50 Half maximal inhibitory concentration
IgE Immunoglobulin E
IL-4 Interleukin 4
JeG-3 Human choriocarcinoma
L-02 Human fetal hepatocyte normal cell line
LTP Long-term potentiation
MCF-7/A Acquired resistant human breast cancer
MCF-7/S Human breast cancer
MCF-7 Human breast cancer
MDA-MB-231 Human breast adenocarcinoma
MDCK Madin-Darby canine kidney cells
MGC-803 Human gastric cancer
Mia-PaCa2 Human pancreatic carcinoma
MIC Minimum inhibitory concentration
MMP Mitochondrial membrane potential
MMP-9 Matrix metallopeptidase 9
MPP+ 1-methyl-4-phenylpyridinium
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mTOR Mammalian target of rapamycin
N2A Mouse neuroblastoma
NAD(P)+ Nicotinamide adenine dinucleotide phosphate
NCI-H460 Human lung carcinoma
NO Nitric oxide
Nrf2 Nuclear factor erythroid 2-related factor 2
OVCAR-3 Human ovarian adenocarcinoma
PAR Poly (ADP-ribose)
PARP-1 Poly (ADP-ribose) synthetase 1
PBPK-PD Physiologically based pharmacokinetic-pharmacodynamic
PC-3 Human prostate cancer
PGD2 Prostaglandin D2
PKB/HO-1 Protein kinase B/heme oxygenase-1
PKC Protein kinase C
PTEN Phosphatase and tensin homolog
RAW 267.4 Macrophage normal cell line
RNA Ribonucleic acid
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ROS Reactive oxygen species
SF126 Human glioblastoma
SGC-7901 Gastric carcinoma
SHG-44 Human malignant glioma
SI Selective index
SK-OV-3 Ovarian cancer
Skp2 S-phase kinase protein 2
SOD Superoxide dismutase
STAT3 Signal transducer and activator of transcription 3
TGF Transforming growth factor
TIMP-1 TIMP metallopeptidase inhibitor 1
TKT Transketolase
TNF-α Tumor necrosis factor α
U-87 MG Human glioblastoma-astrocytoma
VGSC Voltage-gated Na+ channels
WI-38 Human lung fibroblast normal cells

References

1. Youngs, R.L.; Hamza, M.F. Wood: History of use. In Reference Module in Materials Science and Materials
Engineering, 1st ed.; Hashmi, S., Ed.; Elsevier Inc.: Oxford, UK, 2016; pp. 1–7, ISBN 978-0-12-803581-8.

2. Lukešová, H.; Palau, A.S.; Holst, B. Identifying plant fibre textiles from Norwegian Merovingian period and
Viking age graves: The late iron age collection of the University Museum of Bergen. J. Archaeol. Sci. Rep.
2017, 13, 281–285. [CrossRef]

3. Prinsloo, G.; Nogemane, N.; Street, R. The use of plants containing genotoxic carcinogens as foods and
medicine. Food Chem. Toxicol. 2018, 116, 27–39. [CrossRef] [PubMed]

4. Falzon, C.C.; Balabanova, A. Phytotherapy: An introduction to herbal medicine. Prim. Care Clin. Off. Pract.
2017, 44, 217–227. [CrossRef] [PubMed]

5. Ghosh, N.; Ghosh, R.C.; Kundu, A.; Mandal, S.C. Herb and drug interaction. In Natural Products and Drug
Discovery, 1st ed.; Mandal, S.C., Mandal, V., Konishi, T., Eds.; Elsevier Inc.: Oxford, UK, 2018; pp. 467–490,
ISBN 978-0-08-102081-4.

6. Rangel, M.L.; Guerrero-Analco, J.A.; Monribot-Villanueva, J.L.; Kiel-Martínez, A.L.; Avendaño-Reyes, S.;
Abad, J.P.D.; Bonilla-Landa, I.; Dávalos-Sotelo, R.; Olivares-Romero, J.L.; Angeles, G. Anatomical and
chemical characteristics of leaves and branches of Juniperus deppeana var. deppeana (Cupressaceae): A potential
source of raw materials for the perfume and sweet candies industries. Ind. Crops Prod. 2018, 113, 50–54.
[CrossRef]

7. The Plant List. Available online: http://www.theplantlist.org/1.1/browse/G/Cupressaceae/Juniperus
(accessed on 28 May 2018).

8. Khan, M.; Khan, A.; Rehman, N.; Gilani, A.H. Pharmacological explanation for the medicinal use of
Juniperus excelsa in hyperactive gastrointestinal and respiratory disorders. J. Nat. Med. 2012, 66, 292–301.
[CrossRef] [PubMed]

9. Orhan, N.; Aslan, M.; Pekcan, M.; Orhan, D.D.; Bedir, E.; Ergun, F. Identification of hypoglycaemic
compounds from berries of Juniperus oxycedrus subsp. oxycedrus through bioactivity guided isolation technique.
J. Ethnopharmacol. 2012, 139, 110–118. [CrossRef] [PubMed]

10. Sharma, A.; Flores-Vallejo, R.C.; Cardoso-Taketa, A.; Villarreal, M.L. Antibacterial activities of medicinal
plants used in Mexican traditional medicine. J. Ethnopharmacol. 2017, 208, 264–329. [CrossRef] [PubMed]

11. Bais, S.; Gill, N.S.; Rana, N.; Shandil, S. A Phytopharmacological review on a medicinal plant: Juniperus
communis. Int. Sch. Res. Not. 2014, 2014, 634723. [CrossRef] [PubMed]

12. Seca, A.M.L.; Silva, A.M.S. The chemical composition of the Juniperus genus (1970–2004). In Recent Progress
in Medicinal Plants; Govil, J.N., Singh, V.K., Bhardwaj, R., Eds.; Studium Press LLC: Houston, TX, USA, 2006;
Volume 16, pp. 401–522, ISBN 0-9761849–8–2.

226



Medicines 2018, 5, 81

13. Seca, A.M.L.; Pinto, D.C.G.A.; Silva, A.M.S. The current status of bioactive metabolites from the genus
Juniperus. In Bioactive Phytochemicals: Perspectives for Modern Medicine; Gupta, V.K., Ed.; M/S Daya Publishing
House: New Delhi, India, 2015; Volume 3, pp. 365–407, ISBN 9789351246749.

14. Al-Snafi, A.E. Medical importance of Juniperus communis—A review. Indo Am. J. Pharm. Sci. 2018,
5, 1779–1792. [CrossRef]

15. Al-Snafi, A.E. Pharmacological and therapeutic effects of Juniperus oxycedrus—A review. Indo Am. J.
Pharm. Sci. 2018, 5, 2198–2205. [CrossRef]

16. Jung, H.J.; Min, B.-S.; Jung, H.A.; Choi, J.S. Sesquiterpenoids from the heartwood of Juniperus chinensis.
Nat. Prod. Sci. 2017, 23, 208–212. [CrossRef]

17. Lee, S.; Park, N.-J.; Bong, S.-K.; Jegal, J.; Park, S.-A.; Kim, S.-N.; Yang, M.H. Ameliorative effects of Juniperus
rigida fruit on oxazolone- and 2,4-dinitrochlorobenzene-induced atopic dermatitis in mice. J. Ethnopharmacol.
2018, 214, 160–167. [CrossRef] [PubMed]

18. Groshi, A.A.; Evans, A.R.; Ismail, F.M.D.; Nahar, L.; Sarker, S.D. Cytotoxicity of Libyan Juniperus phoenicea
against human cancer cell lines A549, EJ138, HepG2 and MCF7. Pharm. Sci. 2018, 24, 3–7. [CrossRef]

19. Venditti, A.; Maggi, F.; Quassinti, L.; Bramucci, M.; Lupidi, G.; Ornano, L.; Ballero, M.; Sanna, C.; Bruno, M.;
Rosselli, S.; et al. Bioactive constituents of Juniperus turbinata Gussone from La Maddalena Archipelago.
Chem. Biodivers. 2018, e1800148. [CrossRef] [PubMed]

20. Costa, S.; Cavadas, C.; Cavaleiro, C.; Salgueiro, L.; do Céu Sousa, M. In vitro susceptibility of
Trypanosoma brucei brucei to selected essential oils and their major components. Exp. Parasitol. 2018,
190, 34–40. [CrossRef] [PubMed]

21. Zhang, K.; Yao, L. The anxiolytic effect of Juniperus virginiana L. essential oil and determination of its active
constituents. Physiol. Behav. 2018, 189, 50–58. [CrossRef] [PubMed]

22. Inci, H.; Ozdemir, G.; Sengul, A.Y.; Sogut, B.; Nursoy, H.; Sengul, T. Using juniper berry (Juniperus communis)
as a supplement in Japanese quail diets. Rev. Bras. Zootec. 2016, 45, 230–235. [CrossRef]

23. Brischke, C.; Hesse, C.; Meyer-Veltrup, L.; Humar, M. Studies on the material resistance and moisture
dynamics of Common juniper, English yew, Black cherry, and Rowan. Wood Mater. Sci. Eng. 2018, 13, 222–230.
[CrossRef]
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Abstract: The genus Scabiosa (family Caprifoliaceae) is considered large (618 scientific plant names of
species) although only 62 have accepted Latin binominal names. The majority of the Scabiosa species
are widely distributed in the Mediterranean region and some Scabiosa species are used in traditional
medicine systems. For instance, Scabiosa columbaria L. is used traditionally against diphtheria while
S. comosa Fisch. Ex Roem. and Schult. is used in Mongolian and Tibetan traditional medical settings
to treat liver diseases. The richness of Scabiosa species in secondary metabolites such as iridoids,
flavonoids and pentacyclic triterpenoids may contribute to its use in folk medicine. Details on the
most recent and relevant pharmacological in vivo studies on the bioactive secondary metabolites
isolated from Scabiosa species will be summarized and thoroughly discussed.

Keywords: Scabiosa; flavonoids; iridoids; pentacyclic triterpenoids; antioxidant; anti-inflammatory;
antibacterial; anticancer

1. Introduction

From the pharmacological perspective, plants are a treasure. In fact, the plant itself or its secondary
metabolites are the source of useful drugs. They still are the main source of bioactive compounds
that can be used directly in remedies, or can inspire the synthesis of more active derivatives [1].
Accordingly, the scientific community has renewed its interest in pharmacologically active natural
compounds trying to find cures for many diseases. Moreover, herbal remedies are also enjoying a
revival in developed countries, and in many countries, traditional medicine is the first option, or the
only one, for health maintenance and disease prevention or treatment. In this context, Scabiosa species
are significant due their applications in traditional medicine systems but also due to their richness in
bioactive compounds.

Some authors indicate that there are 100 species of Scabiosa [2]. However, from the 618 scientific
plant names listed, only 62 are accepted species names, with the others being synonyms and/or
unresolved names [3]. Currently, genus Scabiosa belongs to the family of Caprifoliaceae, although in
previous reports appears included in the Dipsacaceae family. However, due to morphological and
molecular phylogenetic analyses, Dipsacaceae is no longer recognised as a family and their species are
currently placed in the family Caprifoliaceae [4]. These changes in the species taxonomy, although
understandable, may lead to several confusions in the literature and consequently increase difficulties
to the phytochemical researchers (usually chemists).

All the botanic names referred herein were confirmed in “The Plant List” database [3] and the
full-accepted binominal Latin scientific name will be displayed in the first citation while in subsequent
citations Scabiosa will be indicated by the first capital letter and the authors’ names will be omitted.
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The genus Scabiosa L. is considered a large taxonomically complex genus with several species
distributed in the Mediterranean Basin, Asia and southern Africa [5,6]. Scabiosa species are annual
plants with basal leaf rosettes and leafy stems. They are mostly shrubs with variation in size from 10 cm,
such as in Scabiosa stellata L. case [7], to 60 cm, in the case of Scabiosa atropurpurea L. [8]. Their flowers
have crowded small heads with colours ranging from white to purple, which is why some are used
as ornamental plants. Scabiosa species are also used as medicinal plants, and phytochemical studies
revealed that they are able to produce interesting secondary metabolites some of which have proved
to be promising therapeutic agents. Thus, herein we report and discuss the information on traditional
medicine applications, bioactive natural compounds isolated from Scabiosa species, highlighting the
more relevant metabolites and/or bioactivities.

2. Scabiosa Genus: Traditional and Pharmacological Applications

There are a few reports indicating that species from the genus Scabiosa are used in traditional
medicine. However, it should be highlighted that several species need some taxonomic confirmations.
For example, Scabiosa succisa L., which is reported to be used in the treatment of bronchitis, influenza
and asthma [9], is also considered a synonym of Succisa pratensis Moench., the current accepted
name for the species [10]. Besides, several publications still use the former family name Dipsacaceae.
Despite the mentioned drawbacks, the use of Scabiosa species in traditional medicine systems is
happening, particularly in China [11]. For instance, Scabiosa atropurpurea L. is used in Catalonia to treat
measles and furuncles [12] and it is also a recognized medicinal plant in France [13]. Another species
with several references is Scabiosa columbaria L. which is used to treat diphtheria [14] and respiratory
infections, high blood pressure and uterine disorders [15,16], among others. Three other species are
also reported to have medicinal uses, Scabiosa stellata L. is used to treat heel cracks [17] and both
Scabiosa tschilliensis Grüning and Scabiosa comosa Fisch. Ex Roem. and Schult. are used to treat liver
diseases [11]. Recently, the natural medicine Gurigumu-7, used in traditional Mongolian medicine
and including in its composition the flowers of S. comosa, was evaluated for its hepatoprotective effect.
Moreover, not only the beneficial effect and consequently clinical efficacy was proved but also that
the more active fraction is the methanolic one, suggesting that the active compounds are the polar
ones [18].

Studies to confirm the medicinal use and/or to find the pharmacological properties of Scabiosa
species are reduced and mainly concerned with extracts activities. Moreover, the studied species are
also restricted and toxicological evaluations were not accomplished. An overview of the evaluations
carried out revealed that the majority are in vitro assessments of the antimicrobial and the antioxidant
activities. Some in vitro cytotoxic evaluations were also reported, as well as the less common activities,
such as anti-HCV [19], anti-tyrosinase [2] and acetylcholinesterase inhibition [20].

