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It is a distinct pleasure for me to offer something in recognition of and tribute to
Dr. James Dewey McChesney (Figure 1) in this special issue of Molecules. I have had the
pleasure of knowing Jim for more than 40 years, ever since I arrived as a young faculty
member at the University of Mississippi School of Pharmacy. We worked closely together
until 1996, but even since that time, our collaborative relationship and close friendship
have grown, and I have benefitted immensely from his mentoring, his scientific acumen,
his vast experience, and his thought leadership in the natural products field.

 

Figure 1. Dr. James D. McChesney.

Jim was born near Hatfield, a small town in Missouri, in 1939 and completed a BSc
in chemical technology from Iowa State University in 1961. In 1964, he received an MA
in botany from the University of Indiana, and, in the following year, he received a Ph.D.
in organic chemistry from the same institution. Soon after, he joined the Department
of Botany and later the School of Pharmacy at the University of Kansas and became
a Professor of Botany and Medicinal Chemistry. In 1978, he joined the Department of
Pharmacognosy in the School of Pharmacy at The University of Mississippi as chair and in
1986 he became the Director of the Research Institute of Pharmaceutical Science. In 1996, he
joined NaPro Biotherapeutics in Boulder, Colorado as the Vice President of Development.
He became the chief scientific officer of Tapestry Pharmaceuticals and then ChromaDex

Molecules 2021, 26, 7415. https://doi.org/10.3390/molecules26247415 https://www.mdpi.com/journal/molecules
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of Boulder, Colorado in 2003. He moved back to his farm home near Etta, Mississippi in
2009 and founded his own companies (Ironstone Separations, Arbor Therapeutics, and
Cloaked Therapeutics) in order to pursue his interest in the commercial development of
natural products.

Dr. McChesney has done outstanding work throughout his long career in the de-
velopment of plant-derived secondary metabolites as drug candidates, agrochemicals
and food additives, as evidenced by his extensive publication record. Along the way, he
has pioneered a number of methods for chromatographic separation, characterization,
and analysis.

But beyond the discovery and analysis of phytochemicals, Jim has pioneered many
impressive advances in the synthesis of important natural products, intermediates, analogs,
derivatives, and metabolites. His accomplishments here feature a substantial body of work
on the semi-synthesis of taxanes and their intermediates, which are the subject of numerous
patents late in his career. These efforts led to the discovery and development of the third
generation taxane analog TPI-287. This tubulin-binding and microtubule-stabilizing agent
can also cross the blood-brain barrier, and has been advanced in a number of clinical
trials for the treatment of several types of cancer and neurodegenerative diseases. In
addition to his contributions to the preclinical and clinical development of taxanes, for
more than 40 years he substantially advanced our understanding of the 8-aminoquinoline
antimalarials, of which primaquine is the prototype. The 8-aminoquinolines are a critically
important antimalarial drug class because of their unique activity on the dormant liver
stages of the parasite. His efforts on 8-aminoquinoline chemistry, synthesis and metabolism
led to important new insights; these efforts resulted in the development of NPC1161B, a
drug candidate which is not only active against all stages of the life cycle of plasmodium
in humans, but also highly effective in the treatment of leishmaniasis and Pneumocystis
pneumonia. This compound is currently at the early clinical development stage.

But these are by no means the only examples. He developed an array of synthetic
approaches, including a number of stereoselective routes, for artemisinins antimalarial
drugs, cytokinins, hydrophenanthrenes, and several other natural-product or natural-
product-inspired classes.

Jim has also contributed immensely to overcome the inherent challenges in the devel-
opment of nature-based products as potential drugs, agrochemicals and food additives.
His work in this area focused on searching for plant varieties with a high content of
active compounds—particularly in plant parts such as leaves, in order to harvest them
in a sustainable manner—as well as micropropagating these strains in order to rapidly
mass produce plants with uniform chemical profiles. His research on galanthamine and
podophyllotoxin exemplify these efforts. He also led efforts to improve the production and
processing of glycosides from Stevia for commercial markets.

Dr. McChesney was chair of the Department of Pharmacognosy at Ole Miss until
1987, leading a small, but highly collaborative and productive group of natural products re-
searchers. Early in his career, he had developed ties with scientists at several universities in
Brazil, a relationship which continued throughout his career, notably including a Fulbright
Fellowship in 1985 in Fortaleza. During this time and over the next decade as Director of
the Research Institute of Pharmaceutical Sciences (RIPS), he was nurturing an ambitious
vision for a national effort in the discovery and development of natural products.

This was one of Jim’s signal career accomplishments: the conception and implementa-
tion of the National Center for Natural Products Research (NCNPR). Working with USDA
scientists, university administrators and legislators, he devised a plan for this center, which
was envisioned as a partnership between the state, the USDA, and the industry. In the
early 1990s, the project began to take shape in earnest under Jim’s guidance. When the
doors opened in 1995, it was truly a testament to his scientific leadership and vision, and
the recognition of his acumen in government, political, and scientific circles.

Jim is known and respected as a hardnosed scientist. His mind is keenly tuned to
absorbing and processing and thinking critically about research problems. The breadth
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and depth of his understanding always illuminate and challenge other researchers, and
may sometimes even intimidate. On the other hand, those who come to know Jim find in
him a true friend, a tender-hearted man, a gentleman in his own rugged way, a citizen of
global awareness and allegiance with compassion for all humanity.

Jim McChesney has been an eminent scholar and a tireless workman. He still is, even
into his ninth decade. This special issue includes several articles that represent a small
sampling of his research legacy in the form of contributions from his students, colleagues
and co-workers through whom he continues in leading the unraveling of the wonders of the
natural world. The issue focuses on the areas of natural-product drug discovery and dietary
supplements with a special emphasis on the isolation of biologically active constituents,
the determination of their mechanisms of action and structure activity relationships, and
the development of analytical methods. Thirteen research papers and three reviews appear
in this issue.

In the first article, Li et al. [1] reported that the antiviral natural product, glycyrrhizic
acid, prevents SARS-CoV-2 infection by complexing with the S-protein, including one
mode of binding at the angiotensin-converting enzyme-receptor site, and thereby blocking
viral entry into the host cells.

The development of a UHPLC/Q-TOF analytical method to detect process contami-
nants 3-monochloro-propane-1,2-diol esters and glycidyl esters in glycerin was reported
by Girad et al. [2]. Glycerin is widely used as a food additive and these contaminants have
been identified as potential toxins, with the kidneys as their main target.

Perera et al. [3] described the anti-inflammatory and antidiabetic properties of one
new and six known curcubitane glycosides from Momordica charantia fruits, including in
silico docking studies of these compounds with α-amylase and β-glucosidase.

Kumarihamy et al. [4] described the bioassay-guided isolation and identification
of secondary metabolites with antimalarial and phytotoxic activity from the endophytic
fungus Botryosphearia dothidea.

Muhammad et al. [5] reported the identification of several antimicrobial constituents
from Machaerium Pers. and their inhibitory activities and synergism against methicillin-
resistant Staphylococcus aureus, vancomycin-resistant Enterococcus faecium, and permeabi-
lized Gram-negative pathogens.

Zai et al. [6] described the isolation and identification of thermally induced products
formed in the traditional way of thermally processing of rhizomes of the Chinese medic-
inal plant Atractylodes macrocephala. These compounds are reported not to be cytotoxic
towards mammalian cancer and noncancer cell lines and are devoid of any activity against
pathogenic micro-organisms.

Chaurasiya et al. [7] reported the inhibition and kinetics of human monoamine oxidase
A- and B-six by O-methylated flavonoids that were isolated from five different plants. The
analysis of enzyme-inhibition kinetics was used to determine the mechanism of inhibition
and molecular docking studies were used to suggest the possible binding site.

Xu et al. [8] described the bioassay-guided isolation and identification of dimeric
naphtho-pyrones and other metabolites from the endophytic fungus Teratosphaeria sp.
AK1128 and their cytotoxic activity.

Radapong et al. [9] demonstrated that oxyresveratrol, the major constituent in the
Thai medicinal plant Artocapus lakoocha, possesses pro-oxidant activity facilitated by the
presence of copper, as well as significant DNA-damaging activity.

Ccana-Ccapatinta et al. [10] reported the identification of Dalbergia ecastaphyllum and
Symphonia globulifera as the botanical sources of polyprenylated benzophenones in Brazilian
red propolis by carrying out phytochemical and chromatographic analyses of plants that
were collected by field surveys.

Rudnik et al. [11] reported that the cytotoxic activity of curcumin against non-small-
cell lung cancer cells could be enhanced by formulating it as polymeric nanoparticles with
or without methotrexate.
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Wang et al. [12] reported the characterization and quantification of oils from different
parts of avocado fruits and used these results to assess the quality of avocado oils on the
market as well as to suggest approaches to identify adulterated products.

Ali et al. [13] reported the insecticidal and biting deterrent activities of Magnolia
grandiflora essential oils and selected pure compounds against the mosquito Aedes aegypti.

Three review papers also appeared in this issue. Perera and McChesney [14] reviewed
the approaches to the separation, modification, identification, and scale-up purification
of tetra-cyclic diterpene glycosides from Stevia rebaudiana. These glycosides are used as
sweetening agents in the USA, Europe, and several other countries.

The difficulty in procuring plant material in sufficient quantities is a major impediment
for the development of natural-product-based pharmaceuticals and herbal medicines.
Micropropagation techniques can be used to overcome this problem. Moraes et al. [15]
reviewed the application of micropropagation techniques to mass produce medicinal plants
and other important crops. They cited examples of how micropropagation techniques
have successfully been used to generate phenotype lines that elicit the desired biological
activity and to mass produce high-yielding chemotypes in order to isolate biologically
active compounds on a commercial scale.

Tesfaye et al. [16] reviewed the anticancer compounds isolated from Ethiopian medic-
inal plants that are traditionally used in the treatment of cancer. This review included
119 papers appeared in the scientific literature between 1968 and 2020, and the struc-
tures of anticancer compounds that were isolated from 27 medicinal plants belonging to
18 different families.

Author Contributions: L.A.W. conceived and wrote initial draft and edited final version. N.P.D.N.
modified initial draft, organized and provided narrative on cited publications. All authors have read
and agreed to the published version of the manuscript.
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Abstract: This review provides an overview on the active phytochemical constituents of medicinal plants
that are traditionally used to manage cancer in Ethiopia. A total of 119 articles published between 1968
and 2020 have been reviewed, using scientific search engines such as ScienceDirect, PubMed, and Google
Scholar. Twenty-seven medicinal plant species that belong to eighteen families are documented along with
their botanical sources, potential active constituents, and in vitro and in vivo activities against various
cancer cells. The review is compiled and discusses the potential anticancer, antiproliferative, and cytotoxic
agents based on the types of secondary metabolites, such as terpenoids, phenolic compounds, alkaloids,
steroids, and lignans. Among the anticancer secondary metabolites reported in this review, only few have
been isolated from plants that are originated and collected in Ethiopia, and the majority of compounds
are reported from plants belonging to different areas of the world. Thus, based on the available
bioactivity reports, extensive and more elaborate ethnopharmacology-based bioassay-guided studies
have to be conducted on selected traditionally claimed Ethiopian anticancer plants, which inherited from
a unique and diverse landscape, with the aim of opening a way forward to conduct anticancer drug
discovery program.

Keywords: medicinal plants; cancer; Ethiopia; phytochemistry

1. Introduction

Cancer is a major global health challenge that affects millions of people annually across the world.
Recent estimates showed about 18.1 million new cases of cancer and 9.6 million cancer-related deaths
worldwide [1]. Moreover, due to population growth, aging, and increased prevalence of key risk
factors, this figure is expected to rise in the coming years. According to the same report, different
from other parts of the world, cancer death (7.3%) is higher than cancer incidence (5.2%) in Africa.
This is mainly attributed to lack of adequate health care facilities as well as professionals, lack of early
cancer detection system, and poor access to chemotherapeutic treatments. Due to these and other

Molecules 2020, 25, 4032; doi:10.3390/molecules25174032 www.mdpi.com/journal/molecules7
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factors, including socio-economic conditions, the majority of the population of Africa has relied on
traditionally used medicinal herbs and/or plants as a monotherapy or in combination with clinically
approved anticancer drugs.

Medicinal plants have been a rich source of clinically effective anticancer agents for the past few
decades. Over 60% of the currently used anticancer drugs are either directly derived from plants or
inspired by their novel phytochemicals [2] and/or unique ligands as secondary metabolites. In spite of
such success, the importance of medicinal plants as a source of leads for anticancer drug discovery was
marginalized in comparison with other advanced approaches. This could be due to issues associated
with intellectual property rights and securing not enough amounts of plant material which results
in the slowness of working with natural products [3]. However, despite these drawbacks, medicinal
plant-based drug discovery and development has made a comeback to find potent and affordable
natural products with a new mechanism of action and better toxicological profile due to structural
diversity of natural product small molecules (NPSM). For instance, among small molecules approved for
cancer treatment between 1940 and 2014, 49% are derived and/or originated from natural products [4].

Ethiopia inherited a unique array of fascinating flora from its diverse landscape. Due to the
geographical location and diversity, which favors the existence of different habitat and vegetation
zones, Ethiopia is home to a variety of plant species. The Ethiopian flora is estimated to contain
6027 species of higher plants of which more than 10% are estimated to be endemic [5]. Different
authors have compiled ethnobotanical and ethnopharmacological profiles and reviews of Ethiopian
traditionally used medicinal plants [6,7]. However, published reports regarding isolated bioactive
compounds of traditionally used Ethiopean medicinal plants, especially those with cytotoxic properties
are scant. However, investigations conducted on plants with cytotoxic properties out side Ethiopia,
include the study on Catha edulis Forsk [8,9], Artemisia annua L., Rumex abyssinicus Jacq. [9]., Carissa
spinarum L., Dodonaea angustifolia L.f., Jasminum abyssinicum Hochst. ex DC., Rumex nepalensis Spreng.,
Rubus steudneri Schweinf. and Verbascum sinaiticum Benth. [10], Viola abyssinica Steud. ex Oliv. [11],
Xanthium strumarium L. [12], Senna singueana (Del). Lock [13], Glinus lotoides L. [14], Kniphofia foliosa
Hochst [15], Sideroxylon oxyacanthum Baill., Clematis simensis Fresen, and Dovyalis abyssinica (A. Rich)
Warburg [16]. Thus, for further evaluation, identification, or modification of anticancer leads, thorough
review of the chemistry and pharmacology of medicinal plants from relatively uncovered traditional
medical systems is crucial. Therefore, in continuation of our previous mini-review [17], in which we
documented both ethnobotanical and ethnopharmacological evidence of Ethiopian anticancer plants
involving mostly the cytotoxic and antioxidant activities of crude extracts, here, in this review, we
comprehensively document the cytotoxic and antiproliferative constituents from anticancer plants those
traditionally used in Ethiopia. The secondary metabolites reported from each medicinal plant species
are categorized based on the class of natural products they belong to.

2. Traditional Uses of Selected Plants

A total of 27 anticancer traditional medicinal plants that belong to 18 botanical families and
27 genera are identified in this review. The botanical families Euphorbiaceae and Cucurbitaceae
were the most dominant, represented with 15% and 11% of the selected plant species, respectively
(Figure 1). All of the reviewed plants have direct traditional uses for treating either ailments with
cancer-like symptoms (determined by traditional practitioner) or for laboratory-confirmed cancer cases.
Besides treating cancer, the plants selected in this review are also cited for their various traditional uses,
including for the treatment of eczema, leprosy, rheumatism, gout, ringworm, diabetes, respiratory
complaints, warts, hemorrhoid, syphilis, and skin diseases (Table 1). The output calls for the need for
further phytochemical and pharmacological investigation giving priority to those plants which have
been cited most for their use to treat cancer.
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Figure 1. Major plant families (in %) of reviewed plants species vegetation zone of Ethiopia [18] (the
unmarked blocks are other species).

Table 1. General traditional use of selected Ethiopian medicinal plants.

Botanical Name (Family) Illnesses/Symptoms Claimed to Be Treated Traditionally

Bersama abyssinica Fresen. (Melianthaceae) Antispasmodic [19]; tumor [20]

Carissa spinarum (Apocynaceae) Skin cancer [21]

Catharanthus roseus (L.) G. Don (Apocynaceae) Cancer, liver infection, Wound, rheumatism [22]

Centella asiatica (L.) Urb. (Apiaceae) Genital infection [23]; gastritis, evil eye, swelling [24]; Throat cancer [21]

Croton macrostachyus Hochst. Ex
Delile (Euphorbiaceae)

Stomach ache, typhoid, worm expulsion, wounds, malaria [25]; wounds,
malaria and gonorrhea [26]; tumor [27]; skin cancer, wound, ring

worm [28]; cancer [29]

Cucumis prophetarum (Cucurbitaceae) Skin cancer, cough, stomach-ache, diarrhoea [30]; wound,
swollen body part [7]

Ekebergia capensis Sparrm. (Meliaceae) Weight loss in children, stabbing pain, bovine tuberculosis [29]; cancer [6]

Euphorbia tirucalli L. (Euphorbiaceae) Tumors [27]; wart, wounds [31]

Ferula communis L. (Apiaceae) Gonorrhea [32]; Lung cancer [33]

Gloriosa superba (Colchicaceae) Snake bite, impotence, stomach-ache [34]; tumors [35]

Jatropha curcas L. (Euphorbiaceae) Abdominal pain [36]; rabies [25]; tumor [27,37]

Juncus effusus L. (Juncaceae) Wound, stomach ache, bleeding after delivery, muscle cramps, tumors [27]

Kniphofia foliosa Hochst (Asphodelaceae) Cervical cancer [21]

Lagenaria siceraria (Molina) Standl. (Cucurbitaceae) Diarrhea, vomiting [38]; gonorrhea [39]; wound [25]; cough, cancer [28]

Linum usitatissimum (Linaceae) Gastritis [40,41]

Maytenus senegalensis (Celastraceae) Stomach-ache [42]; snake bite, tonsillitis, diarrhoea [43]; tumors [20]

Olea europaea subsp. Cuspidate (Wall. ex. G. Don)
Cif. (Oleaceae)

Stomach problems, malaria, dysentery [44]; Eye disease [45]; wound [46];
brain tumor [47]

Plumbago zeylanica L. (Plumbaginaceae) Cancer [26]; external body swelling, internal cancer, bone cancer [7]; cancer,
cough, snake bite, swelling [31]

Podocarpus falcatus (Podocarpaceae) Cancer [34]; amoeba, gastritis [6]; rabies [48]

Premna schimperi Engl. (Verbenaceae) Antiseptic [49]; cancer [35]

Prunus africana (Hook.f.) Kalkman (Rosaceae) Breast cancer [21]; benign prostatic hyperplasia, prostate gland
hypertrophy [26]

Ricinus communis L. (Euphorbiaceae) Rabies [48]; dysentery [50]; stomach ache [34,51]; Liver disease [52];
tooth ache [31]; breast cancer [28]

Solanum nigrum (Solanaceae) Painful and expanding swelling on finger [7]; cancer [27]

Vernonia amygdalina Delile (Asteraceae) Tonsillitis [34]; cancer [6]

Vernonia hymenolepis A. Rich. (Asteraceae) Tumor [6,40,41]

Withania somnifera (Solanaceae) Snake bite [53]; chest pain [54]; cancer [27]

Zehneria scabra (L.F. Sond) (Cucurbitaceae) Fever, head ache [55]; tumor [56]; eye disease, wart [45]
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3. Phytochemistry of Ethiopian Anticancer Plants

The present review reports secondary metabolites isolated from 27 plants that are traditionally
used to treat different types of cancer in Ethiopia. Phytochemical investigations of traditionally used
Ethiopian anticancer plants have led to the isolation of compounds that belong to different classes of
natural products [10,57]. In this review, we have not included plants those displayed compounds with
very low cytotoxic/antiproliferative activity (i.e., IC50 (Concentration that inhibited cell proliferation by
50%)/ED50 (Effective dose for 50% of the population) > 50 μg/mL or > 100 μM, in most cases, except few
where compounds tested against a panel of cell lines) or plants from which no anticancer compounds
were isolated/reported. This review compiled and discussed the potential anticancer/antiproliferative
agents based on the types of secondary metabolites, such as terpenoids, phenolic compounds, alkaloids,
steroids, and lignans.

3.1. Terpenoids

Terpenoids are classified according to the number of their isoprene unit as hemi-, mono-, di-, tri-,
tetra-, and polyterpenes [58]. Various studies reported that the anticancer activity of terpenoids is due
to the inhibition of inflammation, cancer cell proliferation, angiogenesis and metastasis, and induction
of programmed cell death [59]. Triterpenoids are one important class of terpenoids, which contain
isopentenyl pyrophosphate oligomers [60]. They are biosynthesized by plants through cyclization of
30-carbon intermediate squalene and include various structural subclasses [61]. Several triterpenoids
have been shown to have anticancer activity.

Among the different types of triterpenoids, pentacyclic triterpnoids display the most potent
anti-inflammatory and anticancer activity [62]. Addo et al. [63] reported the isolation of two new
nagilactones along with seven known from the root of Podocarpus falcatus (Thunb.) collected from
Berga forest, Addis Alem, central Ethiopia. P. falcatusis traditionally used to treat jaundice, gastritis,
and amoeba [6]. Among the isolated compounds 16-hydroxynagilactone F (1), 2β,16-dihydroxynagilactone
F (2), 7β-hydroxymacrophyllic acid, nagilactone D (3), 15-hydroxynagilactone (4), and nagilactone
I (5) (Figure 2) showed potent antiproliferative activity against HT-29 cell line (IC50 < 10 μM)
(Table 2). Premna schimperi, another traditionally used Ethiopian plant, also showed cytotoxic activity
against L929, RAW264.7, and SK.N.SH with IC50 values of 11 ± 2.3, 10 ± 2.3, and 1.5 ± 0.3 μg/mL,
respectively [57]. The methanolic extract of another commonly used Ethiopian plant, Croton macrostachyus,
was also shown to possess cytotoxic activity against HTC116 cell line [64]. A diterpenoid compound
methyl 2-(furan-3-yl)-6α,10β-dimethy-l4-oxo-2,4,4α,5,6,6α,10α,10β-octahydro-1H-benzo[f]isochromene-7-
carboxylate) (6), demonstrated a moderate cytotoxic activity (IC50 = 50 μg/mL). The compound was shown
to trigger caspase mediated apoptotic cell death. 3β-Hydroxylup-20(29)-ene-27,28-dioic acid dimethyl
ester (7), isolated from root of Plumbago zeylanica collected from India, also exhibited anti-proliferative and
anti-migration activity against triple-negative breast cancer cell lines at IC50 value of 5 μg/mL [65].

Several terpenoids have been isolated from Ethiopian plants that have claims of having anticancer
activity, although these plants may have been collected from other sources. For example, sonhafouonic
acid (8) from Zehneria scabra, collected from Cameroon, demonstrated potent cytotoxicity against brine
shrimp assay [66], while Lin et al. [67] showed the antiproliferative activity of euphol (9), isolated
from Euphorbia tirucalli from Taiwan against human gastric cancer cells. Euphol selectively promotes
apoptosis by mitochondrial-dependent caspase-3 activation and growth arrest through induction of
p27kip1 and inhibition of cyclin B1 in human gastric CS12 cancer cells. It also showed a selective and
strong cytotoxicity against other groups of human cancer cell lines such as glioblastoma (the most
frequent and aggressive type of brain tumor) [67,68]. The molecular mechanism of action of another
anticancer triterpenoid, maslinic acid (10), isolated from the leaves of Olea europaea has been studied,
which induced apoptosis in HT29 human colon cancer cells by directly inhibiting the expression of
Bcl-2, increasing that of Bax, releasing cytochrome-C from the mitochondria and activating caspase-9
and then caspase-3 [69]. Similarly, the leaf extract of Ricinus communis collected from Malta was also
reported for its cytotoxicity against several human tumor cells and induction of apoptosis against
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human breast tumors, SK-MEL-28. The monoterpenoids 1,8-cineole, camphor and α-pinene, and the
sesquiterpenoid β-caryophyllene, isolated from R. communis, also showed cytotoxicity against similar
cell lines in a dose-dependent manner [70].

       

             Nagilactone D (3)       7       
  
 
 
 
 

          
6   Sonhafouonic acid (8)              Euphol (9)  

    
Masilinic acid (10)   Jatrophalactone (11) 3-Dehydroxy-2-epi-Caniojane (12)    
 

                
     4E-Jatrogrossidentadion (17)             Oleanonic acid (18) 

 

 

        R1              R2  
16-Hydroxynagilactone F (1)       -           CH2OH 
2 ,16-Dihydroxynagilactone F (2)    OH      CH2OH 
2  -Hydroxynagilactone (4)              OH       CH3 
Nagilactone I (5)                                 OH       COOCH3 

R1      R2  
Curcusone A (13)   H    CH3 

Curcusone B  (14) CH3     H 
Curcusone C (15) OH   CH3 
Curcusone D (16) CH3    OH

Figure 2. Cont.
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 Asiatic acid (19)         R 
Cucurbitacin E (20)            OH 
Cucurbitacin E glucoside (23)   Glucose   

   

Iso Cucurbitacin D (24)                                               R1            R2           R3 
Cucurbitacin B (21)         OH          O    CHCH(CH3)2OCOCH3    
Cucurbitacin D (22)        OH          O        CH3

Figure 2. Structures of anticancer terpenoids reported from plants available in Ethiopia.

Jatropha curcas is a medicinal plant traditionally used to treat a variety of ailments in different
parts of the world including Ethiopia [71]. Investigation of J. curcas, collected from China, resulted in
the isolation of twelve phorbol esters (diterpenoids) including jatrophalactone (11), curcusecon A–J,
4-epi-curcusecon E, curcusone E, 3-dehydroxy-2-epi-caniojane (12), curcusone A (13), curcusone B (14),
curcusone C (15), curcusone D (16), jatrogrosidone, 2-epi-jatrogrossidone, and 4E-jatrogrossidentadion
(17) [72]. Most of these compounds showed potent cytotoxicity with IC50 values ranging from 0.084 to
20.6 μM against HL-60, SMMC-7721, A-549, MCF-7, SW480, and HEPG2 cell lines [72,73].

The pentacyclic triterpenoid oleanonic acid (18), isolated from Ekebergia capensis [74], exhibited
potent cytotoxic activity against human epithelial type 2 (HEp2) and murine mammary carcinoma (4T1)
cell with IC50 values of 1.4 and 13.3 μM, respectively. Another pentacyclic triterpenoid, asiatic acid (19),
isolated from Centella asiatica, also showed 80% growth inhibition of human colorectal (SW480), human
stomach (SNU668), and murine colorectal adenocarcinoma (CT26) cell lines with IC50 values of 20
μg/mL [75]. The fresh fruit of Cucumis prophetarum from Saudi Arabia yielded a series of cucurbitacin
and analogs (cucurbitacin E (20), cucurbitacin B (21), cucurbitacin D (22), cucurbitacin F 25-O-acetate,
cucurbitacin E glucoside (23), dihydrocucurbitacin D, hexanor-cucurbitacin D, and isocucurbitacin
D (24)), of which compounds 20–24 showed cytotoxic activity against MCF-7, MDA MB 231, A2780,
A2780 CP, HepG2, and HCT-116 with IC50 values ranging from 1 to 27.3 μM [76].
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3.2. Phenolic Compounds

Phenolic compounds are biosynthesized by plants through shikimate, phenylpropanoid, and flavonoid
pathways, and have an aromatic ring bearing one or more hydroxyl groups. These compounds have been
reported for their antioxidant, antiproliferative, and cytotoxic properties [78]. Many phenolic compounds
have been identified elsewhere from the same medicinal plants that are traditionally used to manage
cancer in Ethiopia. For instance, (−)-epigallocathechin (25) isolated from Maytenus senegalensis
has showed potent cytotoxic activity against mouse lymphoma cell line (L5178Y) [79]. Likewise,
a series phenanthrenes (5-(1-methoxyethyl)-1-methyl-phenanthren-2,7-diol (26); effususol A; effusol;
dehydroeffusol; dehydroeffusal; 2,7-dihydroxy-1,8-dimethyl-5-vinyl-9,10-dihydrophenanthrene and
juncusol; dehydrojuncusol and 1-methylpyrene-2,7-diol) from Juncus effuses inhibited the proliferation of
five human cancer cell lines (Table 3). Among these, 5-(1-methoxyethyl)-1-methyl-phenanthren-2,7-diol
(26) (Figure 3) was tested against MCF-7 cancer cell line and showed better cytotoxic activity [80] than
all isolated compounds from J. effuses. Another group of phenanthrenoids (effususol A, 27) has also
demonstrated potent cytotoxicity against HT-22 cell by inducing caspase-3-mediated apoptosis [81].
Plumbagin (28), a naphthoquinone isolated from Plumbago zeylanica also induced apoptosis in human
non-small cell lung (IC50 = 6.1–10.3 μM) [82] and human pancreatic (IC50 = 2.1 μM) [83] cancer cell
lines. On the other hand, knipholone (29) isolated from Kniphofia foliosa Hochst collected from Ethiopia,
induced necrotic death in mouse melanoma (B16), mouse macrophage tumor (RAW 264.7), human
acute monocytic (THP-1), and promonocytic leukaemic (U937) cell lines with IC50 values that range
from 0.5 ± 0.05 to 3.3 ± 0.39 μM [15].

             

(-) Epigallocathechin (25)            26   Effususol A (27) 

Plumbagin (28)    Knipholone (29) 

Figure 3. Structures of anticancer phenolic compounds reported from plants available in Ethiopia.
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3.3. Alkaloids

Vinblastine (30) and vincristine (31) (Figure 4) are one of the most effective bis-indole vinca
alkaloids as anticancer drugs, isolated from the leaves of Catharanthus roseus [84]. This is one of the
most precious anticancer plants indigenous to Madagascar. Previously, approximately 30 bis-indole
alkaloids and over 60 monomeric indole alkaloids have been isolated from the aerial parts and roots of
C. roseus [85,86]. Wang et al. [87] isolated three new cytotoxic dimeric indole alkaloids (32–34) along
with other five known compounds from the whole plant of C. roseus collected from China (Table 4).
Among the isolated compounds, leurosine (36) showed the most potent cytotoxic activity with IC50

value of 0.73 ± 0.06 μM. Furthermore, the isolated three new compounds (32–34) also showed potent
cytotoxicity against triple-negative breast cancer (MDA-MB-231) cell line with IC50 values ranging
from 0.97 ± 0.07 μM to 7.93 ± 0.42 μM. Another alkaloid, cathachunine (40), also showed a promising
cytotoxic activity against HL-60 by inducing an intrinsic apoptotic pathway [88]. On the other hand,
the monoterpenoid indole alkaloids vindoline and catharanthine, isolated from Malaysian V. roseus,
showed weak cytotoxic activity against HCT 116 [89]. Furthermore, colchicine (41), isolated from the
seeds of Gloriosa superba, demonstrated moderate activity against six human cancer cell lines (A549,
MCF-7, MDA-MB231, PANC-1, HCT116, and SiHa) [90].

 

Figure 4. Structures of anticancer alkaloids reported from plants present in Ethiopia.
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3.4. Steroids and Lignans

Steroids and lignans, in addition to other phytochemicals, are common secondary metabolites reported
from Ethiopian plants. Evidence and epidemiological studies suggest that phytosterols and lignans are
protective against a wide range of diseases and possess anticancer activity [93]. Withanolides are cytotoxic
steroidal lactones, reported from various plants of the family Solanaceae [94], of which withaferine-A
(44) and 5β,6β,14α,15α-diepoxy-4β,27-dihydroxy-1-oxowitha-2,24-dienolide (45) (Figure 5), isolated from
Withania somnifera, demonstrated anticancer activity against human lung cancer cell line (NCI-H460)
with IC50 values of 0.45 ± 0.00 and 8.3 ± 0.21 μg/mL, respectively [94]. Several buffadinolides, cardiac
glycosides with steroidal nucleus, including berscillogenin, 3-epiberscillogenin, and bersenogenin [95];
hellebrigenin 3-acetate (48); and hellebrigenin 3,5-diacetate (49) [96] isolated from Bersama abyssinica
collected from Ethiopia, demonstrated cytotoxic activities. β-Sitosterol-3-O-glucoside, a phytosterol from
Prunus Africana, exhibited poor anticancer activity against three cell lines (Table 5).

Lignans and isoflavonoids are the major classes of phytoestrogens [97] which showed potential
anticancer activity against various cells. Three lignans, namely, (−)-carinol (50), (−)-carissanol (51),
and (−)-nortrachelogenin, isolated from Carissa spinarum,were found to be cytotoxic against A549,
MCF-7, and WI-38 cell lines. Among these, (−)-carinol (i.e., a compound with butanediol structure)
showed more potent cytotoxic activity against these three cell lines with IC50 value of 1 μg/mL,
as compared to (−)-carissanol and (−)-nortrachelogenin [98]. Secoisolariciresinol (52) and matairesino
(53), two lignans isolated from Linum usitatissimum, exhibited cytotoxicity against MCF-7 cells with
IC50 values of 10 and 1 μM, respectively [99].
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Figure 5. Structures of anticancer steroids and lignans reported from plants available in Ethiopia.

4. Preclinical, In Vivo, and Clinical Studies on Ethiopian Anticancer Plants

Preclinical studies generate data on the efficacy, safety, and pharmacokinetic properties of lead
compounds, which will later be used to select better molecules for clinical trials. Assessment of the
findings of preclinical in vivo animal studies supports the traditional use of plants to manage cancer in
Ethiopia (Table 6). Despite the preclinical efficacy data, there are no clinically significant anticancer
agents isolated from traditionally used Ethiopian plants. Moreover, there are also no clinical trials
conducted on anticancer plants that are collected from Ethiopia. Among reviewed phytochemicals
only ursolic acid, secoisolariciresinol (52), and colchicines (41), isolated from plants collected elsewhere,
were considered further for clinical trial.
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5. Conclusions

Despite the traditional use of various Ethiopian plants for the treatment of cancer by herbal
medicine practitioners for many decades, only a few active anticancer crude extracts, herbal preparations,
and pure compounds were tested and so far no clinical trial was conducted on them. In this review,
an attempt has been made to document antiproliferative, antitumor, and cytotoxic natural products
small molecules isolated from medicinal plants that are traditionally used to treat cancer in Ethiopia.
However, among the reported active compounds, only few have been isolated from plants that
are originated and collected from Ethiopian geographic location, despite their wider presence and
traditional claim at home. The majority of compounds reported in this review are isolated from plants
(corresponding to Ethiopian species) that were collected from different regions of the world. However,
the comprehensive list of active compounds (IC50 and ED50 values) provided in this review will help to
identify the most potent source(s) of these compounds, as bioactive marker(s), of local flora. Based on
the higher frequency of citation Croton macrostachyus, Jatropha curcas, Plumbago zeylanica, and Vernonia
hymenolepsis are potential candidates for follow-up bioassay guided investigations. Furthermore,
plants with reported antiproliferative compounds such as Podocarpus falcatus, Linum usitatissimum,
and Zehneria scabra should also be examined for additional cytotoxic compounds and evaluated against
a battery of cancer cell lines.

Generally, the ecological variation has a huge impact on the biosynthesis, yield of active constituent
and biological potency of secondary metabolites produced by plants of similar species from different
geographical regions. Thus, Ethiopian anticancer plants might have novel active constituents to
fight cancer, based on traditional medical use, than those collected from other regions due to their
unique geographical location and inherent climatic condition of the diverse landscape. Unfortunately,
these valuable plant resources are disappearing rapidly due to climate change, rapid urbanization,
agricultural land expansion, and artificial deforestation; therefore, Ethiopian flora is facing a great
challenge, and thus it is high time to examine the anticancer plants systematically with the aim to
carry out chemical and biological invesigations, as well as clinical trials on promising anticancer plant
extracts based on ethnopharmacological knowledge.
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Abstract: Medicinal plants are still the major source of therapies for several illnesses and only part of
the herbal products originates from cultivated biomass. Wild harvests represent the major supply
for therapies, and such practices threaten species diversity as well as the quality and safety of
the final products. This work intends to show the relevance of developing medicinal plants into
crops and the use of micropropagation as technique to mass produce high-demand biomass, thus
solving the supply issues of therapeutic natural substances. Herein, the review includes examples
of in vitro procedures and their role in the crop development of pharmaceuticals, phytomedicinals,
and functional foods. Additionally, it describes the production of high-yielding genotypes, uniform
clones from highly heterozygous plants, and the identification of elite phenotypes using bioassays as
a selection tool. Finally, we explore the significance of micropropagation techniques for the following:
a) pharmaceutical crops for production of small therapeutic molecules (STM), b) phytomedicinal
crops for production of standardized therapeutic natural products, and c) the micropropagation
of plants for the production of large therapeutic molecules (LTM) including fructooligosaccharides
classified as prebiotic and functional food crops.

Keywords: medicinal plants; in vitro propagation; medicinal crops; phytomedicines

1. Introduction

For over a century, plant tissue culture technology has been an important tool in
crop improvement and development: producing disease-free plant material [1], obtaining
transgenic plants [2,3], breaking dormancy, and micropropagating elite plants with highly
desirable chemotype [4], thereby leading to more uniform plant production [5,6]. This is
the technology for conserving in vitro germplasm of elite [7,8], rare, and endangered plant
species [9–11], implementing breeding programs for innumerous crops as well as encapsu-
lated seeds [12], and studying plant biosynthesis through cell and root cultures [12,13], the
interaction between endophytes and the hostplant [14,15].

High-demand plants face great challenges: Depletion of species diversity due to over-
harvesting and environmental pollution affecting natural populations are strong factors
that support the argument for cultivating rare and elite high-yielding medicinal plants. In
addition, the cultivation of medicinal plants is the most effective way of addressing the gap
between supply and demand. Breeding studies are necessary both to develop pharmaceu-
tical plants as crops and to scale up their production [16]. Still, few success stories about
breeding medicinal plants such as Artemisia annua L. exist. Because micropropagation is
the tool of producing clones—especially with high-yielding chemotypes—for industrial
purposes, it solves this target-breeding problem. Moreover, as the Echinacea study [17]
showed, micropropagation’s demonstrated ability for mass selection suggests that together
with bioassays it could form part of an overall strategy to screen elite phenotype lines.
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Micropropagation is an in vitro technology of rapidly multiplying elite plants using
modern plant tissue culture methods. It is well-known for its applications in the agro,
horticultural and forestry industries, this review focuses on a less-commonly known
area which is on medicinal plants and the need to develop them as medicinal crops.
Li et al. [18] defined pharmaceutical crops in three distinct categories: 1) crops for the
production of small therapeutic molecules (STMs), 2) standardized therapeutic extracts
(STEs), and 3) large therapeutic molecules (LTMs). In addition, this review also examines
micropropagation of functional food plants to ensure their development as crop.

2. Pharmaceutical Crops for Production of Small Therapeutic Molecules (STM)

Drug discovery programs and the formation of knowledge of different pharmaco-
logical classes of pharmaceuticals owe much to traditional medicine in countries such as
China and India [19,20]. Some natural compounds are extracted or used as templates for
synthesis or as a precursor for the semi-synthesis (e.g., paclitaxel, artemisinin, podophyllo-
toxin, cannabinoids, galantamine, vinca alkaloids, atropine, ephedrine, digoxin, morphine,
quinine, reserpine, tubocurarine etc.). Many of these compounds provide therapeutic relief
for several major illnesses including cancer, Alzheimer, malaria, high blood pressure, fever,
and anxiety. As researchers confirm the medicinal utility of these natural resources, they
suffer depletions with the increased demand.

According to McChesney et al. [20], pharmaceutical natural substances require consid-
erations beyond supply and demand: the establishment of successful production systems
must be sustainable, environmentally safe, reliable, and affordable. Thus, the development
of medicinal crops is a key factor to obtaining a commercially viable source of medicinal
biomass for the pharmaceutical industry. In fact, non-stable supply sources could lead to
bottlenecks that limit potentially beneficial products. For example, researchers pointed
to insufficiency in the biomass supply of anti-cancer pharmaceutical ingredients such as
podophyllotoxin and paclitaxel, as the major limiting factor at phase III clinical trials,
which led to overharvesting of the natural resources of Podophyllum emodi Wall ex Royle in
India [21] and Taxus baccata L. in Europe [22].

Given the shortage of biomass supply limiting clinical phase III trials of paclitaxel
and podophyllotoxin, several laboratories engaged in different research approaches that
included bioprospecting studies searching for alternate sources with high yields of the
active compounds [23–25]. Clippings of cultivated Taxus sp. became the reliable source
for production of paclitaxel [18], and Sisti et al. [26] reported methods of semi-synthesis
using abundant intermediates for production of paclitaxel. Majada et al. [27] reported
a procedure to obtain high-yielding T. baccata plantlets by screening micropropagated
juvenile seedlings that accumulate 10-deacetyl baccatin III. The selected genotypes of T.
baccata grow faster and contain high taxene content.

For its part, podophyllotoxin is the starting compound for semisynthesis of etoposide
and teniposide, two potent DNA topoisomerase cancer drugs utilized in the treatment of
small lung and testicular cancers, lymphomas/leukemias and the water-soluble etoposide
phosphate, also known as etopophos (Figure 1). To assure podophyllotoxin supply, a
buffer extraction procedure using leaf biomass of mayapple plants provides a sustainable
alternative source [28]. Later, we published a survey and a database of high-yielding
podophyllotoxin colonies [29,30] and an in vitro propagation protocol of Podophyllum
peltatum L. to rapidly produce podophyllotoxin-rich plantlets [5].
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Figure 1. Structures of (−)-podohyllotoxin present in Podophyllum sp and its commercial chemother-
apeutic derivatives.

Artemisia annua L. is the source of artemisinin, an endoperoxide sesquiterpene lactone
that is very difficult to synthesize, precursor of a common anti-malarial drug (Artemether).
Artemisinin production comes from cultivated plants selected for their high artemisinin
content [18]. Selection of genotypes with high artemisinin concentration in wild popu-
lations resulted in lines containing up to 1.4 percent artemisinin (on dry leaves basis).
The leading commercial source, ‘Artemis,’ exhibited extensive variation of metabolic and
agronomic traits; artemisinin content on a μg/mg dry basis for individual plants ranged
22-fold, plant fresh weight varied 28-fold, and leaf area ranged 9-fold [31].

While Ferreira and Janick [32] found that the in vitro production of artemisinin will
never be commercially feasible, Wetzetein et al. [33] suggested that cultivation of microprop-
agated high-yielding artemisinin plants with levels above 2% and improved agronomic
traits (high leaf area and shoot biomass production) may reach productivity of 70 kg/ha
artemisinin using a crop density of 1 plant m−2. We include in Table 1 examples of pharma-
ceutical plant species classified as small therapeutic molecules STM’s (18) and their micro-
propagation protocols to produce elite clones for higher yields. Taxol® is another success
story. According to McChesney et al. [20], the path from the discovery to a pharmaceutical
drug requires a viable production system (cultivation, harvest, extraction, purification
and isolation) where every step of a natural product must be systematically evaluated.
Micropropagation of the superior source (chemotype or variety of the species) may help
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to produce biomass with a high and consistent concentration of the natural product or a
precursor of the natural product that can be converted economically by semi-synthesis to
the final bulk active product.

Table 1. Commercial sources of pharmaceuticals often used in therapies of several illnesses that are micropropagated [17].

Plant Species Natural Substance Therapy Micropropagation Protocol

Artemisia annua L. Artemisinin Antimalarial Etienne et al. [34]
Catharanthus roseus (L.) G. Don Vincristine, Vinblastine Anticancer Kumar et al. [35]
Campotheca acuminata Decne Camptothecin Anticancer, antiviral Nacheva et al. [36]

Leucojum aestivum L. Galantamine Anti-alzheimer Zagorska et al. [37]
Narcissus sp. L. Galantamine Anti-alzheimer Khonakdari et al. [38]

Hyoscyamus niger L. Scopolamine Parasympatholytic Uranbey et al. [39]
Pilocarpus sp. Vahl Pilocarpine Anti-glaucoma Saba et al. [40]

Podophyllum emodi Wall ex
Royle Podophyllotoxin Anticancer, antiviral Chakraborty et al. [41]

Podophyllum peltatum L. Podophyllotoxin Anticancer, antiviral Moraes-Cerdeira et al. [5]
Rauwolfia serpentina (L.) Benth

ex Kurz Reserpine Hypotensive, sedative Bhatt et al. [42]

Taxus sp L. Paclitaxel Anticancer Abbasin et al. [43]

3. Phytomedicine Crops for the Production of Standardized Therapeutic
Natural Products

Herein, we describe the category of phytomedicinal crops similar to what Li et al. [18]
reports regarding pharmaceutical crops for production of standardized therapeutic extracts
(STEs). Additionally, we relate examples wherein micropropagation proves useful as a
method for ensuring the stability of biomass supply of phytomedicines by allowing breed-
ers to select phytomedicinal crops with an eye towards maintaining genetic consistency
and the sustainability of wild plant population.

Also known as botanical drugs, herbal remedies, and herbal medicines, phytomedicines
are classified in the United States as dietary supplements according to the specific claim as
described in the Dietary Supplement Health and Education Act (DSHEA) of 1994 [18]. In
Europe, the phytomedicines are standardized and certified medicinal products and in Asia
they have a status of traditional medicine. Phytomedicinal crops relate to the cultivation of
medicinal species by which a mixture of multiple active compounds commercialized as
standardized products. Usually, phytomedicines are evaluated for quality as the means to
ensure safety, as complex mixtures of secondary compounds, to maintain consistency is fun-
damental to their efficacy. Thus, authenticity and uniformity and well-defined cultivation
practices and postharvest processes are essential to certify safety and efficacy. Govidaragha-
van and Sucher [44] reinforce that herbal productions must follow good agricultural and
collection practice (GACP), good plant authentication and identification practice (GPAIP),
good manufacturing practice (GMP) before and during the manufacturing process, guided
by analytical tools, and micropropagation is an important tool in ensuring uniformity and
consistency in open pollinated crops.

As of today, the majority of phytomedicines are still harvested from the wild, which
causes habitat destruction, genetic diversity loss, as well as ingredient mislabeling, vari-
ability and contamination. In Brazil, products are sourced from the wild, as well as from
cultivation in agroforest or in small gardens. They are chosen without proper guide from
health-care professionals because medical schools do not include in their curriculum the
disciplines of phytomedicines or phytotherapy. In 2016 the Brazilian Health Regulatory
Agency, ANVISA, officially recognized twenty-eight medicinal plant species as herbal
drugs and published their monographs [45] in the first edition (Memento). The mono-
graphs are a complete therapeutic guide of phytomedicinals reviewed and accepted by
ANVISA as therapies used in SUS, the public health system of Brazil. The majority of the
phytomedicinals included in this first edition, was introduced to Brazil by immigrants and
later became part of traditional use especially by the rural communities.
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The increased consumption of phytomedicine offers an opportunity to develop medic-
inal plant production systems as crop. Conventional plant breeding may improve agro-
nomic traits in association with molecular markers aiding crop development. The greatest
obstacles for such a program remain predicting which extracts remain active, specifically
resembling all the medicinal properties described in the ones harvested in the wild [46]. In
this context, micropropagation may produce clones that could be screened using bioassays
to assure bioactivity. Moraes et al. [17] used tissue culture techniques to produce Echinacea
sp. clones and later screened those using human monocytes assays to identify high and
low activity. The immune response between the two selected clones after field cultivation
due to bacterial endophytes was the same [47]. The selection procedure using in vitro
propagation techniques, genetic markers, and bioassay work are approaches for selection
of elite germplasm [17].

Micropropagation allows one to mass generate plants with genetically identical chemo-
type for cultivation purposes. Reinhard [48] suggested that different chemotypes in Cat’s
Claw (Uncaria tometosa (Willd. ex Schults) DC) might have different healing properties:
tetracyclic oxindole alkaloid acting on the central nervous system, and the pentacyclic
oxindole alkaloid affecting the immune system. The immunological effect of both alkaloid
mixtures is antagonistic and therefore may be unsuitable for therapy. For Reinhard [48],
the production of safe and efficacious Cat’s Claw phytomedicinal requires chemical identi-
fication prior to harvesting and perhaps even before the cultivation.

Micropropagation also allows one to select plants based on the chemical profile in
order to standardize a particular chemotype. Morais et al. [49] reported that the chemical
composition of Lippia sidoides Cham. (syn. Lippia origanoides) varied according to cultivation
sites. Thymol is the major component of essential oil extracted from crops grown in
northeast Brazil [50–52], whereas carvacrol is the major component present in L. sidoides
harvested from Lavras, Minas Gerais [53] and 1.8-cineole, isoborneol, and bornyl acetate
in São Gonçalo do Abaeté, Minas Gerais, Brazil. Standardized essential oil of L. sidoides
is recommended for topical applications on skin, mucous membranes, mouth, throat and
vaginal washings as antiseptic [45]. According to Santos et al. [53], genotypes regulate
chemical polymorphism thymol and carvacrol. Phenotypical variation is likely to influence
biological properties and the type of industrial application. Planting thymol or carvacrol
clones ensured a high-quality biomass for safe and efficacious products [54].

Finally, micropropagation proves useful to reduce consumption pressure on poten-
tially threatened wild populations [55]. For example, bark extraction of barbatimão to
produce phytomedicine has depleted genetic diversity of Stryphnodendron polyphythum
Mart. natural resources. The bark of this Brazilian tree is widely utilized as a wound-
healing phytomedicine with anti-inflammatory, antioxidant and antimicrobial activities.
Souza-Moreira et al. [55] showed that proanthocyanidins present in the bark are responsible
for its healing properties. França et al. [10] published an efficient micropropagation protocol
to produce barbatimão plantlets, while Correa et al. [56] defined the conditions for in vitro
germplasm conservation to reduce pressure on its threatened status. Table 2 includes
in vitro propagation protocols to produce healthy plantlets for cultivation purposes, thus
aiding the development of phytomedicinal crops.

As the above paragraphs state, micropropagation can provide an effective technique
to those seeking to mold a supply chain of a product, in order to ensure the genetic
homogeneity of plant clones, chemical profile, and finally sustainability of those plants
harvested in the wild.
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Table 2. Micropropagation protocols of medicinal plants considered phytomedicine by the Brazilian Regulatory Agency
(ANVISA).

Plant Species (Common
Name)

Herbal Constituents Therapy Micropropation Protocol

Actaea racemosa L.
(Black cohosh) Triterpenes Hot flashes menopause Lata et al. [57]

Aesculus hippocastanum L.
(Horse chestnut)

Coumarins (Aesculetin),
Triterpenoid Saponin

Glycoside
Varicose vein syndrome Sediva et al. [58]

Allium sativum L.
(Garlic)

Thiosulfinates (Allicin),
Terpenes

Bronchitis, asthma,
arteriosclerosis Ayabe and Sumi [59]

Aloe vera (L.) Burm. f.
(Aloe) Polysaccharides Laxative, healing burns and

wounds Roy and Sarka [60]

Calendula officinalis L.
(Calendula) Flavonoids, Terpenes, Anti-inflammatory, healing

wounds Çöçü et al. [61]

Cynara scolymus L.
(Artichoke)

Flavonoids, Caffeoylquinic
Acids

Hepatic-biliary, dysfunction
and digestive complaints El Boullani et al. [62]

Echinacea purpurea (L.)
Moench (Echinacea)

Alkamides, Cichoric Acid,
Polysaccharides Cold treatment Jones et al. [63]

Ginkgo biloba L.
(Ginkgo) Flavonoids, Terpene lactones Circulatory disorders Camper et al. [64]

Harpagophytum procumbens
DC. ex Meisn.
(Devil’s claw)

Iridoid glycosides Anti-inflammatory Kaliamoorthy et al. [65]

Hypericum perforatum L.
(St. John’s wort)

Naphthodianthrones
(Hypericin, pseudohypericin) Antidepressant Gadzovska et al. [66]

Lippia sidoides Cham.
(Pepper rosmarin) Essential Oils Anti-inflammatory,

antifungal, antiseptic Costa et al. [54]

Matricaria chamomilla L.
(Camomile) Flavonoids, Essential Oils antispasmodic,

anti-inflammatory Taniguchi & Tanakano [67]

Maytenus ilicifolia Mart.
(Espinheira santa) Flavonoids, Triterpenes Gastric disordes Pereira et al. [68]

Passiflora incarnata L.
(Passion flower)

Flavonoids, Coumarin,
Umbelliferone, Indol

Alkaloids
Anxiolytic Ozarowski &Thiem [69]

Paullinia cupana Kunth
(Guaraná) Caffeine CNS stimmulant,

antioxidant Barbosa & Mendes [70]

Peumus boldus Molina
(Boldo)

Essential oils, Aporphine
Alkaloid, Flavonoids Hepatic, diuretic, laxative Rios et al. [71]

Piper methysticum G. Forst
(Kava-kava) Kavalactones CNS activity, antidepression,

anxiolytic Zhang et al. [72]

Psidium guajava L.
(Guava)

Tannins, Flavonoids,
Triterpenes Noninfectious diarrhea Rawls et al. [73]

Stryphnodendron adstringens
(Mart.) Coville
(Barbatimão)

Tannins Wound healing França et al. [10]

Uncaria tomentosa (Willd. ex
Schults) DC.
(Cat’s claw)

Flavonoids, Alkaloids,
Saponins, Triterpenes Anti-inflammatory Pereira et al. [74]

Valeriana officinailis L.
(Valeriana)

Terpenes, Valepotriates,
Lignans

Anxiolytic, insomnia,
sedative Abdi et al. [75]

Zingiber officinale Roscoe
(Ginger)

Essential oils, Shogaol,
Zingerone, Gingerol

Anti-inflammatory,
anti-emetic and

chemo-protective
Abbas et al. [76]

4. Micropropagation of Plants for Production of Large Therapeutic Molecules (LTM)
Including Fructooligosaccharides Classified as Prebiotic

Li et al. [18] has called on LTMs crop plants to be cultivated for production of large
molecules such as proteins and polysaccharides and engineered crops (GM) with the
ultimate goal of producing drugs or vaccines at low cost. The LTM’s crops are sources of
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proteolytic enzymes such as papain isolated from Carica papaya L., bromelain from fruits
and stems of pineapple, and the bioactive momordica anti-HIV from Momordica charantia L.
We included in the LTM’s species those that supply prebiotic dietary fibers that are carbon
sources for fermentation pathways in the colon to support digestive health. In this section,
we focus on these prebiotic fibers to highlight how micropropagation may be used to create
a stable supply of crops that produce LTMs.

Fructooligosaccharides/inulin also known as FOS are universally agreed-upon pre-
biotics [77], and species that are rich sources of dietary fibers have tremendous effect on
gut microbiome. Humans cannot digest FOS. Instead, the gut microbiome ferments these
non-digested carbohydrates and produces short chain fatty acids with health benefits
such as reducing the risk of cancer and increasing the absorption of both calcium and
magnesium. Research on the gut microbiome has increased exponentially, revealing that
the intestines greatly affect human health, especially in relation to the immune system and
behavior [78,79].

FOS are present in fruits, bulbs, rhizomes, and roots of banana, onion, garlic, and
species belonging to the Agavaceae and Asteraceae, which are the richest sources of
FOS including chicory (Chicorium intybus L.), globe artichoke (Cynara cardunculus var.
scolymus L. Fiori, Jerusalem artichoke (Helianthus tuberosus L), elecampane (Inula helenium
L.), bear’s foot (Smallanthus uvedalia (L.) Mack. ex Mack and yacon (Smallanthus sonchifolius
(Poepp.) H. Rob.). According to Roberfroid [78] chicory roots provide the commercial
source of FOS for industrial applications, also known as inulin, which are extracted and
then processed into short-chain fructans, such as the oligofructose with 2–10 degree of
polymerization by partial enzymatic hydrolysis. López and Urías-Silvas [79] reviewed the
use of Agave/FOS as prebiotics called agavins whose molecular structure is composed of a
complex mixture of fructans. The agavins stimulated the growth of Bifidobacterium breve
and Lactobacillus casei more efficiently than most commercial inulin [80]. Melilli et al. [81]
evaluated (Cyanara cardunculus var. scolymus L.) germplasm for inulin with a high degree
of polymerization in the Mediterranean environment, to reduce breeding time and offer
growers uniform, healthy globe artichoke plants. Ozsan and Onus [82] compared in vitro
micropropagation response of open-pollinated cultivars with F1 hybrids in maturity and
height. They concluded that open-pollinated cultivars are cheaper than F1 and could be
used for in vitro mass propagation.

The food industry considers FOS/inulin a natural ingredient that improves sensory
characteristics such as taste and texture, the stability of foams, emulsions and mouthfeel in
a large range of food applications like dairy products and baked goods reducing sugar and
fat content while improving health [83]. Padalino et al. [84] added inulin with different
degree polymerization with whole meal flour to improve quality of functional wheat
spaghetti as example of processed food. The Global Market Insights reported that inulin’s
(FOS) market size in 2015 was 250 kilo tons and it is expected gains of 8.5% for 2023, likely
to be worth more than US$ 2.5 billion [85]. The consumers of FOS are Europe, China,
Japan and North America, with Japan being the world’s largest market. The COVID-19
pandemic reinforced the major role of microbiota on the immune response and well-being.
We expect that more consumers will pay more attention to prebiotics that modulate the
gut microbiome.

Recent studies on the traditional food yacon (Smallanthus sonchifolius (Poeppig &
Endlicher) H. Robinson), an Andean species, demonstrated that its roots are also a rich
source of FOS with a smaller degree of polymerization than chicory. It has great potential as
a prebiotic and sugar substitute due to its sweet taste that is related to degree of polymeriza-
tion [86,87]. The role of yacon as FOS supplementation favors a healthy microbiota while
reducing pathogenic population in the gut. Furthermore, short chain fatty acids produced
by the beneficial bacteria improve glucose homeostasis and lipid metabolism. Clinical
studies confirm that consumption of yacon as flour or syrup prevented and treated chronic
diseases [88,89]. The beneficial compounds present in storage roots of yacon classify the
spices as functional food (Figure 2).
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Figure 2. Yacon (Smallanthus sonchifolius) functional constituents.

Brazil is one of the largest agricultural producers in the world, but does not produce
inulin/FOS from either source (chicory or artichoke) for applications in the food industry.
However, in the vicinity of Sao Paulo City, yacon is produced for fresh consumption for its
health benefits. Thus, to initiate any production system for supplying FOS as an ingredient
with applications in the food and pharmaceutical industries, rhizospheres [90], along with
storage roots may be better utilized to extract FOS. Micropropagation of yacon can still be
done using axillary buds as explants of healthy plantlets for cultivation. Table 3 shows
the published in vitro protocols of FOS producing plants for development of the business
models of fructans as prebiotic.

Given the predicted increase in FOS/inulin consumption, supply of these LTM’s crop
plants will be necessary in a way such as the one suggested by McChesney et al. [20] a
sustainable system to meet the demand. Yacon micropropagation is an example to stabilize
the supply of crop plants as source of LTMs, thus ensuring that stability of production.
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Table 3. Micropropagation protocols of FOS producing species.

Plant Species Common Name Culture Purposes Microprogation Protocol

Agave sp L. Agave, maguey Production of high yielding
plants Robert et al. [91]

Chicorium intybus L.
Cuanara cardunculus var.

scolymus L.

Chicory
Globe artichoke

Germplasm conservation,
Improve root quality for

medicinal value
Propagation of

open-pollinated cultivars

Previati et al. [92]
Dolinski and Olek [93]
Ozsan and Onus [82]

Helianthus tuberosus L. Jerusalem artichoke
Large scale production of

health
plantlets

Abdalla [94]

Smallanthus sonchifolius
(Poeppig & Endlicher) H.

Robinson
Yacon Production of healthy

plantlets Viehmannova et al. [95]

5. Functional Food Crops

Metabolic syndrome is a global economic and social burden, understanding the origins,
relevant factors contributing to high rates of obesity and its physiological impacts may
reveal potential therapeutic targets.

Maintaining a healthy gut microbiome is one of the therapeutic goals that improve
human health [83]. Dietary fibers promote wellbeing, and thus they are classified as func-
tional food. Wildman [96] refers as functional food, the food, either natural or formulated,
which will enhance physiological performance or prevent or treat disease and disorders.

Royston and Tolesfbol [97] refer to term epigenetic diet class of bioactive dietary
compounds such as resveratrol in grapes, genistein in soybean, apigenin in celery, allicin in
garlic, phenolic compounds in berries and omega 3 in Portulaca oleracea L. also known
as purslanen [98] and other consumed foods, which have been shown to defend against
the development of many different types of tumors. Compounds that act as epigenetic
modulators prevent initiation and the progression of oncogenesis [97]. Micropropagation
is an important tool for the propagation of selected lines in various breeding programs, as
well as the recovery of pathogen-free material, or even for slow growth storage and the
cryopreservation of valuable germplasm of fruit and vegetable crops.

6. Conclusions

Humans have long used plants to address various problems, the solutions to which
often brought unintended consequences, such as overharvesting and environmental degra-
dation. These negative consequences teach us the solution to our problems ought to be
sustainable. Through a literature review, this paper argues that micropropagation can be a
part of a strategy to reinforce the supply and quality of crops used for medicinal purposes:
(1) small therapeutic molecules, (2) standard therapeutic extracts, (3) large therapeutic
molecules, and (4) functional foods.
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Abstract: Stevia rebaudiana (Bertoni) Bertoni is a plant species native to Brazil and Paraguay well-
known by the sweet taste of their leaves. Since the recognition of rebaudioside A and other steviol
glycosides as generally recognized as safe by the United States Food and Drug Administration
in 2008 and grant of marketing approval by the European Union in 2011, the species has been
widely cultivated and studied in several countries. Several efforts have been dedicated to the
isolation and structure elucidation of minor components searching for novel non-caloric sugar
substitutes with improved organoleptic properties. The present review provides an overview of the
main chemical approaches found in the literature for identification and structural differentiation
of diterpene glycosides from Stevia rebaudiana: High-performance Thin-Layer Chromatography,
High-Performance Liquid Chromatography, Electrospray Ionization Mass Spectrometry and Nuclear
Magnetic Resonance Spectroscopy. Modification of diterpene glycosides by chemical and enzymatic
reactions together with some strategies to scale up of the purification process saving costs are also
discussed. A list of natural diterpene glycosides, some examples of chemically modified and of
enzymatically modified diterpene glycosides reported from 1931 to February 2021 were compiled
using the scientific databases Google Scholar, ScienceDirect and PubMed.

Keywords: Stevia rebaudiana; HPTLC; HPLC methods; mass spectrometry dissociation pattern; NMR;
endocyclic and exocyclic diterpene glycosides; scale up

1. Introduction

Stevia rebaudiana, a native plant species to Brazil and Paraguay, was discovered by
Mosè Giacomo Bertoni in 1899, an Italian-speaking Swiss naturalist and described as Eupa-
torium rebaudianum Bertoni. In 1905 the plant was grouped in a different genus and named
as Stevia rebaudiana (Bertoni) Bertoni. S. rebaudiana has been widely used to sweeten teas
and potions for centuries by Guarani indigenous due to the high content in diterpene gly-
cosides (DGs) in their leaves [1]. Essential oils have been reported from S. rebaudiana, being
spathulenol (13.4–40.9%), caryophyllene oxide (1.3–18.7%), β-caryophyllene (2.1–16.0%)
and β-pinene (5.5–21.5%) the major volatile compounds [2]. Non-glycosidic labdane-type
diterpenes have also been isolated e.g., sterebins I -N [3] and several hydroxycinnamate
and flavonoid derivatives have been identified [4,5]. There is no doubt, that the DGs is the
most significant group of secondary metabolites from S. rebaudiana due to their applications
in the Sweeteners Industry. Stevioside was the first steviol glycoside isolated from this
Asteraceae in 1931, reported by M. Bridel and R. Lavielle, two French Chemist [6]. Then,
rebaudiosides A, B and steviolbioside were discovered by a Japanese group 45 years later,
followed by dulcosides A, B and rebaudiosides C (same chemical structure as dulcoside
B), D and E in 1977 [7–10]. In 2002 rebaudioside F and its saponification products were
reported [11]. In 2008, the United States Food and Drug Administration granted generally
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recognized as safe (GRAS) regulatory acceptance of rebaudioside A while Food Standards
Australia New Zeeland accepted the use of steviol glycosides [12,13]. Other steviol glyco-
sides were recognized as safe in USA in 2010, and the European Union approved DGs from
S. rebaudiana for marketing in November 2011 [14,15]. A great scientific contribution was
made by Ohta et al. [16], where 21 steviol glycosides were isolated and characterized. Since
that time, multiple groups have been working intensively on searching for new steviol gly-
cosides. Rebaudioside A and stevioside, the major steviol glycosides (accounting for more
than 40% of the DGs present in leaf extract) have shown more potent natural sweetness
than sucrose which make them good candidates as non-caloric sugar-substitutes [1]. Hence,
S. rebaudiana is being widely commercialized in mainland China, Japan, Korea, India, and
elsewhere (Midmore and Rank, 2012) and several rebaudioside A-based products as well
as table-top sweeteners are commercially available in the US consumer market.

It was recently discovered that rebaudioside A and stevioside, potentiate the activity
of TRPM5 (a Ca2+-activated cation channel expressed in type II taste receptor cells and
pancreatic β-cells) enhancing glucose-induced insulin secretion in a TRPM5-dependent
manner. TRPM5 has been suggested as a potential target to prevent and treat type 2
diabetes [17]. It has also been described that steviol glycosides stimulates insulin secretion
in a dose- and glucose-dependent manner from isolated mouse islets of Langerhans. Steviol
glucuronide has been identified in human urine, thus steviol is the main active metabolite
after oral intake of steviol glycosides [18,19]. The antihyperglycemic and blood pressure-
reducing effects of stevioside in the diabetic Goto-Kakizaki rat and the mechanism of the
hypoglycemic effect of stevioside has been described [20,21].

Despite the potential positive human health benefits of rebaudioside A and the rela-
tively easy access to this steviol glycoside, its lingering aftertaste makes it less desirable as
a sweetener. Therefore, several efforts have been dedicated to preparing commercial Stevia
extracts rich in DGs to find next generation non-caloric DGs with improved organoleptic
properties and thus, attract consumers to a better health lifestyle.

Important advances have been made over the last several years in the methods of
analysis and purification of these complex mixtures of glycosides. All these developments
have allowed the discovery of several new natural and slightly modified DGs with re-
markable potential as sugar substitutes e.g., several rebaudioside A isomers, a stevioside
like-compound with a disaccharide linked at position C-12 of the aglycone [22], rebaudio-
side R (unique example with a non-glucose monosaccharide linked directly at position
C-13 (xylose) [23], rebaudioside U and similar compounds, the only steviol glycosides
with an arabinopyranosyl moiety [24,25], rebaudioside W (unique hexa-glycoside from
S. rebaudiana with three different sugar monosaccharides attached (glucose, xylose and
rhamnose) [26]. Additionally, rebaudioside IX series are the largest natural DGs composed
of nine glucose units linked to steviol [27–29], only one natural example of rebaudioside M
isomer has been reported [30] and a few new compounds with an ent-atisene core have also
been reported [31,32]. Nowadays, many natural, chemically, and enzymatically modified
diterpene glycosides with diverse sugar interlinkages and cores have been discovered,
hence, a wide spectrum of structures are now available to evaluate for their sweetener
potential and to understand better the relationship between structure-sweetness/lingering
aftertaste. Rebaudioside M, has been pointed out as the next generation non-caloric sweet-
ener but in our non-professional tasters experience there are other DGs with interesting
organoleptic properties that should be explored e.g., rebaudiosides U and Y.

Herein, we summarize the most noteworthy chemical approaches for the separation,
identification and structural elucidation of diterpene glycosides from Stevia rebaudiana:
High-performance Thin-Layer Chromatography, High-Performance Liquid Chromatogra-
phy, High-Resolution Electrospray Ionization Mass Spectrometry and Nuclear Magnetic
Resonance Spectroscopy. The modification of diterpene glycosides by chemical and enzy-
matic reactions together with some strategies to achieve the scale up of the purification
process economically sustainable are also discussed. An updated listing of the natural and
chemically modified diterpene glycosides has been included.
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2. Results

2.1. Chemical and Enzymatic Reactions of Diterpene Glycosides
2.1.1. Alkaline Hydrolysis

Stevia DGs are thermostable natural compounds in a neutral solution, although in an
alkaline medium with some increase in temperature can be hydrolyzed and yield the free
acid compounds at C-19 [16,26].

DGs with one sugar and few examples with two sugars (less hindered as rebaudio-
sides I and U) attached at position C-19 cleave using mild alkaline conditions. However,
DGs with a hindered disaccharide or longer oligomers at C-19 only cleave using stronger
alkaline conditions. This difference in saponification conditions for DGs together with the
preparation and characterization of some saponified DGs has been useful for the develop-
ment of a simple and rapid reversed-phase C-18 high-performance liquid chromatography
method (HPLC) to identify known and detect novel C-13 oligomer arrangements, see
Section 4.1 [26]. In Table 1 are shown all the DGs from S. rebaudiana that have been modi-
fied by using alkaline conditions.

2.1.2. Acid Hydrolysis

The DGs under acidic conditions may undergo double bond isomerization, sugar
cleavage from the glycosides, and Wagner-Meerwein rearrangement of the diterpene
aglycone portion depending on temperature. The acid hydrolysis of DGs has been studied
since several soft drinks and juices prepared with DGs from S. rebaudiana as sweeteners can
produce undesirable products under inappropriate temperature storage that may affect
the taste of these acidic beverages. Even under different mild acid conditions a double
bond isomerization process occurs yielding some by-products that have been isolated and
characterized [33–39]. However, proper high-resolution analytical methods need to be
developed to differentiate natural DGs from their endocyclic isomer compounds since they
elute very closely in HPLC [40]. Additionally, a cleavage of all the sugars in DGs occurs
under strong acid conditions producing a mixture of at least three main aglycones from this
reaction: isosteviol (major), the endo steviol isomer and steviol (as very minor component).
Hence, acid hydrolysis is not a good method to produce steviol in quantities. Recently,
these three structurally close aglycones have been purified in their intact form by a two-step
gradient high-performance silica gel chromatography [38]. In Table 1 are shown all the
DGs formed under basic or acidic conditions while all the aglycones produced from steviol
glycosides under acidic conditions and others reported from S. rebaudiana are compiled in
Figure 1.
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Figure 1. Aglycone cores reported from S. rebaudiana as natural forms, degradation products or forming part of a glycoside
compound (R1 and R2). steviol (I); ent-atisene (II); isosteviol (III); endo steviol (IV); CH3 and OH at C-16 (V); CHO at C-16
(VI); CH2OH at C-16 (VII); C-12 linkage (VIII); 15-α-hydroxy-rebaudioside M (IX).

Table 1. Compounds reported as degradation products from natural diterpene glycosides by alkaline or acid conditions. a 13-
[(2-O-β-D-xylopyranosyl-β-D-glucopyranosyl-)oxy]ent-kaur-16-en-19-oic acid β-D-glucopyranosyl ester; b 13-[(2-O-6-deoxy-
β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-kaur-16-en-19-oic acid β-D-glucopyranosyl ester.

DGs from Alkaline Hydrolysis

Common Name
Oligosaccharide Moieties

AS Chemical
Formula

Accurate
MW

Starting
Material

Ref
C-13 C-19

- Xylβ(1-2)Glcβ1- - I C31H48O12 612.3146 a [26]

Dulcoside A1 Rhaα(1-2)Glcβ1- - I C32H50O12 626.3303 Dulcoside A [26]

Rebaudioside G1 Glcβ(1-3)Glcβ1- - I C32H50O13 642.3252 Rebaudioside G [26]

Rebaudioside F1 Xylβ(1-2)[Glcβ(1-3)]Glcβ1- - I C37H58O17 774.3675 Rebaudioside F [11,26]

Rebaudioside R1 Glc(1-2)[Glcβ(1-3)]Xylβ1- - I C37H58O17 774.3675 Rebaudioside R [26]

Rebaudioside Z1 Glcβ(1-6)[Glcβ(1-2)]Glcβ1- - I C38H60O18 804.3781 Rebaudioside Z [31]

- Glcβ(1-2)[Glcβ(1-3)]Glcβ1- II C38H60O18 804.3781 - [31]

- 6-deoxyGlcβ(1-2)[Glcβ(1-
3)]Glcβ1- - I C38H60O17 788.3831 b [26]

Rebaudioside H1
Glcβ(1-6)Glcβ(1-3)[Glcβ(1-

3)]Glcβ1- - I C44H70O23 966.4309 Rebaudioside H [26]
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Table 1. Cont.

DGs from Alkaline Hydrolysis

Common Name
Oligosaccharide Moieties

AS Chemical
Formula

Accurate
MW

Starting
Material

Ref
C-13 C-19

Rebaudioside L1
Glcβ(1-3)Rhaα(1-2)[Glcβ(1-

3)]Glcβ1- - I C44H70O23 966.4309 Rebaudioside L [26]

DGs from acid hydrolysis

Isosteviol - - III C20H30O3 318.2195 Rebaudioside
A/Stevioside [34,38]

Endo-steviol - - IV C20H30O3 318.2195 Rebaudioside
A/Stevioside [34,38]

Endo-steviolmonoside Glcβ1- - IV C26H40O8 480.2724 Rebaudioside
A/Rubusoside [38,39]

Endo-rebaudioside G1 Glcβ(1-3)Glcβ1- - IV C32H50O13 642.3252 Rebaudioside A [38]

Endo-steviolbioside Glcβ(1-2)Glcβ1- - IV C32H50O13 642.3252 Rebaudioside A [38]

Endo-rubusoside Glcβ1- Glcβ1- IV C32H50O13 642.3252 Rebaudioside
A/Rubusoside [38,39]

Iso-stevioside/Endo-
stevioside Glcβ(1-2)Glcβ1- Glcβ1- IV C38H60O18 804.3781 Rebaudioside A [38,41]

Iso-rebaudioside
B/Endo-rebaudioside B

Glcβ(1-2)[Glcβ(1-3)]-Glcβ1- - IV C38H60O18 804.3781 Rebaudioside A [38,42]

- - Glcβ(1-2)[Glcβ(1-
3)]Glcβ1- III C38H60O18 804.3781 Rebaudioside M [35]

Iso-rebaudioside
AEndo-rebaudioside A Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1- IV C44H70O23 966.4309 Rebaudioside A [38]

- Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ(1-2)[Glcβ(1-
3)]Glcβ1- IV C56H90O33 1290.5366 Rebaudioside M [35]

- Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ(1-2)[Glcβ(1-
3)]Glcβ1- V C56H92O34 1308.5472 Rebaudioside M [35]

2.1.3. Hydrogenation of the Exocyclic Double Bond

Catalytic hydrogenation of the exocyclic olefinic bond has also been studied in detail
for some DGs and the sensory evaluation of their derivatives has also been reported. In
this reaction, both isomers, α-CH3 and β-CH3 at position C-16 of the aglycone have been
obtained and characterized Figure 2.

Figure 2. Catalytic hydrogenation of the exocyclic double bond in some steviol glycosides.
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Some diterpene glycoside compounds have been prepared from rebaudiosides A, B, C
and D using different catalysts and reaction conditions [43,44]. The organoleptic properties
of the mixture of the reduced α-CH3 and β-CH3 diterpene glycoside isomers have been
assayed. The reduction of the exocyclic olefinic bond at C-16 decreased the sweet taste of
the natural DGs from 25 to 75%, hence the reductive modification of this site of the aglycone
steviol is not a good target for improving the organoleptic properties of natural DGs.

2.1.4. Enzymatic Reactions

Steviol glycosides and gibberellins share the first steps of the biosynthetic pathway
where the pathway splits after the formation of ent-kaurenoic acid to yield gibberellins
and steviol. Steviol glycosides are formed after glycosylation by means of the Uridine
5′-diphospho-glycosylltransferase enzymes producing glucosylation, xylosylation, rham-
nosylation, etc. in different positions contributing to the formation of wide spectrum in
monosaccharide arrangements [45,46].