Although the biological assessments are scarce, some can be mentioned; for example, the
ethanolic extract of S. atropurpurea, plant is used in Peru as an antibacterial remedy and its capacity to
inhibit Staphylococcus aureus was evaluated. The minimum inhibitory concentration (MIC) obtained
(32 mg/mL) indicates that the extract activity is not strong (only values below 5 mg/mL are considered
strong) but it is an indication that it might have active metabolites [21]. As far as we are aware,
the only in vivo study was performed with S. atropurpurea ethanolic extract, which demonstrated
antihyperglycaemic, hepatoprotective and antioxidant activities [22].

Scabiosa hymettia Boiss. and Spruner: although not a medicinal plant it was evaluated to establish
its antimicrobial value. The methanolic and chloroform extracts were evaluated against Gram-(+)
and Gram-(−) bacteria and human pathogenic fungi. Both extracts showed moderate activity against
the microorganisms used [23]. Scabiosa columbaria was also investigated for its antimicrobial activity
and, therefore, this validated its use in traditional medicine [24]. Other medicinal plants such as
S. comosa and S. tschilliensis were demonstrated to have in their chemical composition metabolites
with antioxidant and anti-HCV activities. These results also validate their traditional use in several
medicine systems [19]. Furthermore, the antioxidant capacity of S. tschilliensis was recently proved by
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other authors [25]. In the beginning of this year, another medicinal plant, S. stellata, was investigated
in order to find its antioxidant, antibacterial and anti-tyrosinase power. Although the extracts exhibit
some activity, it is clear that the pure compounds are more active [2]. Our final examples are the cases
of Scabiosa prolifera L., for which in vitro antioxidant and cytotoxic activities were demonstrated [26],
and Scabiosa arenaria Forssk., for which acetylcholinesterase inhibition, antioxidant activity [20] and
antimicrobial activity [27] were reported. The problem with these results is in the species identification,
both S. prolifera and S. arenaria are unresolved names [3].

3. Structural Pattern of the Secondary Metabolites Isolated from Scabiosa Species

To understand the pharmacological activity of the genus Scabiosa it is essential to perform detailed
and extensive phytochemical investigations. In fact, the isolation of secondary metabolites and
evaluation of their biological activities including the study of their mechanisms of action are important
to validate (or not) the traditional medicine based in this species and, ultimately, to find new drugs.
Up to date, only a few Scabiosa species were subjected to phytochemical studies, however, a wide
spectrum of secondary metabolites has been identified and allowed to confirm that this genus species
is rich in flavonoids and terpenoids. Herein, profiling analysis, although valuable research works, will
not be discussed; this manuscript will be focused in the isolated secondary metabolites, emphasizing
the flavonoid, iridoid and triterpenoid derivatives. The names of these constituents and the plants
from which they were isolated are listed in Table 1 and their structures are depicted in Figures 1–4.

Table 1. Secondary metabolites isolated from Scabiosa species.

Nº Name 1 Plant Part (Solvent) Species

Flavonoid Derivatives

1 Apigenin a Whole plant (MeOH) [28]
Whole plant (EtOH) [29]

S. tenuis [28]
S. stellata [29]

2 Astragallin b Flowering plants (CH2Cl2/MeOH) [23] S. hymettia [23]

3 Cynaroside b

Whole plant (MeOH or ButOH) [28]
Aerial (leaves and stems) parts

(EtOH) [22]
Epigeal part (MeOH) [30]

S. atropurpurea [22]
S. olgae [30]
S. tenuis [28]

S. argentea [28]

4 Diosmetin-7-O-β-glucoside b Whole plant (ButOH) [28] S. argentea [28]

5 Hyperin 3,b Whole plant (EtOH) [2] S. stellata [2]

6 Isoorientin b Whole plant (EtOH) [2,29]
Whole plant (ButOH) [28]

S. argentea [28]
S. stellata [2,29]

7 Isovitexin b Whole plant (MeOH) [28] S. tenuis [28]

8 Kaempferol-3-O-[3-O-acetyl-6-O-(E)-
p-coumaroyl]-β-D-glucoside b

Flowering plants (CH2Cl2/MeOH) [23]
Whole plant (EtOH) [31]

S. hymettia [23]
S. stellata [31]

9 Lucenin 2,b Whole plant (EtOH) [29] S. stellata [29]

10 Luteolin a

Aerial (leaves and stems) parts
(EtOH) [22]

Whole plant (EtOH) [29]
Whole plant (MeOH) [28]

S. atropurpurea [22]
S. tenuis [28]
S. stellata [29]

11 Luteolin-7-O-β-gentiobioside c Whole plant (MeOH or ButOH) [28] S. argentea [28]
S. tenuis [28]

12 Luteolin-7-O-rutinoside c Aerial (leaves and stems) parts
(EtOH) [22] S. atropurpurea [22]

13 Quercetin a Whole plant (ButOH) [28] S. argentea [28]

14 Quercetin-3-O-arabinoside b Whole plant (ButOH) [28] S. argentea [28]

15 Quercetin-3-O-galactoside b Whole plant (ButOH) [28] S. argentea [28]
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Table 1. Cont.

Nº Name 1 Plant Part (Solvent) Species

16 Swertiajaponin b Whole plant (EtOH) [2] S. stellata [2]

17
Tamarixetin

3-β-L-rhamnosyl-(1→2)[β-L-rhamnosyl-
(1→6)]β-D-glucoside] d

Whole plant (EtOH) [29] S. stellata [29]

18 Tiliroside b Whole plant (EtOH) [29] S. stellata [29]

19 Vitexin b Whole plant (MeOH) [28] S. tenuis [28]

Terpenoid derivatives

20 7-O-(E-Caffeoyl)sylvestroside I c Whole plant (EtOH) [2] S. stellata [2]

21 7-O-(E-p-Coumaroyl)sylvestroside I c Whole plant (EtOH) [2] S. stellata [2]

22 Cantleyoside c Flowers (MeOH) [32]
Whole plant (MeOH) [33]

S. atropurpurea [32]
S. variifolia [33]

23 Eustomoruside b Whole plant (EtOH) [2] S. stellata [2]

24 Eustomoside b Whole plant (EtOH) [2] S. stellata [2]

25,26 Hookeroside A g and B h Whole plant (MeOH) [34] S. tschilliensis [34]

27 Loganic acid b
Flowering plants (CH2Cl2/MeOH) [23]

Flowers (MeOH) [32]
Whole plant (MeOH) [33]

S. hymettia [23]
S. atropurpurea [32]

S. variifolia [33]

28 Loganin b
Flowering plants (CH2Cl2/MeOH) [23]

Flowers (MeOH) [32]
Whole plant (MeOH) [33]

S. hymettia [23]
S. atropurpurea [32]

S. variifolia [33]

29 Palustroside III d Whole plant (EtOH) [31] S. stellata [31]

30 to 40 Scabiosaponin A g, B h, C h, D f, E f, F
f, G g, H g, I f, J f and K g Whole plant (MeOH) [34] S. tschilliensis [34]

41 to 48 Scabiostellatosides A g, B g, C h, D h,
E h, F h, G e and H d Whole plant (EtOH) [31] S. stellata [31]

49 to 52 Scabrioside A d, B e, C e, and D f Roots (MeOH) [35] S. rotata [35]

53 Septemfidoside c Whole plant (EtOH) [2] S. stellata [2]

54 to 60 Songoroside A b, C c, E d, G e, I f, M g

and O h Roots (EtOH) [36] S. songarica 2 [36]

61 Stigmasterol a Whole plant (hexane) [37] S. stellata [37]

62 Sweroside b
Whole plant (EtOH) [2]
Flowers (MeOH) [32]

Whole plant (MeOH) [33]

S. atropurpurea [32]
S. variifolia [33]

S. stellata [2]

63 Swertiamarin b
Flowering plants (CH2Cl2/MeOH) [23]

Flowers (MeOH) [32]
Whole plant (MeOH) [33]

S. hymettia [23]
S. atropurpurea [32]

S. variifolia [33]

64 Sylvestroside I c Whole plant (EtOH) [2] S. stellata [2]

65 Ursolic acid a Whole plant (EtOH) [31]
Whole plant (hexane) [37] S. stellata [32,37]

66 β-Sitosterol-β-D-glucoside b Whole plant (hexane) [37] S. stellata [37]
1 Compounds are presented in alphabetic order; 2 Although the authors indicate that they study the species
Scabiosa soongorica Schrenk, we think that the current name is Scabiosa songarica Schrenk; 3 This name is a synonym
of hyperoside, herein is indicated the name adopted by the authors [2]; a isolated as aglycones; b isolated as
monoglycosides; c isolated as diglycosides; d isolated as triglycosides; e isolated as tetraglycosides; f isolated as
pentaglycosides; g isolated as hexaglycosides; h isolated as heptaglycosides.

It should be also pointed out that only the phytochemical studies involving accepted Scabiosa
species will be presented. In fact, this option may cause the elimination of some phytochemical studies
but it is also a fact that ambiguous identifications automatically invalidate the reported results.

Important biological properties, such as anticancer [38], anti-inflammatory [39] and
antioxidant [40] activities, just to mention a few [41] are the reason why flavone derivatives are
included amongst the most important secondary metabolites. Subsequently the occurrence of these
metabolites both as aglycones and glycosides in Scabiosa genus (Figure 1; Table 1) can explain and/or
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confirm the claimed medicinal properties. The structures analysis (Figure 1) demonstrates that the
flavone derivatives isolated from species of the genus Scabiosa are mostly derivatives of apigenin,
diosmetin and luteolin, which are polyhydroxylated flavones. The other derivatives reported are
flavonol types such as kaempferol and quercetin derivatives, also polyhydroxylated compounds.

The occurrence of flavonoids in the Scabiosa genus is also important from the taxonomical point
of view as has been shown by Perdetzoglou et al. [28], where the flavonoid types of compounds
were used to establish that Scabiosa argentea L. and Scabiosa tenuis Spruner ex Boiss. are taxonomically
independent species [28].

In other cases, such as the species S. hymettia were isolated two interesting kaempferol
derivatives, astragallin (kaempferol 3-O-β-D-glucoside) 2 and the new natural compound
kaempferol-3-O-[3-O-acetyl-6-O-(E)-p-coumaroyl]-β-D-glucoside 8 (Figure 1; Table 1), which may
explain the plant antimicrobial activity [23]. Most recently several flavonoids were isolated from
S. stellata [2,29], not only are found for the first time in the genus, but also confirm its richness
in these metabolites. Interesting derivatives, such as compounds 5, 9, 16, 17 and 18 (Figure 1;
Table 1) may be responsible for the plant antioxidant activity [2,29]. Biological activities found
in S. atropurpurea [22] could also be related to its flavonoid content, mostly luteolin derivatives, from
which luteolin-7-O-rutinoside 12 (Figure 1; Table 1) can be highlighted because it was found for the
first time in the genus [22].

Conversely, the recent work of Al-Qudah et al. [26], where the species identification is not properly
presented, cannot be highlighted here, although the authors claimed the isolation of flavonoids that
might explain the plant antioxidant activity.

Figure 1. Flavonoids isolated from the genus Scabiosa (Ara = arabinose; Gal = galactose; Glu = glucose).

As far as we are aware only stigmasterol 61 and β-sitosterol-β-D-glucoside 66 (Figure 2) were
isolated from S. stellata [37]. Lipophilic profiles could show the presence of steroid derivatives, but
those works are not included in this review because herein are just referred the isolated and fully
characterized metabolites. Nevertheless, the presence of β-sitosterol derivatives seems to be important
due to their recognised biological properties and potential use in treatment of various illnesses [42],
but also stigmasterol seems to be a potential therapeutic agent for neurodegenerative diseases [43].
Therefore, S. stellata can be a source of these important secondary metabolites.
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Figure 2. Steroids isolated from the genus Scabiosa (Glu = glucose).

Several biological activities are also attributed to iridoids [44,45] and this fact improves the value
of Scabiosa species, which are recognized to produce several iridoid derivatives (Figure 3 and Table 1).
The works that reported these metabolites are recent and the plants are well identified allowing their
recommendation for further studies, in particular the species S. hymettia [23] and Scabiosa variifolia
Boiss. [33], which are not reported as medicinal plants, but certainly can be a source of important
bioactive compounds. In the cases of S. atropurpurea [32] and S. stellata [2] we are in the presence
of medicinal plants, thus these studies are always recommended to validate their medicinal use.
The recent reported new natural sylvestroside I 64 and derivatives, 7-O-(E-caffeoyl)sylvestroside
I 20 and 7-O-(E-p-coumaroyl)sylvestroside I 21 (Figure 3) [2] can be highlighted, not only because
they are new compounds but also due to the presence of a cinnamic acid moiety. This moiety is an
important fragment of chlorogenic acids, which are known natural compounds and recognized for
their important biological activities [46]. In fact, the chlorogenic derivatives 3,5-O-dicaffeoylquinic
acid and 4,5-O-dicaffeoylquinic acid were recently isolated from S. stellata [2,29] and, to find reports
about the isolation of these metabolites we have to go back to the work of Zemtsova et al. where they
claimed the isolation of chlorogenic acid from Scabiosa olgae Albov [30] and from Scabiosa bipinnata
C. Koch [47]. Another relevance of the sylvestroside I 64 and derivatives isolated is the moderate
cytotoxic activity (IC50 35.9 μg/mL) against brosarcoma cell lines (HT1080) shown by 7-O-(E-caffeoyl)
sylvestroside I 20 [2], result that once again point out the S. stellata value as source of interesting
secondary metabolites.

 

Figure 3. Iridoids isolated from the genus Scabiosa (Glu = glucose).
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Although the number of Sacabiosa species studied from the phytochemical point of view is scarce,
one thing is clear; this genus species produces terpenoids such as the above mentioned but also
pentacyclic triterpenoids. Terpenoids is one of the largest and most diverse classes of secondary
metabolites produced by plants where they play several functions [48], but they are also used by
humans in the pharmaceutical industry [49]. From the biological perspective, pentacyclic triterpenoids
can be highlighted due to their anti-inflammatory [50] and the antitumor [51,52] activities, but their
natural occurrence is also extensive [53].