The preparation of known and new DGs by using glycosyltransferase enzymes and/or
genetically modified microorganisms (e.g., Saccharomyces cerevisiae strains) have been used
as an approach for producing DGs with improved taste. Glycosyltransferase enzymes
transfer glycosyl moieties from an activated nucleoside monosaccharide into mono or
oligosaccharide acceptor containing molecules. Some glycosyltransferase enzymes retain
or invert the stereochemistry of the substrates. Some scientific articles have been recently
published and various patents have been granted.

Some of the examples found in the literature retaining the stereochemistry of the sub-
strate are the bioconversion of rebaudioside A into rebaudioside I and M2 (rebaudioside M
isomer with Glcβ(1-6)[Glcβ(1-2)]Glcβ1- at C-19) and the bioconversion of rebaudioside D3
into (Rebaudioside D isomer with Glcβ(1-6)[Glcβ(1-2)]-Glcβ1- at C-13) from rebaudioside
E employing UDP-glycosyltransferases using uridine 5-diphosphoglucose (UDP-glucose)
as a donor of the sugar moiety.

In the same way, some new minor DGs with inversion of the stereochemistry of
some anomeric protons were isolated from a cyclodextrin glycosyltransferase glucosy-
lated Stevia extract containing a high percentage of DGs. Interestingly, α-glucosyl link-
ages were mainly detected at position 4 of some sugar monosaccharide of moieties at-
tached at position C-13 and/or C-19 of the steviol aglycone: 13-[(2-O-β-D-glucopyranosyl-
3-O-(4-O-α-D-glucopyranosyl)-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur-
16-en-19-oic acid-[(4-O-α-D-glucopyranosyl-β-D-glucopyranosyl) ester]; 13-[(2-O-β-D-
glucopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur-16-en-19-oic acid-[(4-O-(4-O-(4-O-α-D-
glucopyranosyl)-α-D-glucopyranosyl)-α-D-glucopyranosyl)-β-D-glucopyranosyl ester]; 13-
[(2-O-β-D-glucopyranosyl-3-O-(4-O-(4-O-(4-O-α-D-glucopyranosyl)-α-D-glucopyranosyl)-
α-D-glucopyranosyl)-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur16-en-19-oic
acid β-D-glucopyranosyl ester and 13-[(2-O-β-D-glucopyranosyl-3-O-(4-O- (4-O-(4-O-α-D-
glucopyranosyl)-α-D-glucopyranosyl)-α-D-glucopyranosyl)-β-D-glucopyranosyl-β-D-
glucopyranosyl)oxy] ent-kaur-16-en-19-oic acid-[(4-O-α-D-glucopyranosyl-β-D-glucopyranosyl)
ester]. The different enzymes, cyclodextrin glycosyl transferase, α and β-Glucosidases,
α and β-Galactosidase and β-fructosidase transglycosylation systems together with β-
Glycosyltransferase glycosylation systems using UDP-sugars used in the biotransformation
of steviol glycosides have been summarized [47].

Additionally, enzymatic hydrolysis seems to be the most efficient method to produce
steviol in quantities. Several enzymes have been used for this purpose e.g., juices of the
snail Helix pomatia, pectinase or hesperidinase affords the aglycone, steviol [6,48,49].

3. Methods of Separation for Diterpene Glycosides

3.1. Analytical Methods
3.1.1. High-Performance Thin-Layer Chromatography

High-Performance Thin-Layer Chromatography (HPTLC) is a standardized method-
ology that has been widely used in the Botanical Industry [50] but has also found multiple
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applications in different fields [51–53]. Several HPTLC methods have been developed
to identify or quantify selected steviol glycosides (stevioside, steviolbioside, dulcoside A
and rebaudiosides A–D) in food and Stevia formulations, and also to detect degradation
products like steviol and isosteviol [54]. The main stationary phases used have been silica
gel 60, silica gel 60 diol, LiChrospher silica gel 60 F254 S and Proteochrom although the
best separation has been achieved on HPTLC silica gel 60 plates. Multiple mobile phases
have been assessed to optimize the separation of selected steviol glycosides but ethyl
acetate, methanol and formic acid (93:40:1 v/v/v) and ethyl acetate, methanol and acetic
acid (3:1:1, v/v/v) seem to be the mixtures where the best separation has been achieved so
far. However, with these mobile phases the migration of very polar steviol glycosides like
rebaudioside M, N and O is not guaranteed and the separation of the endocyclic steviol
isomer, a degradation product formed under acidic conditions from steviol glycosides,
needs to be further studied. Steviol glycosides have been visualized on the silica plates
by derivatization mainly with a solution of 2-naphthol or primuline for aglycones. Hence,
densitometric analysis using absorption and fluorescence modes have been used [54,55]
for quantitation. Steviol glycosides can be identified by HPTLC-ESI-MS using a TLC-MS
interface and specific structural information can be obtained if collision energy is carefully
studied as discussed in 4.3. In Figure 3 the HPTLC separation of selected steviol glycosides
is presented.

Figure 3. Silica gel HPTLC plate for rebaudiosides D, A, C, stevioside, rebaudioside B, dulcoside A
and steviolbioside (tracks 1 to 7). Developed with ethyl acetate, methanol and formic acid (93:40:1
v/v/v) with no saturation but activated with MgCl2 at a relative humidity of 33%. The detection was
performed after derivatization with a solution of 2-naphthol under white light.

3.1.2. High-Performance Liquid Chromatography

High performance liquid chromatography (HPLC) is the usual methodology for the
analyses of DGs with UV, PDA and MS as the most common detectors [56,57]. Several
methods have been developed to separate DGs from complex S. rebaudiana extract mixtures.
Since the most common aglycone is steviol, novel potential sugar-substitutes could be
found based on the number of monosaccharides, type of sugar units and their arrangements.
These slight structural differences often cause co-elution of DGs in a single HPLC method.

An overview of the advantages and disadvantages of some HPLC methods using
different stationary phases (HILIC, NH2, RP-C18, Sepaxdiol, Synergi, silica gel) is given
herein, although detailed information can be found [40,58]. Several purified DGs containing
different numbers of sugars and linkage arrangements to steviol were analyzed for this
purpose. Interestingly, in all the methods reported, acetonitrile: water acidified elution
gradients were described for the analyses of DGs [40,58]. The use of a common binary
mobile phase is a practical methodology for the analyses of DGs with simple changes in
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the column adsorbent chemistry (Figure 4). There is no change in selectivity between the
silica gel and the amino method. In silica gel, stevioside and rebaudioside C coelute while
in an amino column, a good separation is achieved, but rubusoside and steviolbioside
are better resolved in silica than in amino column. When a Synergi column is utilized,
there is a big room for the separation of very polar steviol glycosides (more polar than
rebaudioside O) and also between rebaudiosides A and N. There is no change in selectivity
if HILIC column is compared with Sepax-diol one, although sharper peaks are gotten
with a Sepax-diol column. The appropriate combination of HPLC methods which best
resolved components in the range of retention times of interest give a good understanding
of the DGs in the extract and chromatography fractions and provide guidance for further
preparative methods to be used.

Figure 4. Cont.
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Figure 4. Selected HPLC methods used for the analysis of steviol glycosides: silica method (A), RP-C18 (B), Synergi (C),
amino (D), HILIC (E) and Sepax-diol (F).

3.2. Preparative Methods

Several approaches have been described in the literature to isolate and purify known
and novel DGs. However, most of the preparative methods described allowed the pu-
rification of some few milligrams of DGs. Since novel DGs with refined organoleptic
properties need to be found to enhance Stevia DGs consumption as a non-caloric sweetener
and thus improve human health, the purification process of DGs needs to be scaled-up to
access for assay the very minor glycosides as potential sugar-substitutes still undiscovered.
Herein we describe some strategies using our own technology to get known compounds in
gram to kilogram quantities. Using this technology [59], several novel DGs were purified
in hundreds of milligrams and gram quantities [40]. This technology also provides an
economic and convenient approach to the isolation and purification of larger quantities of
potentially interesting natural products for confirmation of their bioactivities.

Two main approaches have been used for scaling-up the purification process of DGs:
utilization of reverse phase (C-18) and silica gel stationary phases. Several sized columns
were utilized for the isolation and purification of DGs: (1 × 25 cm, 5 μm), preparative
(2.1 × 40 cm, 10 μm) and large-scale high-performance chromatography (7.5 × 50 cm,
10 μm) [59]. Reverse phase chromatography is perceived to have economic advantages
over normal phase chromatography due to the usual practice of replacement of the normal
phase adsorbent after one or at most a few uses whereas the reverse phase adsorbent
can be used for hundreds of separations. The most used mobile phase for purifying DGs
in reverse phase chromatography is acidified mixtures of acetonitrile: water in different
ratios depending on the analytes. The solvent mixtures after processing the fractions
are recovered (c.a 70% in acetonitrile as an aqueous azeotrope) and re-used in the next
chromatography after adjusting the ratios based on the density of the mixtures. Thus, we
can save solvents and make the purification process of these compounds at large scale
more economic.

On the other hand, silica gel stationary phase for chromatography is perceived to not
be reusable or of a very limited useful life. Consequently, less expensive poor-quality nor-
mal phase adsorbents are typically employed in preparative column packings. The poorer
quality normal phase adsorbent is usually of irregular shaped particles and possesses
a wide particle size distribution which together provides overall poor chromatographic
performance for the packed bed. High quality normal phase adsorbents are available with
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spherical particles and narrow particle size distributions. As quality normal phase adsor-
bent costs about $5000 or more per kilogram and as the adsorbent is perceived not to be
reusable, development of silica gel preparative chromatographic processes has largely been
avoided or not considered. In our own experience a high-performance preparative silica
gel column (10 μm, spherical silica gel) was packed in 2009 and hundreds of separations
have been performed until now without re-packing. Appropriate column regeneration
and re-equilibration to the next mobile phase composition increases the lifetime of the
stationary phase and restores the performance qualities of the column [60].

With the technologies outlined above, silica gel chromatographic processes can be de-
veloped providing cost savings to users through better performance, higher capacity, easier
product recovery, less costly solvent recovery, and less costly solvent disposal. Compound
recovery from the organic solvent of the mobile phase used in silica gel chromatography
is easier and less expensive than from the water containing mobile phase used in reverse
phase chromatography. At production scale, the energy required to recycle the normal
phase organic solvents is significantly less than that of reversed phase aqueous solvents.
The waste disposal costs are reduced for the normal phase organic solvents because of their
usually higher BTU content.

One of the most common mobile phases for separating non-glycosylated steviol and
related aglycones using this technology are mixtures of n-heptane: wet acidified EtOAc
and/or n-heptane: waEtOAc: MeOH [40]. However, the detection of these compounds
is generally set at 205 or 210 nm, below the UV absorbance cut off wavelength of ethyl
acetate. An alternative mobile phase to solve this problem is the use of methyl tert-butyl
ether (MTBE). This mobile phase was useful for the separation of isosteviol from a mixture
of steviol and other isomers [40].

Obviously, normal phase separation of the glycosides requires a more polar mobile
phase. Mixtures of EtOAc: MeOH: H2O with 0.1% AcOH or MTBE: MeOH: H2O with 0.1%
AcOH in different ratios have been widely used in our experience with good separation of
several DGs. Both organic mobile phases are easily recovered, and the solvent composition
ratios could be adjusted by scouting by TLC for subsequent chromatography.

All methodologies have been useful to purify several steviol glycosides most of them
in gram quantities and could be applied for any natural product research. In Table 2 are
shown all the tetracyclic diterpene reported as natural compounds from S. rebaudiana.

4. Structure Elucidation for Diterpene Glycosides

The diversity of DGs has been considerably enhanced with the discovery of several
new compounds in the last decade. Herein, we summarize all the DGs isolated from
S. rebaudiana and reported as natural compounds from 1931 to 2021 (Table 2). The main
structural differences have been found in the number of sugar units linked to the aglycone at
positions C-13 and C-19 and the different arrangements described, thus some rebaudioside
families have been described. Nevertheless, some other DGs with an aglycone core different
from steviol have also been reported, and chemical structures are compiled in Figure 1.

The isolation and structure elucidation of minor DGs in quantities not only requires
appropriate instrumentation and several chromatographic steps but also high-quality
spectroscopic and spectrometric equipment. NMR analysis is the most extensively used
technique to elucidate unambiguously natural compounds. However, as an aid for structure
elucidation of new steviol glycosides some alternative methods have been reported in the
literature and described herein.
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4.1. Reversed-Phase High-Performance Liquid Chromatography

High-performance liquid chromatograph is a very common instrument in most of
the laboratories today. Thus, a method based on using reversed-phase C18 column re-
tention times of several previously characterized natural DGs and others with no sugar
at position C-19 was described as an aid for structure elucidation of new and known
DGs [26]. Specifically, the method is helpful to identify known and detect novel aglycone-
C13 oligosaccharide moieties and give some hints about C-19 linkages. Elution order
of several DGs and their aglycone-C13 oligosaccharide substituted with different sugar
arrangements are summarized in Table 3.

Table 3. Diterpene glycosides organized by increasing retention times in an RP-C18 HPLC method.

DG
RT

(min)
ΔRT

(min)

Oligosaccharide Positions

C-13 C-19

Reb O 2.92 0.16 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ(1-3) Rhaα(1-2)[Glcβ(1-3)]-Glcβ1-
Reb N 3.08 - Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Rhaα(1-2) [Glcβ(1-3)]-Glcβ1-
Reb E 3.08 0.18 Glcβ1(1-2)Glcβ1- Glcβ1(1-2)Glcβ1 -
Reb D 3.26 0.23 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1(1-2)Glcβ1 -
Reb J 3.49 0.07 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Rhaα (1-2)Glcβ1-

Reb W 3.56 0.20 Xylβ(1-2)[Glcβ(1-3)]Glcβ1- Rhaα(1-2) [Glcβ(1-3)]-Glcβ1-
Reb M 3.76 0.04 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ(1-2)[Glcβ(1-3)]-Glcβ1-
Reb Y 3.80 0.09 Glcβ(1-2)Glcβ1- Glcβ1(1-6)Glcβ1-
Reb V 3.89 0.05 Xylβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1(1-2)Glcβ1 -
Reb Z 3.94 0.24 Glcβ(1-2)[Glcβ(1-6)]-Glcβ1- Glcβ1-
Reb U 4.18 0.17 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Araα(1-6)-Glcβ1-

a 4.35 0.50 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb T 4.85 0.61 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Xylβ(1-2)[Glcβ(1-3)]-Glcβ1-
Reb H 5.46 0.18 Glcβ(1-3)Rhaα(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb L 5.64 0.71 Glcβ(1-6)Glcβ(1-3)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb I 6.35 0.76 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1(1-3)Glcβ1-
Reb A 7.11 0.42 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Stev 7.53 0.38 Glcβ(1-2)Glcβ1- Glcβ1-

Iso-Reb A 7.91 0.65 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Iso-Stev 8.56 0.52 Glcβ(1-2)Glcβ1- Glcβ1-

Reb F 9.08 0.24 Xylβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb Z1 9.32 0.47 Glcβ(1-2)[Glcβ(1-6)]Glcβ1- H-
Reb C 9.79 0.13 Rhaα(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb R 9.92 0.34 Glc(1-2)[Glcβ(1-3)]Xylβ1- Glcβ1-

b 10.26 0.16 Xylβ(1-2)Glcβ1- Glcβ1-
Dulc A 10.42 0.08 Rhaα(1-2)Glcβ1- Glcβ1-

c 10.50 0.69 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- -
Reb G 11.19 0.26 Glcβ(1-3)Glcβ1- Glcβ1-

d 11.45 0.56 6-deoxyGlcβ(1-2)[Glcβ(1-3)]Glcβ1- Glcβ1-
Reb L1 12.01 0.28 Glcβ(1-3) Rhaα(1-2)[Glcβ(1-3)]Glcβ1- H-
Reb H1 12.29 0.23 Glcβ(1-6) Glcβ(1-3)[Glcβ(1-3)]Glcβ1- H-

Rub 12.52 1.80 Glcβ1- Glcβ1-
Reb B 14.32 0.12 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- H-

Iso-Reb B 14.44 0.44 Glcβ(1-2)[Glcβ(1-3)]Glcβ1- H-
Stev-bio 14.88 0.29 Glcβ(1-2)Glcβ1- H-

Iso-Stevbio 15.17 0.15 Glcβ(1-2)Glcβ1- H-
Dulc B 15.31 0.52 Rhaα(1-2)[Glcβ(1-3)]Glcβ1- H-
Reb F1 15.83 0.61 Xylβ(1-2)[Glcβ(1-3)]Glcβ1- H-

Dulc A1 16.45 0.12 Rhaα(1-2)Glcβ1- H-
Reb R1 16.57 0.70 Glc(1-2)[Glcβ(1-3)]Xylβ1- H-

e 17.26 0.02 Xylβ(1-2)Glcβ1- H-
Reb G1 17.28 0.1 Glcβ(1-3)Glcβ1- H-

f 17.36 2.19 6-deoxyGlcβ(1-2)[Glcβ(1-3)]Glcβ1- H-
Stev-mono 19.55 Glcβ1- H-
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Steviolmonoside (Stev-mono); Iso-steviolbioside (Iso-Stevbio); Rubusoside (Rub); Ste-
violbioside (Stev-bio), Stevioside (Stev); Iso-Steviolbioside (Iso-Stevbio); Iso-Stevioside
(Iso-Stev); Rebaudioside G1 (Reb G1); Rebaudioside G (Reb G); Dulcoside A1 (Dulc A1);
Dulcoside A (Dulc A); Rebaudioside B (Reb B); Rebaudioside A (Reb A); Iso-Rebaudioside
A1 (Iso-Reb A1); Iso-Rebaudioside A (Iso-Reb A); Dulcoside B (Dulc B); Rebaudioside C
(Reb C); Rebaudioside F1 (Reb F1); Rebaudioside F (Reb F); Rebaudioside L1 (Reb L1); Re-
baudioside L (Reb L); Rebaudioside H (Reb H); Rebaudioside H1 (Reb H1); a: 13-[(2-O-β-D-
glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-
19-oic acid -β-D-glucopyranosy ester; b: 13-[(2-O-β-D-xylopyranosyl-β-D-glucopyranosyl-
)oxy]ent-kaur-16-en-19-oic acid β-D-glucopyranosyl ester; c: 13-[(2-O-β-D-glucopyranosyl-
3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-hydroxyatis-16-en-19-oic acid; d: 13-
[(2-O-6-deoxy-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]ent-
kaur-16-en-19-oic acid β-D-glucopyranosyl ester; e: 13-[(2-O-β-D-xylopyranosyl-β-D-
glucopyranosyl-)oxy]kaur-16-en-19-oic acid; f: 13-[(2-O-6-deoxy-β-D-glucopyranosyl-3-O-
β-D-glucopyranosyl-β-D-glucopyranosyl)oxy]kaur-16-en-19-oic acid.

The number of sugar components may be inferred by retention time ranges: DGs with
retention times < 7 min (oligosaccharide with five to seven units), although rebaudioside E
or similar isomers, with two monosaccharide units at C-13 and C-19, four glucose units
with a 1-6 linkage in C-13 or four glucose units attached to a an ent-atisene core show
retention times under 7 min, DGs with retention times between 7 to 11.5 min (with a di
or trisaccharide at C-13 and a monosaccharide at C-19, although three glucose units at
C-13 with a 1-6 linkage or linked to an ent-atisene core also elute in this range), DGs with
retention times between 11.6- 12.5 min (a tetrasaccharide oligomer is attached at C-13 and
no sugar at C-19) while rubusoside, the only steviol glycosides reported with one sugar
unit at both C-13 and C-19, elutes at 12.5 min and DGs with retention times greater than
12.5 min (a mono, di or trisaccharide at C-13 and a free carboxylic acid at C-19). However,
to confirm the identity of highly substituted DGs, a normal phase chromatographic method
should be run.

The method is based on comparing retention times of a pure natural DG and its
saponification product with those reported in Table 3. If the retention time of a natural
DG and its saponification product match with one of those reported in Table 3, most
probably the DG has previously been identified. During the analyses of novel DGs few
possibilities may be found: (1) DGs with a novel C-13 and known C-19 arrangement;
(2) DGs with known C-13 and new C-19 arrangement; (3) DGs with unknown C-13 and
C-19 arrangements or (4) DGs with known C-13 and C-19 moieties but with a unique
combination that makes the DGs become an undescribed structure e.g., rebaudioside
V [26].

For identifying the sugar component numbers and arrangement at the C-13 moiety,
the C-19 portion is cleaved under alkaline hydrolysis and clean up following acidification.
HPLC retention time of the aglycone-C13 oligosaccharide moiety is obtained using specific
concentration and chromatographic conditions [26]. Comparing retention times with
those reported in Table 3 will provide rapid information about the C-13 oligosaccharide
arrangement or its novelty.

The strength of the alkaline hydrolysis is also important to get hints about the number
of saccharide units and infer their positions of the C-19 oligomer. Mild alkaline hydrolysis
over 30 min easily cleaves the monosaccharide linked at position C-19 (rebaudioside A,
stevioside, rebaudioside F, etc.). Ready cleavage also occurs when less hindered oligomers
are attached at position C-19 e.g., rebaudioside I (Glcβ(1-3)Glcβ-) and rebaudioside U
(Araα(1-6)Glc-). However, the same easy cleavage with a disaccharide hexose/pentose (1-
4) hexose is expected. We also believe that an easy cleavage could happen in a trisaccharide
or a tetrasaccharide with position 2 of the sugar directly linked at C-19 unsubstituted [26].
DGs with hindered disaccharide Glcβ(1-2)Glcβ- at position C-19 (Rebaudiosides D, E, J)
and also trisaccharides and tetrasaccharides (with position 2 of the sugar directly bonded
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to C-19 substituent) as rebaudiosides M and O, respectively, only cleave completely using
strong alkaline conditions (reflux, 1 h).

4.2. High-Resolution Electrospray Ionization Tandem Mass Spectrometry

As glycosidic compounds, DGs give greater ionization efficiencies in negative ion
mode. The dissociation pattern of DGs has been carefully described by ranging collision
energies (CE) using high-resolution electrospray ionization tandem mass spectrometry
(HRESIMS) [73,74]. The understanding of the HRESIMS dissociation pattern of DGs is of
great importance since this allows the rapid detection and identification of known and
novel DGs. Obviously, chemical structures of new DGs should be confirmed by NMR
experiments.

Stevia DGs are a good model to study the sequence of cleavage, by tandem mass
spectrometry, of each sugar monomer from the parent ions due to the variety of types of
sugar monomers and their arrangement in the oligosaccharide.

4.2.1. Cleavage of the C-19 Moiety

It is well-known that monosaccharides and oligomers attached at position C-19 (ester
portion) is the first moiety cleaved from DGs parent ions. Only glycosides with glucose
directly attached at C-19 have been found so far. Ranging of collision energies (CE) allows
one to infer important structural information about the C-19 moiety: number of sugar units
at C-19 and position of sugar linkages. DGs containing a monosaccharide at C-19 position
cleave easily at CE of 10 eV supported with the presence of two major ions in the MS
spectrum, the deprotonated molecule [M-H]− and the major product ion [M-H-162]- Da.
All the DGs containing a monosaccharide at position C-19 analyzed by HRESIMS showed
the same trend e.g., rebaudiosides A, G, H, L and stevioside among others. In the same way,
DGs containing less hindered disaccharides at position C-19 also cleave at low collision
energy. Rebaudiosides I (Glc(1-3)Glc-) and U (Ara(1-6)Glc-) are a couple of DGs with a
less hindered disaccharide attached at C-19. Both compounds show cleavage of the C-19
moiety at 10 eV but produce lower product ion intensities: rebaudioside I-steviol-C13−,
14.4% intensity and rebaudioside U-steviol-C13−, 54% intensity. Product ion intensities of
these less hindered C-19 disaccharides should be studied carefully since most probably the
position of the second monosaccharide could be also inferred.

However, DGs with two sugars at both positions, C-13 and C-19, show different
product ion intensities of the steviol with the C-13 moiety [steviol-C13]− at 10 eV. Rebau-
diosides E and S, the only examples at hand, showed both the deprotonated molecule
ion [M-H]− and the product ion [steviol-C13]−. Nevertheless, significantly lower product
ion intensities were observed: rebaudioside E, [M-H-324]− Da with m/z = 641 Da and
intensity of 5.9% due to the loss of two glucoses and rebaudioside S, [M-H-308]− Da with
m/z = 641 Da and intensity of 7.5% with loss of one glucose and one rhamnose.

On the other hand, DGs containing hindered disaccharides (Rebaudioside D, E, K, etc.)
and longer oligomer chains (Rebaudioside s M, N, O, W, etc.) at position C-19 with a C-13
moiety of more than two sugar units do not cleave at low CE. Due to this highly hindered
ester, 40 eV needed to be applied to cleave the C-19 portion and produce detectable [steviol-
C13 glycoside]− product ions. We also expect a relatively easy cleavage at low CE of the
C-19 moiety in DGs with a tri and tetrasaccharide oligomer at C-19 with the C-2 of the
glucose directly linked to C-19 unsubstituted.

4.2.2. Cleavage of the C-13 Moiety

In contrast to the C-19 moiety, a broad cleavage of the C-13 moieties in DGs occurs at
70 eV. In branched trisaccharides at C-13, sugars at C-3 cleave first, followed by sugars at C-
2 and finally sugars directly linked at C-13. The dissociation pattern of three tetraglycosides
with a glucose attached at C-19 and deoxyGlcβ(1-2)[Glcβ(1-3)]Glcβ1- (13-[(2-O-6-deoxy-β-
D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]ent-kaur-16-en-19-
oic acid β-D-glucopyranosyl ester), Xylβ(1-2)[Glcβ(1-3)]Glcβ1- (rebaudioside F) and Glcβ(1-

65



Molecules 2021, 26, 1915

2)[Glcβ(1-3)]Xylβ1- (rebaudioside R) are three DG examples that allow the understanding
of the sequential loss of each sugar unit from C-13 (Figure 5).

Rebaudiosides H, L, VIII, IX and IXd are the only reported examples of natural DGs
with more than three monosaccharide units at C-13. Rebaudiosides L, VIII and series IX
contain only glucoses which makes it difficult to understand the sequential cleavage of C-13
moieties. However, it was found that rebaudioside H [Glc(1-3)Rhaα(1-2)[Glcβ(1-3)]Glcβ1-]
showed a sequential loss of four sugar units at CE (70 eV) following the C-19 cleavage as
follows: first two glucoses, m/z = 787.3729 Da and 625.3197 Da, followed by a rhamnose
m/z = 479.2637 Da and a further glucose loss m/z = 317.2106 Da. Probably, the glucose
attached at C-3 of the rhamnose is the first cleaved followed by glucose at C-3 of the glucose
directly attached at C-13. DGs have been grouped into 11 groups by molecular weights or
structure similarities for an ease of understanding of the different dissociation pattern of
several DGs and isomers. MS data of several natural and prepared DGs have been recently
reported [74].

Figure 5. Fragmentation pattern of steviol glycosides.

4.3. Determination of the Absolute Configuration of the Monosaccharides.

A simple and rapid reversed-phase C18 high-performance and ultra-high-performance
liquid chromatography methods have been developed to determine the absolute configura-
tion of several monosaccharides linked to different kind aglycones [75,76]. This method is
not only appropriate to DGs from S. rebaudiana, but it can also be applied for several classes
of glycosides: flavonoid glycosides, alkaloid glycosides and triterpene glycosides [77,78]
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among others. The method is based on cleavage of all the monosaccharides linked to the
aglycone under acid hydrolysis. Further liquid-liquid partitions with adequate organic
solvent are needed to separate the monosaccharides from the aglycone. It is well-known
in steviol glycosides that steviol is not the main aglycone recovered but rather a mixture
of isosteviol, endo-steviol and steviol. Basically, two step reactions are needed to yield
monosaccharide derivatives traceable by UV with enough difference in retention times
between D and L monosaccharide enantiomers. The first step reaction is between the
monosaccharides and L-cysteine methyl ester to yield the thiazolidine derivatives followed
with further addition of phenylisothiocyanate to yield the thiocarbamoyl thiazolidine
monosaccharide derivatives. Both step reactions are performed at 60–70 ◦C in pyridine.
The identity and absolute configuration of the monosaccharide could be identified by
comparison of the retention times of the derivatives with appropriate standards [75,76].
Thiohydantoin is a by-product yielded in the reaction which has earlier retention times in
RP-C18 HPLC method than the thiocarbamoyl-thiazolidine sugar derivatives [75].

5. NMR Experiments

Several approaches have been discussed in previous sections, all of them provide
important information for the structure elucidation of the DGs but still those approaches
do not fully elucidate the structures of several DGs. The oligosaccharides at position C-19
and isomeric aglycones are not easily identified using previous methods. There is no doubt
that NMR is the most powerful technique for the structure elucidation of any compound
if an appropriate amount and purity are in hand. Steviol is the main aglycone in DGs
from S. rebaudiana, although other natural and degradation cores have also been reported
(Figure 1). As far as we know, only steviol, isosteviol, endo steviol and the aglycone with
the hydrated double bond at 16,17 (Figure 1V) have been isolated as the aglycone forms.
The 13C-NMR spectra for the aglycones of isosteviol, steviol and endocyclic steviol isomer
are shown in Figure 6. The 1H and 13C NMR chemical shifts of the main aglycones found
in S. rebaudiana or in DGS from leaves of this plant are listed (Table 4).

Herein, we discuss the key NMR chemical shifts to differentiate the aglycone cores
from S. rebaudiana. Steviol has present an exocyclic double bond at position C-16 and the
glycosylation sites at position C-13 and C-19 (Figure 1I). The double bond is characterized
by a quaternary (158.3 ppm) and a methylene olefinic carbon resonance (103.5 ppm, 13C
resonances); and proton resonances (5.48 and 5.04 ppm) while endo steviol, has an endo-
cyclic double bond at position C-15 (135.0, 13C) and 5.24 ppm 1H) and C-16 (145.9 ppm
13C) with an additional methyl group at C-17 (12.7 13C and 1.59 ppm 1H) (Figure 1IV).
Isosteviol is easily differentiated from the other aglycones due to the presence of a ketone
group (221.3 ppm 13C) at C-16 and an additional methyl group (29.9 13C and 1.40 ppm
1H) (Figure 1III). Compounds 7 with a molecular weight of (332 Da) (Figure 1VI) and
8 with 334 Da (Figure 1VII) possess an endocyclic double bond like endo steviol. The
slight structural differences are found at position C-17 where a remarkable difference in
chemical shifts is observed, compound 7 has an -CHO (191.4 13C and 9.61 ppm 1H) and 8
a -CH2OH group (59.2 13C and 4.11; 4.29 1H). Different from the other cores, compound
4 with a molecular weight of 336 Da (Figure 1V), does not present any double bond, the
main difference is found in the groups linked at position C-16, -CH3 (22.2 13C; 1.32 ppm
1H) and -OH (77.1 ppm 1H).
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Figure 6. Comparison of the 13C-NMR of isosteviol (A), steviol (B) and endocyclic steviol isomer (C).

Table 4. 1H and 13C chemical shifts of the compounds 1–9.

Position
1 (a) 2 (b) 3 (a) 4 (a) 5 (a)

δH δC δH δC δH δC δC δH δC

1 0.87; 1.87 41.5 0.79 40.2 0.92; 1.92 41.8 0.78; 1.75 40.3 0.88; 1.67 40.6
2 2.28; 1.52 20.3 2.13; 1.38 19.7 2.32; 1.56 20.4 1.34; 2.23 19.3 2.23; 1.46 20.1
3 2.05; 1.87 41.3 2.36 39.1 2.50; 1.11 39.2 1.00; 2.32 38.4 1.61; 1.33 37.9
4 - 44.4 - 44.6 - 44.4 - 43.8 - 44.3
5 1.11 57.5 1.03 57.9 1.14 57.3 1.04 57.1 1.14 57.4
6 2.07; 2.21 23.2 2.41; 1.84 21.1 2.23; 2.07 22.1 2.11; 2.43 23.1 2.04; 2.04 22.9
7 1.55; 1.45 42.4 2.78 39.6 1.90; 1.79 33.4 1.37; 1.88 42.8 1.66; 1.66 42.1
8 - 42.3 - 34.9 - 48.7 - NA - 49.1
9 1.02 54.8 1.01 51.7 0.97 47.9 0.84 54.8 1.14 55.2

10 - 40.3 - 44.6 - 40.6 - NA - 38.8
11 1.79; 1.55 21.3 1.59 27.3 1.72; 1.72 21.9 1.52; 1.71 19.8 1.60; 1.20 21.1
12 2.48; 1.09 39.2 4.11 78.4 1.75; 1.60 40.6 1.85; 2.67 31.6 2.45; 1.09 39.0
13 - 80.3 2.94 42.0 - 82.4 - 87.6 - 40.1
14 2.35; 1.58 48.7 1.42; 1.05 39.9 2.47; 1.77 52.3 2.44; 2.58 40.3 1.49; 1.38 54.7
15 2.25; 2.22 48.0 2.23; 1.91 49.0 5.24 135.0 1.41; 1.83 54.3 2.71; 2.66 49.1
16 - 158.3 - 148.4 - 145.9 - 77.1 - 221.3
17 5.48; 5.04 103.5 5.24; 4.90 109.5 1.89 12.7 1.32 22.2 1.04 20.7
18 1.28 29.9 1.26 29.1 1.38 29.8 1.28 27.7 1.40 29.9
19 - 180.7 - 177.4 - 180.6 - 176.9 - 180.7
20 1.20 16.4 1.04 13.3 1.24 16.3 1.31 16.0 0.98 14.1
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Table 4. Cont.

Position
6 (b) 7 (b) 8 (b) 9 (b)

δH δH δH δC δH δC δC δH

1 0.92; 1.59 39.5 0.89; 1.88 41.7 0.86; 1.86 41.8 0.86; 1.89 40.9
2 1.92; 1.40 18.4 1.42; 1.95 19.7 1.41; 1.96 19.8 1.45; 2.15 20.1
3 2.20; 1.09 37.7 1.07; 2.17 38.6 1.06; 2.14 38.8 1.09; 2.06 39.0
4 1.12 43.7 - 44.3 - 44.7 - 45.1
5 1.78; 2.05 57.1 1.18 57.6 1.12 58.0 1.07 58.2
6 1.57; 1.16 19.9 1.88; 2.05 21.1 1.83; 2.00 21.5 1.72; 2.08 23.6
7 1.09 38.8 1.66; 1.75 39.0 1.55; 1.65 40.2 1.33; 1.68 36.7
8 1.63; 1.45 33.9 - 50.6 - 49.5 - 46.4
9 2.51 51.0 1.00 46.1 0.90 47.7 0.94 54.3

10 4.04 38.1 - 40.5 - 40.1 - 40.9
11 1.15; 2.51 26.3 1.77; 1.82 20.6 1.63; 1.72 21.8 1.40; 1.76 20.0
12 1.89; 2.11 41.0 1.74; 1.87 31.4 1.69; 1.81 30.4 1.45; 2.16 38.7
13 4.70; 4.84 77.8 - 88.5 - 90.2 - 88.7
14 1.24 37.7 1.95; 2.32 47.7 1.73; 2.32 49.6 1.66; 2.16 40.8
15 0.89 47.4 6.57 158.0 5.36 136.6 3.70 80.8
16 0.92; 1.59 146.7 - 147.7 - 146.9 - 157.2
17 1.92; 1.40 108.0 9.61 191.4 4.11; 4.29 59.2 5.31; 5.54 110.2
18 2.20; 1.09 27.5 - 178.0 - 178.4 1.25 28.5
19 1.12 176.8 1.22 28.5 1.21 28.6 - 178.8
20 1.78; 2.05 11.9 1.02 16.0 1.00 15.8 0.97 17.3
(a) NMR spectra were recorded in Pyr-d5. (b) MeOH-d4, 1: steviol; 2: C-12 aglycone; 3: endo steviol isomer; 4: aglycone with a CH3 and OH
groups linked at C-16; 5: isosteviol; 6: ent-atisene core from 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-d-glucopyranosyl)
oxy] ent-hydroxyatis-16-en-19-oic acid -β-D-glucopyranosy ester; 7: aglycone with a CHO group linked at C-16; 8: aglycone with a CH2OH
group linked at C-16; 9: aglycone from 15α-hydroxy-rebaudioside M. Chemical structures of the aglycone cores are presented in Figure 1:
steviol (I); ent-atisene (II); isosteviol (III); endo steviol (IV); CH3 and OH at C-16 (V); CHO group at C-16 (VI); CH2OH at C-16 (VII); C-12
linkage (VIII); 15-α-hydroxy-rebaudioside M (IX).

Compounds 2 (Figure 1VII) and 6 (Figure 1II) share very similar chemical shifts,
although different structures have been assigned. Compound 6 was unambiguously
elucidated using appropriate 1D and 2D NMR experiments and aglycone was defined
as ent-13(S)-hydroxyatisenoic acid core. If compared with steviol, the main differences
were found in C-13 (77.8 ppm 13C), C-14 (37.7 ppm 13C), C-16 (146.7 ppm 13C) and C-17
(108.0 ppm 13C). Structure of compound 2 should be reanalyzed. Compound 9 shows
similar chemical shifts that steviol aglycone with a main difference in the chemical shifts of
H-15 and C-15 with 3.70 ppm and 80.8, respectively. The NMR chemical shifts of selected
DGs with similar structures are compiled from Tables 5–8. In Table 5 are shown the NMR
data for DGs with three glucose units while in Table 6, DGs with four glucose units.

Table 5. 1H and 13C chemical shifts of the compounds 10–13.

Moiety Position
10 (a) 11 (b) 12 (b) 13 (a)

δH δC δH δC δH δC δH δC

Aglycone 1 1.71; 0.73 40.9 0.76; 1.75 40.8 0.79 40.2 NA 40.7
2 2.21; 1.42 19.5 1.70; 2.17 20.2 1.38; 2.13 19.7 NA 19.2
3 2.33; 1.02 38.5 1.82; 2.14 38.9 2.36 39.1 NA 38.1
4 – 44.1 – 44.5 – 44.6 NA 43.9
5 1.05; 2.45 57.5 0.99 57.6 1.03 57.9 NA 57.3
6 2.45; 1.90 22.3 1.91; 2.20 22.2 1.84; 2.41 21.1 NA 22.0
7 1.26 41.8 1.31; 1.51 41.9 2.78 39.6 NA 41.5
8 – 42.7 – 42.2 – 34.9 NA 42.5
9 0.86 54.0 0.93 54.2 1.01 51.7 NA 53.8
10 – 39.9 – 39.8 – 44.6 NA 39.7
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Table 5. Cont.