The richness of the Scabiosa species in pentacyclic triterpenoids seems to be obvious (Figure 4 and
Table 1) and it is evident that almost all the isolated pentacyclic triterpenoids are saponins. This seems
to be a characteristic of the genus Scabiosa, being the main aglycones oleanolic and pomolic acids, with
glucose, xylose, rhamnose and arabinose as sugars (Figure 4). It should be stressed that, among the
several biological activities reported for oleanolic acid [54], its potential as a cancer therapy drug [55] is
the most significant. Pomolic acid, is a less studied pentacyclic triterpenoid, but nevertheless showed
anti-HIV activity [54].

 

Figure 4. Pentacyclic triterpenoids isolated from the genus Scabiosa (Ara = arabinose; Gal = galactose;
Glu = glucose; Rha = rhamnose; Xyl = xylose).
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The literature survey demonstrates that S. tschilliensis can be a good source of pentacyclic
triterpenoids acids, such as oleanolic and pomolic (Figure 4 and Table 1), through a cleavage of
the sugar moieties. Moreover, the presence of these secondary metabolites may explain the plant
medicinal use.

Scabiosa rotata M.Bieb., as far as we are aware, is not used in folk medicine but is also a good source
of pomolic acid (Figure 4 and Table 1). On the other hand, S. songarica Schrenk and the medicinal plant
S. stellata can be regarded as good sources of oleanolic acid (Figure 4 and Table 1).

To the extent that we could investigate, S. stellata seems to be the species presenting more diversity
in the saponins aglycones. Along with oleanolic acid, ursolic acid and hederagenin derivatives were
isolated (Figure 4 and Table 1).

4. In Vivo Assessments of Nominated Metabolites

The aim of this review is an update on the information about Scabiosa species secondary
metabolites as well as their biological potential. In fact, from the above-mentioned secondary
metabolites, some (e.g., iridoids, flavonoids and pentacyclic triterpenoids) can be highlighted, due to
their recognized activities. Unfortunately, many studies involve extracts or are in vitro assessments.
Herein, we select the most interesting secondary metabolites or their aglycones for which in vivo
assessments were reported. Consequently, the activities mentioned herein will be also limited to the
ones that were evaluated in vivo.

4.1. Flavonoid-Type Metabolites

The analysis of the flavonoids isolated from Scabiosa genus (Figure 1 and Table 1) point toward
that their occurrence is in the glycoside form. However, the main aglycones (apigenin, diosmetin,
kaempferol, luteolin and quercetin) biological potential is well known. Tamarixetin, the aglycone of
compound 17, may be the less known one and consequently less studied. Nevertheless, its in vitro
ability to inhibit the proliferation of leukemia cells [56] and enhancement of the Ca2+ transients, both
in vitro and in vivo [57], have been demonstrated. Moreover, the 3-O-β-D-glucopyranoside derivative
reveals ability to, in vivo, inhibit the matrix metalloproteinase-9, that can be regarded as potential drug
to treat gastric ulceration [58].

Tiliroside 18 (Figure 1) is a kaempferol glycoside derivative whose structure was elucidated in
1964 [59] and was found first in Tilia species but nowadays is present in several plants. Through the
years, this flavonol type compound gathered the scientific community’s interest and interesting in vitro
activities were reported. These include antidiabetic activity [60,61], inhibition of neuroinflammation
in murine cultured microglial cells BV2 (cells immortalized after infection with a recombinant
retrovirus) [62] and antiproliferative properties on human breast cancer cell lines (T47D and MCF7) [63].
The in vivo studies are less, nonetheless some can be emphasized. For example, Barbosa et al. [64]
in their efforts to validate the use of medicinal plants to treat diarrhea, performed some in vivo
antiprotozoal assessments, against the protozoa Giardia lamblia. Among the tested flavonoids is
tiliroside 18, for which an ED50 value of 1.429 μmol/kg was obtained, a value that is similar to the
one obtained with metronidazole (ED50 1.134 μmol/kg), one of the positive controls used in the
study. Nevertheless, is less active than the other positive control, emetine (ED50 0.351 μmol/kg) [64].
The tiliroside 18 anti-inflammatory potential was also evaluated and an in vivo study showed
that it can inhibit the mouse paw oedema (ED50 = 35.6 mg/kg) and the mouse ear inflammation
(ED50 = 357 Ag/ear) [65]. The inhibition of the enzymatic and non-enzymatic lipid peroxidation
(IC50 = 12.6 and 28 μM, respectively) and the scavenger properties, both in the superoxide radical
(IC50 = 21.3 μM) and in the DPPH assay (IC50 = 6 μM), suggest that tiliroside 18 anti-inflammatory
activity is related to its antioxidant activity [65]. More recently, Jin et al. [66] proposed that tiliroside
18 anti-inflammatory activity can be explained through its involvement in the downregulation of the
inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) protein expression levels and in
the inactivation of mitogen-activated protein kinase (MAPK) signaling pathway [66].
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Finally, the in vivo antihypertensive and vasorelaxant effects of tiliroside 18 were also evaluated
and the mechanism of action studied [67]. The findings suggest that tiliroside 18 induces a decrease
in blood pressure and through the blockage blockade of Ca2+ channels (CaV 1.2) in vascular smooth
muscle cells (VSMCs) promotes the vasorelaxant effect [67].

As far as we could find, vitexin 19 (Figure 1) was the first C-glycoside flavonoid isolated from
natural sources [68], and accordingly to the publication, was isolated from Vitex littoralis, which is a
synonym of Vitex parviflora A.Juss. [3]. Vitexin 19, an apiginin glycoside, is among the flavonoid
derivatives found in Scabiosa species, the most studied one. It is included in structure activity
relationships [69] or even used as inspiration to develop new active compounds [70].

Although, herein we are disclosing the more recent in vivo studies, it is a surprise that this
metabolite’s in vivo evaluation started in 1995 with a study of its antithyroid effects, concluding that
can be used to prevent goiter [71]. The more recent studies include antimicrobial activity against
Pseudomonas aeruginosa, for which the vitexin 19 activity was moderated [72], cardioprotective effects,
which demonstrated that vitexin 19 mitigated myocardial ischemia reperfusion injury and suppressed
apoptosis and autophagy in myocardium cells [73], and its protection of dopaminergic neurons, which
suggests its use in Parkinson’s disease therapy [74].

As expected, anti-inflammatory in vivo studies were also recently reported; from those we
emphasize the Rosa et al. work [75] due to the detailed analysis that included the cytotoxicity
evaluation. The authors tested several doses and confirm that vitexin 19 was not cytotoxic towards
macrophage normal cell line (RAW 264.7) and established that its anti-inflammatory action was due to
the inactivation of pro-inflammatory pathways [75]. In fact, the anti-inflammatory activity of vitexin
19 seems to be the related with its possible use to alleviate epilepsy [76].

As a final point, the anticancer evaluations suggest that vitexin 19 antitumor efficacy can be related
to its ability to activate the c-Jun NH2-terminal kinase-signaling pathway. Consequently, vitexin 19

can be regarded as a possible drug to treat hepatocellular carcinoma [77] or colorectal cancer [78,79].
Moreover, a recent detailed review [80] disclosed the potential of this flavonoid towards is use in
cancer therapy.

Taken together, the above-mentioned findings seem to clearly state that Scabiosa species
produce important bioactive flavonoids that can explain their medicinal use but also can incentive
more investigations.

4.2. Iridoid Type Metabolites

Likewise, the flavonoids, the iridoids isolated from Scabiosa genus (Figure 3 and Table 1) are
glycosylated. Actually, a recent study showed that these glycosides can be considered responsible for
the hepatoprotective effect of the Gentianaceae herbs extracts [81], extracts that are commonly used as
food additives. An in vitro assay established that a fraction of the Pterocephalus hookeri (C.B. Clarke)
Höeck ethanolic extract presents analgesic and anti-inflammatory activities, and these activities were
attributed to the fraction of the main constituents, the bis-iridoid type compounds [82].

From the analysis of some reviews involving iridoids activity, it can be noticed that a few examples,
from which logonin 28 and swertiamarin 63 (Figure 3) can be highlighted, are being evaluated in vivo
studies. Anti-inflammatory [83] and antidiabetic [84] evaluations of both the above-mentioned iridoids
and the anti-advanced glycation end products formation potential of logon in 28 [85] are important
examples, moreover if we consider the fact that these iridoids can be found in Scabiosa species.

Swertiamarin 63 is an interesting compound for which several in vivo studies were reported.
The first example reports on its ability to reduce the sensitivity to painful stimuli [86], which is
similar to the one showed by paracetamol. In the three in vivo studied models, swertiamarin 63 was
shown to be active in a dose-dependent manner, but also shown to be safe up to 2000 mg/kg bw [86].
Later on, it was confirmed that swertiamarin 63 can be used to treat type II diabetes mellitus because it
can regulate the peroxisome proliferator-activated receptor gamma (PPAR-γ) and increases insulin
sensitivity [87]. Recently Mir and coworkers [88] demonstrated, in vivo, that swertiamarin 63 can
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inhibit both α-amylase and α-glucosidase which are enzymes involved in carbohydrate metabolism.
This study accentuates the antidiabetic therapeutic potential of this iridoid glucoside.

In 2014, two interesting and complementary works of the Ignacimuthu research group [89,90],
aiming to validated the medicinal properties of a plant used in Indian traditional medicine, evaluated
the in vivo anti-inflammatory activity of swertiamarin 63. The first aspect to be highlighted is the fact
that no adverse effects were detected with a dose up to 500 mg/kg bw [89], however, the dosages
used in the studies were much lower and also had beneficial effects. The combined assays (in vivo,
in vitro and in silico) suggest that swertiamarin 63 anti-inflammatory effect is accomplished through
the suppressing of pro-inflammatory mediators and inducing anti-inflammatory mediators such as
helper T cells cytokines (Th2) [89]. Furthermore, the authors showed that swertiamarin 63 decreases
the levels of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and phospho-IκB
alpha (p-IκBα), attenuates the release of both phospho-signal transducer and activator of transcription
3 (p-STAT3) and phospho-Janus kinase 2 (p-JAK2) levels [90]. Thus, swertiamarin 63 and/or its
derivatives can become interesting therapeutics to treat rheumatoid arthritis.

Recently, this research group added more information about the swertiamarin 63 effects on and/or
prevention of rheumatoid arthritis [91]. Again, the authors joined several methodologies to assess
the biological activity, including an in vivo model (Freund’s complete adjuvant), which is the type of
assessment that is discussed herein. Receptor activator of nuclear factor κB ligand (RANKL) and its
receptor RANK, osteoprotegerin (OPG) and tartrate resistant acid phosphatase (TRAP) are recognized
osteoclastogenis markers, a reason why their levels were measured in this study. The in vivo results
showed that a treatment with swertiamarin 63 decreases the expression of the markers RANKL/RANK
and TRAP and increases the OPG levels and these good results suggest that the anti-osteoclastogenic
activity of swertiamarin 63 raises its potential use in rheumatoid arthritis treatment [91].

The antimicrobial activity of swertiamarin 63 was also reported [92]; however, the in vivo studies,
as far as we could find, are limited. An interesting in vivo study was recently reported by Bodakhe and
coworkers [93] where they disclose the synergistic effect of swertiamarin 63 against Plasmodium berghei.
The results showed that the use of this iridoid improves the activity; however, its use to treat malaria
should be investigated further.

Sweroside 62, similar in structure (Figure 3 and Table 1) and in natural occurrence to swertiamarin
63 is, however, less evaluated in in vivo models. As far as we are aware, two in vivo studies were
recently published, the evaluation of sweroside 62 ability to inhibit the body pigmentation and the
tyrosinase activity, using zebrafish in vivo model [94], and inhibit human leukemia cell lines (HL-60)
growth in xenograft mouse models [95]. Both studies are recent and preliminary, nevertheless are a
confirmation that sweroside 62 biological properties may also be as remarkable as the ones found for
swertiamarin 63.

Naturally, our last example is logonin 28 (Figure 3 and Table 1), the other iridoid found in
Scabiosa species that has been the focus of several in vivo studies. The first in vivo study that we could
find involves the interesting antiamnesic activity [96] through the inhibition of acetylcholinesterase,
result that indicates the potential therapeutic use of logonin 28 in Alzheimer’s disease treatment.
This neuroprotective potential was observed by other research group [97] and later on was also
detected in diabetic male rats [98]. More recently, was demonstrated the logonin 28 potential to be
used in the treatment of neuromuscular diseases [99] through the increase of the survival motor neuron
(SMN) protein level.

The logonin 28 beneficial effect on in vivo studies involving mice with induced diabetes was
also observed in the diabetic nephropathy control [100,101]. Both works suggest that logonin 28

can be a good remedy to treat this disease, through the inhibition of connective tissue growth factor
(CTGF) expression [100], or the inhibition of advanced glycation end-product (AGE) pathways [101].
In our opinion, the beneficial effects are evident but the medicinal implementation needs at least
toxicological studies.
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Our final examples are two, very recent works, that demonstrate the potential of logonin 28

to control inflammations. One article shows that this iridoid inhibits the substance P neurokinin-1
receptor and in doing so prevents the bladder hyperactivity [102]. Moreover, the mechanism of action
seems to be through the downregulation of inflammatory leukocytes, decrease of induce intercellular
adhesion molecule-1 (ICAM-1) expression and decrease of reactive oxygen species (ROS) production.
All these aspects suggest an anti-inflammatory potential of logonin 28 [102]. The other example is a
combination of in vitro and in vivo assays where the authors demonstrated that logonin 28 can relieve
the inflammation stress [103].

The above mention findings for the chosen iridoids indicate that Scabiosa species medicinal use
maybe due to these important bioactive secondary metabolites.

4.3. Pentacyclic Triterpenoid Type Metabolites

As can be seen in Figure 4, Scabiosa genus is rich in saponins where the main aglycones are
oleanolic and pomolic acids, nonetheless, ursolic acid and hederagenin derivatives can also be
found. These saponins in vivo assessments are scarce and the only aglycone until now isolated
is the ursolic acid 65 (Figure 4), however, for the above mentioned aglycones, several in vivo studies
reporting interesting results were published. For example, pomolic acid anti-inflammatory and
apoptotic activities [104] and the antitumor activity of hederagenin [105] or macranthoside B, a natural
hederagenin glycoside, [106] or hederagenin synthetic derivatives [107].