Moiety Position
10 (a) 11 (b) 12 (b) 13 (a)

δH δC δH δC δH δC δH δC

11 1.60 20.7 1.48 20.7 1.59 27.3 NA 20.6
12 2.22; 1.92 36.8 2.75; 1.10 38.0 4.11 78.4 NA 36.6
13 – 86.2 – 87.2 2.94 42.0 NA 85.9
14 2.70; 1.77 44.6 1.94; 2.45 44.8 1.42; 1.05 39.9 NA 44.3
15 2.09; 2.02 47.7 2.10 48.6 1.91; 2.23 49.0 NA 47.5
16 – 154.5 – 153.8 – 148.4 NA 154.3
17 5.68; 5.04 104.7 5.10; 5.64 105.5 4.90; 5.40 109.5 NA 104.5
18 1.22 28.4 1.42 29.4 1.26 29.1 NA 28.2
19 – 177.2 – 176.1 – 177.4 NA 177.0
20 1.27 15.7 0.99 16.5 1.04 13.3 NA 15.4

Glcβ-C19 1′ 6.08 95.9 6.23 93.8 6.18 96.4 6.16 95.6
2′ 4.15 74.0 NA NA NA NA NA NA
3′ 4.17 79.0 NA NA NA NA NA NA
4′ 4.27 71.1 NA NA NA NA NA NA
5′ 3.93 79.3 NA NA NA NA NA NA
6′ 4.39; 4.30 62.2 NA NA NA NA NA NA

Glcβ(1-X) 1” – – 5.10 105.8 – – – –
2′ ′ – – NA NA – – – –
3′ ′ – – NA NA – – – –
4′ ′ – – NA NA – – – –
5′ ′ – – NA NA – – – –
6′ ′ – – NA NA – – – –

Glcβ-C13 1′ ′ ′ 5.12 98.0 5.12 99.7 5.01 103.0 5.08 97.6
2′ ′ ′ 4.14 84.6 – – NA NA NA NA
3′ ′ ′ 4.25 78.24 – – NA NA NA NA
4′ ′ ′ 4.00 72.2 – – NA NA NA NA
5′ ′ ′ 3.88 77.9 – – NA NA NA NA
6′ ′ ′ 4.55; 4.19 62.9 – – NA NA NA NA

Glcβ(1-Y) 1′ ′ ′ ′ 5.27 106.8 – – 5.24 106.4 95.6 104.7
2′ ′ ′ ′ 4.18 77.0 – – NA NA NA NA
3′ ′ ′ ′ 4.23 78.16 – – NA NA NA NA
4′ ′ ′ ′ 4.39 71.6 – – NA NA NA NA
5′ ′ ′ ′ 3.94 78.6 – – NA NA NA NA
6′ ′ ′ ′ 4.46; 4.41 62.7 – – NA NA NA NA

(a) NMR spectra recorded in Pyr-d5, (b) MeOH-d4. 10: stevioside (Y = 2) [79]; 11: rebaudioside KA (X = 2) [22]; 12: 12-α-[(2-O-β-D-
glucopyranosyl-β-D-glucopyranosyl)oxy]ent-kaur-16-en-19-oic acid β-D-glucopyranosyl ester (Y = 2) [22]; 13: rebaudioside G (Y = 3) [16]
NA: not assigned.

In Table 7 are presented DGs with four sugar units, one xylose and three glucoses with
different arrangements whereas in Table 8, a few examples of DGs with four sugar units,
one rhamnose or 6-deoxyglucose together with three glucose with different arrangements.
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Table 7. 1H and 13C chemical shifts of the compounds 20–23.

Moiety Position
20 (a) 21 (a) 22 (b) 23 (b)

δH δC δH δC δH δC δH δC

Aglycone 1 0.77; 1.78 40.8 0.75; 1.77 40.1 0.85; 1.87 41.6 0.85; 1.88 41.5
2 1.41; 2.20 19.4 1.42; 2.22 19.9 1.44; 1.93 19.8 1.41; 1.94 19.8
3 1.00; 2.32 38.4 1.89; 2.38 38.9 1.06; 2.17 38.7 1.05; 2.15 38.7
4 – 44.0 – 44.4 – 44.3 – 44.8
5 1.02 57.3 1.05 57.8 1.12 58.4 1.12 58.2
6 1.89; 2.44 22.1 1.98; 2.40 22.6 1.83; 2.08 22.8 1.83; 2.03 22.8
7 1.28 41.7 1.36; 1.43 42.2 1.43; 1.55 42.5 1.44; 1.55 42.4
8 – 42.5 – 44.7 – 43.2 – 43.3
9 0.89 54.0 0.91 54.7 0.98 54.7 0.97 55.0
10 – 39.8 – 40.2 – 38.8 – 40.7
11 1.66 20.6 1.68 20.9 1.66; 1.82 21.0 1.63; 1.80 21.0
12 1.85; 2.28 37.0 2.19; 1.89 38.4 1.46; 2.01 37.6 1.54; 1.99 37.9
13 – 86.4 – 87.2 – 87.1 – 88.0
14 1.79; 2.65 44.3 1.74; 2.55 44.7 1.54; 2.27 45.0 1.51; 2.26 45.0
15 2.03; 2.14 47.7 2.06; 2.14 48.5 2.04 48.3 2.04; 2.14 48.3
16 – 154.2 – 154.7 – 153.6 – 153.7
17 4.99; 5.63 104.6 5.20; 5.60 105.4 4.82; 5.11 104.7 4.84; 5.18 105.2
18 1.20 28.3 1.27 29.0 1.21 28.6 1.20 28.6
19 – 177.0 – 177.3 – 178.2 – 178.5
20 1.31 15.5 1.25 16.1 1.00 16.0 0.97 16.0

Glcβ-C19 1′ 6.10 95.8 6.16 96.3 5.34 95.7 5.34 95.4
2′ 4.19 73.9 NA NA 3.32 73.8 3.35 73.7
3′ 4.10 79.2 NA NA 3.44 78.4 3.42 78.2
4′ 4.24 71.0 NA NA 3.34 70.9 3.39 70.9
5′ 3.93 78.5 NA NA 3.36 78.2 3.52 77.6
6′ 4.39; 4.30 62.1 NA NA 3.60; 3.82 62.5 3.76; 4.06 68.8

Xyl(1-6) 1′ ′ – – – – – – 4.30 104.6
2′ ′ – – – – – – 3.58 72.2
3′ ′ – – – – – – 3.53 74.0
4′ ′ – – – – – – 3.79 69.1
5′ ′ – – – – – – 3.50; 3.84 66.3
6′ ′ – – – – – – – –

Sugar*-C13 1′ ′ ′ 5.02 97.9 4.96 98.7 4.59 97.8 4.60 97.4
2′ ′ ′ 4.22 80.7 NA NA 3.59 81.5 3.45 82.4
3′ ′ ′ 4.06 88.3 NA NA 3.68 87.3 3.54 77.9
4′ ′ ′ 3.83 70.6 NA NA 3.34 70.9 3.25 71.6
5′ ′ ′ 3.72 77.3 NA NA 3.30 77.2 3.25 77.9
6′ ′ ′ 4.42; 4.02 62.6 – – 3.60; 3.82 62.3 3.62; 3.83 62.6

Sugar**(1-2) 1′ ′ ′ ′ 5.42 105.4 5.54 105.0 4.63 104.0 4.58 105.1
2′ ′ ′ ′ 4.10 75.9 NA NA 3.25 73.4 3.27 77.8
3′ ′ ′ ′ 4.12 78.6 NA NA 3.42 78.6 3.36 77.9
4′ ′ ′ ′ 4.23 71.2 NA NA 3.32 71.1 3.29 71.4
5′ ′ ′ ′ 4.35; 3.65 67.5 NA NA 3.36 78.4 3.24 77.7
6′ ′ ′ ′ – – NA NA 3.62; 3.80 62.7 3.62; 3.83 62.6

Sugar***(1-3) 1′ ′ ′ ′ ′ 5.26 104.8 5.33 105.1 4.61 105.3 – –
2′ ′ ′ ′ ′ 4.01 75.2 NA NA 3.54 73.0 – –
3′ ′ ′ ′ ′ 4.17 79.0 NA NA 3.50 74.3 – –
4′ ′ ′ ′ ′ 4.13 71.5 NA NA 3.46 69.9 – –
5′ ′ ′ ′ ′ 4.02 78.6 NA NA 3.62; 3.86 67.6 – –
6′ ′ ′ ′ ′ 4.51; 4.26 62.3 NA NA – – – –

(a) NMR spectra recorded in Pyr-d5, (b) MeOH-d4. 20: rebaudioside F (*Glc, **Xyl and ***Glc) [11]; 21: rebaudioside R (*Xyl, **Glc
and ***Glc) [23]; 22: 13-[(2-O-β-D-glucopyranosyl-3-O-β-D-xylopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur-16-en-19-oic acid β-D-
glucopyranosyl ester (*Glc, **Glc and *** Xyl) [68]; 23: 13-[(2-O-β-D-glucopyranosyl-β-D-glucopyranosyl) oxy]-kaur-16-en-18-oic acid-(6-O-
β-D-xylopyranosyl-β-D-glucopyranosyl) ester (*Glc and **Glc) [37].
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Table 8. 1H and 13C chemical shifts of the compounds 24–27.

Moiety Position
24 (b) 25 (b) 26 (b) 27 (a)

δH δC δH δC δH δC δH δC

Aglycone 1 0.76; 1.66 41.1 0.83; 1.85 40.9 0.85; 1.86 41.6 NA 40.8
2 1.70; 2.11 20.3 1.40; 1.92 19.2 1.40; 1.94 19.8 NA 19.4
3 1.91; 2.15 38.1 1.55; 1.96 37.0 1.05; 2.14 38.9 NA 38.5
4 – 44.8 – 43.5 – 44.8 NA 43.9
5 1.00 58.8 1.07 57.5 1.12 58.3 NA 57.5
6 1.86; 2.11 22.5 1.86; 1.90 21.8 1.84; 2.02 22.7 NA 22.0
7 1.32; 1.62 42.1 1.43; 1.54 41.7 1.41; 1.54 42.5 NA 41.8
8 – 43.1 – 54.0 - 43.2 NA 42.2
9 0.91 54.4 0.98 54.1 0.97 55.0 NA 54.1

10 – 40.2 – 39.0 – NA NA 39.9
11 1.70 21.1 1.63; 1.80 19.8 1.63; 1.77 21.0 NA 20.6
12 2.68; 1.15 38.1 1.07; 2.27 37.5 1.51; 1.97 38.1 NA 38.5
13 – 86.6 – 87.6 - 88.7 NA 87.3
14 1.70; 2.50 45.1 1.50; 2.24 44.6 1.52; 2.24 44.9 NA 43.2
15 2.10 48.3 2.04; 2.13 47.7 2.03; 2.14 48.5 NA 48.7
16 – 155.1 – 152.5 – 153.2 NA 152.9
17 5.10; 5.72 105.6 4.84; 2.13 104.7 4.83; 5.18 105.1 NA 106.1
18 1.50 29.6 1.25 28.4 1.21 28.6 NA 28.2
19 – 176.0 – 177.3 – 178.4 NA 177.1
20 1.14 17.3 0.93 16.1 0.99 16.1 NA 15.2

Glcβ-C19 1′ 6.24 94.1 5.60 93.5 5.38 95.5 5.98 96.0
2′ NA NA 3.60 77.7 3.34 73.6 NA NA
3′ NA NA 3.57 78.2 3.44 78.4 NA NA
4′ NA NA 3.40 70.1 3.34 70.9 NA NA
5′ NA NA 3.39 77.4 3.36 78.2 NA NA
6′ NA NA 3.70; 3.79 62.3 3.60; 3.82 62.3 NA NA

Rha(1-2) 1′ ′ 6.40 102.0 5.30 100.9 – – – –
2′ ′ NA NA 3.90 71.0 – – – –
3′ ′ NA NA 3.61 71.1 – – – –
4′ ′ NA NA 3.37 72.7 – – – –
5′ ′ NA NA 3.75 69.3 – – – –
6′ ′ NA NA 1.24 17.1 – – – –

Glcβ-C13 1′ ′ ′ 5.10 98.5 4.61 96.5 4.56 97.7 5.04 97.7
2′ ′ ′ NA NA 3.47 81.2 3.54 80.9 NA NA
3′ ′ ′ NA NA 3.57 79.2 3.67 87.5 NA NA
4′ ′ ′ NA NA 3.31 70.7 3.34 70.9 NA NA
5′ ′ ′ NA NA 3.25 77.2 3.30 77.2 NA NA
6′ ′ ′ NA NA 3.63; 3.83 62.0 3.60; 3.82 62.3 NA NA

Sugar*(1-2) 1′ ′ ′ ′ 5.22 107.0 4.60 104.4 4.71 104.0 6.34 104.2
2′ ′ ′ ′ NA NA 3.24 75.0 3.22 75.8 NA NA
3′ ′ ′ ′ NA NA 3.35 77.7 3.30 74.0 NA NA
4′ ′ ′ ′ NA NA 3.21 70.7 3.02 76.9 NA NA
5′ ′ ′ ′ NA NA 3.21 76.5 3.26 81.2 NA NA
6′ ′ ′ ′ NA NA 3.64; 3.84 61.8 1.25 18.0 NA 18.8

Glcβ(1-3) 1′ ′ ′ ′ ′ ′ – – – – 4.63 104.2 4.94 102.1
2′ ′ ′ ′ ′ ′ – – – – 3.24 73.4 NA NA
3′ ′ ′ ′ ′ ′ – – – – 3.42 78.6 NA NA
4′ ′ ′ ′ ′ ′ – – – – 3.32 71.1 NA NA
5′ ′ ′ ′ ′ ′ – – – – 3.36 78.4 NA NA
6′ ′ ′ ′ ′ ′ – – – – 3.62; 3.80 62.7 NA NA

(a) NMR spectra recorded in Pyr-d5, (b) MeOH-d4. 24: rebaudioside S [23]; 25: no trivial or systematic name was assigned (*Glc) [25]; 26:
13-[(2-O-6-deoxy-β-D-glucopyranosyl-3-O-β-D-glucopyranosyl-β-D-glucopyranosyl)oxy] ent-kaur-16-en19-oic acid β-D-glucopyranosyl
ester (*6deoxyGlc) [71]; 27: rebaudioside C (*Rha) [16].
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6. Conclusions

Stevia rebaudiana and its steviol glycosides have been widely studied, and in the
continuous search for non-caloric sugar substitutes with improved taste, multiple new
tetracyclic diterpene glycosides have been isolated from leaf of S. rebaudiana or have been
prepared by chemical or enzymatic reactions from selected steviol glycosides. Herein, an
updated list of natural DGs isolated from S. rebaudiana has been compiled, along with
some chemically modified DGs. Some approaches for the rapid detection of new DG
structures in fractions rich in DGs have also been presented. Thus, the fragmentation
pattern for DGs by High-Resolution Electrospray Ionization Mass Spectrometry has been
presented. The modification of DGs by a simple saponification reaction with further
analysis of the products by Reverse-Phase High-Performance Liquid Chromatography for
the detection of new moieties at position C-13 is another approach summarized in this
review. Several HPLC methods with diverse stationary phases, but with a unique mobile
phase used for the analysis of fractions rich of specific DGs were discussed. However,
a major drawback in the search of novel structures in natural products, is the isolation
of quantities that are insufficient to allow bioassays or in the case of DGs, conducting
tasting assays to better understand the relationship structure-sweetness/bitterness of the
DGs, and in turn followed by toxicological evaluation. Some strategies to save cost in the
scale-up of the purification process were also shared. With the described strategies, several
very minor DGs were purified in quantities of hundreds of milligrams to multiple grams.
Currently, several DGs with different aglycone cores, numbers and types of sugar units,
and arrangements have been well documented so far. Hence, the number of DG structures
available is vast, although the reported tasting results are infrequent or at least not visible
in the scientific literature. Further studies need to be pointed out for the tasting evaluation
of the DGs already discovered. With the availability of this information, adequate strategies
could be followed to overexpress specific groups of DGs in S. rebaudiana and/or to use
appropriate blends of DGs with improved taste.
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Abstract: In our natural products screening program for mosquitoes, we tested essential oils extracted
from different plant parts of Magnolia grandiflora L. for their insecticidal and biting deterrent activities
against Aedes aegypti. Biting deterrence of seeds essential oil with biting deterrence index value of
0.89 was similar to N,N-diethyl-3-methylbenzamide (DEET). All the other oils were active above
the solvent control but the activity was significantly lower than DEET. Based on GC-MS analysis,
three pure compounds that were only present in the essential oil of seed were further investigated to
identify the compounds responsible for biting deterrent activity. 1-Decanol with PNB value of 0.8 was
similar to DEET (PNB = 0.8), whereas 1-octanol with PNB value of 0.64 showed biting deterrence
lower than 1-decanol and DEET. The activity of 1-heptanol with PNB value of 0.36 was similar to the
negative control. Since 1-decanol, which was 3.3% of the seed essential oil, showed biting deterrence
similar to DEET as a pure compound, this compound might be responsible for the activity of this oil.
In in vitro A & K bioassay, 1-decanol with MED value of 6.25 showed higher repellency than DEET
(MED = 12.5). Essential oils of immature and mature fruit showed high toxicity whereas leaf, flower,
and seeds essential oils gave only 20%, 0%, and 50% mortality, respectively, at the highest dose of
125 ppm. 1-Decanol with LC50 of 4.8 ppm was the most toxic compound.

Keywords: Magnoliaceae; GC-FID; GC-MS; mosquito control; 1-decanol; 1-octanol; larvicidal activity;
deterrent; biopesticides

1. Introduction

Insect disease vectors transmit many disease pathogens and are important in global public health.
Aedes aegypti (L.) and Ae. albopictus (Skuse) are the primary and secondary vectors of Zika and dengue
as well as other viruses [1]. The use of synthetic insecticides in mosquito control has proven to be one
of the major approaches for the prevention and reduction of mosquito-borne disease incidence [2].
Insect repellents also play an important role in the reduction of disease incidence by preventing infected
mosquitoes from biting humans [3]. Moreover; repellents have always been used against host-seeking
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vectors as they provide immediate; localized; personal protection. N,N-Diethyl-3-methylbenzamide
(DEET) has been in use for more than 60 years and is the gold standard to which all repellents are
measured in the marketplace [4]. The discovery of novel insecticides and repellents against disease
vectors from non-toxic and biodegradable plant sources continues to be the focus of recent research
efforts [5–8].

Magnolia grandiflora L. (Magnoliaceae) is a large evergreen tree native to North America [9] that
has medicinal and ornamental values. Medicinal use of various parts of M. grandiflora is reported
in American Indian medicine and also listed as a bitter tonic and antimalarial. Several biologically
active compounds have been reported from Magnolia species [10–12]. As a part of our natural product
screening program for mosquitoes, we tested essential oils from various parts of M. grandiflora for their
larvicidal and biting deterrent activities. This paper reports insecticidal and biting deterrent activities
of essential oils and select pure compounds from various parts of M. grandiflora against yellow fever
mosquito, Aedes aegypti.

2. Results

Water-distilled essential oils of the leaves, flowers, immature fruits, mature fruits, and seeds of
M. grandiflora were analyzed by GC-FID and GC-MS. Chemical compositions of the essential oils and
total ion current (TIC) chromatogram are given in Table 1 and Figure S1 (Suplementary Material).
Chemical profiles of the oils varied among essential oils. Sesquiterpene hydrocarbons (31.5%) were
dominant in the seeds and immature fruit essential oils (32%) whereas the leaf and flower oils were
rich in monoterpene hydrocarbons (30.9% and 43.8%, respectively). Oxygenated monoterpenes (36.9%)
were the major components of the mature fruit oil followed by monoterpene hydrocarbons (15.2%),
sesquiterpene hydrocarbons (15.5%), and oxygenated sesquiterpenes (16.2%). The α- and β-pinenes
and 1,8-cineole were the major contents of leaf, flower, immature fruit, and mature fruit whereas these
compounds were either very low or absent in seed essential oil (Table 1). The seed oil was differentiated
from other essential oils because of the presence of fatty acid; hexadecanoic acid (2.9%) and fatty acid
esters (2.2%). The saturated aliphatic esters (10.9%) and two phenolic compounds; methyl chavicol
(2.6%) and eugenol (1.3%) were also only found in the seed essential oil. Major compounds, α- and
β-pinenes and 1,8-cineole present in leaf, flower, immature fruit, and fruit essential oils were either
in very low concentration or absent in seed essential oil (Table 1). Fatty acids and esters (5.1%) were
high and aliphatic esters (10.9%) were present only in the seed essential oil. Hexadecanoic acid (2.9%),
1-decanol (3.3%), 1-octanol (6.2%), and 1-heptanol were also present only in the seed essential oil.

Table 1. The chemical composition of essential oils of the Magnolia grandiflora.

RRI Compound Leaf (%)
Flower

(%)
Immature
Fruit (%)

Mature
Fruit (%)

Seed (%) IM

1032 α-Pinene 6.3 8.0 4.8 3.8 1.0 RRI, MS

1063 Ethyl 2-methylbutyrate - - - - 1.5 MS

1076 Camphene 0.1 0.7 1.1 1.6 - RRI, MS

1100 Isobutyl isobutyrate - - - - 0.7 MS

1118 β-Pinene 23.0 32.3 12.7 6.9 1.2 RRI, MS

1132 Sabinene - 0.3 - - - RRI, MS

1151 Propyl 2-methylbutyrate - - - - 1.0 MS

1174 Myrcene - 0.4 - - 0.6 RRI, MS

1176 α-Phellandrene - - - - 1.1 RRI, MS

1185 Isobutyl 2-methylbutyrate - - - - 2.4 MS

1198 Isobutyl 3-methylbutyrate - - - - 1.9 MS

1203 Limonene 1.1 1.0 1.7 1.4 1.0 RRI, MS

1213 1,8-Cineole 4.1 4.4 4.5 12.2 - RRI, MS

1218 β-Phellandrene - - - - 7.3 RRI, MS

1241 Butyl-2-methylbutyrate - - - - 1.3 MS
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Table 1. Cont.

RRI Compound Leaf (%)
Flower

(%)
Immature
Fruit (%)

Mature
Fruit (%)

Seed (%) IM

1246 (Z)-β-Ocimene - 0.8 - - - MS

1280 p-Cymene 0.4 0.3 0.8 1.3 5.5 RRI, MS

1290 Terpinolene - - 0.5 0.2 - RRI, MS

1286 2-Methyl butyl 2-methylbutyrate - - - - 1.3 MS

1299 2-Methylbutyl isovalerate - - - - 0.8 MS

1429 Perillene - - - - 0.4 MS

1450 trans-Linalool oxide (Furanoid) - 0.8 - - - MS

1452 α,p-Dimethylstyrene 0.2 - - 0.3 - MS

1463 1-Heptanol - - - - 0.5 MS

1493 α-Ylangene - - - - 0.7 MS

1497 α-Copaene - - 0.2 0.2 1.6 RRI, MS

1532 Camphor - - - 0.3 - RRI, MS

1553 Linalool 0.7 4.7 0.5 0.8 - RRI, MS

1562 1-Octanol - - - - 6.2 MS

1586 Pinocarvone 0.3 - 0.3 1.8 - RRI, MS

1591 Bornyl acetate - 0.2 2.8 4.1 0.4 RRI, MS

1594 trans-β-Bergamotene 0.3 1.2 0.7 0.4 1.7 MS

1600 β-Elemene 13.6 7.7 12.9 5.7 - MS

1611 Terpinen-4-ol 0.8 0.6 1.1 0.8 - RRI, MS

1612 β-Caryophyllene 3.4 1.1 7.9 2.9 8.8 RRI, MS

1648 Myrtenal 1.1 0.9 0.7 4.0 - MS

1661 trans-Pinocarvyl acetate 3.8 3.3 1.5 2.3 - MS

1669 Sesquisabinene - - - - 1.7 MS

1670 trans-Pinocarveol 0.9 0.8 0.5 2.4 - RRI, MS

1687 α-Humulene 0.8 0.4 1.4 0.6 1.0 RRI, MS

1687 Methyl chavicol - - - - 2.6 RRI, MS

1688 Selina-4,11-diene 0.4 0.3 1.1 - - MS

1695 (E)-β-Farnesene - - - - 0.4 MS

1704 Myrtenyl acetate - - - - - MS

1704 γ-Muurolene - - 0.6 0.5 2.7 MS

1706 α-Terpineol 2.4 2.5 5.1 3.9 - RRI, MS

1719 Borneol 0.2 - 0.7 1.2 - RRI, MS

1725 Verbenone - - - 0.7 - RRI, MS

1726 Germacrene D - 0.3 - - - RRI, MS

1740 α-Muurolene - - - - 1.6 MS

1742 Geranial - 0.5 - - - RRI, MS

1742 β-Selinene 1.5 1.2 2.9 1.6 0.9 MS

1744 α-Selinene 1.4 0.9 2.3 1.5 0.7 MS

1766 1-Decanol - - - - 3.3 MS

1773 δ-Cadinene - 0.3 1.3 0.3 4.0 MS

1776 γ-Cadinene - 0.1 - 0.5 2.0 MS

1784 (E)-α-Bisabolene 0.4 0.6 1.2 0.4 0.8 MS

1799 Cadina-1,4-diene - - - - 0.3 MS

1804 Myrtenol 1.5 1.4 0.5 2.2 - MS

1808 Nerol - 0.1 - - - RRI, MS

1849 Calamenene - - 0.5 0.4 1.8 MS

1857 Geraniol - 2.5 - - - RRI, MS

1864 p-Cymen-8-ol 1.0 0.4 - 0.6 - RRI, MS

1872 cis-Myrtanol - tr - - - MS

1879 trans-Myrtanol - 0.2 - - - MS
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Table 1. Cont.

RRI Compound Leaf (%)
Flower

(%)
Immature
Fruit (%)

Mature
Fruit (%)

Seed (%) IM

1941 α-Calacorene - - 0.2 0.2 0.9 MS

1948 trans-Jasmone - 1.0 - - - MS

2008 Caryophyllene oxide 3.9 0.9 1.8 7.2 1.9 RRI, MS

2029 Perilla alcohol - - - 0.3 - MS

2050 (E)-Nerolidol 1.3 1.7 0.6 0.4 1.2 RRI, MS

2071 Humulene epoxide-II 0.6 0.2 0.3 1.2 - MS

2080 Junenol (=Eudesm-4(15)-en-6-ol) - 0.2 - - - MS

2100 Heneicosane - 0.5 - - - RRI, MS

2186 Eugenol - - - - 1.3 RRI, MS

2187 T-Cadinol 0.3 0.5 0.7 0.2 0.3 MS

2209 T-Muurolol 0.3 0.8 0.9 0.7 0.1 MS

2226 Methyl hexadecanoate 0.4 - 0.6 - 0.3 RRI, MS

2219 δ-Cadinol - - 0.2 - - MS

2255 α-Cadinol 0.3 1.3 1.4 0.7 0.3 MS

2256 Cadalene - - - - 0.7 MS

2262 Ethyl hexadecanoate - - - - 0.7 MS

2269 Guaia-6,10(14)-dien-4β-ol 0.3 - 0.6 0.7 - MS

2273 Selin-11-en-4α-ol 1.0 1.8 4.0 1.5 - MS

2300 Tricosane - 0.6 - - - RRI, MS

2316 Caryophylla-2(12),6(13)-dien-5β-ol
(=Caryophylladienol I) - - - 1.4 - MS

2353 Chavicol - - - - 0.7 MS

2369 (2E,6E)-Farnesol - 2.3 - - - MS

2389 Caryophylla-2(12),6-dien-5β-ol
(=Caryophyllenol I) - - - 1.8 - MS

2456 (Z)-9-Methyl octadecanoate
(=Methyl oleate) - - 1.7 - 0.5 RRI, MS

2509 (Z.Z)-9,12-methyl octadecadienoate
(=Methyl linoleate) - - - - 0.7 RRI, MS

2931 Hexadecanoic acid - - 0.5 - 2.9 RRI, MS

Monoterpene hydrocarbons 30.9 43.8 21.6 15.2 17.7

Oxygenated monoterpenes 16.8 23.3 18.2 36.9 0.4

Sesquiterpene hydrocarbons 21.4 13.5 32.0 15.5 31.5

Oxygenated Sesquiterpenes 8.4 10.3 11.7 16.2 4.6

Fatty acids and their esters 0.4 - 2.8 - 5.1

Aliphatic esters - - - - 10.9

others 0.2 2.1 - 0.3 15.0

Total 78.1 93.0 86.3 84.1 85.2

RRI: relative retention indices calculated against n-alkanes; %: calculated from FID data; tr: trace (< 0.1 %); IM:
identification method based on the relative retention indices (RRI) of authentic compounds on the HP Innowax
column; MS, identified based on computer matching of the mass spectra with those of the Wiley and MassFinder
libraries and comparison with literature data. % calculated from FID data.; -: not detected.

The essential oils obtained from five different plant parts of M. grandiflora were investigated
for their biting deterrent activity against Ae. aegypti. All the essential oils showed biting deterrence
above the negative control. Seeds essential oil produced significantly higher biting deterrence than the
essential oils from the other parts (Figure 1). Seed essential oil with high minimum effective dose BDI
value (0.89) showed biting deterrent activity similar to DEET whereas all the other essential oils had
activity lower than DEET. 1-Decanol with PNB value of 0.8 showed biting deterrence similar to DEET
(PNB = 0.8) whereas the activity of 1-octanol was above negative control but lower than DEET and
1-decanol (Figure 2).
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½ (length of 95% CI) 

Figure 1. Mean BDI (± SEM) values of the essential oils from different parts of M. grandiflora against Ae.
aegypti. All the essential oils were tested at 10 μg/cm2 whereas DEET (N,N-diethyl-3-methylbenzamide) was
tested at 25 nmol/cm2 and ethanol a solvent control. A BDI value greater than 0 indicates biting deterrence
relative to ethanol and a BDI value not significantly different from 1 shows deterrence similar to DEET.

 

a a 

b 

c 
c 

Figure 2. Mean proportion not biting values of the essential oils from different parts of M. grandiflora
against Ae. aegypti. Essential oils were tested at 10μg/cm2 while DEET at 25 nmol/cm2 was tested as
a positive control. Mean proportions sharing the same letter are not significantly different.
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Biting deterrence of 1-heptanol was similar to the negative control. 1-Decanol with 3.3% of seed
essential oil appears to be the major compound responsible for the biting deterrent activity of the seed
essential oil. In in vitro A & K bioassay, MED value of 1-decanol (6.25) was lower than DEET (12.5)
which indicated better repellency of 1-decanol than DEET (Figure 3).

 

Figure 3. Data are %age (mean ± SEM) females biting. Minimum effective dosage (MED) values in this
bioassay were ≤ 1% biting in 1 min which is two females out of 200 in this cage.

The toxicity of essential oils from M. grandiflora against 1-d-old larvae of Ae. aegypti is given in
Table 2. In initial screening, essential oils of immature and mature fruits showed high toxicity whereas
leaf, flower, and seeds essential oils gave only 20%, 0%, and 50% mortality, respectively, at the highest
screening dose of 125 ppm. Therefore dose-response bioassays were not conducted on leaf, flower,
and seeds essential oils. Immature fruit and mature fruit essential oils with LC50 values of 49.4 and
48.9 ppm, respectively at 24-h post-treatment showed similar toxicity.

Table 2. Toxicity of essential oils from M. grandiflora and its select pure compounds against 1-day-old
Ae. aegypti at 24-h post-treatment.

Essential oil LC50 (95%CI) * LC90 (95%CI) χ2 DF

Immature fruit 49.4 (39.4–64.2) 135.9 (96.5–244.2) 43.0 48
Mature fruit 48.9 (42.3–56.9) 116.9 (94.6–158.3) 83.3 48
1-Decanol 4.8 (4.2–5.5) 10.2 (8.5–13.2) 83.2 48
1-Octanol 34.3 (30.3–38.7) 63.9 (54.4–80.5) 73.7 48

Leaf 20% **
Flower 0%

Seed 50%

* LC50 and LC90 values are in ppm and 95% C.I are confidence intervals. ** Leaf, flower and seeds essential oils gave
only 20%, 0 and 50% mortality, respectively, at the highest dose of 125 ppm.

Pure compounds 1-decanol, 1-octanol, and 1-heptanol, present in seed essential oil were also
screened for larvicidal activity. Both 1-decanol and 1-octanol were active in screening bioassays whereas
1-heptanol did not show any mortality at the highest dose of 125 ppm. 1-Decanol and 1-octanol were
further evaluated to observe the dose response. 1-Decanol with LC50 of 4.8 ppm was the most toxic
compound followed by 1-octanol (LC50 = 34.3 ppm) at 24-h post-treatment. 1-Decanol was very toxic
(LC50 = 4.8 ppm) as a pure compound, the seed essential oil that contained 3.3% of this compound
showed 50% mortality at the highest dose of 125 ppm. 1-Decanol amounted to be 4.07 ppm as a part of
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seed essential oil at 125 ppm which caused mortality similar to the pure compound. 1-Decanol and
1-octanol amounted to be 4.07 and 7.75 ppm, respectively, as a part of the essential oil dose of 125 ppm.
Since the toxicity of 1-octanol as a pure compound was low, the main compound responsible for the
toxicity of the seed essential oil appears to be 1-decanol.

3. Discussion

Schuhly et al. [13] reported β-elemene as the major compound in the fruit essential oil of M.
grandiflora which corroborates the finding of this study having β-elemene (6–14%) in all the essential
oils of M. grandiflora except seed oil. Guerra-Boone et al. [14] reported bornyl acetate (20.9%) as the
major compound in M. grandiflora leaf oil, however, we did not detect this compound in the leaf oil.
Garg and Kumar [15] reported β-caryophyllene as the major compound (34.8%) in flower essential
oil whereas only a small amount (1.1%) was detected in the present study. Farag and Al-Mahdy [16]
reported variation in the contents of M. grandiflora flower oil volatiles obtained through headspace
and water distillation techniques indicating the effects of the isolation technique on the yield of
different compounds. Such differences in chemical compositions of essential oils are expected and
can be attributed to many factors including geographic location, genetic factors, climate, crop stage,
harvesting time, and processing method [17,18].

In our previous studies, some of the compounds that were present in these essential oils
exhibited very insignificant biting deterrence. α-Phellandrene (BDI = 0.52), (+)-α-pinene (BDI = 0.47),
(-)-α-pinene (BDI = 0.41), (+)-β-pinene (BDI = 0.57), (-)-β-pinene (BDI = 0.51), p-cymene (BDI = 0.48),
trans-sabinene hydrate (BDI = 0.61) showed biting deterrent activity lower than DEET. β-caryophyllene
and caryophyllene oxide with BDI values of 0.54 and 0.66, respectively, were also significantly lower
than DEET at 25 nmol/cm2 and these two sesquiterpenes also did not repel mosquitoes up to the highest
dose of 1.5 mg/cm2 in cloth patch assay [6,19–22]. Hexadecanoic acid that was only present in seed
essential oil was reported to have biting deterrence lower (PNB = 0.72) than DEET [23]. In our previous
study, we found that mid-chain length acids (C10:0 to C13:0) showed the highest biting deterrent activity
against Ae. aegypti as compared to short-chain length acids (C6:0 to C9:0) [22]. The current study
reveals similar pattern of medium chain length fatty alcohol (C10:0) had higher biting deterrent activity
than short-chain length alcohol (C8:0). However, we shall work on this hypothesis and confirm the
activity toward short, med, and long-chain fatty alcohols. Many methylbutyrates present in the seed
essential oil were tested in our screening program and found not active as biting deterrents (Ali
personal communications). Since most of the major compounds that were present only in seed essential
oil did not show any significant activity, 1-decanol might be the main compound responsible for the
biting deterrent activity of M. grandiflora seed essential oil.

The toxicity of many natural compounds present in plant essential oils against mosquitoes has been
reported in the literature. α-Pinene (LC50 = 49.5 ppm), β-pinene (LC50 = 35.9 ppm), β-caryophyllene
(LC50 = 26.0 ppm), and caryophyllene oxide (LC50 = 29.8 ppm) were active as larvicides against Ae.
aegypti whereas 1,8-cineole did not show any mortality at the highest screening dose of 125 ppm [19,23].
Monoterpenes that were present in variable concentrations in these essential oils showed larvicidal
activity. These higher percentages of monoterpenes (α- and β-pinenes) in combination with other
compounds may be responsible for the high toxicity of immature- and mature fruit essential oils.
We will further explore other compounds present in M. grandiflora essential oils for their potential as
larvicides against mosquitoes. Ethanolic extracts of sarcotesta of the seeds of M. dealbata were reported
to have 96.4% mortality at 0.1 mg/mL against the Mexican fruit fly (Anastrepha ludens Loew) whereas
the extracts from the other parts were inactive [24].
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4. Materials and Methods

4.1. Chemicals

Individual compounds such as 1-decanol (CAS # 112-30-1), 1-octanol (CAS# 111-87-5),
and 1-heptanol (CAS # 111-70-6) were obtained from the National Center for Natural Products
Research (NCNPR) Repository of The University of Mississippi, University, MS, USA Repository.
These compounds were previously purchased from Sigma-Aldrich Co., St. Louis, MO, USA.

4.2. Plant Materials

Whole samples of leaves, flowers, immature and mature fruits, and seeds (Figure 4) were freshly
collected from an identified M. grandiflora tree at the University of Mississippi campus in 2018.
Voucher specimens of all the samples—leaves (NCNPR # 20286), stem-bark (# 20874), flowers (#
20316), immature fruit (# 20871), mature fruit with seeds removed (# 20872), and seeds (# 20873)—were
deposited in the Repository of Botanicals at NCNPR, University of Mississippi.

 
 

 
 
 

 

A

Immature
fruit 

leaf

mature fruit 

seeds

B

Figure 4. Study material. A: flowers; B: leaves, immature fruits, mature fruits and seeds. Photos
courtesy of V.R.

4.3. Extraction of Essential Oils

For the extraction of essential oils, leaves, flowers, immature and mature fruits, and seeds of M.
grandiflora were separately subjected to hydrodistillation for 3 h, using a modified Clevenger-type
apparatus. Seeds were crushed in a mortar and pestle before hydrodistillation (Figure 5). The resultant
oils were stored in glass vials at 4 ± 0.5 ◦C with no light. The yields were calculated on a moisture-free
basis for mature fruits, flowers, seeds, immature fruits and leaves at 0.02, 0.06, 0.1, 0.1, 1.5% respectively
whereas there was no oil present in the stem-bark sample.

 

A
B C

Figure 5. Study material. A: Seeds were separated from mature fruits; B: seeds were prepared and
gently crushed in a mortar and pestle (C), and were subsequently hydrodistilled. Photos courtesy of
V.R and N.T.
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4.4. GC-MS Analysis

The GC-MS analysis was carried out with an Agilent 5975 GC-MSD system Agilent 5975 (SEM Ltd.,
Istanbul, Turkey). Innowax FSC column (60 m× 0.25 mm, 0.25 μm film thickness) was used with helium
as the carrier gas (0.8 mL/min). GC oven temperature was kept at 60 ◦C for 10 min and programmed to
220 ◦C at a rate of 4 ◦C/min, and kept constant at 220 ◦C for 10 min and then programmed to 240 ◦C at
a rate of 1 ◦C/min. The split ratio was adjusted at 40:1. The injector temperature was set at 250 ◦C.
Mass spectra were recorded at 70 eV. The mass ranged from m/z 35 to 450.

4.5. GC Analysis

The GC analysis was carried out using an Agilent 6890N GC system Agilent 5975 (SEM Ltd.,
Istanbul, Turkey). The FID detector temperature was 300 ◦C. To obtain the same elution order with
GC-MS, simultaneous auto-injection was done on a duplicate of the same column applying the same
operational conditions. Relative percentage amounts of the separated compounds were calculated
from FID chromatograms. The analysis results are given in Table 1.

Identification of the essential oil components was carried out by comparison of their relative
retention times with those of authentic samples or by comparison of their relative retention index
(RRI) to series of n-alkanes [25,26]. Computer matching against commercial (Wiley GC/MS Library,
MassFinder Software 4.0) and in-house “Başer Library of Essential Oil Constituents” which includes
over 3200 genuine compounds with MS and retention data from pure standard compounds and
components of known oils as.

4.6. Insects

Aedes aegypti used in these studies were from a laboratory colony maintained at the Mosquito
and Fly Research Unit, Center for Medical, Agricultural and Veterinary Entomology, USDA-ARS,
Gainesville, Florida since 1952. We received the eggs and stored them in our laboratory until needed.
Mosquitoes were reared to the adult stage by feeding the larvae on a larval diet of 2% slurry of 3:2
beef liver powder (now Foods, Bloomingdale, Illinois) and Brewer’s yeast (Lewis Laboratories Ltd.,
Westport, CT, USA). The eggs were hatched and reared to the pupal stage in an environment-controlled
room at a temperature of 27 ◦C ± 2 ◦C and 60 ± 10% RH in a photoperiod regimen of 12:12 (L: D) h.
The adults were fed on cotton pads moistened with a 10% sucrose solution placed on the top of screens
of 4-L cages.

4.7. Mosquito Biting Bioassay

Bioassays were conducted using a six-celled in vitro Klun and Debboun (K & D) module bioassay
system developed by Klun et al. [27] for quantitative evaluation of biting deterrent properties of
compounds. The K & D system consists of a six-well reservoir with each of the 4× 3 cm wells containing
6 mL of feeding solution. We used the CPDA-1±ATP solution instead of human blood [22]. CPDA-1 and
ATP preparations were freshly made on the day of the test and contained a green fluorescent tracer dye
(fluorescent water-based tracer “Green”; www.blacklightworld.com) that allowed for the identification
of mosquitoes that were fed on the solution. The squashed mosquitoes were observed under black
light (FEIT, BPESL15T/BLB 13W 120VAC 60Hz 200mA, Ul#E170906) for feeding. DEET (97% purity
N,N-diethyl-3-methylbenzamide) was used as a positive control (Sigma-Aldrich Co., St. Louis, MO,
USA) and ethanol (Fisher Scientific Chemical Co. Fairlawn, NJ, USA) was used as solvent control.
Stock and dilutions of all extracts and DEET were prepared in ethanol. All essential oils were evaluated
at dosages of 10 μg/cm2 and DEET along with the pure compounds was tested at a concentration of
25 nmol/cm2.

The temperature of the solution was maintained at 37 ◦C by using a circulatory bath. The test
compounds and controls were randomly applied to six 4 × 3 cm marked portions of nylon organdy
strip, which was positioned over the six, membrane-covered wells. A six-celled K & D module
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containing five 6–15-day-old females per cell was positioned over the six wells, trap doors were opened
and mosquitoes allowed access for 3 minutes, after which they were collected back into the module.
Mosquitoes were squashed and the presence of green dye (or not) in the gut was used as an indicator
of feeding. A replicate consisted of six treatments: four samples, DEET, and ethanol as solvent control.
Five replicates were conducted per day using new batches of mosquitoes in each replication.

4.8. In vitro A & K Repellent Bioassay

Bioassays were conducted using Ali and Khan (A & K) bioassay system developed by Ali et al. [28]
for quantitative evaluation of repellency against mosquitoes. Minimum effective dosage (MED) values
in this bioassay were determined using a method described by Katritzky et al. [29]. Briefly, the bioassay
system consists of a 30 × 30 × 30 cm collapsible aluminum cage having one penal of clear transparent
acrylic sheet with 120 × 35 mm slit through which the blood box containing a removable feeding device
was attached. The top of the blood box had a sliding door used to expose the females to the treatment
during the bioassay. Rectangular areas of 4 × 7.5-cm were marked on the collagen sheet that matched the
measurement of the rectangular liquid reservoirs. Treatments were applied in a volume of 107 μL using
a micropipette. Treated collagen was secured on the feeding reservoir containing the feeding solution
using a thin layer of grease (Dow Coming Corp., Midland, MI, USA). The feeding device was then
pushed inside the blood box and the sliding door was opened to expose the females to the treatment.
The numbers of females landing and biting were recorded visually for 1 min. To ensure proper landing
and biting, we used 3-4 cages at a time and only one treatment replication of individual compounds
was completed in a single cage. The data are presented as %age biting as a function of concentration.
MED is ≤ 1% biting out of 200 females in the cage. A total of five replicates were conducted.

4.9. Larval Bioassay

Bioassays were conducted using the bioassay system described by Pridgeon et al. [30] to determine
the larvicidal activity of essential oils from different parts of Magnolia grandiflora against Ae. aegypti.
Eggs were hatched and larvae were held overnight in the hatching cup in a temperature-controlled
room maintained at a temperature of 27 ± 2 ◦C and 60 ± 10% RH. Five 1-day-old larvae were transferred
in each of 24-well tissue culture plates in a 40–50 μL droplet of water. Total of 50 μL of larval diet (2%
slurry of 3:2 beef liver powder and brewer’s yeast) and 1 mL of deionized water were added to each
well by using a Finnpipette stepper (Thermo Fisher, Vantaa, Finland). All the essential oils and pure
compounds were diluted in DMSO. After the treatment, the plates were swirled in clock-wise and
counter-clockwise motions and front and back and side to side five times to ensure even mixing of the
chemicals. Larval mortality was recorded 24-h post-treatment. Larvae that showed no movement in
the well after manual disturbance were recorded as dead. A series of 4-5 dosages were used in each
treatment to get a range of mortality. Treatments were replicated ten times for each extract/compound.

4.10. Statistical Analyses

Proportion not biting (PNB) was calculated using the procedure described by Ali et al. [22]. As the
K & D module bioassay system can handle only four treatments along with negative and positive
controls to make direct comparisons among more than four test compounds and to compensate
for variation in overall response among replicates, biting deterrent activity was quantified as biting
deterrence index (BDI) [22]. The BDI’s were calculated using the following formula:

[
BDIi, j,k

]
=

⎡
⎢⎢⎢⎢⎢⎣

PNBi, j,k − PNBc, j,k

PNBd, j,k − PNBc, j,k

⎤
⎥⎥⎥⎥⎥⎦

where PNBi,j,k denotes the proportion of females not biting when exposed to test compound i for
replication j and day k (i = 1–4, j = 1–5, k = 1–2), PNBc,j,k denotes the proportion of females not biting
the solvent control “c” for replication j and day k (j = 1–5, k = 1–2) and PNBd,j,k denotes the proportion
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of females not biting in response to DEET “d”(positive control) for replication j and day k (j = 1–5, k =
1–2). This formula adjusts for inter-day variation in response and incorporates information from the
solvent control as well as the positive control.

A BDI value of 0 indicates an effect similar to ethanol, while any value greater than 0 indicates
biting deterrent effect relative to ethanol. BDI values not significantly different from 1, are statistically
similar to DEET. BDI values were analyzed using SAS Proc ANOVA [31]. To determine whether
confidence intervals include the values of 0 or 1 for treatments, Scheffe’s multiple comparison procedure
with the option of CLM was used in SAS [31]. LC50 values for larvicidal data were calculated by using
SAS, Proc Probit [31].

5. Conclusions

The essential oil of M. grandiflora seeds exhibited biting deterrent activity activity similar to
DEET. All the major compounds (concentration >1%) except 1-decanol that were present only in seed
essential oil were not active biting deterrents which indicated that the major activity of this essential oil
might be due to 1-decanol. 1-Decanol also showed promising larvicidal activity. This high activity of
1-decanol indicated the potential of this compound to be developed as an effective mosquito population
management tool. Further studies will be continued to evaluate these natural products in different
formulations in large scale laboratory bioassays and field trials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/6/1359/s1.
The total ion current (TIC) chromatogram of essential oils of the leaves, flowers, immature fruits, mature fruits
and seeds of Magnolia grandiflora are available as supporting information (Figure S1).
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Abstract: Avocado oil is prized for its high nutritional value due to the substantial amounts of
triglycerides (TGs) and unsaturated fatty acids (FAs) present. While avocado oil is traditionally
extracted from mature fruit flesh, alternative sources such as avocado seed oil have recently increased
in popularity. Unfortunately, sufficient evidence is not available to support the claimed health benefit
and safe use of such oils. To address potential quality issues and identify possible adulteration,
authenticated avocado oils extracted from the fruit peel, pulp and seed by supercritical fluid extraction
(SFE), as well as commercial avocado pulp and seed oils sold in US market were analyzed for TGs
and FAs in the present study. Characterization and quantification of TGs were conducted using
UHPLC/ESI-MS. Thirteen TGs containing saturated and unsaturated fatty acids in avocado oils were
unambiguously identified. Compared to traditional analytical methods, which are based only on the
relative areas of chromatographic peaks neglecting the differences in the relative response of individual
TG, our method improved the quantification of TGs by using the reference standards whenever
possible or the reference standards with the same equivalent carbon number (ECN). To verify the
precision and accuracy of the UHPLC/ESI-MS method, the hydrolysis and transesterification products
of avocado oil were analyzed for fatty acid methyl esters using a GC/MS method. The concentrations
of individual FA were calculated, and the results agreed with the UHPLC/ESI-MS method. Although
chemical profiles of avocado oils from pulp and peel are very similar, a significant difference was
observed for the seed oil. Principal component analysis (PCA) based on TG and FA compositional
data allowed correct identification of individual avocado oil and detection of possible adulteration.

Keywords: Persea americana Mill.; avocado oil; triglyceride; fatty acid; UHPLC/ESI-MS; GC/MS;
quality evaluation

1. Introduction

Avocado (Persea americana Mill.) is a member of the Lauraceae family. Although avocado trees
are native to Central America, they are also widely distributed in tropical and subtropical countries.
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Anatomically, the avocado fruit can be distinguished into three regions - the innermost seed that
constitutes 20% of the fruit, the pulp covering the major portion (65%) and the outermost peel
(15%) [1,2]. Popularly known as “vegetable butter” or “butter pear”, the fruit contains a substantial
amount of triglycerides (TGs) along with a high content of unsaturated fatty acids. It is also rich in
many other bioactive phytochemicals such as carotenoids, tocopherols, phytosterols, aliphatic alcohols
and hydrocarbons [3,4].

Unlike oil extracted from other fruits, the oil from avocado fruit is often extracted from the
mature fruit flesh [4], and its lipid content has been reported as the highest among all known fruit and
vegetable varieties [5–7]. Avocado oil has a multitude of applications such as a culinary oil and as an
ingredient in healthcare products, cosmetics, pharmaceuticals and nutraceuticals. The consumption of
avocado oil has become popular owing to its high nutritional value and potential benefit to human
health, including the management of hypercholesterolemia [8,9], hypertension [10], diabetes and fatty
liver disease [11]. The oil can also reduce cardio-metabolic risk [12] and possesses anti-cancer and
antimicrobial properties [13,14]. Over the last decade, the production of avocado oil worldwide has
grown steadily and currently accounts for about 4.4 million tons of fresh fruit [15,16].

TGs are the most important nutritive group of compounds in avocado oil and represent a
significant amount (~90%) of the entire oil composition. Chemically, TGs are complex hydrophobic
molecular species formed by the esterification of three fatty acids (FAs) with a glycerol backbone under
enzymatic catalysis. The complexity of TGs is due to a large number of possible FA combinations
attached to the glycerol skeleton, which can differ in the number of acyl carbon atoms (CNs), the
degree of unsaturation, and the position and configuration (cis/trans) of the double bonds (DBs)
in each FA. Furthermore, the TG molecule demonstrates optical activity (enantiomers) when the
two primary hydroxyl groups are esterified with different FAs, and the stereo-specific distribution
(regioisomers) can vary when stereo-chemical positions (sn-1, 2 or 3) on the glycerol skeleton are
attached by various combinations of FAs. Several analytical techniques have been employed for
the qualitative and quantitative determination of TGs in edible oils, ranging from spectroscopy
methods such as infrared spectroscopy [17,18] and nuclear magnetic resonance [19] to chromatographic
techniques including gas chromatography (GC), liquid chromatography (LC) [20] and supercritical fluid
chromatography (SFC) coupled with mass spectrometry/tandem mass spectrometry [21]. Non-aqueous
reversed-phase liquid chromatography coupled with positive-ion atmospheric pressure chemical
ionization (APCI) mass spectrometry has become increasingly popular and currently is the most
widely used separation technique for TGs analysis. By using this technique, the separation of TGs is
governed by the equivalent carbon number (ECN) defined as ECN = CN – 2DB. Separations of TGs
within the same ECN group [22,23], cis/trans isomers and isomers with different positional DB have
been reported [24]. In contrast, GC is the most commonly used method for the analysis of FAs, but
it requires transesterification to convert TGs to its corresponding fatty acid methyl esters (FAMEs).
Although high-temperature GC for the direct determination of intact TGs has been reported [25],
samples subjected to this technique must be thermally stable and resistant to isomerization.

In recent years, the popularity of avocado oil in the US market has been promoted with oils
extracted from alternative sources such as avocado seed. Some manufacturers and consumers have
considered avocado seed oil as a source of fatty acids, carbohydrates, dietary fiber and a broad range
of phytochemicals. Unfortunately, there is no sufficient evidence to support the claimed health benefits
and safe use of such oils. In addition, vegetable oils are among the top 25 ingredients that are most
susceptible to adulteration and represent 24% of reported fraud cases [18]. Thus, avocado oil could be
a target for fraudulent practices such as adulteration with low-cost oils. Therefore, the development of
accurate and reproducible methods for TG and FA analysis in avocado oil is needed for characterization
and quality control of this valuable commodity.

As part of an ongoing research program on the authentication, safety and biological evaluation
of phytochemicals and dietary supplements, an in-depth chemical investigation of avocado oil was
performed. The current study aimed to establish the comprehensive profile of TGs in oils extracted
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from avocado peel, pulp and seed. A UHPLC/ESI-MS method was developed for the identification
and quantification of 13 TGs present in authenticated and commercial avocado oils. Furthermore, the
hydrolysis and transesterification products of avocado oils were analyzed for FAMEs using a GC/MS
method. To verify the precision and accuracy of the developed methods, the results from GC/MS and
UHPLC/ESI-MS were compared. Finally, the TG and FA compositional data, along with chemometric
analysis, was used for quality evaluation and identification of possible adulteration in commercial oils.

2. Results and Discussion

2.1. Supercritical Fluid Extraction of Avocado Oil

Generally, avocado oil is extracted from avocado pulp by centrifugation, cold pressing or
solvent extraction [26]. These extraction methods are time-consuming and economically unfavorable.
Supercritical fluid extraction (SFE), on the other hand, is an environmentally friendly and cost-effective
extraction method with a multitude of applications in the food, pharmaceutical and fine chemical
industries. In the present study, SFE was used for the extraction of oils from avocado peel, pulp and
seed. The yields of the oils along with their physicochemical properties determined by the standard
method of the American Oil Chemists’ Society [27] were compared with the oils extracted with the
AOAC method [28]. The results are given in Table 1. The color of the oils extracted from the SFE
method was much lighter than that of the solvent extraction, indicating a smaller amount of chlorophyll
being extracted. The TG and FA profiles for these two extraction methods were similar as determined
by UHPLC/MS and GC/MS analysis. Therefore, the oils extracted by SFE were used for further studies.

Table 1. Extraction conditions, oil yields and physicochemical properties (mean ± SD, n = 3).

Extraction Method SFE Solvent

Extraction
Conditions

Solvent CO2 n-Hexane
Time (min) 40 480

Temperature (◦C) 50 70
Pressure (bar) 250 atmospheric

Sample Peel Pulp Seed *,b Peel Pulp Seed *,b

Oil Yield *,a (%) 16.89 ± 0.56 56.10 ± 0.66 1.61 ± 0.31 17.32 ± 0.30 58.35 ± 0.27 1.66 ± 0.61

Physicochemical
Properties

Acid Value
(g/oleic acid 100 g) 1.60 ± 0.13 0.94 ± 0.03 N/A 0.69 ± 0.03 0.38 ± 0.00 N/A

Saponification
Value

(mg KOH/g)
186.90 ± 0.74 193.71 ± 1.05 N/A 182.15 ± 0.11 186.15 ± 0.88 N/A

Iodine Value
(g I2/100 g) 80.62 ± 0.38 90.76 ± 0.46 N/A 72.38 ± 0.41 88.40 ± 0.91 N/A

Peroxide Value 2.36 ± 0.13 1.18 ± 0.02 N/A 3.53 ± 0.09 2.41 ± 0.13 N/A

*,a: Oil yields were calculated based on the dry weight. *,b: Not enough quantity to perform the measurements.

2.2. TGs Profile of Avocado Oils

2.2.1. Method Development and Optimization

Avocado oils are characterized by a high content of TGs. The separation and unambiguous
identification of structurally similar TGs in avocado oil pose great analytical challenges. In this study,
12 commercially available TG reference standards were purchase (Table 2) and used for method
development and quantification. The method was optimized regarding the chromatographic column,
eluent and gradient program. Different reversed-phase columns including several Agilent ZORBAX
columns such as Eclipse Plus C18, SB-C18, XDB-C18, SB-C8 (with the same dimensions of 2.1 × 100 mm ×
1.8 μm), and ACQUITY UPLC BEH C18 (Waters, 2.1 × 100 mm × 1.7 μm) as a standalone column or in a
combination were investigated. Finally, three ACQUITY UPLC BEH C18 connected in series were used
to provide the best separation of the targeted TGs. For the evaluation of eluents, unlike non-aqueous
eluents used by the majority of TGs analyses [21,29–31], eluent consisting of acetonitrile with 0.1%
water (v/v) and isopropanol with 5 mM ammonium formate was used, and the chromatographic
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peak shapes were greatly improved. The chromatograms showing the method optimization using a
mixed solution containing LLO, LLP, OLO, PLO, PPoO, OOO, OOP and PPO standards are illustrated
in Figure 1. The chromatograms of authenticated oils extracted from avocado peel, pulp and seed,
as well as one of the commercial products claimed as avocado seed oil, are shown in Figure 2. It is
worth noting, as the ECNs increased from 44 to 50, the retention times for the corresponding TGs also
increased (Figure 2). Although similar TG profiles of avocado peel and pulp oils were observed, a
significant difference was present in avocado seed oil. The profile for the commercial avocado seed oil
appeared to be dramatically different with any of the other avocado oils, suggesting that this particular
oil was possibly adulterated with other oils.

Table 2. Information of triglyceride reference standards.

No. Compound Abbr. ECN MW Formula CAS #

1 1,3-linolein-2-olein LOL 44 881.40 C57H100O6 2190-22-9
2 1,2-linolein-3-olein LLO 44 881.40 C57H100O6 2190-21-8
3 1,2- linolein-3-palmitin LLP 44 855.36 C55H98O6 2190-15-0
4 1,3-olein-2-linolein OLO 46 883.42 C57H102O6 2190-19-4
5 1-olein-2-palmitin-3-linolein OPL 46 857.38 C55H100O6 2534-97-6
6 1-palmitin-2-linolein-3-olein PLO 46 857.38 C55H100O6 2680-59-3
7 1-palmitin-2-palmitolein-3-olein PPoO 46 831.34 C53H98O6 81637-60-7
8 1-palmitin-2-olein-3-linolein POL 46 857.38 C55H100O6 2680-59-3
9 1,2-olein-3-palmitin OOP 48 859.39 C55H102O6 2190-30-9
10 1,2-palmitin-3-olein PPO 48 833.36 C53H100O6 1867-91-0
11 1,3-olein-2-palmitin OPO 48 859.39 C55H102O6 1716-07-0
12 triolein OOO 48 885.43 C57H104O6 122-32-7

ECN: equivalent carbon number, calculated as ECN = CN (number of carbon atoms) – 2DB (double bonds).

2.2.2. Identification of TGs

Unambiguous identification of complex TGs in avocado oil is desirable for the accurate
quantification of TGs. Many HPLC detection techniques including refractive index [32], UV-Vis
and evaporative light-scattering (ELSD) [21], have been applied for the qualitative analysis of TGs in
plant oils. Although each of these detection methods has its own advantages, it may not be possible
to confidently identify TGs with complete or even partial chromatographic resolution in complex
plant oils that contain numerous species with the same ECNs. In our study, both APCI and ESI with
positive/negative ion modes were evaluated, and ESI(+) provided better sensitivity for all the TGs
with the optimized solvent system (Figure 1D). The ESI(+) mass spectra and notation of fragment
ions for representative TGs are illustrated in Figure 3. As described before, TGs in plant oils usually
exist as a mixture of positional isomers differing by the acyl attachment, sn-1, sn-2 and sn-3. The [M
+ H]+ and [M + NH4]+ ions were detected in all TGs with relatively low abundances compared
to the corresponding [M + H-RCOOH]+ ions. Except for these two ions, single-acid type (R1R1R1)
provided only one ion such as [OO]+ in OOO. Mixed-acid type (R1R2R1 or R1R1R2) always provided
two different ions, such as [LL]+ and [LO]+ for both LLO and LOL types TGs. Conversely, three
different ions were observed for mix-acid type (R1R2R3), such as [LP]+, [LO]+ and [OP]+ for OLP
and OPL. All the examples are shown in Figure 3. Although the theoretical ion abundance ratios
of [LO]+/[LL]+ should be 2:1 for both LLO and LOL, different values (1.2 for LLO and 3.0 for LOL,
respectively) were observed. A similar observation was achieved for OLP and OPL. The theoretical ion
abundance ratios of [LP]+/[OP]+/[LO]+ should be 1:1:1 for both OLP and OPL, whereas the measured
values were 0.62:0.38:1 for OLP, and 1.8:2.1:1 for OPL. This observation indicated that the loss of FA
from the equivalent sn-1 and sn-3 positions is preferred rather than the middle position sn-2. Figure 4
proposed the possible mechanism for the cleavage of fatty acids from TGs at different positions. Based
on observed fragments, the formation of a 5-member ring as a result of losing FA group in the sn-2
position is less favorable than the formation of a more stable 6-member ring in position sn-1 or sn-3 [33].
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The relative abundances of ions formed from the loss of FAs in different positions in the MS afford the
confident identification of the acyl position on the glycerol backbone.

Figure 1. Total ion chromatograms of (A) APCI(+), eluent: acetonitrile/isopropanol; (B) ESI(+), eluent:
acetonitrile/isopropanol; (C) ESI(+), eluent: acetonitrile with 0.05% formic acid/isopropanol with 0.05%
formic acid and 5 mM ammonium formate; (D) ESI(+), eluent: acetonitrile with 0.1% water and 0.05%
formic acid/isopropanol with 0.05% formic acid and 5 mM ammonium formate.
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Figure 2. Total ion chromatograms of authenticated avocado oils extracted from pulp, peel, seed and
commercial avocado seed oil. ECNs: the equivalent carbon numbers.

An alternative approach for the identification of TGs in avocado oils is to measure the ion
survival yield (ISY). As demonstrated in Figure 3, various types of ions were formed by in-source
collision-induced dissociation (IS-CID). The production of information-rich fragments by IS-CID can
materially aid in the identification of components, elucidation of structures, and distinction between
isomers and chemically similar components in complex mixtures [34]. Ion distribution in IS-CID
has been commonly measured by ISY defined as ISY = Ia

Ia+
∑

Ib
where Ia represents the measured

intensity of the monitored ion and Ibs are the intensities of the additional ions formed in the source.
Accurate qualitative and quantitative analysis requires that the ISYs of reference standards should be
independent of the concentrations of standards, and the ISYs should be equivalent to the standards
and analyzed samples. The ISYs for the representative TG standards were measured over the range of
5–400 μg/mL (Figure 5). The ISYs for the fragment ion of [LO]+ after the loss of one FA from different
positions (sn-1, sn-2 or sn-3) were calculated from the representative TGs. For example, LLO and LOL
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both displayed a pseudo-molecular ion [M +H]+ at 881 with a fragment ion [LO]+ at 601. However, the
ISY for [LO]+ generated from LLO was 0.38 (±0.01), whereas that from LOL was 0.50 (±0.01). Similarly,
ISYs for [LO]+ from PLO and OPL were 0.43 (±0.01) and 0.21 (±0.01), respectively, suggesting that the
measured ISYs can be used for the identification and characterization of TGs in complex samples [35].

Figure 3. Positive ion ESI spectra of TGs containing different acyls on the glycerol backbone. OOO,
LLO and LOL, and OLP and OPL were used as representative examples for single-acid type (R1R1R1),
mixed-acid type (R1R2R1 or R1R1R2) and mixed-acid type (R1R2R3), respectively.
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Figure 4. Schematic representation of fatty acids elimination from sn-1, sn-2 and sn-3 positions by
ESI(+) MS.

Figure 5. Ion survival yields (ISYs) for the fragment ion [OL]+ from representative TGs over the
concentration range.
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2.2.3. Quantification of TGs

A prolonged challenge in the accurate quantification of TGs is the lack of commercially available
reference standards. Natural TGs are complex, and commercial standards are available only for a
limited number, mostly single-acid (R1R1R1) type. Thus, quantification based on the calibration curve
from each individual TG reference standard is practically impossible. Previously, the quantification of
TGs was based on the relative peak areas neglecting the differences in the relative response for each
individual TG. Later on, a more sophisticated approach using response factors (RFs) was reported
by Holcapek, et al. [31], in which the calibration curves of single-acid TGs were measured, and the
RFs of mixed-acid TGs expressed relative to the most common OOO were calculated. In our study,
12 commercially available TG reference standards were used for the TGs quantification. Calibration
curves for the 12 standards were realized by plotting the logarithms of the sum peak areas of all
ions from IS-CID for each TG versus logarithms of analyte concentrations as shown in Figure 6.
The results exhibited good linearity (R2 > 0.99) over the concentration range of 1–400 μg/mL, and
the limits of quantification were 1 μg/mL for all the analytes. When the total content of TGs was
calculated, the recovery values were all in the range of 95%–107% (RSD < 7%), and the RSD values
of precision, including intra-day and inter-day, were determined to be < 7%. Interestingly, the
calibration curves for TGs within the same ECN group were nearly overlapped as shown in Figure 6,
suggesting that the quantification method could select one single standard from each ECN group, and
simultaneously determine multiple compounds in the same ECN group when reference standards are
commercially unavailable. This single standard method could significantly lower the cost and time of
the experiment [36].

Figure 6. Calibration curves (grouped by ECN) for 12 commercially available reference standards.

The authenticated avocado peel, pulp and seed oils, sesame oil and soybean oil which have been
reported as potential adulterants [17], along with 19 commercial avocado pulp or seed oils (Table S1)
were quantified for the 13 characteristic TGs identified in avocado oils. The quantification results are
given in Table 3. The quantification of all the TGs in the seed oil was below the detection limit of the
current method. In addition, the yield from avocado seed oil was less than 2%, demonstrating that
any commercial avocado seed oil sold in US market would be questionable due to the poor economic
viability. Avocado peel and pulp oil showed very similar chemical profiles. The total compositions of
the 13 TGs were 67.4% in the peel oil and 86.3% in the pulp oil, respectively. OOO and OOP are the
most prominent TGs, accounting for ~25% of total TG contents in both peel and pulp oils, followed
by OLO (~18%) and OOPo (~7%). On the other hand, soybean and sesame oils showed significant
differences (Table 3). OLO is the most abundant compound in both sesame oil (~42%) and soybean oil
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(~29%), whereas OOO and OOP are relatively low, accounting for 10% and 2.5% in sesame oil and
6% and 3% in soybean oil, respectively. Other TGs, such as LLL have been detected in both sesame
and soybean oils but were not identified in avocado oil. Among the analyzed 19 (S1–S19) commercial
avocado pulp and seed oils purchased in the US market, S10 and S19, claimed as avocado seed oils,
demonstrated very similar chemical profiles as avocado pulp oil. S4 and S9, claimed to be avocado
seed oil, along with S6, S7 and S16 (plant parts were not specified), showed significant differences
to avocado pulp oil, but exhibited similar profiles to soybean oil. These samples could possibly be
adulterated with soybean oil. S17 was claimed as avocado pulp oil but demonstrated a profile close to
a combination of avocado and sesame oils.

Table 3. Concentrations (mg/g) of TGs quantified in authenticated and commercial oils.

Sample
LLO OLPo LLP PLnP OLO OOPo OLP POPo PLP OOO OOP POP SOO

Total

ENC 44 ENC 46 ENC 48
ENC

50

Authenticated Sample

Avocado
Peel 6.11 9.88 8.90 3.03 114.56 48.36 46.24 45.04 4.87 184.01 168.52 32.22 2.54 674.27
Pulp 12.13 23.00 17.71 5.36 163.65 64.59 57.27 53.46 7.14 215.97 213.03 26.88 2.37 862.55
Seed ND ND ND ND ND ND ND ND ND ND ND ND ND

Sesame 153.08 ND 53.07 ND 360.28 ND 96.16 ND 8.04 87.04 51.14 6.97 39.92 855.69
Soybean 105.65 ND 100.94 ND 130.00 ND 65.01 ND 18.16 11.16 14.07 2.10 4.57 451.67

Commercial Sample

S1 20.08 10.19 14.80 3.52 196.21 38.00 51.55 36.95 6.57 286.11 179.71 27.78 17.39 888.87
S2 27.56 8.12 18.09 2.88 172.84 41.11 44.14 33.82 3.78 246.88 159.06 22.50 23.77 804.52
S3 13.27 8.47 11.56 4.12 137.46 38.66 40.19 39.87 6.87 265.76 179.46 29.03 22.59 797.32
S4 24.77 ND ND 0.34 96.29 ND ND ND ND ND 20.10 3.27 18.80 163.56
S5 44.51 ND 13.41 ND 165.75 6.64 27.82 ND 1.45 377.75 97.94 4.35 51.84 791.44
S6 107.34 ND 93.88 0.58 137.12 ND 61.63 ND 14.79 14.30 13.24 1.96 6.40 451.24
S7 96.36 ND 55.88 ND 190.11 ND 53.50 ND 5.76 250.13 57.13 4.27 33.76 746.91
S8 8.66 22.47 18.53 8.29 120.27 55.97 64.96 68.08 12.79 155.42 214.73 46.91 3.49 800.57
S9 106.36 ND 104.00 0.68 134.13 ND 60.83 ND 15.26 15.09 13.43 2.05 5.30 457.14

S10 43.90 ND 8.32 ND 342.05 ND 24.27 ND 0.49 243.62 33.42 0.69 13.73 710.50
S11 47.24 ND 13.44 ND 166.03 5.03 29.59 ND 2.99 372.85 97.72 9.37 40.82 785.08
S12 9.16 20.91 20.09 8.69 139.01 54.32 53.33 68.14 11.85 204.35 213.48 35.05 4.10 842.47
S13 18.04 22.61 21.84 6.08 183.92 43.22 64.18 36.20 9.24 190.67 182.76 22.59 2.23 803.58
S14 26.41 2.20 12.33 0.67 121.38 15.54 28.78 10.28 2.16 330.82 98.37 10.09 36.80 695.84
S15 41.38 ND 8.15 ND 302.47 ND 21.06 ND 0.41 219.81 27.92 0.45 12.43 634.07
S16 97.55 ND 89.99 ND 120.85 ND 58.65 ND 13.95 9.48 11.62 1.62 4.53 408.24
S17 68.92 1.41 70.08 1.68 109.23 20.16 60.72 13.79 12.50 66.07 62.91 13.00 4.47 504.95
S18 44.27 ND 12.57 ND 145.54 5.11 23.75 0.75 1.39 364.13 82.06 4.46 43.27 727.28
S19 10.69 ND 10.13 1.41 72.82 23.30 40.16 17.31 16.65 278.46 129.25 37.57 26.84 664.59

ND: Not detected.

2.3. FAs Profile of Avocado Oils

Except for the most abundant compounds of TG in avocado oil, the derived FA composition can
also be exploited as a peculiar fingerprint indicative of the oil’s quality and authenticity [37]. FAs
are a group of very complex compounds, including monounsaturated FAs, polyunsaturated FAs and
saturated FAs. In this study, the selected HP-88 with (88% cyanopropy)aryl-polysiloxane stationary
phase GC capillary column is a high-polarity column designed for the separation of FAMEs including
those positional cis/trans isomers. All the authenticated and commercial oils were transesterified and
analyzed by GC/MS. The FA profile comprised a total of seven FAs in avocado oils, viz. palmitic
acid, palmitoleic acid, stearic acid, oleic acid, vaccenic acid, linoleic acid and linolenic acid. Oleic
acid was the major FA (~60%), followed by palmitic acid (~15%), linoleic acid (~10%), palmitoleic
acid (~7%) and vaccenic acid (~6%). This agreed with the individual FA moiety identified in the TGs
by UHPLC/ESI-MS. The quantification results are summarized in Table 4. Again, the FA profiles of
soybean and sesame oils showed significant differences from the avocado oils. Oleic acid was the
most abundant FA (~44%) in sesame oil, followed by linoleic acid (~40%), palmitic acid (~9%) and
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stearic acid (~5%). In soybean oil, linoleic acid (~57%) was the major FA, followed by oleic acid
(~20%), palmitoleic acid (~11%) and linolenic acid (~7%). Interestingly, avocado oils contain much less
stearic acid (~0.3%) compared to soybean oil (~4%) and sesame oil (~5%). The FA compositions of the
commercial samples were evaluated. Similar to the TGs analysis, S4, S6, S9, S16 and S17 contained a
relatively high concentration of stearic acid (3.0%–4.8%), like sesame and soybean oils, and the FA
profiles were significantly different with the authenticated avocado oil. Therefore, these five samples
are likely adulterated.

Table 4. Concentrations (mg/g) of FAs quantified in authenticated and commercial oils.

Sample
Palmitic PalmitoleicStearic Oleic Vaccenic Linoleic Linolenic

Total
* C16:0 C16:1 C18:0 C18:1 n9 C18:1 n11 C18:2 n9,12 C18:3 n9,12,15

Authenticated Sample

Avocado
Peel 101.76 37.26 1.79 416.79 39.82 55.09 7.24 659.76
Pulp 138.42 67.19 1.36 538.68 52.66 89.38 5.61 893.30
Seed 5.72 1.46 ND 11.21 1.84 14.34 3.11 37.67

Sesame 87.76 2.91 49.91 428.78 8.91 384.17 2.38 964.83
Soybean 103.50 ND 36.05 192.76 12.07 551.96 71.20 967.54

Commercial Sample

S1 140.54 45.56 9.75 628.24 35.28 104.96 5.12 969.44
S2 135.90 44.55 17.57 600.69 32.53 122.65 4.59 958.48
S3 149.64 52.67 11.02 636.63 32.51 81.85 3.86 968.19
S4 96.24 ND 36.00 176.21 11.83 529.57 68.28 918.14
S5 57.99 2.87 18.56 780.24 10.99 124.76 2.36 997.76
S6 99.11 1.46 45.46 195.88 12.15 524.70 75.54 954.29
S7 70.61 1.70 19.69 555.30 7.45 263.92 6.65 925.31
S8 216.42 68.96 4.18 540.09 39.63 100.33 7.17 976.78
S9 103.67 1.39 37.24 189.92 12.12 539.78 73.01 957.13
S10 31.11 2.36 12.81 584.51 24.07 157.89 58.09 870.84
S11 69.93 2.80 16.78 763.75 11.01 125.40 2.46 992.14
S12 176.64 86.07 2.61 492.78 46.63 86.01 5.51 896.25
S13 140.03 60.34 1.39 472.40 54.00 126.68 7.34 862.18
S14 75.76 16.95 18.62 659.98 20.40 100.36 3.29 895.36
S15 30.87 2.45 13.00 570.62 23.34 155.03 58.48 853.80
S16 101.52 ND 38.11 177.06 11.93 523.32 77.03 928.98
S17 128.68 22.63 28.12 296.92 24.61 381.71 51.09 933.77
S18 59.78 3.24 18.18 758.07 10.49 123.22 2.86 975.85
S19 144.53 31.56 19.40 621.16 24.22 77.97 6.96 925.79

*: The formula is expressed as CN (carbon number): DB (double bond) with the position of double bond.