Nevertheless, ursolic and oleanolic acids are the most studied ones due to their recognized
biological properties. If ursolic acid or its derivatives are not abundant in Scabiosa genus the
same cannot be said about oleanolic acid and its glycoside derivatives, which are ubiquitous in
this genus. Therefore, it is obvious that this genus can be an important source of this pentacyclic
triterpenoid, reason why it is interesting to notice that recent biological assays involve oleanolic
acid in vivo studies. In fact, the therapeutic potential of oleanolic acid was recently reviewed [108]
and from that detailed work it is possible to conclude that indeed this natural compound is a
good candidate to become a medicine. Due to this biological potential, the in vivo evaluations
are increasing and in the last three years several publications involving the usual activities, such as
antitumor [109–111], antidiabetic [112–115], anti-malarial [116] and anti-atherosclerosis [117] or the
less common such as its beneficial effect on wound healing and regeneration [118] and the inhibition of
matrix metalloproteinase-3 (MMP-3) production [119] have been published. It should be highlighted
that this enzyme is involved in the articular cartilage destruction, thus oleanolic acid may be a potential
drug to be used in the prevention of osteoarthritis cartilage damage [119].

Oleanolic acid has, however, a problem that might prevent its use in medicine; its low solubility
in water and consequently its low bioavailability. Recent works have been devoted to solving this vital
aspect [120–123] and some attention is being given to the use of nanoparticles [122,123]. Although,
as was referred above, the genus Scabiosa is richer in this acid saponins, it cannot be ignored that the
species can deliver oleanolic acid if used in the diet or be a source to isolate it.

5. Conclusions

At the end of this survey, it is possible to recognize the richness of Scabiosa genus in bioactive
secondary metabolites. From which flavonoids and iridoids can be highlighted both from the biological
properties previously revealed, but also for the in vivo assays already performed. In fact, from the
secondary metabolites found in Scabiosa species these are the most evaluated ones. Moreover, these
metabolites can validate some traditional uses but also can encourage other uses; in fact, these
metabolites suggest that Scabiosa species can have interesting effects such as anti-inflammatory and
anti-cancer activities, just to mention a few. Not only can these metabolites enlarge the traditional use
of Scabiosa species but also can inspire the development of new drugs with therapeutic improvements.

Saponins are also abundant in the Scabiosa genus and are important secondary metabolites.
However, their biological evaluations in vivo are restricted to their aglycones. This prompted us to
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suggest that these saponis should be evaluated to find out their biological potential and maybe find
new drugs. These secondary metabolites can also be evaluated from the nutritional value and maybe
prompt the use of Scabiosa species in food preparations.

It is also important to highlight the fact that, in the last few years, several new natural compounds
were isolated from the Scabiosa species. Furthermore, the survey herein presented also demonstrates
that several species are, from the phytochemical point of view, neglected. These findings should
encourage further studies that can reveal the medicinal potential of this genus species. Indeed, Scabiosa
species may be a good source of new bioactive natural compounds.
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Abstract: The control of infectious/parasitic diseases is a continuing challenge for global health,
which in turn requires new methods of action and the development of innovative agents to be used
in its prevention and/or treatment. In this context, the control of vectors and intermediate hosts
of etiological agents is an efficient method in the prevention of human and veterinary diseases.
In later stages, it is necessary to have bioactive compounds that act efficiently on the agents that
produce the disease. However, several synthetic agents have strong residual effects in humans and
other animals and cause environmental toxicity, affecting fauna, flora and unbalancing the local
ecosystem. Many studies have reported the dual activity of the essential oils (EOs): (i) control of
vectors that are important in the cycle of disease transmission, and (ii) relevant activity against
pathogens. In general, EOs have an easier degradation and cause less extension of environmental
contamination. However, problems related to solubility and stability lead to the development of
efficient vehicles for formulations containing EOs, such as nanoemulsions. Therefore, this systematic
review describes several studies performed with nanoemulsions as carriers of EOs that have larvicidal,
insecticidal, repellent, acaricidal and antiparasitic activities, and thus can be considered as alternatives
in the vector control of infectious and parasitic diseases, as well as in the combat against etiological
agents of parasitic origin.

Keywords: nanoemulsion; essential oils; vector control; infectious diseases

1. Introduction

1.1. Essential Oils and Biological Activity

In recent years, the use of essential oils (EOs) from aromatic plants as low-risk insecticides,
antifungals, antifeedants, antivector growth regulators, oviposition deterrents and repellents [1–4] has
increased due to its popularity among organic farmers and environmentally conscious consumers.

The production of EOs is mainly carried out through procedures of hydrodistillation, steam
distillation, dry distillation, or mechanical cold pressing of plants [5]. The most widely used preparation
method is based on the Clevenger steam distillation apparatus, which has been adapted and expanded
for industrial scale production. Recently, modern EO extraction methods have begun to be used,
including microwave-assisted processing and supercritical fluid extraction [6].

A typical EO can contain, on average, between 20 and 80 different compounds. The constituents
of EOs mainly belong to two phytochemical groups: terpenoids (monoterpenes and sesquiterpenes
of low molecular weight) and, to a lesser extent, phenylpropanoids (volatile phenolic compounds).
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The terpenoids are the main constituents of the EOs. The monoterpenes present in the EOs may
contain terpenes which are hydrocarbons (α-pinene and D-limonene), alcohols (cadinol), aldehydes
(cinnamaldehyde and citronellal), ketones (thujone), ethers (1,8-cineol) and lactones (artemisin).
The sesquiterpenes have a wide variety of structures, more than 100 skeletons, since the lengthening of
the chain to 15 carbons increases the number of possible cyclizations. Aromatic compounds are less
common and include phenylpropanoids (p-allylanisole) and phenolic compounds (thymol).

The composition of EOs is very diverse in different plant species. An example of this is the
eucalyptus (Eucalyptus globulus), whose main constituent of the EO is monoterpene 1,8-cineol, while in
coriander (Coriandrum sativum), the sesquiterpene linalool is the most abundant. In turn, within
the same species of plants, the existence of chemotypes is very common. For example, thyme
(Thymus vulgaris) has numerous chemotypes named after the main compound, for example, thymol,
carvacrol, terpineol and linalool.

In botanical terms, EOs are produced in approximately 17,500 species of higher aromatic
plants, belonging mainly to a few families, including Myrtaceae, Lauraceae, Lamiaceae and Asteraceae.
The synthesis and accumulation of EOs in plants are associated with the presence of complex specific
and highly specialized secretory structures, such as glandular trichomes (Lamiaceae), secretory cavities
(Myrtaceae, Rutaceae) and resin ducts (Asteraceae, Apiaceae). Depending on the species taxonomically
considered, the EOs can be stored in various plant organs, for example, in flowers, leaves, wood, roots,
rhizomes, fruits and seeds [7].

At the biological level, the EOs have important effects as repellents, insecticides and growth
reducers in a great variety of insects. They have been used effectively to control phytophagous insects
pre- and post-harvest, as insect repellents with vectors of diseases and for the control of domestic
and/or garden insects. The mechanism of action of the compounds present in EOs on insects is mainly
through neurotoxic effects, involving several modes of actions, in particular, through the inhibition
of acetylcholinesterase (AChE) [8], functionality disruption of gamma-aminobutyric acid (GABA)
receptors [9], and as agonist of octopaminergic system [10].

Although the biological effects of the individual chemical components of the EOs are generally
known, the toxicology of their combinations or mixtures is a much more difficult aspect to evaluate.
However, one of the most outstanding and attractive characteristics of the EOs is that they are,
in general, low-risk products on animals, and their environmental persistence is short. Their toxicity for
mammals is low, having values of oral LD50 that varies from 1000 to 2000 mg kg−1 in rats. In addition,
due to their use as medicines, some EOs are relatively well studied experimentally and clinically.

The toxicity of EO components has been divided into three structural classes based on the
toxicological potential [11]: Class I (low functionality, low oral toxicity, e.g., limonene), Class II
(some functionality, intermediate toxicity, e.g., menthofuran) and Class III (reactive functionality, high
potential toxicity, e.g., elemicin). Based on this classification and other toxicological criteria, different
procedures have been developed to evaluate the safety of the use of EOs [12].

Moreover, the EOs also could be promising antiprotozoal agents, opening perspectives to the
discovery of more effective drugs of vegetal origin for the treatment of related diseases by targeting the
etiological agents. In several species with antiprotozoal activity, the compounds camphor, carvacrol,
eugenol, terpinen-4-ol, or thymol were the main oil constituents, which denotes a supposed variety in
its mechanisms of action, since these substances belong to different structural groups [13,14].

1.2. Nanotechnology and Nanoemulsions

Nanotechnology is a transdisciplinary and promising field of science for its diverse potential of
application, ranging from the field of electronic and mechanical engineering, telecommunications,
civil construction, industrial chemistry, to practical use in the health area, as the development of
nanostructured drugs, biological carriers and sensors for diagnosis [15,16]. With the advancement of
technologies in electron microscopy in the 1980s, it became possible to observe, study, manipulate and
develop nanostructured systems, which led a technological revolution in several fields of science [17].
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Nanometric materials have a size in the range of 0.1 to 200 nm and present particular physicochemical
properties in relation to structured materials on a macroscopic scale [18]. In the field of biological and
health sciences, nanotechnology has provided a promising alternative for research and development of
drug delivery systems, as allow better delivery of the drug to its place of action, a factor that provides
a series of patient benefits such as increased therapeutic efficacy, dose reduction, lower number of
administrations, and a decrease in side effects. Still, regarding technical stability, nanosystems have
the advantage of protecting active substances against mechanisms of inactivation and degradation,
besides providing the incorporation of substances with very different polarity in relation to the matrix,
to promote prolonged release and/or targeting of drug action in a certain tissue. These events occur due
to different factors, such as the larger contact surface, which promotes greater absorption, distribution
and tissue uptake of the drug, in addition to the physicochemical properties of the coating or matrix
polymers, which may provide greater affinity with the target tissue or greater protection against
physiological barriers in the organism [15,19,20].

An emulsion is a liquid dispersion of two different immiscible liquids. The macroscopic separation
of the two different phases is controlled by the addition of the surfactant. When this emulsion system
tends to reach nanometric size from 20 to 200 nm, it is called “nanoemulsion”. Nanoemulsions can be
formed through the dispersion of the oil in water or water in oil and allow the placement of different
active substances. They have some individual characteristics, such as transparency when viewed
by the naked eye, and a bluish reflection may be observed, due to the diffusion of light between the
nanoparticles, which is known as the Tyndall effect [21]. The extremely small size of the particles also
confers greater resistance to the effects of cremation and sedimentation, because the effect of gravity is
smaller on them [22].

The surfactant has a vital role in the formation of these nanoemulsion systems. The interfacial
tension generated due to the immiscibility of two different liquid systems is reduced through the use
of surfactant. This property of lowering the interfacial tension between the phases tends to make the
surfactant an essential part of the nanoemulsion system. This formulation process for the nanoemulsion
is carried out through the low or high energy emulsification method. The low energy method includes
the phase inversion method, while the high energy method includes ultrasound and high-pressure
homogenization. In addition, the system displays low interfacial tension, which facilitates easier
dispersion of different substances. This fact is a major advantage when the incorporation of highly
lipophilic materials, such as EOs, into aqueous systems is necessary [22,23]. Thus, the nanoemulsions
have diverse applications in several fields, such as, for example, pharmaceuticals, cosmetics, agriculture,
etc. [24]. In the current scenario, different approaches are being carried out in the development of
nanoemulsion with an efficient insect repellent, larvicidal and insecticidal activity using EOs.

1.3. Essential Oil Nanoemulsion

In recent years, several scientific works have reported the use of nanoemulsions as suitable carriers
of active EOs. The easy preparation, simple composition, higher thermodynamic stability, low cost of
production and the possibility of production on an industrial scale provide a substantial advantage to
this technology through the biological and pharmacological use of EOs [25,26].

Nanoemulsions of EOs are promising tools for combating vector-borne diseases through
population control of transmitting agents. This is possible due to the inherent physicochemical
properties of the nanometric emulsion system [27]. The nanometer size of the nanoemulsion improves
its specificity and delivery target, resulting in greater effectiveness than bulk pesticides. Furthermore,
nanoemulsions pesticides have a lower surfactant concentration than microemulsions, and surfactants
are considerably more environmentally friendly and are cost-effective and economically viable. EOs
dispersed in different nanoformulations can act through several mechanisms of action, such as
the deregulation of the growth hormone that tends to stop the insect shedding, which leads to
its mortality, as well as enzymatic inhibition, among others [28–30]. Finally, recent studies have also
reported the biological activity of nanoemulsified essential oils on etiological agents of parasitic origin,
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which potentially increases the diversification of the use of these nanoemulsions in the control of
infectious/parasitic diseases.

2. Biological Activities of Essential Oil Nanoemulsions

2.1. Larvicidal Activity

Culex quinquefasciatus is a mosquito species acting as cyclic vector for Wuchereria bancrofti, a human
filarial nematode, that causes filariasis. This disease mainly causes lymphedema, which in turn leads
to patient morbidity and is potentially fatal. In 2014, Sugumar et al. [31] developed a eucalyptus
EO-based nanoemulsion that showed larvicidal activity against C. quinquefasciatus. The treated larvae
exhibited lower protein levels, as well as significant reduction in the levels of acetylcholinesterase and
acid/basic phosphatase. In this way, the developed nanoemulsions can be used as a safe and effective
alternative in the control of vector-borne filariasis.

Ghosh et al. [32] demonstrated the activity of the nanoemulsionated EO from Ocimum basilicum L.
against third instar larvae from Aedes aegypti, one of the main dengue-transmitting mosquitoes. The EO
composition was shown to be 88% of methyl chavicol (estragole), a phenylpropanoid with insecticidal
property [33]. Thus, in this work, the hundred-fold dilution of nanoemulsion caused larval mortality
of 60 and 70% after exposure periods of 60 and 75 min, respectively. Complete loss of larval viability in
this concentration was observed after an exposure period of 90 min. However, the ten-fold diluted
nanoemulsion induced 100% larval mortality of A. aegypti in 15 min [32].

In 2015, Brazilian researchers developed a nanoemulsion with Rosmarinus officinalis EO as an active
constituent against 4th instar larvae of A. aegypti. The mortality ratio was evaluated after 24 h and 48 h
of contact with the nanoemulsion at 250 ppm, which induced 80 and 90% mortality, respectively [34].
1,8-cineol is the main constituent of this EO and showed potent larvicidal activity [35,36]. Previously
in 2005, Prajapati et al. [37] demonstrated that the non-emulsified R. officinalis EO exhibited a DL95

of 408 ppm after 24 h of contact, which, in comparison, denotes the greater larvicidal effectiveness of
the nanoemulsion.

Volpato et al. [38], in 2016, evaluated the effect of Cinnamomum zelanycum EO on mealworm
(Alphitobius diaperinus), an insect of Coleoptera order that causes poultry diseases by transmitting
pathogenic bacteria and viruses. In the chemical analysis, the EO presented cinnamaldehyde as the
major constituent. The nanoemulsions at a concentration of 5% caused 70% mortality of the larvae at
the L8 stage after two days, and had a three-fold more pronounced effect when compared to treatment
with unemulsified EO within 3 days. Moreover, the nanoemulsions showed no deleterious effects on
survival and reproduction tests of springtails (Folsomia candida), evidencing that nanoencapsulation
of cinnamon oil significantly reduced its toxic effects without altering the effectiveness in controlling
A. diaperinus.

More recently, in 2017, larvicidal activity against A. aegypti was also demonstrated by the work
of Botas et al. [39]. They produced nanoemulsions based on EO of Baccharis reticulata, as well as
D-limonene, its major component (25%). The two nanoemulsions caused mortality of the larvae
of A. aegypti, with LC50 values of 118.94 μg/mL and 81.19 μg/mL, respectively. These results
reinforce the importance of D-limonene as the main active agent of the EO composition, probably by
inhibition of acetylcholinesterase, an activity also demonstrated through this study. In the same year,
Balasubramani et al. [40] described a similar effect on A. aegypti larvae. In this work, the nanoemulsion
of leaf EO from Vitex negundo L. was active against 2nd and 3rd instar larvae, after 12 and 24 h exposure
periods. After a 12 h exposure period, the LC50 values of 2nd and 3rd instar larvae were 64.54 and
70.31 ppm, respectively. In comparison, the values of the non-emulsioned EO were 118.15 and 92.63,
respectively. Likewise, after a 24 h exposure period, the nanoemulsion LC50 values were 28.84 and
43.29 ppm, whereas the non-emulsioned EO values were 77.35 and 56.13 ppm, respectively.

Still more recently, researchers from Iran published a work about inhibition of Anopheles stephensi,
a major vector of malaria in their country, by the action of the nanoemulsion-based in EO from Artemisia
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dracunculus (Asteraceae). A bioassay of nanoemulsion on 3rd and 4th instar larvae was performed,
with LC50 or LC90 of 11.36 or 17.54 ppm, respectively. The major EO constituent was p-allylanisole [41].
Similarly, one year later, some of these authors also evaluated the larvicidal effect on A. stephensi
by the action of nanoemulsionated EO from Anethum graveolens (Umbelliferae), which presented
p-cymene and α-phellandrene as main compounds. After 1 h of contact, larvicidal activities of 50 and
90% were found at 38.8 and 65 ppm, respectively, against 3rd and 4th instar larvae of A. stephensi.
The authors considered it to be a preparation with appropriate activity against larvae of A. stephensi
with no minimum environmental effect [42]. Moreover, in comparison with a similar study with
A. graveolens non-emulsified EO, the nanoemulsion showed more effectiveness, since the oil LD50

without nanoemulsification was 100 ppm after the same contact time [43].
In late 2018, Sundararajan et al. [44] showed the activity of the nanoemulsionated leaf EO from

Ocimum basilicum on 2nd and 3rd instar larvae of C. quinquefasciatus. Trans-β-Guaiene (16.89%) and
α-Cadinol (15.66%) were the major compounds of this EO. The larvicidal activity was observed after a
24 h exposure period, and significant mortality was observed after the treatments with nanoemulsion,
in which the 2nd and 3rd instar larvae exhibited maximum mortality at 100 ppm (96.87 ± 0.55% and
93.89 ± 0.55%, respectively). All studies described in this section are shown in Table 1.

Table 1. Larvicidal activity of essential oil nanoemulsions.

Specie
Common

Name
Main Essential Oil

Compound(s)
Emulsificant Insect References

Anethum graveolens Dill p–Cymene and
α-phellandrene Tween 20 Anopheles stephensi [42]

Artemisia dracunculus Tarragon p-Allylanisole Tween 20 Anopheles stephensi [41]
Baccharis reticularia Sand-Rosemary D-limonene Tween 80 Aedes aegypti [39]
Cinnamomum
zeylanicum

True cinnamon
tree Cinnamaldehyde Tween 80 Alphitobius diaperinus [38]

Eucalyptus globulus Eucalyptus 1,8-cineole Tween 80 Culex quinquefasciatus [31]
Ocimum basilicum Basil Methyl-chavicol Tween 20 Aedes aegypti [32]

Ocimum basilicum Basil trans-β-Guaiene and
α-Cadinol Tween 80 Culex quinquefasciatus [44]

Rosmarinus officinalis Rosemary 1,8-cineole Tween 20 Aedes aegypti [34]

Vitex negundo Chinese chaste
tree

2(R)-acetoxymethyl-
1,3,3-trimethyl-4t-
(3-methyl-2-buten-1-yl)-
1t-cyclohexanol

Tween 80 Aedes aegypti [40]

2.2. Insecticidal and Repellent Activity

Other scientific groups also have conducted studies on adult insects, as well as on other insect
development stages. In 2017, Ramar et al. [45] evaluated the effect of different nanoformulations
of EO from Ocimum sanctum on A. aegypti and C. quinquefasciatus adult species. Through the filter
paper impregnation method, the formulation containing 30% of EO caused 98% (A. aegypti) and 100%
(C. quinquefasciatus) of knock down activity when diluted to a concentration of 50 mg/cm2.

In 2008, Sakulku et al. [46] showed the repellent effect of a citronella EO nanoemulsion against
A. aegypti, using the human-bait technique, based on standard test of World Health Organization
(WHO). The nanoemulsion containing 20% oil and 1:1 glycerol-water ratio resulted in a high protection
time (2.8 h), which can be considered high in comparison with EO diluted to 10% in olive oil, which,
in turn, showed a protection time of only 54.75 min. D-limonene and citronellal were the principal
substances of the EO (40% each) and have repellent activity [47].

One year later, Nuchuchua et al. [48] reported the repellent effect of nanoemulsions from different
EOs on A. aegypti adults. In this study, seven formulations were made using different proportions of
oils from Cymbopogon nardus (citronella oil), Ocimum americanum (hairy basil) and Vetiveria zizanioides
(vetiver). Using the human-bait technique, the formulation with percentage concentration of 10:5:5
(citronella, hairy basil and vetiver) produced a protection time of 4.7 h. Limonene and citronellal
(citronella), 3-carene and caryophyllene (hairy basil) and vetiveric acid (vetiver) were the major
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compounds in the EOs, and probably acted through synergic mechanisms. All nanoemulsions
described in this section are shown in Table 2.

Table 2. Insecticidal, repellent and acaricidal activity of essential oil nanoemulsions.

Specie
Common

Name
Main Essential Oil

Compound(s)
Emulsificant Insect/Parasite References

Cinnamomum verum Cinnamomum Cinnamaldehyde Tween 80
Rhipicephalus
microplus (Acaricidal
activity)

[49]

Cymbopogon nardus Citronella D-limonene and
citronellal Montanov 82 Aedes aegypti

(Repellent activity) [46]

Cymbopogon nardus,
Ocimum americanum
and Vetiveria
zizanioides

Citronella,
Hairy Basil and
Vetiver

D-limonene and
citronellal (C. nardus),
3-carene and
caryophyllene (O.
americanum), vetiveric
acid (V. zizanioides)

Montanov 82 Aedes aegypti
(Repellent activity) [48]

Eucalyptus globulus Eucalyptus 1,8-cineole Tween 80
Rhipicephalus
microplus (Acaricidal
activity)

[50]

Ocimum sanctum Holy Basil Not described Not described
Culex quinquefasciatus
and Aedes aegypti
(Inseticide activity)

[45]

2.3. Acaricidal Activity

Rhipicephalus microplus is an Ixodidae tick that causes severe economic losses on livestock, and
it is the main vector of tick-transmitted agents such as Babesia bigemina, B. bovis and Anaplasma
marginale. Some groups of researchers have reported the acaricidal activity of EO nanoemulsions
against this species. Santos et al. [49] demonstrated the activity of the nanoemulsion-based in 5%
Cinnamomum verum EO that caused 97% and 63.5% of oviposition inhibition, in vitro and in vivo,
respectively. In comparison, other study made by Monteiro et al. [51] showed that the non-emulsioned
EO did not caused oviposition inhibition. Moreover, after 20 days, the cows that were previously
infested and treated with the nanoemulsion were free of the parasites [49]. Similar work done by
Galli et al. [50] and contributors with Eucalyptus globulus nanoemulsion showed that the formulations
at 1% and 5% inhibited parasite reproduction by 50% and 61.2%, respectively. All oil nanoemulsions
with acaricidal activity are shown in Table 2.

2.4. Antiparasitic Activity on Etiological Agents

Trypanosoma evansi is a flagellate parasite and the etiological agent of the disease known as “Surra”
and “Mal das Cadeiras” in Brazilian horses and rarely affects humans. In 2013, Baldissera et al. [52]
evaluated the in vitro trypanocidal activity of the nanoemulsified Schinus molle EO. The nanoemulsion
at 0.5% and 1% were able to reduce the number of living parasites in 81% and 100%, respectively.
When these results were compared with the non-emulsified EO, this one showed a lower mortality
rate, with 63% and 68%, respectively. In 2017, Ziaei et al. [53] observed the in vitro effect of
Lavandula officinalis EO nanoemulsion on Trichomonas vaginalis, a flagellated parasite that causes
trichomoniasis. At the concentration of 100 μg/mL, the nanoemulsion showed 81.9% of growth
inhibition and exhibited low toxicity and macrophages (90.9% viability).

In 2017, Shokri et al. [54] also investigated the antiparasitic activity of nanoemulsionated EO
of a Lavanudula species. The nanoemulsion of L. angustifolia, as well as of R. officinalis, showed an
antileishmanial effect against Leishmania major, one of the etiological agents of cutaneous leishmaniasis
in Iran. 1,8-cineol (22.29%) and linalool (11.22%) were the major compounds of L. angustifolia
EO. The nanoemulsions of L. angustifolia and R. officinalis EOs showed antileishmania activity on
promastigote with IC50 = 0.11 μL/mL and IC50 = 0.08 μL/mL, respectively. Compared to a similar
study with the non-emulsioned EO of R. officinalis, this one showed IC50 = 2.6 μL/mL [55], which
demonstrates a greater potency of the nanoemulsion to cause the mortality of the parasite. During
the amastigote assay, both nanoemulsions were effective at least in concentration of 0.12 μL/mL and
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0.06 μL/mL respectively, on mean infected macrophages (MIR) and amastigotes in macrophages [54].
In the same year, Moazeni et al. [56] evaluated the effect of Zataria multiflora EO on Echinococcus
granulosus sensu lato, which causes cystic echinococcosis, a zoonotic infection with economic and
public health importance in worldwide. The effect was observed on the protoscoleces form, originated
in liver hydatid cysts collected from naturally infected sheep. The in vivo results showed that the
scolicidal power of the nanoemulsion at concentration of 1 mg/mL was 88.01% and 100% after 10
and 20 min, respectively, while at a concentration of 2 mg/mL, the formulation showed 100% of
scolicidal power after 10 min. When compared with a study made by Mahmoudvand et al. [57] in
2017, with non-emulsified oil, the nanoemulsion showed a more pronounced effect, since the EO
alone at a concentration of 3125 μL/mL caused only 43.3% and 78.6% mortality after 10 and 20 min
of exposure time, respectively. The in vivo studies revealed that the sizes of the largest cysts, as well
as the total number of the cysts, were significantly lower in the mice treated with nanoemulsion [56].
It has been previously reported that thymol is the main compound of Z. multiflora EO [58] and is
involved with the scolicidal activity [57,59,60] and destructive effect on the germinal layer of hydatid
cysts [61]. All studies described in this section are shown in Table 3.

Table 3. Antiparasitic activity of essential oil nanoemulsions.

Species
Common

Name
Main Essential Oil

Compound(s)
Emulsificant Parasite References

Lavandula angustifolia and
Rosmarinus officinalis

Lavander and
Rosemary 1,8-cineole and linalool Tween 80 Leishmania major [54]

Lavandula officinalis Lavender 1,8-cineole Tween 80 Trichomonas vaginalis [53]

Schinus molle Peruvian
peppertree Not Described Tween 20 Trypanosoma evansi [52]

Zataria multiflora Avishan Shirazi Thymol Tween 80 Protoscoleces of the
hydatid cysts [56]

In general, recent works on the use of nanoemulsions with EOs as active agents in the control
of diseases caused by different agents have reported the diversity of targets and efficiency when
compared to other agents already used, as well as their simplicity of production [62,63]. The technology
of nanoemulsion production provides several advantages with respect to the dispersed active principle
and formulation stability, such as (i) better protection of the active against chemical or biological
degradation, (ii) lower probability of creaming or sedimentation of droplets, (iii) greater contact surface
of the target with the droplets that contains the active agent, (iv) possibility of dispersion of immiscible
substances in a certain solvent, which in the case of EOs is usually water, besides the simplicity of
production, (v) low cost of reagents, and (vi) less residual damage to the environment when compared
to synthetic products, widely used in modern times [22,27,63].

Regarding the potentialization of the action of the dispersed active in the formulation, this is the
main advantage provided by the nanoformulations, since the EOs have serious problems of dispersion
in aqueous vehicles and that mainly, in the case of contact with insects and other vectors, who have
a large part of their cycle or living environment in contact with water, this is a limiting factor for
the effectiveness of the action [24,25]. These facts can be observed when some results showed in the
present review are compared with similar studies made with non-emulsified oils in which the EOs
alone were not able to equalize the activity extension of the nanoformulations.