To verify the precision and accuracy of the developed UHPLC/ESI-MS method, the composition
data of TG and FA obtained from UHPLC and GC were compared to the authenticated avocado peel
and pulp oils. The concentration of individual FA was calculated for all the identified TGs. Oleic acid
and vaccenic acid are structurally similar and only differed in double bond positions and these two
FAs could not be separated with UHPLC/MS. Thus, they were combined when compared with the TG
data. The comparison of TG and FA data is summarized in Table 5. The measurement of TGs by the
UHPLC/MS method might be affected by several factors, such as: i) one FA may be distributed among
many different combinations in TGs, resulting in a TG concentration below the detection limit [31]; ii)
the trace amount of mono/diacylglycerols were not calculated in the TGs method; and iii) the coelution
of TGs may complicate the identification of trace FAs. All these factors may result in making the total
compositions of TGs slightly lower than FAs. Taking all the factors into account, the data from LC and
GC methods were consistent and within an acceptable experimental error range.

2.4. Identification of Adulteration Using Chemometric Method

To further identify possible adulteration, both UHPLC/MS and GC/MS data were subjected to
multivariate data reduction chemometric analysis consisting of the principal component analysis
(PCA). The PCA score plots are shown in Figure 7A,B for the UHPLC/MS and GC/MS data, respectively.
Distinctive groups were observed in both techniques. In each plot, the avocado peel and pulp oils
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were grouped together, whereas the avocado seed oil was much further away from the peel and
pulp oil (Figure 7A,B). None of the samples claimed as avocado seed oils (S4, S9, S10 and S19) were
clustered with the seed oil. Instead, S10 and S19 were grouped with pulp and peel oils, and S4 and S9
were grouped closely with soybean oil. S6 and S16 were labeled as avocado oil, but PCA indicated
soybean oil as a possible adulterant. S17 might be a mixture of avocado oil with soybean or sesame
oil. The adulteration identified by PCA further confirmed the results from both UHPLC/MS and
GC/MS analyses.

Table 5. Comparison of concentrations (weight %) of individual FA calculated from UHPLC/MS
and GC/MS.

Fatty Acid
Avocado Peel Avocado Pulp

LC/MS GC/MS LC/MS GC/MS

Palmitic
C16:0 16.31 15.42 15.35 15.59

Palmitoleic
C16:1 4.81 5.65 5.13 7.57

Stearic
C18:0 0.36 0.27 0.21 0.15

Oleic &
Vaccenic

C18:1
68.15 69.21 66.98 66.21

Linoleic
C18:2 10.21 8.35 12.11 10.07

Linolenic
C18:3 0.16 1.10 0.22 0.63

 

Figure 7. PCA score plots of authenticated and commercial avocado oils, sesame oil and soybean oil.
(A) UHPLC/MS TG data and (B) GC/MS FA data. Each sample was prepared in duplicate.
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3. Materials and Methods

3.1. Chemicals and Materials

n-Hexane (GC grade), 2-propanol (Optima LC/MS grade) and ammonium formate (HPLC grade)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid obtained from Honeywell
(Waltham, MA, USA) was of HPLC grade. Water was obtained from a Milli-Q system (Millipore,
Burlington, MA, USA). The reference standards of soybean oil and sesame oil (Analytical grade) were
also obtained from Sigma-Aldrich.

TG standards: OOO was purchased from Nu-Chek-Prep, Inc. (Elysian, MN, USA). LLO, LLP,
OLO, PLO, OOP, PPO, PPOO, LOL, OPL, OPO and POL (Table 2) were purchased from Larodan
(Monroe, MI, USA). The purities of all the TGs standards were >99.0% as per the label and further
confirmed by peak area normalization with LC/MS analysis.

FAMEs standards: the methyl esters of undecanoic acid, palmitic acid, palmitoleic acid, steric
acid, oleic acid, vaccenic acid, linoleic acid and linolenic acid were obtained from Nu-Chek-Prep, Inc.
The purities of all the FAMEs standards were >99.0% by the label and further confirmed by peak area
normalization with GC/MS analysis. The FAMEs mixture (C4–C24) consisting of 36 compounds with
the positional DB and cis/trans configuration isomers was purchased from Sigma-Aldrich and used for
further compound identification.

Mature fresh fruits of avocado (P. americana) were purchased from different local grocery stores
located in Oxford, MS, USA. All the fruits were selected manually with good morphological integrity.
The authenticity of the avocado fruits was confirmed by Dr. John Sabestian, a taxonomist at the
National Center of Natural Products Research (NCNPR), University of Mississippi. After washing
and drying at room temperature, the peel, pulp and seed were separated and cut into small pieces.
The isolated parts were freeze-dried for 24 h until constant weights were obtained. The dehydrated
samples were then kept in sealed containers and stored at –20 ◦C to avoid any possible degradation
and content loss.

Nineteen avocado oil products claimed to contain avocado pulp or seed oil were purchased from
different grocery stores in the US or via various online commercial vendors (Table S1). Each of these 19
commercial samples, along with the authenticated avocado fruits, was assigned a unique identification
code, and representative voucher samples were deposited in the Botanical Repository of NCNPR at
the University of Mississippi.

3.2. Sample Preparation

Two extraction methods, viz. solvent extraction and SFE, were performed and evaluated. The
solvent extraction was conducted by following the method described in AOAC 920.39 [28]. Five grams
of each avocado peel, pulp or seed (dried powder) was extracted using a Soxhlet apparatus with
200 mL n-hexane at 70 ◦C for 4 h, and the procedure was repeated once. For the SFE, the same amount
of each sample was loaded into the extraction vessel and mixed with glass beads. The extraction
parameters, such as CO2 flow rate, extraction time, pressure and temperature as well as co-solvent
were optimized to obtain the highest oil yields possible. Finally, the CO2 flow rate of 10 mL/min,
250 bar, 50 ◦C and 40 min were adopted. For both extraction methods, the oil yields were calculated as
the percentage of oil obtained based on the weight of the sample used. The solvent extraction was
used as a reference method for the comparison of oil yields obtained from SFE method.

3.3. Determination of TGs Using UHPLC/ESI-MS

Stock solutions of LLO, LLP, OLO, PLO, OOP, PPO, PPoO, OOO, LOL, OPL, OPO and POL at
the concentration of 5 mg/mL were prepared in n-hexane:isopropanol (1:1, v/v). These solutions were
diluted with the same solvent mixture yielding 12 calibration working solutions between 1–400 μg/mL.
All the oil samples were prepared in 1 mg/mL and 500 μg/mL prior to chromatographic analysis.
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The chromatographic system consisted of an Agilent 1290 Infinity series UHPLC with a diode
array detector, binary pump, auto-liquid sampler and thermostated column compartment (Santa Clara,
CA, USA). The UHPLC conditions were: three ACQUITY UPLC BEH C18 columns (3.0 ×100 mm,
1.7 μm, Waters, Milford, MA, USA) were connected in series with the column temperature set to 30 ◦C.
The eluents consisted of acetonitrile with 0.1% water (A), isopropanol with 5 mM ammonium formate
(B), and both contained 0.05% formic acid. The gradient elution started at 20% B, programmed to 50%
B in 45 min, and then 60% B in 35min. The flow rate was 0.3 mL/min, and 1 μL of each solution was
injected in duplicate for the LC analysis.

The UHPLC instrument was coupled to an Agilent 6120 quadrupole mass spectrometer with a
dual ESI and APCI interface. Both ESI and APCI in positive and negative modes were evaluated, and
ESI(+) in full scan mode from 300–1000 amu was selected for the analysis of TGs. The fragmentor
voltage was optimized to 140 V. The drying gas flow was 12 L/min and the nebulizer pressure was 35
psi. The drying gas temperature and vaporizer temperature were set to 325 ◦C and 250 ◦C, respectively.
The capillary voltage was 4000 V and the corona current was 4.0 μA.

3.4. Determination of FAs Using GC/MS

Stock solutions of palmitic acid, palmitoleric acid, stearic acid, oleic acid, vaccenic acid, linoleic
acid and linolenic acid in the form of methyl ester were prepared in n-hexane to make the 10 mg/mL
stock solutions. These solutions were diluted with the same solvent yielding 12 calibration working
solutions between 5–1000 μg/mL. Undecanoic acid methyl ester was used as the internal standard and
added to each calibration solution at a fixed concentration of 200 μg/mL.

A modified procedure based on the AOAC 996.06 method [28] and the method proposed by Ai, et
al. [38] for the hydrolytic reaction and transesterification of TGs was employed. In brief, 70 μL of each
oil sample was accurately weighed (57.2–67.7 mg) and mixed with 2 mL glyceryl triundecanoate (2.5
mg/mL) and 200 μL 2N potassium hydroxide, both in methanol. The resulting cloudy solution was
vortexed for 2 min, and then sonicated for 45 min at 60 ◦C in a water bath until the solution became
clear. Then, 2 mL n-hexane was added to the solution. After sonication for 30 min and centrifugation,
the supernatants were taken and diluted (2, 4 and 10 times) to obtain three different concentrations for
GC/MS analysis.

The FAMEs analysis was performed on an Agilent 7890B gas chromatography (Santa Clara, CA,
USA) coupled with an Agilent 5977A mass spectrometer. An Agilent J&W HP-88 column (60 m × 0.25
mm × 0.20 μm) was used. Helium was used as the carrier gas at a constant flow rate of 1.2 mL/min.
The oven temperature was first set at a 60 ◦C hold for 1 min, and the temperature was subsequently
increased to 145 ◦C at a rate of 10 ◦C/min, then to 190 ◦C at a rate of 1 ◦C/min, and finally to 240 ◦C at a
rate of 5 ◦C/min. The inlet temperature was 260 ◦C. The split ratio was 100:1 with 1 μL injection. Full
scan data was acquired in the mass range of m/z 30–500 amu and the EI voltage at 70 V. The temperature
of the transfer line was 260 ◦C. The temperatures of ion source and quadrupole were set to 230 ◦C and
150 ◦C, respectively.

3.5. Statistical Analysis

The raw data for both UHPLC/MS and GC/MS were pre-processed using MassHunter Profinder
(version 8.0, Agilent Technologies, Santa Clara, CA, USA) for finding features. The extracted features
were exported as a cef file and then imported to Mass Profiler Professional software package (version
B.12.05, Agilent Technologies) and SIMCA-P software (Version 12.0, Umetrics, Umeå, Sweden) where
the features were further aligned, normalized and statistically evaluated.

4. Conclusions

The current study endeavors to establish the comprehensive profiles and quality standards of
avocado oil. The “solvent-free” SFE method used for avocado oil extraction is highly recommended
in the food industry. Two independent and complementary analytical methods (LC and GC) were
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used to investigate different classes of compounds (TG and FA) in avocado oils. Characterization and
quantitative analysis of 13 TGs in oils extracted from different parts of avocado fruit, viz. peel, pulp and
seed, were conducted using UHPLC/ESI-MS. The complex TGs can be conclusively identified using the
MS detection with the correct attribution of the acyl in the sn-2 position, as well as the calculation of
ISYs for ions formed in the IS-CID. The efficiency and accuracy of the quantification were improved by
the selection of one single reference standard from the same ECN group when reference standards are
commercially unavailable. The FA compositions yielded from GC/MS method were in good agreement
with UHPLC/MS. Although chemical profiles of avocado pulp and peel were very similar, a significant
difference was observed for the avocado seed. It is concluded that the combination of TG and FA
analysis using UHPLC/ESI-MS and GC/MS, as well as multivariate statistical analysis may provide
comprehensive information for the characterization, standardization and authentication of avocado
oils. The reported techniques might be useful for assessing the quality of other plant oils.

Supplementary Materials: The following are available online: Table S1: Information of commercial avocado
(P. americana) oils.
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Abstract: Background: As part of the efforts to find natural alternatives for cancer treatment and to
overcome the barriers of cellular resistance to chemotherapeutic agents, polymeric nanocapsules
containing curcumin and/or methotrexate were prepared by an interfacial deposition of preformed
polymer method. Methods: Physicochemical properties, drug release experiments and in vitro
cytotoxicity of these nanocapsules were performed against the Calu-3 lung cancer cell line. Results:
The colloidal suspensions of nanocapsules showed suitable size (287 to 325 nm), negative charge
(−33 to −41 mV) and high encapsulation efficiency (82.4 to 99.4%). Spherical particles at nanoscale
dimensions were observed by scanning electron microscopy. X-ray diffraction analysis indicated that
nanocapsules exhibited a non-crystalline pattern with a remarkable decrease of crystalline peaks
of the raw materials. Fourier-transform infrared spectra demonstrated no chemical bond between
the drug(s) and polymers. Drug release experiments evidenced a controlled release pattern with
no burst effect for nanocapsules containing curcumin and/or methotrexate. The nanoformulation
containing curcumin and methotrexate (NCUR/MTX-2) statistically decreased the cell viability of
Calu-3. The fluorescence and morphological analyses presented a predominance of early apoptosis
and late apoptosis as the main death mechanisms for Calu-3. Conclusions: Curcumin and methotrexate
co-loaded nanocapsules can be further used as a novel therapeutic strategy for treating non-small-cell
lung cancer.

Keywords: Calu-3 cell line; cancer chemotherapy; drug resistance; poly(ε-caprolactone);
poly(ethylene glycol)
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1. Introduction

Lung cancer is the deadliest of all cancers in the world. Sudden changes in lifestyle, environmental
pollution, and smoking are strongly related to the development of lung cancer [1,2]. Treatment for lung
cancer is typically guided by stage, although individual factors, such as overall health and coexisting
medical conditions, are also important. Chemotherapy is beneficial at most stages of the disease,
although it and radiation therapy are curative in only a minority of patients. The failure of chemotherapy
in lung cancer treatment is mainly due to resistance mechanisms against chemotherapeutic agents,
which result in a lack of therapeutic response [3,4]. Resistance phenomenon can occur by efflux
pumps as P-glycoprotein (P-gp), which is expressed in human cells and acts as a localized drug
transport mechanism, actively exporting drugs out of the cell [3,5,6]. In that sense, the efflux
mechanism shows great clinical importance on lung cancer treatment and several compounds with
P-gp inhibitor properties have been studied [7] to modulate chemotherapy resistance and to provide a
more pronounced effect to chemotherapeutic drugs.

Curcumin (CUR) is a polyphenol obtained mainly from turmeric, the rhizome of Curcuma longa L.
(Zingiberaceae), which is widely used in cooking as a spice and color additive due to its characteristic
taste and deep yellow coloration [8,9]. CUR has demonstrated a variety of biological properties, such as
antioxidant, anti-inflammatory, antimicrobial, and antitumor properties [8,10,11]. CUR has also shown
therapeutic feasibility in improving wound healing activities by the use of nanotechnology-based
delivery systems [11]. Moreover, CUR is a non-competitive inhibitor of P-gp by blocking the ATP
hydrolysis process in efflux pump, which also paves the way for its use against lung cancer cells [7,12].
Despite these interesting effects, CUR has some disadvantages, such as its low aqueous solubility, low
photostability, limited absorption, low bioavailability, rapid metabolism and elimination [13].

Methotrexate (MTX) is a well-known cytotoxic agent, which competitively and irreversibly inhibits
dihydrofolate reductase, an enzyme that participates in tetrahydrofolate synthesis [14,15]. It is currently
used in lung cancer treatment alone or along with other chemotherapeutic agents by oral and parenteral
routes. High doses of MTX may circumvent at least two known mechanisms of resistance to this
drug, membrane transport and high levels of the target enzyme. However, MTX can cause substantial
toxicity by its systemic administration and can lead to remarkable side effects, such as hepatotoxicity,
bone marrow depression, leucopenia, among others [16,17]. In that sense, the traditional use of this
drug has two main problems when used against lung cancer: (a) its efflux from cancer cells by P-gp
and (b) its high toxicity at usual therapeutic doses [18,19]. Thereby, new strategies to overcome these
limitations are required.

Some controlled release strategies have been reported in the literature concerning the co-delivery
of CUR and MTX. Dey et al. [20] developed gold nanoparticles containing CUR and MTX and evaluated
their cytotoxic effect on C6 glioma cells and MCF-7 breast cancer cells. Curcio et al. (2018) [21]
obtained pH-responsive polymersomes by self-assembling of a carboxyl-terminated PEG amphiphile
achieved via esterification of PEG diacid with PEG40stearate. A highly hemocompatible co-delivery
system of CUR and MTX was obtained. Vakilinezhad et al. [22] prepared PLGA nanoparticles for the
co-administration of MTX and CUR as a potential breast cancer therapeutic system. Even though these
authors reported a burst release from such nanoparticles, higher cytotoxicity was demonstrated against
SK-Br-3 breast adenocarcinoma cell line. Curcio et al. [23] effectively delivered MTX to breast cancer
cells by the use of a nanocarrier system derived from the self-assembly of a dextran-CUR conjugate
prepared via enzyme chemistry with immobilized laccase acting as a solid biocatalyst. However, to the
best of our knowledge, no previous paper was devoted to the preparation of co-loaded CUR and MTX
nanocapsules using poly(ε-caprolactone) (PCL) as biodegradable polymer wall and poly(ethylene
glycol) (PEG) as coating polymer focused on treating lung cancer.

Polymeric nanocapsules (NCs) are attractive colloidal systems to develop formulations containing
labile and toxic substances. By definition, NCs are vesicular systems composed of a core, generally oily,
surrounded by a polymer wall [24]. These carriers can present several advantages such as enhancing
the dissolution process, increasing the therapeutic index, providing controlled delivery and achieving
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protection from the photo and chemical degradation [25]. Therefore, NCs can circumvent limitations
provided by both CUR and MTX since they allow drug protection against degradation, improve
bioavailability, and reduce possible side effects. In particular, NCs can reach target tissues, certain
affected organs, and tumors due to their superior features as small particle size, large surface area,
Brownian motion, and surface functionality which could provide higher cytotoxic effect even at low
doses of the chemotherapeutic agents [11,13]. Moreover, the two-drug combination into NCs can
produce a higher objective response since CUR can potentiate MTX activity by delaying its efflux from
the lung cancer cells.

Taking all these factors into consideration, this study was devoted to developing NCs for
co-administration of CUR and MTX to provide a controlled release and a synergistic cytotoxic effect on
non-small-cell lung cancer cell (Calu-3) growth. Moreover, in vitro studies were performed to evaluate
the cytotoxic mechanism of these co-loaded NCs against Calu-3 cells.

2. Results and Discussion

2.1. Preparation and Characterization of Polymeric Nanocapsules (NCs) Containing Curcumin (CUR) and/or
Methotrexate (MTX)

Nanocapsules with or without CUR and/or MTX were successfully obtained by the interfacial
deposition of the preformed polymer method. Formulations containing no CUR showed a liquid
aspect with a slightly bluish-white opalescent coloring. However, CUR-loaded nanocapsules presented
a liquid aspect and an intense yellow color.

2.1.1. Determination of Mean Diameter, Polydispersity Index, and Zeta Potential

Results of particle size, polydispersity, and zeta potential are summarized in Table 1. CUR and/
or MTX-loaded and non-loaded NCs revealed mean sizes between 287.83 and 325.16 nm with a
polydispersity index (PDI) varying from 0.290 to 0.351, which represent a certain system homogeneity.

Table 1. Mean diameter, polydispersity index (PDI), zeta potential, and encapsulation efficiency (EE) of
the obtained CUR and/or MTX-loaded and non-loaded nanocapsules.

Formulation
Mean Particle Size *

(nm)
PDI *

Zeta Potential *
(mV)

EE * (%)

NCUR/MTX-0 313.30 ± 48.20 0.351 ± 0.15 −39.83 ± 2.46 -
NCUR-1 307.26 ± 29.40 0.323 ± 0.07 −38.80 ± 7.45 99.4 ± 0.51
NCUR-2 315.96 ± 10.30 0.351 ± 0.02 −41.20 ± 7.20 98.7 ± 0.66
NMTX-1 287.83 ± 28.00 0.290 ± 0.11 −40.60 ± 5.80 88.9 ± 0.47
NMTX-2 298.60 ± 25.00 0.292 ± 0.01 −38.96 ± 1.60 83.3 ± 0.42

NCUR/MTX-1 312.03 ± 23.60 0.344 ± 0.05 −39.43 ± 6.26 99.1 ± 0.63 (CUR)
84.4 ± 0.57 (MTX)

NCUR/MTX-2 325.16 ± 28.90 0.351 ± 0.03 −33.40 ± 3.29 99.3 ± 0.54 (CUR)
82.4 ± 0.44 (MTX)

* Values are depicted as mean ± standard deviation (SD).

In general, NCs obtained by the interfacial deposition of preformed polymer method have
demonstrated mean diameters between 200 and 300 nm and PDI between 0.2 and 0.3, particularly
for the works carried out using poly(lactic-co-glycolic acid) and PCL [26]. However, NCs of larger
diameter may be related to the presence of PEG in their composition. PEG chains create a more viscous
organic phase, which affects its dispersion into the aqueous phase during stirring and leads to higher
particle sizes with broader polydispersity [27].

Also, other aspects may directly influence the particle diameter in nanosystems. One of them is
the oil used for preparing nanocapsules that influences some of the core structure properties, such as
viscosity, hydrophobicity, and surface tension [28]. PDI values close to 0 are considered monodisperse
and greater than 0.5 indicate heterogeneous dispersion [29]. Taking all these into account, suitable
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nanometric-scaled size and adequate polydispersity were recorded for NCs with or without CUR
and/or MTX.

Negative zeta potential values were observed for all the colloidal suspensions of nanocapsules
(Table 1). Zeta potential analysis allows identifying the electrical charges that occur on the surface of
the nanoparticles. Particles are regarded as stable when their zeta potential values are higher than
± 30 mV [30]. Moreover, negative values were achieved for NCs on account of the anionic nature of
PCL due to the presence of carboxylic acid functional groups [28]. The statistical analysis showed that
mean diameter, PDI and zeta potential were similar for the formulations with or without CUR and/or
MTX (p > 0.05).

2.1.2. Encapsulation Efficiency

The encapsulation efficiency (EE) of CUR and/or MTX-loaded NCs are also depicted in Table 1.
Mean EE values higher than 98.7% were obtained for formulations containing CUR alone or in
combination with MTX. These values are attributed to the poor aqueous solubility of CUR (3.12 μg.mL−1

at 25 ◦C) [31], which avoided its partitioning in the aqueous phase. For those nanocapsules containing
MTX, mean values varying from 82.4% (NCUR/MTX-2) to 88.9% (NMTX-1). These values are higher
than 70%, hence suitable for nanocapsules containing lipophilic compounds as MTX (aqueous solubility
of 2.60 mg·mL−1 at 20 ◦C) [32] when emulsion–diffusion methods were used [33]. These EE values
were further used for obtaining final concentrations in μmol·L−1 during in vitro cell culture-based
assays. For formulations containing both CUR and MTX, the EE compensation was performed using
MTX due to its lower content in co-loaded NCs.

2.1.3. Field Emission Scanning Electron Microscopy (FESEM)

Nanoscale dimensions were registered for CUR and/or MTX-loaded and non-loaded NCs when
their images were assessed by FESEM (Figure 1). NCs were spherically-shaped and had a smooth
surface. Their particle size and PDI were similar to those previously recorded [25] by photon correlation
spectroscopy. Also, it was found that even after changing CUR and/or MTX concentrations, their
morphologies were similar and no drug crystals were seen on their surfaces.

 

Figure 1. Photomicrographs of non-loaded and CUR and MTX-loaded NCs observed by FESEM:
(A) NCUR/MTX-0 (31,200×magnification) and (B) NCUR/MTX-2 (42,500×magnification).
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2.1.4. X-ray Diffraction (XRD)

The diffractograms obtained for pure drugs (CUR and MTX), polymers (PCL and PEG 6000), and
nanocapsules NCUR-1, NCUR-2, NMTX-1, NMTX-2, NCUR/MTX-0, NCUR/MTX-1, and NCUR/MTX-2
are shown in Figure 2. CUR presented typical peaks at 2θ values of 8.85◦, 14.25◦, 17.04◦, and 23.10◦
as previously reported [34,35], which confirmed its crystalline nature. MTX showed main crystalline
peaks at 9.16◦, 12.8◦, 19.42◦, and 26.74◦ as previously described [36]. Also, PCL revealed two crystalline
peaks at 21.59◦ and 23.72◦. XRD data for PEG 6000 showed 2θ values at 19.17◦ and 23.41◦.

Figure 2. Diffractograms of CUR, MTX, PCL, PEG 6000, and CUR and/or MTX-loaded and non-loaded
NCs obtained by XRD analysis.

CUR and/or MTX-loaded and non-loaded NCs exhibited similar non-crystalline pattern with
a remarkable decrease of crystalline peaks from the drug(s) and polymers. In that sense, drug
amorphization was demonstrated for all CUR and/or MTX-loaded formulations. This behavior is
related to the molecular dispersion of such drugs when NCs were obtained using the interfacial
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deposition of preformed polymer method. Solid-state substances may have crystalline and/or
amorphous characteristics. In general, the amorphous solids are more soluble than those in the
crystalline state due to the free energies present in the dissolution process. In the amorphous state,
molecules are randomly arranged and, therefore, lower energy is required to separate them, resulting
in a faster dissolution when compared to the crystalline form [37]. Therefore, the amorphous pattern of
CUR and/or MTX into NCs is considered to be advantageous because it allows the drug(s) dissolution
and leads to drug(s) diffusion through the polymer wall, resulting in a sustained release of the
encapsulated drug(s) [34,38].

2.1.5. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR spectra recorded for CUR, MTX, PCL, PEG 6000, physical mixture, and CUR and/or
MTX-loaded and non-loaded NCs are depicted in Figure 3.

Figure 3. FTIR spectra of CUR, MTX, PCL, PEG 6000, physical mixture, and CUR and/or MTX-loaded
and non-loaded NCs.
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The FTIR spectrum of pure CUR presented the typical bands previously reported [35,39,40].
A sharp band at 3508 cm−1 and a broad band at 3387 cm−1 were assigned to the stretching of –OH
group. Stretching vibrations of the carbonyl group and C–C bond of benzene ring were observed at
1627 cm−1 and 1510 cm−1, respectively. CUR showed a bending vibration at 1427 cm−1 assigned to
–CH group connected to the benzene rings. A band at 1276 cm−1 was recorded for C–O stretching
vibration. Two bands at 1155 cm−1 and 1028 cm−1 were assigned to stretching vibrations of C–O from
ether group and C–O–C group, respectively. Bands at 960, 813, and 713 cm−1 were related to bending
vibrations of the C–H bond of alkene groups.

MTX presented bands at 3412 and 3387 cm−1 assigned to the stretching vibration of amine groups.
A band at 2927 cm−1 was related to stretching of the O–H group from a carboxylic acid. The stretching
of the C=O bond was observed at 1645 cm−1 while the stretching of N-H bong from amide was
recorded at 1600 cm−1. Stretching bands at 1500, 1543, and 1448 cm−1 were assigned to the aromatic
ring. A band at 1207 cm−1 was related to the stretching of the C–O bond from carboxylic acid [41].

PCL presented an intense band at 1730 cm−1, corresponding to the stretching of the C=O group
from aliphatic esters. Two bands at 2943 and 2864 cm−1 were attributed to the asymmetric and
symmetric stretching vibrations of –CH2 group, respectively. Stretching bands at 1174 and 1043 cm−1

were assigned to C–O bond.
The FTIR spectrum of PEG exhibited its typical broad band at 3520 cm−1, corresponding to the

stretching of –OH group. In addition, two bands at 2883 cm−1 and 1110 cm−1 were assigned to –CH
group from an aliphatic chain and asymmetric stretching of C–O–C from dialkyl ethers, respectively.

Bands at the same wavenumber range of FTIR spectrum to those recorded for the physical
mixture was observed for CUR and/or MTX-loaded NCs. Considering the mild nanoencapsulation
conditions used, no covalent functionalization occurred among polymers and drugs when formulations
were obtained.

2.2. In Vitro Drug Release Study

NCUR-2, NMTX-1, and NCUR/MTX-2 were initially chosen for in vitro drug release experiments
due to their appropriate morphologies and sizes, suitable drug loadings and encapsulation efficiencies,
and high amorphization of the drug(s) into NCs. The release profiles for free drugs and these NCs
recorded by a dialysis method are summarized in Figure 4.

Figure 4. In vitro release profiles for free CUR, free MTX and nanocapsules (NCUR-2, NMTX-1,
and NCUR/MTX-2).
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Free CUR and free MTX showed drug release patterns with a fast diffusion in the dissolution
medium used. Free CUR achieved a mean drug-released value of 80% at 41 min of the experiment.
For free MTX, a mean drug release of 80% was obtained at 195 min of the experiment. NCUR-2 released
80% of CUR at 2,640 min (44 h). NMTX-1 released 80% of MTX at 8,160 min (136 h). NCUR/MTX-2 had
a mean drug release of 80% at 4,140 min (69 h) and 5,400 min (90 h), respectively for CUR and MTX.
Therefore, NCs demonstrated prolonged release profiles with no burst effect in comparison to free
drugs. Vakilinezhad et al. [22] described PLGA nanoparticles containing CUR and MTX with an initial
burst release that was attributed to the drug dispersion into the superficial layers of these particles.
In the present study, a typical core-shell structure was strategically planned to avoid this effect and to
achieve a prolonged drug release for circumventing the administration of multiple doses per day of
chemotherapy [42].

Considering the release profiles obtained for NCs, the difference in the release rate could be
explained by the concentration gradient between each formulation and the dissolution medium.
At higher drug concentrations, this process was faster since this gradient was the driving force for drug
dissolution. Moreover, at higher drug-loading concentration, CUR and/or MTX could be distributed
near to the nanocapsules surface providing a more rapid in vitro release [43]. In that sense, NCUR-2,
prepared at the higher theoretical drug concentration of 3.0 mg·mL−1, presented a faster dissolution
and reached a complete release in almost 2 days. On the other hand, NMTX-1, obtained at the
lowest theoretical drug concentration of 0.1 mg·mL−1, revealed a very slow dissolution rate in about
7 days. The co-loaded formulation NCUR/MTX-2 presented the best dissolution features for controlling
drug release. The theoretical drug concentrations proposed for NCUR/MTX-2, 0.5 mg·mL−1 of CUR
and 0.3 mg·mL−1 of MTX, achieved a suitable intermediate dissolution rate in about 3 days. In this
formulation, the release behavior of these drugs was closer as depicted in Figure 4, when compared to
the other formulations tested. This performance is desired as it could ensure a simultaneous effect
in vivo to provide both chemotherapeutic activity and inhibition of P-gp.

2.3. In Vitro Cell Culture-Based Assays

2.3.1. Cell Viability by MTT and SRB Tests

NCUR-2, NMTX-1, and NCUR/MTX-2 were used for cell culture-based assays due to their known
drug release profiles. In order to explore whether or not these formulations had a cytotoxic effect on
the Calu-3 cell line, MTT and SRB assays were first performed. The cell viability results for NCUR-2 at
high drug concentrations and NMTX-1 at low drug concentrations are shown in Table 2.

Table 2. Cell viability of Calu-3 by MTT and SRB assays after its treatment with NCUR-2 and NMTX-1
at different concentrations for 72 h.

Sample Final Concentration (μmol·L−1)
Cell Viability (%)

MTT SRB

NCUR-2

0 100.00 ± 1.60 99.98 ± 1.75
25 91.48 ± 3.36 88.30 ± 4.01
50 87.74 ± 5.62 60.68 ± 6.10 ***

100 49.91 ± 5.73 *** 33.87 ± 3.07 ***
200 4.16 ± 0.67 *** 3.32 ± 0.47 ***

NMTX-1

0 100.00 ± 0.95 99.79 ± 1.22
0.5 100.37 ± 1.96 96.10 ± 2.57
1 100.60 ± 2.15 93.01 ± 4.48
2 99.53 ± 1.67 90.85 ± 3.80
4 93.90 ± 4.60 90.78 ± 4.67

Results are expressed as mean ± standard error of the mean from 4 independent experiments. Asterisks denote
significance levels compared to control: significantly different, *** p < 0.0001.

118



Molecules 2020, 25, 1913

NCUR-2 significantly reduced Calu-3 viability at 200 and 100 μmol·L−1 for both MTT and SRB
assays. This formulation also provided a significant reduction of cell viability at 50 μmol·L−1 for the
SRB test. No statistically significant decrease was observed for other concentrations tested of NCUR-2
and for all concentrations investigated of NMTX-1.

In this study, CUR demonstrated cytotoxicity only at high concentrations. This effect may be
related to the nanoencapsulation procedure since PCL/PEG NCs may have provided a controlled drug
release during the 72 h assays, resulting in low concentrations of released CUR in contact within Calu-3
cells. Different results were observed when free CUR was used. Dhanasekaran et al. [44] investigated
the effect of CUR on KG-1 cells using MTT reduction assay, where CUR achieved a dose-dependent
reduction in cell viability at different exposure times. Cell viability was reduced to 57% at 50 μmol·L−1

for 24 h and to 20% at 100 μmol.L−1 for 48 h.
Although these data for pure CUR are more attractive, its free form is not a suitable option

for its clinical use. CUR presents several problems related to its in vivo use due to its low aqueous
solubility, low bioavailability, rapid hepatic metabolism, high decomposition rate at neutral or basic
pH, and susceptibility to photochemical degradation. CUR generates inactive metabolites when
administered orally, intraperitoneally, or intravenously, thus making it unfeasible to use in its free
form [8].

In that sense, using CUR-loaded NCs is a viable and efficient therapeutic strategy in minimizing
the negative features of CUR as well as to retain its antitumoral effect. Similar results have been
reported for different tumor cell lines. Wang et al. [45] prepared solid lipid nanoparticles containing
CUR and tested them on NCL-41299 and A549 cells. Yallapu et al. [46] obtained CUR-loaded polymeric
nanoparticles and investigated their use against A2780CP and MDA-MB-231 lines.

Also, better results were obtained from the SRB assay instead of the MTT test. These findings
were concerning to the high sensibility of SRB when cytotoxicity is investigated for cells growing
adhered to dish bottom [47]. SRB evaluates cell viability through the ability of the dye to bind to protein
components [47]. On the other hand, MTT examines the activity of mitochondrial dehydrogenase
enzymes and their respective redox potential [48].

When cells were treated with NMTX-1, no significant reduction in Calu-3 viability was observed.
This result is related to the very slow dissolution rate of MTX and the resistance phenomenon, in which
MTX is a well-known substrate of P-gp [18,19]. Calu-3 is a tumor cell line that can express P-gp [49].
Therefore, lower intracellular accumulation of MTX was obtained since P-gp efflux pump was activated
and led to the removal of the antitumor drug from within the cell.

To overcome this resistance mechanism, a co-loaded formulation (NCUR/MTX-2) was proposed
since CUR even at low doses could block P-gp and could ensure the antitumor effect expected for
MTX. The cell viability by MTT and SRB techniques of Calu-3, when treated with NCUR/MTX-2,
is demonstrated in Figure 5.

NCUR/MTX-2 showed a significant reduction in Calu-3 cell viability by MTT procedure when
9.88:4 and 4.94:2 ratios of CUR:MTX were tested. For SRB assay, all concentrations (9.88:4; 4.94:2;
and 2.47:1 ratio) provided a statistically significant decrease in tumor cell viability.

NMTX-1 at different drug concentrations of 1, 2, and 4 μmol·L−1 did not reduce Calu-3 viability
when tested alone. However, co-loaded formulations containing the same MTX concentrations and
low CUR concentrations achieved a statistical reduction of cell viability. This positive result may be
due to the suitable dissolution profiles and the P-gp inhibition. NCUR/MTX-2 released both CUR
and MTX in almost 72 h that was indeed the time interval during the in vitro cell culture-based assay
was performed. Also, it is possible to infer that low CUR concentration in NCUR/MTX-2 plays a
remarkable role as P-gp inhibitor, which allows that MTX remains within the cell and performs its
antimetabolic/antitumor function. The effect of CUR was attributed only to its capacity of blocking P-gp
because this drug demonstrated cytotoxicity against Calu-3 at concentrations higher than 50 μmol.L−1

as represented in Table 2. Dey et al. [20] studied alginate-stabilized gold nanoparticles containing
CUR and MTX and investigated their effect on C6 glioma and MCF-7 cancer cells. Cell viability was
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reduced by the use of CUR:MTX ratios of 42:41 and 21:20.5 μmol·L−1. In this study, a statistically
significant decrease in tumor cell viability was observed by the use of NCs containing CUR even at
lower concentrations than those reported in the literature [13].

Figure 5. Cell viability of Calu-3 by MTT and SRB assays after its treatment with NCUR/MTX-2 at
different (low) concentrations for 72 h. Results are expressed as mean ± standard error of the mean from
4 independent experiments. Asterisks denote significance levels compared to control: significantly
different, ** p < 0.001 and *** p < 0.0001.

Another mechanism that may be responsible for the improved cytotoxicity of MTX by CUR is
the increase of folate receptors (FRs) expression. FRs are transport systems that show a high affinity
for folate and are expressed in large numbers of cancer cells. They are important for cell uptake of
folic acid for its metabolism and cell division. However, MTX use can lead to cell resistance since this
drug reduces FRs activity [50]. Furthermore, polysorbate 80, a pharmaceutical excipient used as a
surfactant during NCs preparation, is a well-known P-gp inhibitor. Its molecules insert themselves
between lipid tails of the lipid bilayer and fluidize the cell membrane. It may also interact with the
bilayer’s polar heads and change the hydrogen bond or ionic bond forces which may contribute to its
inhibitory action against P-gp [51]. In that sense, NC composition may enhance the effect of efflux
pump inhibition provided by CUR and may lead to improved cytotoxicity against non-small-cell lung
cancer cell growth even at low doses of CUR and MTX.

Taking all these into account, the combination of low doses of CUR and MTX by the use of
colloidal suspensions of NCs may be a promising strategy for the treatment of lung cancer, reducing
the toxic effects associated with the use of high doses of MTX [44,50].

2.3.2. Combination Index

The next question addressed was whether NCUR/MTX-2 could provide a synergistic effect on
Calu-3 lung cancer cells using MTT cytotoxicity assay. To reveal the synergistic activity, a combination
index (CI) was performed considering the half-maximal inhibitory concentration (IC50) data of separate
and combined cytotoxic effects of NCs containing CUR and/or MTX. IC50 (mean value ± SD) for
CUR from NCUR-2 was 100.18 ± 3.74 μmol.L−1. NMTX-1 presented an IC50 of 23.06 ± 1.13 μmol·L−1.
IC50 for CUR and MTX from NCUR/MTX-2 were 69.81 ± 3.07 and 1.89 ± 0.06 μmol·L−1, respectively.
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Thereby, the CI value achieved was 0.78. In brief, the CI equal to 1 indicates that the two drugs
have additive effects, the CI lower than 1 suggests a synergism and the CI higher than 1 indicates
antagonism [52]. Consequently, a synergistic activity was demonstrated for NCUR/MTX-2 due to
the combination of these drugs induced greater cytotoxicity against Calu-3. This finding shows that
cytotoxic chemotherapy using NCUR/MTX-2 appears to be a promising strategy for the treatment
of non-small-cell lung cancer which merits further preclinical and clinical investigation since it has
allowed a suitable effect even at low chemotherapeutic doses into this nanocarrier.

2.3.3. Cell Death Pattern through Acridine Orange/Ethidium Bromide (AO/EB) Test

Considering the results observed for NCUR/MTX-2 in reducing cell viability of Calu-3, the cell
death pattern of this formulation was investigated after the 24 h treatment by AO/EB staining to verify
the death mechanism.

The cytotoxic effect of NCUR/MTX-2 formulations can be observed in Figure 6. The control
showed viable cells with normal and bright green nuclei (Figure 6A, white arrows). NCUR/MTX-2
resulted in early-stage apoptotic cells that were marked by crescent-shaped or granular yellow-green
acridine orange nuclear staining (Figure 6B, yellow arrows), and late-stage apoptotic cells showing
concentrated and asymmetrically located orange nuclear ethidium bromide staining (Figure 6B,
blue arrow). In addition, the occurrence of apoptotic membrane blebbing (Figure 6B, red arrow) was
verified since membrane blebbing is required for redistribution of fragmented DNA from the nuclear
region into membrane blebs and apoptotic bodies [53]. No necrotic cell was observed after treating the
Calu-3 cells with the co-loaded formulation.

 

Figure 6. Effect of NCUR/MTX-2 on the morphology of Calu-3 cells stained with acridine orange/
ethidium bromide by light fluorescence microscopy at 400× magnification. The negative control
(A, vehicle) presented viable cells with normal nucleus staining represented by the bright green
chromatin (white arrows); NCUR/MTX-2 (B) showed early-stage apoptotic cells that were marked by
crescent-shaped or granular yellow-green acridine orange nuclear staining (yellow arrows), late-stage
apoptotic cells showing concentrated and asymmetrically localized orange nuclear ethidium bromide
staining (blue arrow), and apoptotic membrane blebbing (red arrow). Images are representative of
results obtained from three independent biological replicates (n = 6 slides per sample).

Apoptosis is typically represented by a series of intracellular events, which ultimately lead to
DNA fragmentation and the internucleosomal degradation of genomic DNA due to the activation of
endogenous endonucleases. This mechanism is less aggressive because apoptosis is controlled and
energy-dependent and can affect individual cells or clusters of cells [54]. On the other side, necrotic
cells swell and rupture, releasing the cytoplasmic material. This process is characterized by injury to a
group of cells rather than by individual death. Necrosis occurs by disruption of plasma membranes
and organelles, marked dilation of mitochondria with the emergence of large amorphous densities,
probably representing denatured proteins. The nucleus may shrink, suffer fragmentation or even totally
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disappear by unspecific DNA fragmentation [55]. In that sense, the co-loaded formulation was able
to provide a Calu-3 death pattern by a carefully regulated energy-dependent process, characterized
by programmed cell death, which is a widespread component of both health and disease. Moreover,
apoptosis is a superior mechanism for feasible therapeutic interventions on the pathophysiology of
lung cancer.

3. Materials and Methods

3.1. Materials

Curcumin (CUR, ≥94% curcuminoid content, Sigma-Aldrich, St. Louis, MO, USA), methotrexate
(MTX, >99% pure, Fermion, Espoo, Finland), poly(ε-caprolactone) (PCL, Mw 10,000–14,000 g.mol−1,
Sigma-Aldrich), poly(ethylene glycol) 6000 (PEG, Mw 5,400–6,600 g.mol−1, Cromato Produtos Químicos,
Diadema, Brazil), sorbitan monooleate (Span 80, Oxiteno, Mauá, Brazil), polysorbate 80 (Tween 80,
Delaware, Porto Alegre, Brazil), medium chain triglycerides (MCT, 99% pure, Focus Química,
São Paulo, Brazil), acridine orange base (AO, Sigma-Aldrich), ethidium bromide (EB, Sigma-Aldrich),
methylthiazolyldiphenyltetrazolium bromide (MTT, Sigma-Aldrich), sulpho-rhodamine B (SRB,
Sigma-Aldrich), penicillin-streptomycin (Sigma-Aldrich), and acetone (≥99.9% pure, Vetec Química,
Rio de Janeiro, Brazil) were used as received. HPLC-grade methanol was purchased from Tedia (Rio de
Janeiro, Brazil). RPMI 1640 medium and fetal bovine serum were obtained from Vitrocell (Campinas,
Brazil). Water was purified in a Milli-Q Plus water purification system (Millipore, Bedford, MA, USA).
All other solvents and reagents were analytical grade. The Calu-3 cell line was obtained from the Bank
of Cells of Rio de Janeiro (BCRJ, Brazil) and was kindly provided by Dr. Katia Sabrina Paludo.

3.2. Preparation of Polymeric Nanocapsules (NCs) Containing Curcumin (CUR) and/or Methotrexate (MTX)

The interfacial deposition of the preformed polymer method was used for preparing NCs
containing CUR and/or MTX [20]. Six different formulations (Table 3) were obtained depending on
the amount of CUR and/or MTX in their composition. Briefly, PCL and PEG 6000 were solvated in
the organic phase containing span 80, CUR and/or MTX, MCT, and acetone. This phase was carefully
added to the aqueous phase containing tween 80 and purified water under vigorous magnetic stirring
at 45 ◦C. The obtained colloidal emulsion was kept under magnetic stirring for 10 min. The organic
solvent was then quickly removed by evaporation under reduced pressure at 40 ◦C. Non-loaded
nanocapsules were also prepared as the negative control. All formulations were obtained in triplicate
from three different batches. For providing a comparative analysis, a physical mixture of polymers and
drugs (PM PCL/PEG/CUR/MTX) at the same molar ratio was prepared by mortar and pestle mixing
before characterization procedures.

Table 3. Composition of polymeric nanocapsules containing curcumin (CUR) and/or methotrexate (MTX).

Formulation

Composition

CUR (g) MTX (g) PEG (g) PCL (g)
Span
80 (g)

MCT (g)
Acetone

(mL)
Tween
80 (g)

Water
(mL)

NCUR/MTX-0 - - 0.020 0.080 0.077 0.300 27 0.077 53
NCUR-1 0.010 - 0.020 0.080 0.077 0.300 27 0.077 53
NCUR-2 0.030 - 0.020 0.080 0.077 0.300 27 0.077 53
NMTX-1 - 0.001 0.020 0.080 0.077 0.300 27 0.077 53
NMTX-2 - 0.003 0.020 0.080 0.077 0.300 27 0.077 53

NCUR/MTX-1 0.030 0.001 0.020 0.080 0.077 0.300 27 0.077 53
NCUR/MTX-2 0.005 0.003 0.020 0.080 0.077 0.300 27 0.077 53
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3.3. Characterization of Polymeric Nanocapsules (NCs) Containing Curcumin (CUR) and/or
Methotrexate (MTX)

3.3.1. Determination of Mean Diameter, Polydispersity Index, and Zeta Potential of NCs

Mean particle size, polydispersity, and zeta potential were measured at 25 ◦C using a Zetasizer
Nanoseries ZS903600 apparatus (Malvern Instruments, Malvern, UK). Each sample was previously
diluted in water (1:500) and each analysis was performed at a scattering angle of 90◦ and a temperature
of 25 ◦C for mean particle size and polydispersity measurements. For zeta potential, each sample was
placed into the electrophoretic cell where a potential of ± 150 mV was used.

3.3.2. Encapsulation Efficiency

CUR and/or MTX content of NCs was determined by the indirect method. In brief, suspensions of
nanocapsules were submitted to a combined ultrafiltration/centrifugation using centrifugal devices
(Amicon®® 10.000 MW, Millipore, Bedford, MA, USA) at 2200 g during 30 min in triplicate. Free CUR
and/or MTX were determined in ultrafiltrate using an HPLC method in a Merck-Hitachi Lachrom
equipment (Tokyo, Japan), interface D-7000, UV detector module L-74000, equipped with pumps L-7100
and an integral degasser, controller software (Chromquest, Thermo Fisher Scientific, Incorporated,
Pittsburgh, PA, USA), and manual injector (Rheodyne, Rohnert Park, CA, USA) equipped with a 20 μL
injector loop and a 100 μL syringe (Microliter 710, Hamilton, Bonaduz, Switzerland). Chromatographic
separation was accomplished using a Inertsil®®ODS3 (GL Sciences, Torrance, CA, USA) reversed-phase
analytical column (150 mm × 4.6 mm, 5 μm) and a GL Sciences Inertsil®® ODS3 guard cartridge
system (10 mm × 4 mm, 5 μm) at room temperature (20 ± 2 ◦C) using UV detection at 261 nm. Gradient
elution was carried out using a mobile phase consisted of methanol:water acidified with 0.5% acetic
acid at a flow rate of 1.0 mL.min−1. The mobile phase gradient program was as follows: it was started
at 44% MeOH for 3 min, increased to 90% MeOH in 5 min, held constant until 11 min, then returned to
44% MeOH in 12 min. The encapsulation efficiency (EE, %) was calculated using Equation (1):

EE(%) =
total drug content− f ree drug content

total drug content
× 100 (1)

3.3.3. Field Emission Scanning Electron Microscopy (FESEM)

The freeze-dried formulations were mounted on aluminum stubs and sputtered with gold (IC-50
Ion Coater, Shimadzu, Kyoto, Japan). Morphological analysis was performed and photomicrographs
were prepared using a Mira3 LM FESEM (Tescan, Brno, Czech Republic) at an accelerating voltage of
5 kV.

3.3.4. X-ray Diffraction (XRD)

Polymeric nanocapsules were previously deposited on a glass coverslip and dried at room
temperature (25 ± 2 ◦C). XRD data were recorded in an Ultima IV diffractometer (Rigaku, Tokyo,
Japan). The 2θ value was increased from 4◦ to 50◦ at a scan rate of 0.05◦·min−1 using a Cu-Kα source
(λ = 1.5418 Å) at 30 kV and 40 mA.

3.3.5. Fourier-Transform Infrared Spectroscopy (FTIR)

FTIR analyses of raw materials, freeze-dried polymeric nanocapsules, and physical mixture were
carried out from 4000 to 400 cm−1 using a Prestige-21 IR spectrophotometer (Shimadzu, Kyoto, Japan)
in KBr pellets with 32 scans and a resolution of 4 cm−1.

3.4. In Vitro Drug Release Study

The release experiments were performed for free CUR, free MTX, and formulations NCUR-2,
NMTX-1, and NCUR/MTX-2 by dialysis diffusion procedure in phosphate-buffered saline (PBS,
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20 mmol.L−1) containing 0.1% (w/v) Tween®® 80 at pH 7.4 [21,22] by adding each sample in PBS
(1.5 mL) into a dialysis bag (Spectra/Por®® molecular porous membrane tubing, MWCO 10,000,
Spectrum Laboratories, Rancho Dominguez, CA, USA), and dialyzed against fresh PBS (13.5 mL)
at 37 ◦C and under continuous magnetic stirring of 50 rpm. Aliquots of 500 μL were withdrawn at
predetermined time intervals and replaced by the same volume of fresh medium. CUR and MTX
concentrations were determined individually in each sample by the previously described HPLC
method. The in vitro drug release assay was carried out in triplicate from three different batches.

3.5. In Vitro Cell Culture-Based Assays

3.5.1. Cell Culture

Calu-3 cell line was cultured in RPMI 1640 medium at pH 7.4, containing 10% fetal bovine serum,
supplemented with 24 mmol·L−1 sodium bicarbonate, 2 mmol·L−1 L-glutamine, 1 mmol·L−1 sodium
pyruvate, 10,000 U·L−1 penicillin, and 10 mg·L−1 streptomycin. The cultures were maintained in a
humidified oven at 37 ◦C with 5% CO2 atmosphere.

3.5.2. Cell Treatment

Calu-3 cells were seeded in 96-well plates at a density of 1.5 × 104 cells.well−1 and incubated
for 24 h in the culture medium. For assessment of cell viability and cytotoxicity, Calu-3 cell line
was incubated with the samples NCUR-2 (200.00–25.00 μmol·L−1), NMTX-1 (100.00–12.50 μmol·L−1

and 4.00–0.50 μmol·L−1) and NCUR/MTX-2 (247.00–61.75 μmol·L−1 and 9.88–2.47 μmol·L−1 to CUR;
100.00–25.00 μmol·L−1 and 4.00–1.00 μmol·L−1 to MTX) for 72 h at 37 ◦C with 5% CO2 atmosphere.
For co-loaded formulation, final concentrations were standardized using MTX due to its lower content
in NCs and EE compensation was also performed for CUR content, resulting in fractional values. Tests
were obtained using serial dilution procedure and were performed as four independent experiments
containing n = 4 samples per assay.

3.5.3. Cell Viability by Methylthiazolyldiphenyl-tetrazolium Bromide (MTT) Test

After 72 h of the treatments, 200 μL of a solution of MTT at 0.5 mg·mL–1 was added to the wells
following a standard method [56]. The cultures were then incubated at 37 ◦C for 2 h, protected from
light, until the presence of formazan crystals. The supernatant was then removed. For the solubilization
of these crystals, 200 μL of dimethyl sulfoxide was added. The spectrophotometric absorbance reading
was performed at a wavelength of 550 nm in a μQuant microplate reader (BioTek, Winooski, VT, USA).
To calculate cell viability (%), Equation (2) was used. The concentration that inhibited 50% of cell
growth (IC50) was then calculated by Probit regression [57]:

Cell viability (%) =
absorbance o f test

absorbance o f control
× 100 (2)

3.5.4. Combination Index

To define the drug-drug interaction potential from the use of NCs containing CUR and MTX
against Calu-3 cells, the combination index (CI) was calculated by Equation (3) [58] considering the
results obtained by the MTT method:

Combination index (CI) =
(D)1
(Dx)1

+
(D)2
(Dx)2

(3)

where (Dx)1 and (Dx)2 are the concentration of the tested substance 1 (CUR) and the tested substance 2
(MTX) used in the single treatment that was required to decrease the cell viability by 50% and (D)1 and
(D)2 are the concentration of the tested substance 1 (CUR) in combination with the concentration of the
tested substance 2 (MTX) that together decreased the cell viability by 50%.
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3.5.5. Cell Viability by Sulphorhodamine B (SRB) Test

For the analysis of SRB, the method described by Papazisis et al. [59] was used. In brief, Calu-3
cell line was treated with each sample for 72 h and the supernatant was then discarded. The cells were
washed with 200 μL of sodium phosphate buffer at pH = 7.4. Then, 200 μL of 10% cold trichloroacetic
acid was added and the plates were placed in the refrigerator for 30 min to fix the cells. Subsequently,
the cells were washed three times with 200 μL of distilled water and maintained for 24 h at room
temperature (20 ± 2 ◦C) to dryness. Later, 200 μL of 0.2% SRB solution was added and kept for 30 min.
The plates were then washed five times with 200 μL of 1% acetic acid and again dried for 30 min.
Finally, 150 μL of 10 mmol.L−1 TrisBase was added and the spectrophotometric absorbance reading
was performed at a wavelength of 432 nm in a microplate reader (μQuant, BioTek). Equation (2) was
also used for calculating cell viability (%).

3.5.6. Cell Death Pattern through Acridine Orange/Ethidium Bromide (AO/EB) Test

In 24-well plates, CALU-3 cells were seeded onto coverslips at the concentration of
1 × 105 cells.well−1 using RPMI 1640 culture medium. After 24 h for cell adhesion, the medium
was then discarded and NCUR/MTX-2 sample (CUR 9.88 μmol·L−1 and MTX 4.00 μmol·L−1) was
added in a volume of 500 μL. Cells were then incubated at 37 ◦C in a wet atmosphere and 5% CO2.

After 24 h treatment, the wells were washed with 200 μL of sodium phosphate buffer at pH = 7.4.
Following this, 10 μL of acridine orange/ethidium bromide dye mixture (200 μg·mL−1) was placed on a
coverslip, which was then inverted on a slide. The staining was viewed under a BX41 fluorescence
microscope (Olympus, Tokyo, Japan) with an excitation filter at 480/30 nm and emission at 535/40 nm.
The typical fields were recorded with an attached Olympus DP71 camera.

Classification of cell type to AO/EB staining was performed based on the criteria proposed by
Ribble et al. [60]. In summary, the viable cells present bright green nucleus, necrotic cells depict
orange-red fluorescence, early-stage apoptotic cells are marked by crescent-shaped or granular
yellow-green AO nuclear staining, and late-stage apoptotic cells show concentrated and asymmetrically
sited orange nuclear EB staining.

3.6. Statistical Analysis

Statistical analyses were performed using one-way analysis of variance (ANOVA), and when
necessary, the post-hoc Tukey test was used. The results were expressed as a mean ± standard error
of the mean (SEM) and mean ± standard deviation (SD). P values lower than 0.05 (p <0.05) were
considered significant. Calculations were carried out using the statistical software GraphPad Prism
version 5.03 (GraphPad Inc., San Diego, CA, USA).

4. Conclusions

In conclusion, CUR and/or MTX co-loaded PCL/PEG6000 nanocapsules were successfully
prepared by interfacial deposition of the pre-formed polymer. Nanometer-sized, monodisperse,
amorphous/non-crystalline formulations with high drug-loading efficiencies were obtained.
No changes in FTIR assignments were recorded after the nanoencapsulation procedure. In addition,
NCUR/MTX-2 provided a statistically significant decrease of Calu-3 cell viability by MTT and SRB
assays even at low concentrations of these chemotherapeutic agents. A synergistic effect was proven
by the use of this co-loaded nanocarrier. The fluorescence-morphological analysis revealed a cell
death pattern based on early and late apoptosis. No necrotic cell was observed in the Calu-3 cells
after treating with the co-loaded formulation NCUR/MTX-2. In summary, the co-loaded nanocapsules
method can be further used as a novel therapeutic strategy by intravenous or pulmonary route for
treating non-small-cell lung cancer to hold the potential for achieving therapeutic outcomes while
reducing the incidence of adverse drug effects.
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Abstract: The Brazilian red propolis (BRP) constitutes an important commercial asset for northeast
Brazilian beekeepers. The role of Dalbergia ecastaphyllum (L.) Taub. (Fabaceae) as the main botanical
source of this propolis has been previously confirmed. However, in addition to isoflavonoids and
other phenolics, which are present in the resin of D. ecastaphyllum, samples of BRP are reported to
contain substantial amounts of polyprenylated benzophenones, whose botanical source was unknown.
Therefore, field surveys, phytochemical and chromatographic analyses were undertaken to confirm
the botanical sources of the red propolis produced in apiaries located in Canavieiras, Bahia, Brazil.
The results confirmed D. ecastaphyllum as the botanical source of liquiritigenin (1), isoliquiritigenin
(2), formononetin (3), vestitol (4), neovestitol (5), medicarpin (6), and 7-O-neovestitol (7), while
Symphonia globulifera L.f. (Clusiaceae) is herein reported for the first time as the botanical source
of polyprenylated benzophenones, mainly guttiferone E (8) and oblongifolin B (9), as well as the
triterpenoids β-amyrin (10) and glutinol (11). The chemotaxonomic and economic significance of the
occurrence of polyprenylated benzophenones in red propolis is discussed.

Keywords: isoflavonoids; polyisoprenylated benzophenones; propolis; botanical sources

1. Introduction

The red propolis is the second most produced and traded type of propolis in Brazil and constitutes
an important commercial asset for northeast Brazilian beekeepers. Apiaries devoted to Brazilian
red propolis (BRP) production are frequently located around native populations of the fabaceous
species Dalbergia ecastaphyllum (L.) Taub., which produces a red resin that is collected by bees to
produce propolis in the beehive [1]. The studies by Daugsch et al. (2008) and Silva et al. (2008)
were the first ones to describe, simultaneously in 2008, D. ecastaphyllum as the main botanical source
of the BRP [2,3]. These initial studies together with the report of Piccinelli et al. (2011) confirmed
the presence of a rich variety of phenolic compounds, in both the propolis and the plant resin,
such as chalcones (e.g., isoliquiritigenin), flavonoids (e.g., luteolin, liquiritigenin), isoflavones (e.g.,
formononetin, biochanin A), isoflavans (e.g., vestitol, neovestitol, 7-O-methylvestitol), pterocarpanes
(e.g., medicarpin, homopterocarpin, vesticarpan), and C30 isoflavans (retusapurpurins A and B) [4].
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Subsequent studies have shown the great qualitative and quantitative variability of the constituents
present in red propolis, which are influenced by regional and seasonal factors [5]. Nevertheless, reports
on the presence of substantial amounts of polyprenylated benzophenones, such as gutifferone E and
oblongifolin A in BRP, have appeared in the literature more frequently [6,7]. Even though the botanical
source of these latter constituents was unknown, Piccinelli et al. (2011) inferred from a chemotaxonomic
point of view that these compounds must derive from a member of the Clusiaceae family [4]. Important
biological activities of BRP extracts, such as antimicrobial, fungicidal, and cytotoxic properties, have
been correlated with the occurrence of polyprenylated benzophenones [6,8,9]. Thus, establishing
its botanical source may help to increase red propolis production and to attain a higher degree of
chemical standardization. Therefore, field surveys, phytochemical and chromatographic analyses
were undertaken in order to identify the botanical source of polyprenylated benzophenones present in
the red propolis produced by apiaries of the Beekeepers Association of Canavieiras (Cooperativa de
Apicultores de Canavieiras—COAPER), Bahia, Brazil.

2. Results

A filed survey was carried out in March 2019 in order to collect local red propolis samples, the
reddish resin of D. ecastaphyllum, and to identify other resin-producing plant species, especially of
the Clusiaceae family, located in the surrounding flora of apiaries from the COAPER beekeepers
association. The presence of individuals of Symphonia globulifera L.f. was evidenced and its resin was
collected, transported to the laboratory, lyophilized, and kept under refrigeration.

2.1. Isolation of Polyprenylated Benzophenones from Symphonia globulifera and BRP

Samples of both BRP and S. globulifera resin were extracted with aqueous ethanol 70% and submitted
to partition with solvents of increasing polarities. The hexane fractions were separately submitted
to chromatographic procedures that resulted in the isolation of two polyprenylated benzophenones
(8 and 9) and two pentacyclic triterpenoids (10 and 11) from both fractions. The structures of the
isolated compounds were established based on 1D and 2D-NMR spectroscopy, high-resolution MS,
and comparison with the literature data for the polyprenylated benzophenones guttiferone E (8) [10],
in a mixture with its double bond position isomer xanthochymol [11], oblongifolin B (9) [12], and
the triterpenoids β-amyrin (10) [13] and glutinol (11) [14]. The NMR spectra of 8 and 9 in CDCl3
displayed abnormalities that disappeared when spectra were recorded in CD3OD + 0.1% trifluoroacetic
acid (TFA). The chemical structure of those isolated constituents (8–11), as well as other phenolic
compounds (1–7) identified in BRP are displayed in Figure 1.

 

Figure 1. Chemical constituents of Brazilian red propolis.
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The oblongifolins were first isolated from Garcinia oblongifolia by Hamed et al. (2006) [12].
The occurrence of oblongifolin A in samples of BRP was initially reported by Piccinelli et al. (2011),
while further publications replicated this finding by LC-MS analyses. However, mass spectrometry of
oblongifolins is not enough to identify them, since they bear the same molecular weight, while none
of those previous reports have provided NMR data to confirm the occurrence of oblongifolin A in
BRP [4,6–8]. Therefore, the NMR spectroscopic data of the isolated compound 9 in comparison with
published data of oblongifolins A and B is presented in Table S1 (Supplementary Material). The 1H
and 13C NMR chemical shifts of these two stereoisomers are almost identical. Nonetheless, significant
differences are found in the 13C NMR spectra of these two oblongifolins at δC-6 (47.8 for A and 44.2 for
B), δC-7 (40.8 for A and 43.3 for B), and δC-8 (61.8 for A and 64.3 for B). Similarly, the 1H NMR spectra
of oblongifolin B displays a characteristic axial coupling constant for H-7 of 13.0 Hz. Therefore, the
isolated compound 9 corresponds to oblongifolin B and its isolation from BRP is here reported for the
first time.

2.2. The Botanical Sources of Brazilian Red Propolis

The chromatographic profiles of a typical red propolis sample and the resins of D. ecastophyllum
and S. globulifera were recorded by a HPLC analysis method (Figure 2); the chromatographic parameters
are described in the material and methods section.

 

A

B

C

Figure 2. HPLC chromatographic profiles (275 nm) of Brazilian red propolis (A) in comparison with the
resins of Dalbergia ecastaphyllum (B) and Symphonia globulifera (C). Numbers correspond to liquiritigenin
(1), isoliquiritigenin (2), formononetin (3), vestitol (4), neovestitol (5), medicarpin (6), 7-O-neovestitol
(7), guttiferone E (8), and oblongifolin B (9). UV spectra of compounds 1–9 are displayed at the bottom
of the figure.
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Comparison of both the HPLC chromatographic retention times and its corresponding UV spectra
with the ones of the standard compounds 1–9 were used for assigning the identity of peaks in the
chromatographic profiles of the analyzed samples. The chromatographic prolife of a typical sample
of BRP (Figure 2A) displayed at least nine main chromatographic peaks corresponding to phenolic
compounds (1 and 2), isoflavonoids (3–5, 7), a pterocarpane (6) and benzophenones (8–9). The resin of
D. ecastaphyllum (Figure 2B) displayed the presence of chromatographic peaks mainly in the region of
the HPLC chromatogram from 10 to 40 min, confirming D. ecastaphyllum as the botanical source of
liquiritigenin (1), isoliquiritigenin (2), formononetin (3), vestitol (4), neovestitol (5), medicarpin (6), and
7-O-neovestitol (7). In the lipophilic region of the chromatogram (Figure 2C), the resin of S. globulifera
displayed two main chromatographic peaks, which were assigned to guttiferone E (8) and oblongifolin
B (9), confirming S. globulifera as the botanical source of polyprenylated benzophenones.

3. Discussion

The occurrence of the flavonoid liquiritigenin (1); the chalcone isoliquiritigenin (2); the isoflavone
formononetin (3); the isoflavans vestitol (4), neovestitol (5), and 7-O-methylvestitol (7); as well as the
pterocarpane medicarpin (6) have been previously reported both in BRP and in the resin of its botanical
source, D. ecastaphyllum [4]. From a chemotaxonomic point of view, these constituents, especially the
isoflavonoids, are characteristic chemotaxonomic markers for Papilionoideae (Fabaceae) subfamily
members, to which the Dalbergia genus belongs [15]. The results reported here confirm that the main
botanical source of the red propolis produced in the COPAER beekeepers association of Canavieiras is
D. ecastaphyllum. This species, which occurs in coastal sand dune and mangrove ecosystems, is present
in large populations in the surrounding areas of the apiaries not only in Bahia state but also in the
northeast Brazilian localities where red propolis is produced.

On the other hand, the presence of the prenylated benzophenones guttiferone E (8) and oblongifolin
A in commercial samples of BRP was previously reported [6–8] and proposed as a characteristic that
could differentiate Brazilian samples from other red propolis, e.g., Cuban propolis [4]. However, the
botanical source of polyprenylated benzophenones present in BRP samples was unknown, but it was
inferred from a chemotaxonomic point of view that these compounds would be collected by bees from
a resin-producing plant belonging to the Clusiaceae family [4]. The isolation of the polyprenylated
benzophenones guttiferone E (8) and oblongifolin B (9) reported here from samples of BRP and the resin
of S. globulifera confirms that the botanical source of these compounds is a member of the Clusiaceae
family, in agreement with the chemotaxonomical inference of Piccinelli et al. (2011). The occurrence of
compounds 8 and 9 in both BRP and S. globulifera was also confirmed here by HPLC analysis. Therefore,
the present report identifies, for the first time, S. globulifera as the botanical source of polyprenylated
benzophenones of BRP produced in the locality of Canavieiras, Bahia. Unlike the data previously
reported, describing the occurrence of oblongifolin A in BRP, we identified, instead, its stereoisomer
oblongifolin B (9), the occurrence of which in BRP and S. globulifera is here reported for the first time.
Although S. globulifera is a well-known source of polyprenylated benzophenones, this is the first report
on the occurrence of guttiferone E (8) in this species. Additionally, this report demonstrates the value
of chemotaxonomy for establishing the botanical sources of propolis.

The knowledge of propolis plant sources can help to increase propolis production and to attain a
higher degree of chemical standardization [16]. Unlike the Brazilian green propolis, the most produced
propolis in Brazil, the market value of red propolis raw material is double the price of green propolis.
Therefore, commercial and academic interest has been awakened to extend the area of bee pasture to
increase the production of red propolis. The findings reported here demonstrate that BRP does not
have only a single botanical source but at least two, D. ecastaphyllum and S. globulifera, which contribute
different chemical constituents, principally isoflavonoids and polyprenylated benzophenones, which
should be taken into account when installing new beehives for red propolis production in the northeast
of Brazil.
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4. Material and Methods

4.1. Field Survey

A field survey was carried out from 24 March to 5 April 2019 aiming to collect local red propolis
samples, the resin of D. ecastaphyllum, and to identify other resin-producing species, especially of
the Clusiaceae family, located in the surrounding flora of apiaries from the beekeepers association
of Canavieiras (Cooperativa de Apicultores de Canavieiras—COAPER), Bahia, Brazil. The presence of
individuals of Symphonia globulifera was evidenced, and their resins were collected, transported to
the laboratory, lyophilized, and kept under refrigeration. The plant vouchers were identified and
deposited as Symphonia globulifera L.f., SPFR 17770; Dalbergia ecastaphyllum (L.) Taub., SPFR 17,771
at the Herbarium SPFR of the Department of Biology, Faculty of Philosophy, Sciences and Letters at
Ribeirão Preto, FFCLRP, University of São Paulo, USP.

4.2. Extraction and Isolation of Triterpenoids and Polyprenylated Benzophenones

Two hundred grams of BRP were extracted with aqueous ethanol 70% (Vetec Química, Rio de
Janeiro, Brazil) for three times, 1:10 sample/solvent ratio, and g/mL furnishing 140 g of crude extract.
The extract was then mixed with 200 g of microcrystalline cellulose (Sigma Aldrich, St. Louis, MO,
USA) and submitted to solid-liquid partition with hexanes (Vetec Química, Rio de Janeiro, Brazil),
three times of 500 mL, furnishing 23.8 g of hexane crude fraction. The hexane fraction was then
submitted to vacuum liquid chromatography (VLC) by using 150 g of silica gel (Sigma Aldrich,
St. Louis, MO, USA), 40–63 μm particle size, as the stationary phase and mixtures of increasing polarity
of hexanes:ethyl acetate (100:0→30:70) as the mobile phase. The eluted fractions were monitored by
thin layer chromatography (TLC) and pooled by similarity, generating four fractions: F1 (6 g), F2
(9.26 g), F3 (2.27), and F4 (1.1 g). TLC was carried out on precoated glass TLC silica gel 60F254 plates
(Merck, Darmstadt, Germany), with detection accomplished by visualization with a UV lamp at 254
and 360 nm, followed by spraying with a 1% solution of 2-aminoethyl diphenylborinate in methanol
(w/v). A portion of fraction F2 (500 mg) was submitted to centrifugal thin-layer chromatography on a
Chromatotron device (Harrison Research, USA) by using a 1-mm disk of silica gel (10–40 μm particle
size) as the stationary phase, and mixtures of increasing polarity of hexanes:ethyl acetate (100:0→30:70)
as the mobile phase, affording compounds 8 (70 mg) and 9 (30 mg). A portion of fraction F1 (500 mg)
was submitted to flash chromatography on an Isolera One equipment (Biotage, Sweden) by using a
10-g cartridge of silica gel (40 μm particle size) and mixtures of increasing polarity of hexanes:ethyl
acetate (100:0→50:50) as the mobile phase, affording compounds 10 (30 mg) and 11 (40 mg). A portion
of the S. globulifera resin (100 g) was also submitted to the procedures as describe above furnishing the
same compounds 8–11.

One-dimensional and 2-D NMR spectra of compounds 8–11 were acquired in a Brucker DRX500
NMR spectrometer (Brucker, Santa Barbara, CA, USA) operating at a frequency of 500 MHz for 1H and
125 MHz for 13C by using CDCl3 and CD3OD + 0.1% TFA as deuterated solvents (Sigma Aldrich, St.
Louis, MO, USA). High-resolution mass spectrometry data of compounds 8 and 9 were obtained by
direct infusion in negative ionization mode on an orbitrap mass spectrometer (Thermo Scientific, San
Jose, CA, USA).

Guttiferone E (8): yellow amorphous powder; UV (HPLC-online) λmax: 249.6, 354.4 nm; 1H and 13C
NMR data as reported by Gustafson et al., 1992 [10]. HRESIMS negative mode m/z 601.3546 [M - H]−
(calcd. for C38H50O6, 601.3529), 525.3232, 183.0116, 109.0284.

Oblongifolin B (9): yellow amorphous powder; UV (HPLC-online) λmax: 244.9, 350.9 nm; 1H and 13C
NMR data as reported by Hamed et al., 2006 [12]. HRESIMS negative mode m/z 601.3546 [M - H]−
(calcd. for C38H50O6, 601.3529), 525.3232, 333.1349, 183.0116, 109.0284.

β-Amyrin (10): white needles; 1H and 13C NMR data as reported by Lima et al., 2004 [13].
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Glutinol (11): white needles; 1H and 13C NMR data as reported by Mahato et al., 1981 [14]

4.3. HPLC Analyses of Botanical Sources and BRP

The chromatographic profiles of BRP samples, and the resins of D. ecastaphyllum and S. globulifera
were obtained by using an HPLC-DAD method on a Waters 1500-series setup (Milford, CT, USA)
with an Ascentis Express C18 column (2.7 μm, 150 × 4.60 mm) as the stationary phase and mixtures
of water with 0.1% formic acid (B) and acetonitrile (B) as the mobile phase. The flow rate was set at
1.0 mL/min in a gradient elution mode as follows: 20→50% B in 40 min, 50→100% B in 90 min, 100%
B (isocratic) until 95 min, 100→20% B until 100 min, 20% B (isocratic) up to 105 min. Benzophenone
(20 μg/mL) was used as the internal standard (i.s.). One milligram of each resin sample or propolis
extract was dissolved in methanol and subjected to chromatographic analysis. Standard compounds
liquiritigenin (1), isoliquiritigenin (2), formononetin (3), vestitol (4), neovestitol (5), medicarpin (6), and
7-O-neovestitol (7) were available in the isolated compound library of the laboratory. The standard
compounds 1–7 and the isolated compounds guttiferone E (8) and oblongifolin B (9) were dissolved in
methanol (20 μg/mL) for HPLC analyses.

Supplementary Materials: The 1H and 13C NMR spectra of isolate compounds 8 and 9 are available online.
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Abstract: Artocarpus lakoocha Wall. ex Roxb. (family: Moraceae) has been used as a traditional Thai
medicine for the treatment of various parasitic diseases. This species has been reported to be the
source of phytochemicals, which show potent biological activities. The objective of this study was
to investigate the phytochemical profile of the extracts of the heartwood of A. lakoocha and their
pro-oxidant activity in vitro. The heartwood was ground, extracted, and then chromatographic and
spectroscopic analyses were carried out; oxyresveratrol was identified as the major component in the
extracts. The pro-oxidant activity was investigated using DNA-nick, reactive oxygen species and
reducing assays. The results showed that oxyresveratrol induced DNA damage dose-dependently
in the presence of copper (II) ions. It was also found to generate reactive oxygen species (ROS) in
a dose-dependent manner and reduce copper (II) to copper (I). It is concluded that oxyresveratrol
is the most abundant stilbenoid in A. lakoocha heartwood. The compound exhibited pro-oxidant
activity in the presence of copper (II) ions, which may be associated with its ability to act as an
anticancer compound.

Keywords: oxyresveratrol; Artocarpus lakoocha; DNA damaging; pro-oxidant

1. Introduction

Oxyresveratrol belongs to the group of phytochemicals known as hydroxystilbenoids and has a
molecular structure similar to the well-known phytochemical resveratrol. They are monomeric stilbene
comprising two aromatic rings joined by an ethylene bridge, of which, the trans isomer is the most
common configuration (Figure 1) [1]. The natural sources of these stilbenes are abundant in grapes,
itadori, peanuts, and A. lakoocha [2–4]. The compounds demonstrate similar biological activities and
are used in the treatment of atherosclerosis, inflammatory, pigmentation, and carcinogenesis [5].
Interestingly, however, several biological activities are unique to oxyresveratrol (antivirus and
antihelminthics) [6,7]. Further, several reports suggest that oxyresveratrol or the heartwood extract of
A. lakoocha might cause DNA damage and cause oxidative stress [8–10]. Previous studies report that
resveratrol and its derivatives are capable of double-stranded DNA cleavage specifically in the presence
of copper ions and oxygen [10]. Piceatannol, a resveratrol derivative, fragmented DNA in human
peripheral blood [9]. Some polyphenolic compounds are already well-known to cause DNA damage
and are being investigated as useful leads in the development of chemotherapeutic drugs [11]. In this
study, we consequently investigated the ability of oxyresveratrol from the heartwood of A. lakoocha to
induce DNA damage and the mechanism by which the damage occurs.
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Figure 1. Chemical structure of oxyresveratrol, resveratrol and trans-stilbene.