The diversity of the constituents of the EOs, mainly monoterpenes, sesquiterpenes and
phenylpropanoids, contributes to the variety of mechanisms of action in the control of vectors and
etiological agents of infectious/parasitic diseases, increasing the possibility of synergistic effect [64–66].
Some studies have described the probable toxicological or pharmacological effects of nanoemulsified
EOs, such as eucalyptus oil, which decreased protein levels and caused inhibition of enzymes such as
acetylcholinesterase and acid phosphatase in C. quinquefasciatus larvae [31], as well as the probably
anticholinesterasic effect of B. reticulata EO on A. aegypti larvae [32]. In both cases, terpenes were the
major components of the EOs, whereas in other works that showed phenols and phenylpropanoids as
major constituents, the mechanisms of actions presented other specificities, as for example in the works
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of Ghosh et al. [32] (methyl-chavicol) and Moazeni et al. [58] (thymol). Finally, the nanoemulsion
process of EOs benefits the performance of the action of its active components by several physical,
chemical and biological factors, making real the potential application of these vegetal metabolites in
the control of infectious/parasitic diseases.

3. Conclusions

The nanomodification of EOs, which are hydro-immiscible in nature, significantly improves life
utility and effectiveness as a pesticide or antiparasitic. Nanoformulation requires a smaller quantity of
EO to develop a formulation, and the use of bio-surfactants and water also makes these nanopesticides
conducive and friendly to the environment. The removal of the volatile organic solvent from the
pesticide formulation improves its bio-security property and makes it a “greener” strategy for the
control of vectors of pathogenic diseases. A higher degree of delivery to the target of action, stability
of formulation, water dispersion, low cost, and lower ecological toxicity make these essential oil
nanoformulations very efficient and highly ecological. Based on the works incorporated in this study,
it can be concluded that the nanopesticides can be an efficient tool with an eco-safe property and can
be applied safely to the control of vectors of diseases in humans and animals. Moreover, other studies
with EO nanoemulsions have also shown its antiparasitic activity on etiological agents, which considers
the possible use of these formulations in the treatment of infections, as well as their prevention.
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Abstract: Microorganisms in the environment can produce a diverse range of secondary metabolites
(SM), which are also known as natural products. Bioactive SMs have been crucial in the development
of antibiotics and can also act as useful compounds in the biotechnology industry. These natural
products are encoded by an extensive range of biosynthetic gene clusters (BGCs). The developments
in omics technologies and bioinformatic tools are contributing to a paradigm shift from traditional
culturing and screening methods to bioinformatic tools and genomics to uncover BGCs that were
previously unknown or transcriptionally silent. Natural product discovery using bioinformatics and
omics workflow in the environment has demonstrated an extensive distribution of BGCs in various
environments, such as soil, aquatic ecosystems and host microbiome environments. Computational
tools provide a feasible and culture-independent route to find new secondary metabolites where
traditional approaches cannot. This review will highlight some of the advances in the approaches,
primarily bioinformatic, in identifying new BGCs, especially in environments where microorganisms
are rarely cultured. This has allowed us to tap into the huge potential of microbial dark matter.

Keywords: natural products; biosynthetic gene clusters; secondary metabolites; antiSMASH

1. Introduction

Microorganisms in the environment can produce a wide range of secondary metabolites (SM). SMs
are natural products with diverse chemical structures. This diversity in chemical structures enables
these natural products to carry out a variety of functions. SMs can act as antibiotics, antitumor agents,
cholesterol-lowering agents and so on [1]. These natural products have been critical in the development
of therapeutics in medicine as it has been reported that approximately 70% of the anti-infective drugs
are derived from natural products in the environment [2]. Without their discoveries, many of the
therapeutics used to treat bacterial infections and diseases would not be available today.

Antimicrobial resistance is an emerging global challenge threatening future public health.
Previous reports have predicted a worst-case scenario whereby the global economic impact of
antimicrobial resistance will result in more than 10 million annual deaths, which is a loss of 2.0–3.5% of
the world gross domestic product that is worth approximately 60–100 trillion USD by 2050 [3,4]. This
growing problem emphasizes the importance of natural product discovery, particularly the search for
new antimicrobials as an alternative to currently overused antibiotics. The synthesis and complexity of
a natural product relies on many clustered genes playing various roles from assembly and regulation
of expression [5].

Biosynthetic gene clusters (BGCs) are a physical grouping of all the genes responsible for the
assembly of a SM [6]. BGCs contain genes encoding all enzymes that are required to produce a SM
as well as pathway-specific regulatory genes [5]. Polyketide synthases (PKS) and non-ribosomal
peptide synthases (NRPS) are two major biosynthetic systems containing multiple modules and
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enzymes [7]. PKS and NRPS synthesize the two major classes of SMs, which are namely polyketides
and non-ribosomal peptides, respectively. PKS and NRPS are popular targets in genome mining
for natural products and are well-known to synthesize a diverse range of products with beneficial
applications in medicine and research, such as antibiotics, antifungals and immunosuppressants [8].

The developments in sequencing technology and readily available bioinformatic pipelines have
enabled large quantities of BGCs to be mined from environmental microorganisms without having
to culture them and test their bioactivity [9]. These tools also provide an incredible opportunity to
elucidate the secondary metabolism properties of microbial dark matter, which is the uncultured
majority of microbial diversity. Computational tools offer a feasible route to study SMs and BGCs in
bacteria and are useful in generating and processing large amounts of data as seen in metagenomic
studies. An extensive list of bioinformatics pipelines has been previously reviewed [10,11]. This review
will highlight some notable examples, such as antiSMASH, ClustScan, NAPDOS and ClusterFinder.

Although computational tools have been useful for studying secondary metabolism from
metagenomic datasets, the analysis of metagenomic data is challenging as the software requires
high quality genome-resolved genomes or binned metagenomes [12]. Computational tools themselves
have their own limitations, such as the reliance of databases and rules from previous knowledge,
which may hinder the identification of novel BGCs as current algorithms cannot detect them. These
limitations make it difficult to unlock the full chemical diversity of the environment [12].

To date, studies have screened for SMs in environments hosting large bacterial diversity and
presumably large chemical diversity, such as aquatic ecosystems, soils and host microbiomes [13–15].
The purpose of this review is to highlight various methods used to identify BGCs in the environment
and provide examples of how recent studies have explored the genetic basis for novel natural product
synthesis, which have wide ranging medical and industrial applications.

2. Traditional Approaches in Natural Product Discovery

Prior to the advent of DNA sequencing and genomics, the search for natural products from
microorganisms was conducted primarily using culture-dependent techniques in the laboratory [16].
The discovery of natural products typically involved sampling from the environment, culturing these
samples and finally screening extracted products. However, it is very difficult to culture environmental
microorganisms in the laboratory. The number of bacterial species that can be grown in the laboratory
comprise only a small fraction of the total diversity that exists in nature [17]. Culturing microbes
under different conditions was commonly used to produce and subsequently identify SMs without
any knowledge of the genes and enzymes involved [18].

Biochemical assays are used primarily to screen for SMs or characterize function. Recently, the
development of high throughput biochemical assays has helped to uncover more SMs. A study used
thymol blue and bromothymol blue indicators to detect the pH drop in relation to sugar fermentation
in Vibrio cholerae cultures. After screening 39,000 crude extracts, 49 were found to block fermentation
and three were characterized as novel broad-spectrum antibiotics [19]. However, not all SMs can be
detected and characterized using biochemical assays as some are produced at undetectable levels.
Therefore, these approaches are more effective at identifying SMs that are secreted in relatively large
amounts in nature and under laboratory conditions [18].

3. Omics Approaches for Natural Product Discovery

Traditional approaches have led to the discovery of many therapeutics that are now used
today. However, natural product discovery efforts have since declined largely due to the increasing
rediscovery rates of known compounds [20]. In addition, many microorganisms in the environment
cannot be cultured in the laboratory, hence deterring research efforts for many years until the
introduction of genomics and other omics technologies. Natural product discovery is undergoing an
extensive paradigm shift, which is driven by technological developments in genomics, bioinformatics,
analytical chemistry and synthetic biology [10]. Genome mining has been established as an important
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approach to complement bioprospecting efforts as they allow researchers to survey large datasets
to determine whether the genomes of interest harbor BGCs of interest. This can be achieved
before undertaking a more costly and laborious chemistry-driven approach to extract the natural
product encoded by the BGC in a bacterial host. It has become possible to computationally
identify thousands of BGCs in genome sequences and to systematically explore BGCs of interest
for experimental characterization.

3.1. Metagenome Screening for BGCs Using Degenerate Primers

Degenerate primers are oligonucleotide sequences, with some positions containing more than
one possible nucleotide base. This property can be used to target and amplify areas in the genome that
are very similar but have slight variations [21]. This is especially useful when the same gene is to be
amplified in different microbes as the same gene can vary slightly between species [8]. Degenerate
primers can amplify genes of interest from the genomes of unculturable bacteria. A previous study
reported that the NRPS genes associated with adenylation and thiolation domains are well-conserved
in the genome, enabling degenerate primers to better target NRPS clusters in a variety of bacterial
species as opposed to designing different primer sets for each species [22].

Customized primer sets were used to screen for NRPS and type I PKS (PKS-I) systems in
Actinomycetes [8]. NRPS and PKS-I are known to produce a diverse range of SMs. Actinomycetes are
gram-positive bacteria from the actinobacteria phylum and have been the focus for natural product
discovery in previous decades due to the discovery of several antimicrobials, such as streptomycin
and actinomycin, from the Actinomycetes phylum [16]. Primer sets were tested on 210 reference
strains that covered the major families and 33 different genera in actinomycetes. PCR amplification of
primers targeting NRPS was observed in 79.5% of strains while PCR amplification of primers targeting
PKS-I was seen in 56.7% of strains [8]. The results of this study demonstrate the richness of NRPS
and PKS-I-like sequences in actinomycetes, which is reflected in the diversity of antibiotics and other
natural products that were previously reported in actinomycetes. Although degenerate primers can
help to quantify biosynthetic capacity, they cannot be used to identify and characterize the structures
of SM, which is one of the current major challenges for natural product discovery.

In a recent study, degenerate primers derived from conserved biosynthetic motifs were used to
survey the ketosynthase domains from 185 soil microbiome samples [23]. BGCs encoding epoxyketone
proteasome inhibitors were detected and a further analysis led to the isolation and characterization
of seven epoxyketone natural products, including compounds with a unique warhead structure.
Degenerate primers are useful in amplifying BGCs of interest but cannot be used to characterize
a natural product. They must be used in conjunction with bioinformatic approaches with defined
metagenomic tools so that natural products can be derived from metagenomic data in the environment.

3.2. BGC Detection and Analyses via Bioinformatic Pipelines

Many bioinformatics tools have now been developed to detect known BGCs in regular genome
sequences and genome-resolved metagenomes [7]. There are also emerging tools aiming to detect
novel BGCs hidden in cultured bacterial genomes and especially in environmental genome-resolved
metagenomes [24].

antiSMASH, NAPDOS and ClustScan are examples of bioinformatics software that provide low
novelty but high confidence in its analysis [25,26] and thus, are suitable for users looking for gene
clusters of a known biosynthetic class or for surveying all detectable BGCs in single or multiple
genomes for annotation purposes.

Although many bioinformatic tools can identify biosynthetic genes with high accuracy, it implies
that only biosynthetic pathways with rules implemented in the software can be detected. Therefore,
any pathway that may use unknown or unrelated alternative enzymes will be missed [12]. In addition,
computational tools rely heavily on high quality genome-resolved metagenomes for effective and
reliable outputs [12]. The quality of the sequencing data or resolved genomes from metagenomes
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can influence the reliability of results. Further complications regarding the analysis of metagenomic
sequencing data for BGCs have been previously reviewed in more detail [10,27].

To address the limitations of identifying novel BGCs, the ClusterFinder algorithm is a recently
developed software providing low confidence but high novelty analysis [24]. Predicting gene clusters
from novel classes is valuable as they have the possibility of encoding molecules with new chemical
scaffolds. ClusterFinder uses a hidden Markov model that switches between BGC and non-BGC
analysis to look for patterns of broad gene functions encoded in a genomic region rather than searching
for the presence of specific individual signature genes. This method enabled ClusterFinder to identify
a large, previously unrecognized family of gene clusters that encode the biosynthesis of aryl polyenes
in a wide range of bacteria from various phyla [24].

3.3. Expression of Transcriptionally Silent BGCs in Host Bacteria

One of the major challenges in natural product discovery is that the vast majority of BGCs are
either transcriptionally silent or expressed at very low levels under standard laboratory conditions [28].
To address this issue, silent BGCs can be switched on by manipulating genetic elements embedded
within BGCs [9]. Triggering BGC expression in a native host may involve artificially knocking-in
a strong promoter that is located upstream of the target BGC [28]. For example, a CRISPR-Cas9
system-based promoter knock-in strategy was used to activate multiple silent BGCs in five different
Streptomyces species, which led to the discovery of a novel pentangular polyketide from Streptomyces
viridochromogenes. Activating silent BGCs in native hosts demonstrates great potential for high
throughput discovery of natural products [29].

The advances in synthetic biology techniques have resulted in silent BGCs being activated in
heterologous hosts [30]. Heterologous hosts can provide a significant growth advantage over native
hosts and can bypass the regulatory system in the latter. This is especially useful as BGCs can be
activated in unculturable microorganisms. However, one of the major problems associated with direct
cloning is the low yield of positive clones, which is caused by the nonspecific targeting of random
genomic fragments. Further refinement in the direct capture of gene clusters led to the discovery
of taromycin A in Streptomyces coelicolor [31]. Moore et al. successfully extended this method to the
heterologous expression of BGCs in Bacillus subtilis and Escherichia coli, which subsequently led to the
discovery of a distinct group of thiotetronic acid natural products by combining this approach with
targeted genome mining [32,33].

The use of chemical elicitors provide an alternative route to enhance the expression of silent
BGCs [34]. This approach aims to increase the recovery of novel SMs that were previously hidden in
silent BGCs both in culturable bacteria and in the unculturable majority of bacterial groups. Nodwell
et al. demonstrated the use of chemical elicitor ‘CI-ARC’ to increase the yield of SM production in
a collection of Actinomycetes strains [34]. The study also successfully identified a SM with activity
against both bacteria and eukaryotes. This approach provides a mechanism to distinguish between
SMs without knowing their biological activity, against a background of other material that is present.

3.4. Emerging Bioinformatic Approaches in Natural Product Discovery

The following section describes several computational perspectives that have demonstrated
potential in uncovering new BGCs that encode novel bioactive SMs.

The EvoMining approach has been recently proposed as a strategy to identify new BGC classes [35].
EvoMining assumes that the genes encoding for SM enzymes have evolved from genes in primary
metabolic enzymes due to duplication and divergence over time. The EvoMining software has been
developed to detect divergences in the phylogenetic trees of enzymes in core pathways shared between
bacterial species. This enables the software to identify enzymes that have likely been repurposed
for SM biosynthesis. Using this approach, Cruz-Morales et al. identified arseno-organic metabolites
in S. coelicolor and Streptomyces lividans [35]. These arseno-organic metabolites were derived from
BGCs, which code for previously unknown compounds and enzymes [35]. The EvoMining approach
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provides a promising insight for uncovering hidden chemical diversity by incorporating evolutionary
principles into genome mining.

Large-scale comparative genomic alignment has been proposed to identify new types of
biosynthetic pathways. This strategy involves detecting syntenic blocks of multiple orthologous
genes that are not part of the core genome of a taxon and occur in different genomic contexts in
different strains and species [10]. A study using this approach successfully identified the kojic acid
and oxylipin gene clusters from the accessory genome of Aspergilus species [36]. Kojic acid and
oxylipin do not have any signature genes that are specific to known pathways and hence, this approach
may provide users with a way to identify novel SM genes that were previously undiscovered in
well-studied microorganisms.

4. BGC and Natural Product Mining in Different Environments

The following sections, while not exhaustive, are designed to provide some examples of work
carried out in BGC ‘mining’ from different environments, specifically providing examples from soil,
aquatic and host microbiomes. Noticeably, numerous studies have demonstrated that a combination of
existing laboratory approaches along with the use of computational tools have provided new insights
in the bioprospecting field. This is particularly crucial for studies looking to identify new natural
products from microbial dark matter.

4.1. Natural Product Discoveries in Soil Environments

Soil environments have been reported to hold a highly diverse range of microorganisms and are
known sources for antibiotics, antifungals and other natural products that are involved in bacterial
communication and interaction within a given ecosystem [37–39]. However, many bacteria are
unculturable and therefore, a vast majority of them remain understudied [40]. A global study
conducted by Charlop-Powers in 2015 compared biosynthetic diversity and NRPS/PKS diversity
in soil microbiomes across the globe [13]. Soil samples were collected from five continents covering
different biomes. Degenerate primers that are specific to adenylation and ketosynthase domains were
used for large-scale PCR. The observation of large differences in domain abundance from all except
the most proximal and biome-similar samples suggests that different soil microbiomes can encode
largely distinct collections of SMs.

The iChip method developed in 2010 offered a new way to isolate and cultivate unculturable
bacteria in situ from many environments [41]. The miniature diffusion chambers from the iChip device
allow bacterial species to be exposed to natural growth factors in the environment, hence enabling their
growth and survival. Five years later, a study applying the iChip technology on soil samples led to the
discovery of ‘teixobactin’, a new antibiotic that can inhibit cell wall synthesis while having undetectable
antibiotic resistance in the infectious pathogens Staphloccous aureus and Mycobacterium tuberculosis [42].
The BGC giving rise to teixobactin is composed of two large NRPS-encoding genes and was identified
using a homology search tool. This study demonstrates the importance for integrating novel laboratory
techniques alongside computational tools as this will enable new microorganisms to be isolated, with
the potential to extract new natural products and reconstruct their metabolic pathways.

A recently published study recovered hundreds of near-complete genomes from the Northern
Californian grassland soil and analyzed them using antiSMASH [43]. These genomes contained
newly identified members from Acidobacteria, Verrucomicobia and Gemmatimonadetes as well as
the candidate phylum Rokubacteria. These members are abundant in soils but are under-represented
in culture [40,43]. Members from these phyla were also previously not known to be linked to SM
production but were found to encode diverse PK and NRP BGCs that were thought to have diverged
from well-studied gene clusters [43]. The study demonstrates that the biosynthetic potential for
phylogenetically diverse microorganisms in soils has previously been underestimated [43]. In addition,
the knowledge gained in this study may provide a framework for future studies to target novel but
abundant microorganisms in soils, which may represent a source for new pharmaceutical compounds.
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4.2. Natural Product Discoveries in Aquatic Ecosystems

Aquatic ecosystems are relatively unexplored but have been reported to harbor a high diversity
of microorganisms, which may reflect the biosynthetic potential of these ecosystems [14,44]. A
previous study observed marine Actinomycetes as a robust source for beneficial SMs [45]. This
study determined that 85% of marine bioactive compounds identified and described from 1997 to 2008
came from Streptomyces (57%) and Salinispora (28%), both of which are members of the Actinomycetes
phylum. An example of a beneficial SM isolated from Actinomycetes is marizomib (salinosporamide
A). Marizomib is an anticancer drug that was first isolated from Salinispora tropica and is currently
undergoing clinical trials as it has demonstrated high cytotoxicity against breast cancer, human colon
carcinoma and non-small lung cancer [46,47].

Early and recent studies have observed specific marine microorganisms, such as Roseobacter and
Pseudovibrio having potential for SM production [48,49]. Members of Roseobacter have been reported
to be widespread and abundant in marine environments with diverse metabolism, thus providing
an opportunity to mine their genomes for potential natural products. The work from Martens et al.
used degenerate primers that were specific with conserved sequence motifs to screen the strains of
Roseobacter [49]. PCR products were cloned, sequenced and compared with genes of known function,
revealing genes that show similarity with PKS and NRPS. Some strains also demonstrated antagonistic
activity and acetylated homoserine lactone (AHL) production, which suggests that the Roseobacter
clade is a potential and largely untapped source of SM.

Pseudovibrio-related bacteria have previously been isolated from marine sources as free-living
and host-associated bacteria [50,51]. They have been shown to proliferate under extreme
oligotrophic conditions, tolerate high heavy-metal concentrations and metabolize potentially toxic
compounds [52–54]. The data from studies described by Romano suggest that apart from nutrient
cycling, members of host-associated Pseudovibrio can provide their host with both vitamins/cofactors
and protection from potential pathogens via the synthesis of antimicrobial SMs [48]. Marine
environments provide an incentive for researchers to target marine microorganisms with potentially
large and useful biosynthetic capacities as seen in Actinomycetes, Pseudovibrio and Roseobacter.

In a recent study, antiSMASH and NAPDOS were used to screen for SMs in recovered genome
bins from Lake Stechlin, north-east Germany [14]. Of the 243 BGCs identified, 125 were classified
as terpenes and represent the most abundant cluster type. Terpene products are commonly found
in plants and fungi genomes but it has been recently reported that bacterial terpene synthases are
distributed widely in the environment [14]. The second most abundant cluster type are bacteriocins
with 35 clusters [14]. Bacteriocins are SMs belonging to a group of antimicrobial peptides, which can
target closely related or unrelated strains to the bacteriocin producing bacteria [55]. Bacteriocins have
been implicated as a possible alternative to currently overused antibiotics due to their diverse structure
and function [55]. In addition, bacteriocins have been observed in probiotics to inhibit gastrointestinal
microorganisms or pathogens [56]. A further analysis of BGCs in individual genome bins has revealed
an unclassified bacterium with a PKS cluster and three associated domains belonging to the enediynes
polyketides pathway. Enediynes polyketides are SMs that have been reported to demonstrate potent
anticancer and antibiotic activity largely due to an enediyne core providing cytotoxic properties [57].
Their biosynthesis is also of interest as many unique chemical features were identified, providing
a potent opportunity to decipher how the biosynthetic machinery can give rise to complex and
unique molecules.

4.3. Exploring BGCs in Host Microbiome Environments

Host microbiome environments house an enormous range of bacteria that have adapted and
thrived in the host’s environment. In the past few years, studies have focused on natural product
discovery in the human microbiome and have provided new insight into the search for novel SMs in
different environments [15,58]. Another notable example includes the microbiome in marine sponges.
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The microbiome of three deep sea sponges was screened for secondary metabolite potential by
using 454 pyrosequencing and degenerate primers to target sequences associated with ketosynthase
domains and adenylation domains [59]. Ketosynthase and adenylation fragments were revealed to be
distinct from reference sequences in the database. This demonstrates the potential for the microbiome
of these marine sponges to possess a diverse range of novel SMs. The sequence analysis of the
sponges studied also determined that they have genes involved in the synthesis of streptogramin,
lipopeptides and glycopeptides. These bioactive compounds are known classes of antibiotics. The
study also indicates that variations in the gene sequences associated with SMs may potentially lead to
the identification of natural products, which may serve beneficial roles in human health [59].

A recent study utilized a combination of chemistry, metagenomics and metatranscriptomics
techniques to examine how microorganisms play a key role in human health. Using 752 metagenomic
samples from the National Institute of Health Human Microbiome Project, the study found
human-associated bacteria housing 3,118 BGCs that encode small molecules [15]. Many of these
molecules are presumably associated with beneficial properties. Among these BGCs are thiopeptide
clusters encoding antibiotics, some of which have a similar structure with molecules already in
clinical trials.

5. Conclusions

SMs have played an important role in pharmaceuticals, research and the industry. There
are numerous possibilities for expanding our understanding of chemical diversity and how these
metabolites function. Various studies have found an abundance of BGCs encoding known SMs and
potentially undiscovered ones, which reinforces the notion that high biodiversity can lead to high
chemical diversity. In the future, we should see a continuing development of bioinformatics software
to address the current limitations of genome mining, analyzing metagenomic data and compound
characterization. We may also see new or improved culturing and screening techniques to better
explore the vastness of SMs. Many of the discoveries to date have been attributed to many omics and
metaomics approaches. However, the limitations of technology and methods still need to be addressed
in order to fully exploit the genome mining process and optimize the workflow from the identification
of BGC to the expression of the corresponding natural product.

There is growing interest to uncover biosynthetic pathways and new natural products in the
environment, particularly environments hosting a rich diversity in microorganisms, such as soils,
marine ecosystems and host microbiomes. In addition, other unique microbial ecosystems that occur
in often extreme environments, such as microbialites, may also be a new source of novel SM [60]. The
identification of a wide range of SMs will help to provide a better understanding of how novel SMs
are assembled and detected. The increasing trends and updates in bioinformatics and refinement
of the metaomics workflow will complement natural product discovery efforts in the environment
and may ultimately lead to an influx of novel compounds with potential applications in medicine
and industries.

Author Contributions: R.C. was involved in writing—original draft preparation; H.L.W. was involved in
writing—review and editing, B.P.B was involved in supervision, funding acquisition and writing—review
and editing.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

269



Medicines 2019, 6, 32

References

1. Chávez, A.; Forero, A.; García-Huante, Y.; Romero, A.; Sánchez, M.; Rocha, D.; Sánchez, B.;
Rodríguez-Sanoja, R.; Sánchez, S.; Langley, E. Production of microbial secondary metabolites: Regulation by
the carbon source AU—Ruiz, Beatriz. Crit. Rev. Microbiol. 2010, 36, 146–167. [CrossRef]

2. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629–661. [CrossRef] [PubMed]

3. Taylor, J.; Hafner, M.; Yerushalmi, E.; Smith, R.; Bellasio, J.; Vardavas, R.; Bienkowska-Gibbs, T.;
Rubin, J. Estimating the Economic Costs of Antimicrobial Resistance. Available online: https://www.
rand.org/content/dam/rand/pubs/research_reports/RR900/RR911/RAND_RR911.pdf (accessed on 25
February 2019).

4. Antimicrobial Resistance: Tackling a Crisis for the Health and Wealth of Nations. Available online:
https://amr-review.org/sites/default/files/AMR%20Review%20Paper%20-%20Tackling%20a%20crisis%
20for%20the%20health%20and%20wealth%20of%20nations_1.pdf (accessed on 25 February 2019).

5. Keller, N.P.; Turner, G.; Bennett, J.W. Fungal secondary metabolism—From biochemistry to genomics. Nat.
Rev. Microbiol. 2005, 3, 937. [CrossRef] [PubMed]

6. Medema, M.H.; Kottmann, R.; Yilmaz, P.; Cummings, M.; Biggins, J.B.; Blin, K.; de Bruijn, I.; Chooi, Y.H.;
Claesen, J.; Coates, R.C.; et al. Minimum Information about a Biosynthetic Gene cluster. Nat. Chem. Biol.
2015, 11, 625. [CrossRef] [PubMed]

7. Weber, T.; Kim, H.U. The secondary metabolite bioinformatics portal: Computational tools to facilitate
synthetic biology of secondary metabolite production. Synth. Syst. Biotechnol. 2016, 1, 69–79. [CrossRef]
[PubMed]

8. Ayuso-Sacido, A.; Genilloud, O. New PCR primers for the screening of NRPS and PKS-I systems in
actinomycetes: Detection and distribution of these biosynthetic gene sequences in major taxonomic groups.
Microb. Ecol. 2005, 49, 10–24. [CrossRef] [PubMed]

9. Palazzotto, E.; Weber, T. Omics and multi-omics approaches to study the biosynthesis of secondary
metabolites in microorganisms. Curr. Opin. Microbiol. 2018, 45, 109–116. [CrossRef] [PubMed]

10. Medema, M.H.; Fischbach, M.A. Computational approaches to natural product discovery. Nat. Chem. Biol.
2015, 11, 639–648. [CrossRef] [PubMed]

11. Chavali, A.K.; Rhee, S.Y. Bioinformatics tools for the identification of gene clusters that biosynthesize
specialized metabolites. Brief. Bioinform. 2017, 19, 1022–1034. [CrossRef] [PubMed]

12. Blin, K.; Kim, H.U.; Medema, M.H.; Weber, T. Recent development of antiSMASH and other computational
approaches to mine secondary metabolite biosynthetic gene clusters. Brief. Bioinform. 2017. [CrossRef]
[PubMed]

13. Charlop-Powers, Z.; Owen, J.G.; Reddy, B.V.B.; Ternei, M.A.; Guimarães, D.O.; de Frias, U.A.; Pupo, M.T.;
Seepe, P.; Feng, Z.; Brady, S.F. Global biogeographic sampling of bacterial secondary metabolism. eLife 2015,
4, e05048. [CrossRef] [PubMed]

14. Cuadrat, R.R.C.; Ionescu, D.; Dávila, A.M.R.; Grossart, H.-P. Recovering Genomics Clusters of Secondary
Metabolites from Lakes Using Genome-Resolved Metagenomics. Front. Microbiol. 2018, 9, 251. [CrossRef]
[PubMed]

15. Donia, M.S.; Cimermancic, P.; Schulze Christopher, J.; Wieland, B.; Laura, C.; Martin, J.; Mitreva, M.;
Clardy, J.; Linington Roger, G.; Fischbach Michael, A. A Systematic Analysis of Biosynthetic Gene Clusters
in the Human Microbiome Reveals a Common Family of Antibiotics. Cell 2014, 158, 1402–1414. [CrossRef]
[PubMed]

16. Katz, L.; Baltz, R.H. Natural product discovery: Past, present and future. J. Ind. Microbiol. Biotechnol. 2016,
43, 155–176. [CrossRef] [PubMed]

17. Stewart, E.J. Growing Unculturable Bacteria. J. Bacteriol. 2012, 194, 4151–4160. [CrossRef] [PubMed]
18. Luo, Y.; Cobb, R.E.; Zhao, H. Recent advances in natural product discovery. Curr. Opin. Biotechnol. 2014, 30,

230–237. [CrossRef] [PubMed]
19. Ymele-Leki, P.; Cao, S.; Sharp, J.; Lambert, K.G.; McAdam, A.J.; Husson, R.N.; Tamayo, G.; Clardy, J.;

Watnick, P.I. A High-Throughput Screen Identifies a New Natural Product with Broad-Spectrum Antibacterial
Activity. PLoS ONE 2012, 7, e31307. [CrossRef]

270



Medicines 2019, 6, 32

20. Li, J.W.-H.; Vederas, J.C. Drug Discovery and Natural Products: End of an Era or an Endless Frontier? Science
2009, 325, 161–165. [CrossRef] [PubMed]

21. Linhart, C.; Shamir, R. The degenerate primer design problem: Theory and applications. J. Comput. Biol. A J.
Comput. Mol. Cell Biol. 2005, 12, 431–456. [CrossRef] [PubMed]

22. Khosla, C.; Gokhale, R.S.; Jacobsen, J.R.; Cane, D.E. Tolerance and Specificity of Polyketide Synthases. Annu.
Rev. Biochem. 1999, 68, 219–253. [CrossRef] [PubMed]

23. Owen, J.G.; Charlop-Powers, Z.; Smith, A.G.; Ternei, M.A.; Calle, P.Y.; Reddy, B.V.B.; Montiel, D.;
Brady, S.F. Multiplexed metagenome mining using short DNA sequence tags facilitates targeted discovery of
epoxyketone proteasome inhibitors. Proc. Natl. Acad. Sci. USA 2015, 112, 4221–4226. [CrossRef] [PubMed]

24. Cimermancic, P.; Medema, M.H.; Claesen, J.; Kurita, K.; Brown, L.C.; Mavrommatis, K.; Pati, A.; Godfrey, P.A.;
Koehrsen, M.; Clardy, J.; et al. Insights into Secondary Metabolism from a Global Analysis of Prokaryotic
Biosynthetic Gene Clusters. Cell 2014, 158, 412–421. [CrossRef] [PubMed]

25. Blin, K.; Wolf, T.; Chevrette, M.G.; Lu, X.; Schwalen, C.J.; Kautsar, S.A.; Suarez Duran, H.G.; de los
Santos, E.L.C.; Kim, H.U.; Nave, M.; et al. antiSMASH 4.0—Improvements in chemistry prediction and gene
cluster boundary identification. Nucleic Acids Res. 2017, 45, W36–W41. [CrossRef] [PubMed]

26. Starcevic, A.; Zucko, J.; Simunkovic, J.; Long, P.F.; Cullum, J.; Hranueli, D. ClustScan: An integrated program
package for the semi-automatic annotation of modular biosynthetic gene clusters and in silico prediction of
novel chemical structures. Nucleic Acids Res. 2008, 36, 6882–6892. [CrossRef] [PubMed]

27. Wilson, M.C.; Piel, J. Metagenomic Approaches for Exploiting Uncultivated Bacteria as a Resource for Novel
Biosynthetic Enzymology. Chem. Biol. 2013, 20, 636–647. [CrossRef] [PubMed]

28. Ren, H.; Wang, B.; Zhao, H. Breaking the silence: New strategies for discovering novel natural products.
Curr. Opin. Biotechnol. 2017, 48, 21–27. [CrossRef] [PubMed]

29. Zhang, M.M.; Wong, F.T.; Wang, Y.; Luo, S.; Lim, Y.H.; Heng, E.; Yeo, W.L.; Cobb, R.E.; Enghiad, B.; Ang, E.L.;
et al. CRISPR–Cas9 strategy for activation of silent Streptomyces biosynthetic gene clusters. Nat. Chem. Biol.
2017, 13, 607. [CrossRef] [PubMed]

30. Kouprina, N.; Larionov, V. Selective isolation of genomic loci from complex genomes by
transformation-associated recombination cloning in the yeast Saccharomyces cerevisiae. Nat. Protoc. 2008, 3,
371. [CrossRef] [PubMed]

31. Yamanaka, K.; Reynolds, K.A.; Kersten, R.D.; Ryan, K.S.; Gonzalez, D.J.; Nizet, V.; Dorrestein, P.C.; Moore, B.S.
Direct cloning and refactoring of a silent lipopeptide biosynthetic gene cluster yields the antibiotic taromycin
A. Proc. Natl. Acad. Sci. USA 2014, 111, 1957–1962. [CrossRef] [PubMed]

32. Li, Y.; Li, Z.; Yamanaka, K.; Xu, Y.; Zhang, W.; Vlamakis, H.; Kolter, R.; Moore, B.S.; Qian, P.-Y. Directed
natural product biosynthesis gene cluster capture and expression in the model bacterium Bacillus subtilis.
Sci. Rep. 2015, 5, 9383. [CrossRef] [PubMed]

33. Ross, A.C.; Gulland, L.E.S.; Dorrestein, P.C.; Moore, B.S. Targeted Capture and Heterologous Expression of
the Pseudoalteromonas Alterochromide Gene Cluster in Escherichia coli Represents a Promising Natural
Product Exploratory Platform. Acs Synth. Biol. 2015, 4, 414–420. [CrossRef] [PubMed]

34. Pimentel-Elardo, S.M.; Sørensen, D.; Ho, L.; Ziko, M.; Bueler, S.A.; Lu, S.; Tao, J.; Moser, A.; Lee, R.;
Agard, D.; et al. Activity-Independent Discovery of Secondary Metabolites Using Chemical Elicitation and
Cheminformatic Inference. Acs Chem. Biol. 2015, 10, 2616–2623. [CrossRef] [PubMed]

35. Cruz-Morales, P.; Kopp, J.F.; Martínez-Guerrero, C.; Yáñez-Guerra, L.A.; Selem-Mojica, N.;
Ramos-Aboites, H.; Feldmann, J.; Barona-Gómez, F. Phylogenomic Analysis of Natural Products Biosynthetic
Gene Clusters Allows Discovery of Arseno-Organic Metabolites in Model Streptomycetes. Genome Biol. Evol.
2016, 8, 1906–1916. [CrossRef] [PubMed]

36. Takeda, I.; Machida, M.; Koike, H.; Umemura, M.; Asai, K. Motif-Independent Prediction of a Secondary
Metabolism Gene Cluster Using Comparative Genomics: Application to Sequenced Genomes of Aspergillus
and Ten Other Filamentous Fungal Species. DNA Res. 2014, 21, 447–457. [CrossRef] [PubMed]

37. Torsvik, V.; Goksøyr, J.; Daae, F.L. High diversity in DNA of soil bacteria. Appl. Environ. Microbiol. 1990, 56,
782–787. [PubMed]

38. Hibbing, M.E.; Fuqua, C.; Parsek, M.R.; Peterson, S.B. Bacterial competition: Surviving and thriving in the
microbial jungle. Nat. Rev. Microbiol. 2010, 8, 15–25. [CrossRef] [PubMed]

271



Medicines 2019, 6, 32

39. Daniel, R. The soil metagenome—A rich resource for the discovery of novel natural products. Curr. Opin.
Biotechnol. 2004, 15, 199–204. [CrossRef] [PubMed]

40. Rappe, M.S.; Giovannoni, S.J. The Uncultured Microbial Majority. Annu. Rev. Microbiol. 2003, 57, 369–394.
[CrossRef] [PubMed]

41. Nichols, D.; Cahoon, N.; Trakhtenberg, E.M.; Pham, L.; Mehta, A.; Belanger, A.; Kanigan, T.; Lewis, K.;
Epstein, S.S. Use of ichip for high-throughput in situ cultivation of “uncultivable” microbial species. Appl.
Environ. Microbiol. 2010, 76, 2445–2450. [CrossRef] [PubMed]

42. Ling, L.L.; Schneider, T.; Peoples, A.J.; Spoering, A.L.; Engels, I.; Conlon, B.P.; Mueller, A.; Schäberle, T.F.;
Hughes, D.E.; Epstein, S.; et al. A new antibiotic kills pathogens without detectable resistance. Nature 2015,
517, 455. [CrossRef] [PubMed]

43. Crits-Christoph, A.; Diamond, S.; Butterfield, C.N.; Thomas, B.C.; Banfield, J.F. Novel soil bacteria possess
diverse genes for secondary metabolite biosynthesis. Nature 2018, 558, 440–444. [CrossRef] [PubMed]

44. Adnan, M.; Alshammari, E.; Patel, M.; Amir Ashraf, S.; Khan, S.; Hadi, S. Significance and potential of
marine microbial natural bioactive compounds against biofilms/biofouling: Necessity for green chemistry.
PeerJ 2018, 6, e5049. [CrossRef] [PubMed]

45. Williams, P.G. Panning for chemical gold: Marine bacteria as a source of new therapeutics. Trends Biotechnol.
2009, 27, 45–52. [CrossRef] [PubMed]

46. Ahn, K.S.; Sethi, G.; Chao, T.-H.; Neuteboom, S.T.; Chaturvedi, M.M.; Palladino, M.A.; Younes, A.;
Aggarwal, B.B. Salinosporamide A (NPI-0052) potentiates apoptosis, suppresses osteoclastogenesis and
inhibits invasion through down-modulation of NF-κB–regulated gene products. Blood 2007, 110, 2286–2295.
[CrossRef] [PubMed]

47. Feling, R.H.; Buchanan, G.O.; Mincer, T.J.; Kauffman, C.A.; Jensen, P.R.; Fenical, W.; Salinosporamide, A.
A Highly Cytotoxic Proteasome Inhibitor from a Novel Microbial Source, a Marine Bacterium of the New
Genus Salinospora. Angew. Chem. Int. Ed. 2003, 42, 355–357. [CrossRef] [PubMed]

48. Romano, S. Ecology and biotechnological potential of bacteria belonging to the genus Pseudovibrio. Appl.
Environ. Microbiol. 2018, 84, e02516–e02517. [CrossRef] [PubMed]

49. Martens, T.; Gram, L.; Grossart, H.P.; Kessler, D.; Muller, R.; Simon, M.; Wenzel, S.C.; Brinkhoff, T. Bacteria of
the Roseobacter clade show potential for secondary metabolite production. Microb. Ecol. 2007, 54, 31–42.
[CrossRef] [PubMed]

50. O’Halloran, J.A.; Barbosa, T.M.; Morrissey, J.P.; Kennedy, J.; Dobson, A.D.; O’Gara, F. Pseudovibrio axinellae
sp. nov., isolated from an Irish marine sponge. Int. J. Syst. Evol. Microbiol. 2013, 63, 141–145. [CrossRef]

51. Hosoya, S.; Yokota, A. Pseudovibrio japonicus sp. nov., isolated from coastal seawater in Japan. Int. J. Syst.
Evol. Microbiol. 2007, 57, 1952–1955. [CrossRef] [PubMed]

52. Bauvais, C.; Zirah, S.; Piette, L.; Chaspoul, F.; Domart-Coulon, I.; Chapon, V.; Gallice, P.; Rebuffat, S.;
Pérez, T.; Bourguet-Kondracki, M.-L. Sponging up metals: Bacteria associated with the marine sponge
Spongia officinalis. Mar. Environ. Res. 2015, 104, 20–30. [CrossRef] [PubMed]

53. Schwedt, A.; Seidel, M.; Dittmar, T.; Simon, M.; Bondarev, V.; Romano, S.; Lavik, G.; Schulz-Vogt, H.N.
Substrate use of Pseudovibrio sp. growing in ultra-oligotrophic seawater. PLoS ONE 2015, 10, e0121675.
[CrossRef] [PubMed]

54. Nies, D.H. Microbial heavy-metal resistance. Appl. Microbiol. Biotechnol. 1999, 51, 730–750. [CrossRef]
[PubMed]

55. Yang, S.-C.; Lin, C.-H.; Sung, C.T.; Fang, J.-Y. Antibacterial activities of bacteriocins: Application in foods
and pharmaceuticals. Front. Microbiol. 2014, 5, 241. [CrossRef] [PubMed]

56. Dobson, A.; Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocin production: A probiotic trait? Appl. Environ. Microbiol.
2012, 78, 1–6. [CrossRef] [PubMed]

57. Van Lanen, S.G.; Shen, B. Biosynthesis of enediyne antitumor antibiotics. Curr. Top. Med. Chem. 2008, 8,
448–459. [CrossRef] [PubMed]

58. Luber, J.M.; Kostic, A.D. Gut Microbiota: Small Molecules Modulate Host Cellular Functions. Curr. Biol.
2017, 27, R307–R310. [CrossRef] [PubMed]

272



Medicines 2019, 6, 32

59. Borchert, E.; Jackson, S.A.; O’Gara, F.; Dobson, A.D.W. Diversity of Natural Product Biosynthetic Genes in
the Microbiome of the Deep Sea Sponges Inflatella pellicula, Poecillastra compressa and Stelletta normani.
Front. Microbiol. 2016, 7, 1027. [CrossRef] [PubMed]

60. Burns, B.P.; Seifert, A.; Goh, F.; Pomati, F.; Neilan, B.A. Genetic potential for secondary metabolite production
in stromatolite communities. FEMS Micro Lett. 2005, 243, 293–301. [CrossRef] [PubMed]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

273





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Medicines Editorial Office
E-mail: medicines@mdpi.com

www.mdpi.com/journal/medicines





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03921-188-3


	Blank Page