2. Results and Discussion

2.1. HPLC Analysis

Phytochemical profiling of A. lackoocha heartwood was carried out by HPLC. Each extract was
investigated (water, ethanol and ethyl acetate) and found to contain one single dominant peak with
a retention time consistent with that of the chromatogramic standard of oxyresveratrol (Figure 2A).
The chromatographic standard of resveratrol was also used allowing accurate calculation of the amounts
of each compound in each extract (Figure 2B). Further authentication of the predominant peak was
carried out using NMR with the 13C-NMR and 1H-NMR; the chemical shifts and structure elucidated
in Figure 3. were in good agreement with the standard. Mass spectra of the main peak detected at
RT 14.0 supposed to be oxyresveratrol showed the spectra patterns were the same as the standard
(showed in the Supplementary Materials). Its molecular formula C14H12O4 was deduced from the
ESI-MS spectrum in positive ion mode by the hydriated molecular ion peak at m/z 245 [M + H]+. The
amount of oxyresveratrol in the plant was consistent with the range reported by Maneechai et al. [3],
while the amount of resveratrol was lower compared to the report from Borah et al. [4].

 
(A) 

Figure 2. Cont.
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(B) 

Figure 2. Chemical profiles and contents of oxyresveratrol and resveratrol in A. lakoocha heartwood
extracts. (A) Chemical profiles of the compounds in the extracts at 250 μg/mL were analysed by
HPLC at a wavelength of 320 nm; water extract, ethanol extract, ethyl acetate extract, and standard
oxyresveratrol and resveratrol at 10 μg/mL. (B) Amount of oxyresveratrol and resveratrol detected in
A. lakoocha heartwood extracts.

Figure 3. 13C-NMR (300 MHz, Acetone-d6) and 1H-NMR (300 MHz, Acetone-d6) data of oxyresveratrol.

2.2. DNA Nicking Assay

The ability of oxyresveratrol to cause DNA damage in the presence of 50 μM copper(II) was
investigated (Figure 4A). Oxyresveratrol was consequently found to cause double-strand breaks in
supercoiled plasmid DNA in a dose-dependent manner (lane 5–10); 200 μM was the most effective at
inducing this DNA damage, while no DNA damage was found at low oxyresveratrol concentrations
(0.4–2 μM). The DNA damaging activity of oxyresveratrol was found to be dependent on the presence
of Cu(II) ions, and not Fe(II) or Zn(II)(data not shown). Comparison of the DNA-damaging capacity of
equivalent concentrations (50 μM) of stilbene derivatives revealed only DNA damage being induced
by oxyresveratrol and resveratrol (Figure 4B), of which oxyresveratrol was the most damaging.
The DNA-damaging capacity of a series of hydrostilbenoids was previously investigated and in
contrast to the data reported here resveratrol was found to be the most active [6]. The DNA-damaging
capacity was specifically induced by copper ions, one of the most abundant metal ions in biological
systems [12]. This raises the possibility that the DNA damage observed may be due to ROS generation
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via the Fenton reaction consistent previous observations made by Moran et al. [13] who observed
similar findings with a number of other phenolic compounds.

2.3. Pro-oxidant Activity of ROS Generation and Copper Reduction

Oxyresveratrol was found to generate ROS in the presence of copper(II) in a dose-dependent
manner and in a higher amount compared to resveratrol and trans-stilbene (Figure 4C,D). The
three extracts also exhibited ROS formation consistent with oxyresveratrol content (data not shown).
Investigating the ability of oxyresveratrol to reduce Cu2+ ions, we report the amount of Cu+ produced by
oxyresveratrol was dose-dependent (Figure 4E). Oxyresveratrol was also found to produce significantly
higher amounts of copper (I) than resveratrol (Figure 4F). Trans-stilbene showed no copper-reducing
activity; the ability of oxyresveratrol to generate ROS is consequently reported to be specifically induced
by copper ions. Speculation exists as to the mechanism responsible although it has been previously
noted that copper–oxo complex or copper–peroxide complex have the capacity to cause DNA damage
following the reactions shown in Scheme 1 [6,14,15]. However, the exact structural feature of the
complexes that caused damage to the DNA is still unclear. Copper to some certain extent is well-known
to be one of the transition metals playing an important role in biological functions. However, It has
been reported that significantly elevated levels of copper have been found in both serum and tissue
of cancer patients [16]. Moreover, elevated copper levels have been documented in breast, cervical,
ovarian, lung, prostate, stomach cancers, and leukemia. Serum copper concentration has also been
found to correlate with tumour incidence and burden; malignant progression in Hodgkin’s lymphoma;
and leukemic, sarcoma, brain, breast, cervical, liver, and lung cancer [17]. The generation of ROS by
stilbenoids in the presence of copper may be one of the key mechanisms by which they (stilbenoids)
may be useful in the treatment of cancer.

Scheme 1. The assumed mechanism of oxyresveratrol for ROS production. The compound reduces
cupric (II) into cuprous (I), then the cuprous reacting with O2 generates superoxide radical (•O2

−); the
radical causes direct oxidative stress or reacts to hydrogen ions presenting hydrogen peroxide (H2O2).
Lastly, the cuprous ion and hydrogen peroxide in the reaction generates a copper–peroxide complex or
copper oxo-species complex.
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Figure 4. Effect of oxyresveratrol on DNA, ROS generation and copper reduction in cell-free assays.
(A) DNA damage induced by oxyresveratrol at six concentrations of Cu(OAc)2. (B) Comparison
of DNA damage induced by oxyresveratrol, resveratrol, and trans-stilbene. (C) Generation of ROS
by oxyresveratrol in the presence or absence of Cu(II). (D) Comparison of generation of ROS by
oxyresveratrol, resveratrol, and trans-stilbene. (E) Reduction of Cu(II) by oxyresveratrol. (F) Comparison
of copper-reducing ability of the three stilbenoids. Values express mean ± SD (n = 3).

3. Materials and Methods

3.1. Standard

Oxyresveratrol (>97%), resveratrol, trans-stilbene, and copper acetate (Cu(OAc)2) (99.99%) were
purchased from Sigma-Aldrich (Buchs, Switzerland); pBR322 Supercoiled plasmid DNA was purchased
from Thermo Fisher Scientific (Vilnius, Lithunia); deionized water (<18 MΩ cm resistivity) was obtained
from the Milli-Q Element water purification system Millipore S.A.S. (Molcheim, France).

3.2. Plant Material

The heartwood of A. lakoocha was collected from Chanthaburi province, Thailand, in June 2018. The
voucher specimen (DMSC 5237) was deposited at the DMSC International Herbarium, Department of
Medical Sciences, Ministry of Public Health.
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3.3. Extraction

The heartwood was ground into powder and dried until constant weight. The dried powder
was refluxed with distilled water or ethanol (250 g of the powder: 3 L of the solvents) following the
procedure modified from Borah et al. [4]. The other fraction was extracted by ethyl acetate using
Soxhlet apparatus (800 g of the powder: 4.5 L of the solvents). All solvents were then filtered with
Whatman™ filter paper. Finally, the three extracts were concentrated and dried by rotary evaporation
or lyophilizaion.

3.4. Chemical Analysis

Analytical HPLC was performed on a Dionex UPLC 3000 (Thermoscientific, UK) HPLC coupled
with a photo-diode-array (PDA) detector (Thermoscientific). Extracts were diluted in methanol and
analysed on a Phenomenex C18 column (4.6 mm × 15 cm, 5 μm, Phenomenex, Torrance, CA, USA), flow
rate 1 mL/min, mobile phase gradient of water (A) and acetonitrile (B) both containing 0.1% TFA: 10–50%
B, 0–30 min; 100% B, 30–32 min; 10–100% B, 33–35 min, monitored at variable UV–vis wavelengths (210,
254, 280 and 320 nm). The column temperature was set at 25 ◦C. The NMR spectroscopic analysis was
performed in acetone-d6 solution on a Bruker AMX300 NMR spectrometer (300 MHz for 13C and 1H).

3.5. DNA Nicking Assay

The DNA break assay was modified from Subramanian et al. [10] using the reaction mixture of
pBR322 plasmid DNA (200 ng) in the presence of Cu(OAc)2 (50 μM) or 50 μM FeCl3 or 50 μM ZnCl2 in
10 mM HEPES buffer pH 7.2. The stock solutions of oxyresveratrol, resveratrol and trans-stilbenoid
were prepared at the concentration of 1000 μM (1mM) in 1% DMSO/Milli-Q water. Whereas, A. lakoocha
heartwood extracts were prepared at the concentration of 1.00 mg/mL in 1% DMSO/Milli-Q water.
The reactions were initiated by adding 5 μL of each compound into 20 μL of the reaction mixture and
incubated at 37 ◦C for 15 min. After the incubation, the products were loaded into 0.80% agarose
gel subjected to electrophoresis at 75 V for 1.50 h. The image of the gel was quantified by Bio-Rad
documentation imaging system (Hercules, CA, USA).

3.6. Reactive Oxygen Species Assay

2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) was used to measure ROS generated
in the reactions between oxyresveratrol in the presence or absence of copper (II) ions. The reaction
was initiated by adding 50 μL of 200 μM Cu(II) or HEPES buffer into each reaction of 200 μL
that contained oxyresveratrol or other derivatives. After the addition, the tubes were incubated
at 37 ◦C for 15 min. Dichlorofluorescein (DCF), the fluorescence product of the reaction,
was quantitated spectrofluorometric.

3.7. Copper Reducing Assay

Oxyresveratrol was colorimetrically determined using the Cu(I)-stabilizing reagent bathocuproine
disulfonic acid. The reaction mixture (total volume for each tested concentration 200 μL) contained
50 μL of 2,000 mM (2M) bathocuproine disulfonic acid and 100 μL of oxyresveratrol in 10 mM HEPES
buffer. The reaction was initiated by adding 50 μL of 200 mM Cu(OAc)2 in the sample tubes and the
absorbance of the mixture at 484 nm was read at the end of 5 min.

4. Conclusions

Oxyresveratrol was the major stilbenoid found in all three extracts tested (water, ethanol and
ethyl acetate). The compound exhibited both dose-dependent DNA damage in the presence of copper
ions and ROS generation. In consideration of these findings, it can be concluded that oxyresveratrol
has the potential to be developed as a promising anticancer drug candidate.
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Supplementary Materials: The following are available online, Figure S1: 1H-NMR Oxyresveratrol, Figure S2:
13C-NMR Oxyresveratrol, Figure S3: ESI-MS spectrum of standard oxyresveratrol, Figure S4: ESI-MS spectrum
of the peak RT 14.0 in the water extract, Figure S5: ESI-MS spectrum of the peak RT 14.0 in the ethanol extract,
Figure S6: ESI-MS spectrum of the peak RT 14.0 in the ethyl acetate extract.
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Abstract: Bioassay-guided fractionation of a cytotoxic extract derived from a solid potato dextrose agar
(PDA) culture of Teratosphaeria sp. AK1128, a fungal endophyte of Equisetum arvense, afforded three new
naphtho-γ-pyrone dimers, teratopyrones A–C (1–3), together with five known naphtho-γ-pyrones,
aurasperone B (4), aurasperone C (5), aurasperone F (6), nigerasperone A (7), and fonsecin B (8),
and two known diketopiperazines, asperazine (9) and isorugulosuvine (10). The structures of 1–3 were
determined on the basis of their spectroscopic data. Cytotoxicity assay revealed that nigerasperone A
(7) was moderately active against the cancer cell lines PC-3M (human metastatic prostate cancer),
NCI-H460 (human non-small cell lung cancer), SF-268 (human CNS glioma), and MCF-7 (human
breast cancer), with IC50s ranging from 2.37 to 4.12 μM while other metabolites exhibited no cytotoxic
activity up to a concentration of 5.0 μM.

Keywords: endophytic fungus; Teratosphaeria; teratopyrones; naphtho-γ-pyrones; nigerasperone A

1. Introduction

Fungal endophytes constitute an abundant and underexplored group of fungi that inhabit plants
in diverse natural and human-managed ecosystems [1,2]. These symbiotic fungi often produce
bioactive metabolites, some of which may improve the growth or resiliency of the host plant [3].
Recent studies have demonstrated that fungal endophytes are rich sources of small-molecule natural
products with novel structures and biomedical potential [4,5]. In our continuing search for bioactive
and/or novel metabolites from endosymbiotic microorganisms [6], we have investigated a cytotoxic
extract of the fungal endophyte, Teratosphaeria sp. AK1128, isolated from a photosynthetic stem
of Equisetum arvense (field horsetail, Equisetaceae). Herein, we report cytotoxicity assay-guided
fractionation of this extract, resulting in isolation and characterization of ten metabolites, including
three new naphtho-γ-pyrone dimers, teratopyrones A–C (1–3), and the constituent responsible for
cytotoxic activity, nigerasperone A (7). Teratosphaeria is a genus within the newly established fungal
family Teratosphaeriaceae (Dothideomycetes, Ascomycota), which has been distinguished recently
from Mycosphaerella (Mycosphaerellaceae) [7]. To the best of our knowledge, this constitutes the second
report on metabolites of a fungal strain of the family Teratosphaeriaceae [8].

Molecules 2020, 25, 5058; doi:10.3390/molecules25215058 www.mdpi.com/journal/molecules147
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2. Results and Discussion

The EtOAc extract of a PDA (potato dextrose agar) culture of Teratosphaeria sp. AK1128 exhibiting
cytotoxic activity, on bioassy-guided fractionation involving solvent-solvent partitioning, Sephadex LH-20
size-exclusion and silica gel chromatography followed by HPLC purification, afforded metabolites
1–10 (Figure 1). Of these, 4–10 were previously known and were identified as naphtho-γ-pyrones,
aurasperone B (4) [9], aurasperone C (5) [10], aurasperone F (6) [11], nigerasperone A (7) [12],
and fonsecin B (8) [9], and diketopiperazines, asperazine (9) [13] and isorugulosuvine (10) [14],
by comparison of their spectroscopic (1H NMR, 13C NMR, and LR-MS) data with those reported.

 

Figure 1. Structures of metabolites isolated from Teratosphaeria sp. AK1128.

Spectroscopic (1H and 13C NMR, HRESIMS, and UV) data of teratopyrones A–C (1–3), together with
their common molecular formula, C31H26O11, suggested that they are dimeric naphtho-γ-pyrones [11].
In their 1H and 13C NMR spectra, two sets of signals were observed in different intensity ratios and
this was suspected to be due to the atropisomerism around the C7–C10′ axis [10] and/or the presence of
C-2 and C-2′ hemi-ketal stereoisomeric mixtures as a result of non-enzymatic formation of this moiety
during the biosynthesis of naphtho-γ-pyrones [15]. Although several recent publications on dimeric
naphtho-γ-pyrones report only one set of the NMR data, careful examination of the spectra of these
dimeric naphtho-γ-pyrones provided in the Supporting Information of these papers indicated the
presence of two sets of signals, corresponding to two possible tautomers [16–18]. The atropisomerization
around the C7–C10′ axis is known to be restricted under mild conditions [10], and the atropisomer ratio
for a given dimeric naphtho-γ-pyrone may depend on its producer fungus [19]. Although it is not
possible to obtain the atropisomer ratio directly, the use circular dichroism (CD) data for the assignment
of stereochemistry of the binaphthyl moiety of the major atropisomer of dimeric naphtho-γ-pyrones
by the exciton chirality method has been reported [20,21].

In its 1H NMR spectrum, teratopyrone A (1) exhibited signals due to two methyls (δH 1.43 (s) and
2.36 (s)), three methoxyls (δH 3.39 (s), 3.60 (s), and 3.90 (s)), five aromatic protons (δH 5.99 (s), 6.12 (br. s),
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6.26 (br. s), 7.06 (s), and 7.07 (s)), and two hydrogen-bonded phenolic hydroxy groups (δH 14.48 (s) and
14.97 (s)). The 13C NMR spectrum of 1 (Table 1) contained 31 carbon signals due to its major tautomer
and these were assigned with the help of HSQC and HMBC spectra. The two carbonyl signals at δC

197.9 and 184.6 revealed that 1 was made up of two naphtho-γ-pyrone monomers, of which one was
hydrated at C2′–C3′ . The HMBC data for 1 (Figure 2) revealed that the linkage of two monomers of 1

was the same as that of nigerasperone C (11; Figure 1)) in which the hydrated monomer consisted of
the upper unit [12]. The 13C NMR data of 1 closely resembled those of 11 [12], except for the signals in
the vicinity of C-5–C-8. However, some differences were observed for C-5 (δC 162.5 for 1; 166.1 for 11),
C-6 (δC 107.1 for 1; 111.8 for 11), and C-8 (δC 157.3 for 1; 163.1 for 11), suggesting that 1 differed from 11

in the attachment of hydroxy/methoxy groups at C-6/C-8. The attachment of the methoxy group to C-8
in 1 was confirmed by the HMBC correlations of 8-OCH3 (δH 3.38) and H-9 (δH 7.06) to C-8 (δC 157.3).
The ECD spectrum of 1 (Figure 3) showed Davydov-split Cotton effects as negative ([θ] −1.46 × 105,
289.5 nm) first and positive ([θ] +1.78 × 105, 272 nm) second, suggesting negative chirality [21] and
M-configuration of the 7′–10′ bond [20]. Thus, the structure of teratopyrone A was determined as
(10′S)-2′,5,5′′,6-tetrahydroxy-6′,8,8′-trimethoxy-2,2′-dimethyl-2′,3′-dihydro-4H,4′H-[7,10′-bibenzo[g]
chromene]-4,4′-dione (1) (Figure 1).

Table 1. 13C NMR data (100 MHz, δ) for teratopyrones A–C (1–3).

Position
1 2 3

CDCl3 DMSO-d6 DMSO-d6

2 168.1 s 100.0 s 167.9/167.8 s
3 107.1 d 47.8 t 109.7 d
4 184.6 s 198.4 s 182.4/182.3 s

4a 104.2 s 103.0 s 107.9 s
5 162.5 s 163.0 4/163.98 s 155.2/155.0 s

5a (6) * 107.1 s 108.6 s 104.3 d
6 (6a) * 160.9 s 159.2 s 139.8 s

7 117.6 s 116.3 s 104.9 d
8 157.3 s 159.3 s 158.9 s
9 105.7 d 105.4 d 117.9 s

9a (10) * 142.3 s 142.2 s 156.9 s
10 (10a) * 101.2 d 101.4 d 106.6 s

10a (10b) * 152.8 s 153.3 s 154.8 s
2-Me 20.7 q 27.6 q 19.9 q

6-OMe 60.8 q
8-OMe 62.0 q 56.4 q

2′ 100.2 s 167.9/167.8 s 100.3 s
3′ 46.7 t 109.8 d 48.4 t
4′ 197.9 s 182.3 s 198.4 s
4a′ 103.5 s 107.6 s 102.7 s
5′ 162.5 s 153.7 s 163.9 5
5a′ 107.1 s 109.7 s 106.2/106.4 s
6′ 161.8 s 159.0 s 160.7/161.5 s
7 96.1 d 96.4/96.3 d 94.9/95.1 d
8′ 162.5 s 161.0 s 161.3/161.7 s
9′ 96.5 d 97.0/96.8 d 96.9/97.6 d
9a′ 140.2 s 140.2 s 142.3 s
10′ 103.1 s 104.1 s 105.4/105.5 s

10a′ 153.3 s 155.0 s 154.7 s
2′-Me 27.8 q 20.1 q 27.6/26.8 q

6′-OMe 56.0 q 55.2/55.1 q 56.1 q
8′-OMe 55.2 q 61.2/61.4 q 55.0/54.9 q

* The position number in parentheses is for teratopyrone C (3).
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Figure 2. Selected HMBC correlations of teratopyrones A–C (1–3).

 
(A) 

(B) 

Figure 3. ECD spectra (A) and negative exciton chirality (B) of teratopyrones A–C (1–3).

Teratopyrone B (2) also exhibited UV adsorption bands at 202, 238, 281.5, and 386 nm typical
for naphtho-γ-pyrones [11]. Similar to 1, the 1H NMR spectrum of 2 in DMSO-d6 solution showed
two sets of signals due to the presence of two tautomeric forms in almost equal amounts (10:8 ratio)
and these consisted of two methyl singlets (δH 1.65 (1.64 for the other conformer) and 2.55), three
methoxy singlets (δH 3.41 (3.40), 3.60 (3.59), and 4.00), five aromatic signals (δH 6.19 (6.17), 6.55, 6.61
(2H), and 6.90), and two singlets due to hydrogen-bonded phenolic hydroxy groups (δH 14.27 (14.25),
and 13.19 (13.18)). The 13C NMR spectrum of 2 (Table 1) resembled closely that of aurasperone
F (6). The 13C NMR signals belonging to each of the conformers of 2 were recognized and
assigned with the help of HSQC and HMBC data. The presence of two carbonyl signals at δC

198.4 and 182.3 indicated that 2 is a dimer consisting of a naphtho-γ-pyrone monomer and its
hydrated form. The positions of attachment of OCH3 groups in 2 were determined by the analysis
of its HMBC spectrum (Figure 2). The presence of 8-OCH3 in 2 was confirmed by the HMBC
correlations of H-9 (δH 6.90) to C-8 (δC 159.3) and 8-OCH3 (δH 4.00) to C-8 (δC 159.3). The ECD
spectrum of 2 (Figure 3) showed Davydov-split Cotton effects as negative ([θ] −5.70 × 104, 297 nm)
first and positive ([θ] +1.63 × 105, 278 nm) second, suggesting the negative chirality [21] and
M-configuration of the 7–10′ bond [20]. Therefore, the structure teratopyrone B was determined
as (10′S)-2,5,5′,6-tetrahydroxy-6′,8,8′-trimethoxy-2,2′-dimethyl-2,3-dihydro-4H,4′H-[7,10′-bibenzo[g]
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chromene]-4,4′-dione (2) (Figure 1), suggesting that it is the isomer of aurasperone F (6) with different
methyl ether positions at C-6 and C-8.

The 1H NMR spectrum of teratopyrone C (3) also exhibited two sets of signals belonging
to two tautomers in the ratio 3:2 as a result of the hemi-ketal tautomerism and consisted of two
methyl singlets (δH 1.40 (1.78 for another tautomer) and 2.47), three methoxy singlets (δH 3.46
(3.53), 3.55, and 3.91 (3.89)), five aromatic proton singlets (δH 5.99 (5.95), 6.44 (6.39), 6.50, 6.93,
and 7.00 (7.02)), and two hydrogen-bonded phenolic hydroxy singlets (δH 14.23 and 12.89 (12.88)).
The hydrogen-bonded phenolic hydroxy singlet at δH 12.89 (12.88) suggested the existence of an
angular naphtho-γ-pyrone moiety [9]. The 13C NMR spectrum of 3 (Table 1) contained signals due
to each tautomer that were assigned separately with the help of HSQC and HMBC data. The two
carbonyl signals at δC 198.4 and 182.4 (182.3) indicated that 3 consisted of one each of naphtho-γ-pyrone
and hydrated naphtho-γ-pyrone monomers. The positions of attachment of OCH3 groups in 3

were also determined by the analysis of its HMBC spectrum (Figure 2). The HBMC correlation of
5-OH (δH 12.89) to C-6 (δC 104.3), further supporting the existence of angular naphtho-γ-pyrone
moiety, and the correlations of H-7 (δH 7.01) to C-8 (δC 158.9), H-7 (δH 7.01) to C-9 (δC 117.9),
and 10-OCH3 (δH 3.53 (3.46)) to C-8 (δC 156.8) established the C9–C10′ linkage and 8-methoxyl group.
The ECD spectrum of 3 (Figure 3) exhibited Davydov-split Cotton effects as negative ([θ] −5.14 × 104,
292 nm) first and positive ([θ] +8.82 × 104, 278 nm) second, suggesting the negative chirality [21] and
M-configuration of the 9–10′ bond [20]. Therefore, the structure of teratopyrone C was determined
as 9-((10R)-2,5-dihydroxy-6,8-dimethoxy-2-methyl-4-oxo-3,4-dihydro-2H-benzo[g]chromen-10-yl)-5,8-
dihydroxy-10-methoxy-2-methyl-4H-benzo[h]chromen-4-one (3) (Figure 1).

Previous studies have shown that some naphtha-γ-pyrone dimers such as chaetochromins exhibit
cytotoxic activity [22]. Thus, teratopyrones A–C and other metabolites encountered were evaluated
for their cytotoxic activity, employing a panel of five cancer cell lines and normal cells. Among these,
only nigerasperone A (7) showed cytotoxic activity at a concentration <5.0 μM. The IC50s of 7 for
these cancer cell lines were determined as 4.12 ± 0.32 μM (PC-3M (human metastatic prostate cancer)),
3.01 ± 0.11 μM (NCI-H460 (human non-small lung cancer)), 2.37 ± 0.15 μM (SF-268 (human central
nervous system glioma)), 3.90± 0.33 μM (MCF-7 (human breast cancer)), and>5.0 μM for MDA-MB-231
(human metastatic breast cancer) and WI-38 (normal human lung fibroblast cells). Interestingly,
nigerasperone A (7) has been reported previously to be inactive against A549 (human alveolar
adenocarcinoma) and SMMC-7721 (human hepatocellular carcinoma) cancer cell lines [12]. These and
our data suggest that nigerasperone A (7) may be selectively cytotoxic against some cancer cell lines.

3. Materials and Methods

3.1. General Procedures

Optical rotations were measured with a Jasco Dip-370 polarimeter (JASCO Inc., Easton, MD, USA.)
using CHCl3 as solvent. ECD spectra were measured with JASCO J-810 (JASCO Inc., Easton, MD,
USA). First, 1D and 2D NMR spectra were recorded in CDCl3 or DMSO-d6 with a Bruker Avance III 400
instrument (Bruker BioSpin Corporation, San Jose, CA, USA) at 400 MHz for 1H NMR and 100 MHz
for 13C NMR using residual CHCl3 as the internal standard. Chemical shift values (δ) are given in
parts per million (ppm) and the coupling constants are in Hz. Low-resolution and high-resolution
MS were recorded on Shimadzu LCMS-DQ8000α (Shimadzu Scientific Instruments, Inc., Columbia,
MD, USA) and Agilent G6224A TOF mass spectrometers (Agilent Technologies Co. Ltd., Beijing,
China), respectively. HPLC (Waters Corporation, Milford, MA, USA) was carried out on a 10 × 250 mm
Phenomenex Luna 5μ C18 (2) column with Waters Delta Prep system consisting of a PDA 996 detector.

3.2. Fungal Isolation and Identification

In June 2008, a healthy individual of Equisetum arvense was collected from Beringian tundra in the
Seward Peninsula of Western Alaska (64◦30′04” N, 165◦24′23” W; 6 m.a.s.l.) [23]. The photosynthetic
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stem was washed in tap water and cut into ca. 2 mm2 segments that were surface-sterilized by agitating
sequentially in 95% EtOH for 30 s, 0.5% NaOCl for 2 min, and 70% EtOH for 2 min [23]. Forty-eight
tissue segments were surface-dried under sterile conditions and then placed individually onto 2% malt
extract agar (MEA) in sterile 1.5 mL micro centrifuge tubes. Tubes were sealed with ParafilmTM and
incubated under ambient light/dark conditions at room temperature (ca. 21.5 ◦C) for up to one year.
Emergent fungi were isolated into pure culture on 2% MEA, vouchered in sterile water, and deposited
as living vouchers at the Robert L. Gilbertson Mycological Herbarium at the University of Arizona.
One fungus of interest, isolate AK1128, was used for the present study. This fungus has been deposited
at the University of Arizona Robert L. Gilbertson Mycological Herbarium (accession number AK1128).

Total genomic DNA was isolated from fresh mycelium of the isolate AK1128 and the nuclear
ribosomal internal transcribed spacers and 5.8s gene (ITS rDNA; ca. 600 base pairs (bp)) and an adjacent
portion of the nuclear ribosomal large subunit (LSU rDNA; ca. 500 bp) was amplified as a single
fragment by PCR. Positive amplicons were sequenced bidirectionally as described previously [23].
A consensus sequence was assembled and basecalls were made by phred [24] and phrap [25] with
orchestration by Mesquite [26], followed by manual editing in Sequencher (Gene Codes Corp.).
The resulting sequence was deposited in GenBank (accession JQ759476).

Because the isolate did not produce diagnostic fruiting structures in culture, two methods were
used to tentatively identify isolate AK1128 via molecular sequence data. First, the LSU rDNA portion
of the sequence was evaluated using the naïve Bayesian classifier for fungi [27] available through the
Ribosomal Database Project (http://rdp.cme.msu.edu/). The Bayesian classifier estimated placement
within the Capnodiales (Dothideomycetes) with high support, but placement at finer taxonomic levels
was not possible. Therefore, the entire sequence was compared against the GenBank database using
BLAST [28]. The top ten BLAST matches were to unidentified dothideomycetous endophytes or
uncultured ascomycetous clones, except for two strains of Colletogloeopsis dimorpha (strains CBS 120085
and CBS 120086). The matches to Colletogloeopsis dimorpha had 97% coverage and a maximum identity
of only 92%, and similar levels of match precision to other taxa restricted our taxonomic inference.

Therefore, to clarify the phylogenetic placement and taxonomic assignment of AK1128,
two phylogenetic analyses were conducted. First, the top 99 BLAST matches were downloaded
from GenBank, four problematic sequences for which quality was suspect were removed, and AK1128
and the resulting dataset was aligned automatically via MUSCLE (http://www.ebi.ac.uk/Tools/msa/
muscle/) with default parameters. The alignment consisted of dothideomycetous endophytes as
well as described species of Dothideomycetes that mostly comprised taxa affiliated with some
lineages recognized within Mycosphaerella (e.g., Teratosphaeria, Colletogloeopsis, Catulenostroma, etc.).
The alignment was trimmed so that starting and ending points were generally consistent with the
sequence length for AK1128 and adjusted manually in Mesquite [26] prior to analysis. The final dataset
consisted of 96 sequences and 1084 characters. This dataset was analyzed by maximum likelihood in
GARLI (Zwickl, D. J. Genetic algorithm approaches for the phylogenetic analysis of large biological
sequence datasets under the maximum likelihood criterion (Ph.D. Dissertation, The University of
Texas at Austin, Austin, TX, USA, 2008) using the GTR + I + G model of evolution as determined
by ModelTest [29]. The resulting topology indicated that AK1128 had an affinity for Teratosphaeria,
Catenulostroma, and relatives but was not phylogenetically affiliated with Colletogloeopsis (data not
shown). Because this analysis included many unknown taxa (endophytes) and we could not root
the tree with certainty, the taxon sampling was found to be insufficient to infer with confidence the
placement of the AK1128.

A second phylogenetic analysis was therefore conducted using taxa affiliated with Teratosphaeria,
Catulenostroma, and relatives, as analyzed previously [30]. The alignment of ITS rDNA sequences
from [30] was obtained from TreeBase and pruned to include only those taxa of interest based on our
analysis above (i.e., the lower half of Figure 1 in [30] in a preliminary analysis, and then only those taxa
most closely related within Teratosphaeria in the final analysis). The sequence for AK1128 was integrated
into the pruned dataset and the data were realigned, adjusted, and analyzed as described above.
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The resulting dataset consisted of 79 sequences and 582 characters in the preliminary analysis.
A bootstrap analysis with 1000 replicates was conducted to assess topological support and the topology
was rooted with Devriesia strelitziae [30]. The resulting tree suggested that AK1128 is affiliated with
Teratosphaeria species (data not shown).

Therefore, the dataset was pruned further, focusing only on those Teratosphaeria species suggested
to be close relatives of AK1128. The final analysis included 42 terminal taxa and 554 characters and
was rooted with Catulenostroma macowanii based on the topology of the preliminary analysis. The final
tree with maximum likelihood bootstrap values is shown in Supplemental Figure S13. The final
analysis placed AK1128 with certainty within the genus Teratosphaeria (Teratosphaeriaceae), likely in
affiliation with T. associata (known from Eucalyptus [31] and Protea [30] from Australia). Given the
distinctive geographical origin and host of AK1128, and the sister relationship of AK1128 to known
strains of T. associata (Supplemental Figure S13), we designate the strain as Teratosphaeria sp. AK1128,
affiliated with but distinct from known variants of T. associata.

3.3. Cultivation and Isolation of Metabolites

A culture of Teratosphaeria sp. AK1128 grown on PDA for two weeks was used for extraction.
The PDA cultures from 20 T-flasks were combined and extracted with MeOH (5.0 L) in an ultrasonic
bath for 1.0 h. After filtration, the MeOH solution was concentrated to around one-third of its volume
in vacuo, and the resulting solution was extracted with EtOAc (3 × 700.0 mL). The EtOAc solution was
concentrated in vacuo to afford the crude extract (1.223 g). The crude extract, which showed activity in
cytotoxicity assay, was fractionated by solvent–solvent partitioning using 80% aq. MeOH (100.0 mL)
and hexanes (3× 100.0 mL), followed by 50% aq. MeOH (obtained from 80% aq. MeOH layer by adding
calculated volume of water) and CHCl3 (3 × 100.0 mL) to afford hexanes, CHCl3, and 50% aq. MeOH
fractions of which only the CHCl3 fraction was found to be cytotoxic. Therefore, the CHCl3 fraction
(1.094 g) was subjected to gel-permeation chromatography on Sephadex LH-20 (50.0 g). The column
was eluted with 250.0 mL each of 1:4 hexanes-CH2Cl2, 3:2 CH2Cl2-acetone, 1:4 CH2Cl2-acetone,
and MeOH to give four fractions. The cytotoxic 3:2 CH2Cl2-acetone fraction (778.6 mg) was further
fractionated by SiO2 gel (100.0 g) column chromatography using 95:5 CHCl3-MeOH as eluting solvent.
Eight combined fractions (fractions 1–8) were obtained by combining the fractions based on their TLC
profiles. Fraction 1 (12.5 mg) was separated by reversed-phase HPLC (70% aq. MeOH as eluant)
to afford 1 (7.4 mg, tR 16.5 min) and 8 (2.7 mg, tR 10.5 min). Reversed-phase HPLC separation of a
portion (55.6 mg) of fraction 2 (135.8 mg) using 65% aq. MeOH gave additional amounts of 8 (3.7 mg,
tR 14.4 min) and 4 (29.6 mg, tR 25.6 min). Compounds 3 (16.9 mg, tR 26.2 min), 4 (10.8 mg, tR 18.1
min), and 7 (4.2 mg, tR 15.5 min) were obtained from fraction 3 (70.8 mg) by reversed-phase HPLC
using 65% aq. MeOH as the eluent. Fraction 4 (29.1 mg) was further purified by reversed-phase HPLC
(65% aq. MeOH) to afford 2 (8.3 mg, tR 27.7 min) and 6 (9.8 mg, tR 21.6 min). A portion (78.5 mg) of
fraction 5 (299.7 mg) was subjected to reversed-phase HPLC. Elution with 65% aq. MeOH yielded
metabolites 5 (54.5 mg, tR 15.3 min) and 6 (10.3 mg). Reversed-phase HPLC separation of fraction 6
(106.0 mg) using 60% aq. MeOH as eluent gave two crude fractions, A (tR 10.8 min) and B (tR 27.7 min).
Further purification of fractions A and B by normal-phase SiO2 HPLC (eluent: 97.5:2.5 CHCl3-MeOH)
afforded 10 (2.3 mg, tR 15.0 min) and 9 (26.0 mg, tR 17.5 min), respectively.

Teratopyrone A (1). Yellow amorphous solid; [α]25
D −54.4 (c 0.1, CHCl3); UV (MeOH) λmax (log ε)

203 (4.45), 229 (4.63), 281.5 (4.84), 403 (4.09); ECD (MeOH) [θ] +1.78 × 105 (272 nm), −1.46 × 105

(289.5 nm); 1H NMR (400 MHz, CDCl3) δ 14.97 (s, 1H, 5-OH), 14.48 (s, 1H, 5′-OH), 7.08/7.03 (br s, 1H,
H-10), 7.07/7.04 (br s, 1H, H-9), 6.26/6.28 (br s, 1H, H-7′), 6.12 (br s, 1H, H-9′), 5.98 (s, 1H, H-3′), 3.90/3.94
(s, 3H, 6′-OMe), 3.60/3.59 (s, 3H, 8′-OMe), 3.39/3.55 (s, 3H, 8-OMe), 3.35 (m, 1H, H-3′), 2.80/2.81 (m, 1H,
H-3′), 2.35 (s, 3H, 2-Me), 1.42/1.47 (s, 3H, 2′-Me); 13C NMR data, see Table 1; HRESIMS m/z 575.1546
[M + H]+ (calcd. for C31H27O11, 575.1548).

Teratopyrone B (2). Yellow amorphous solid; [α]25
D +39.7 (c 0.105, CHCl3); UV (MeOH) λmax

(log ε) 202 (4.36), 238 (4.66), 281.5 (4.73), 386 (3.95); ECD (MeOH) [θ] + 1.63×105 (278 nm), −5.70 × 104
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(297 nm); 1H NMR (400 MHz, DMSO-d6) δ 14.27/14.25 (s, 1H, 5-OH), 13.19/13.18 (s, 1H, 5′-OH),
6.90/6.85 (br s, 1H, H-9), 6.61 (br s, 2H, H-10, H-7′), 6.54 (s, 1H, H-3′), 6.19/6.17 (d, 1H, J = 2.0, H-9′),
4.00 (s, 3H, 8-OMe), 3.60/3.59 (s, 3H, 8′-OMe), 3.41/3.40 (s, 3H, 6′-OMe), 3.25/3.23 (d, 1H, J = 12.6, H-3′),
2.78/2.79 (d, 1H, J = 12.6, H-3′), 2.55 (s, 3H, 2′-Me), 1.65/1.64/1.69 (s, 3H, 2-Me); 13C NMR data, see
Table 1; HRESIMS m/z 575.1543 [M + H]+ (calcd. for C31H27O11, 575.1548).

Teratopyrone C (3). Yellow amorphous powder; [α]25
D +19.3 (c 0.07, CHCl3); UV (MeOH) λmax

(log ε) 204 (4.52), 237.5 (4.80), 281 (4.80), 395 (4.03); ECD (MeOH) [θ] +8.82 × 104 (278 nm), −5.14 × 104

(292 nm); 1H NMR (400 MHz, DMSO-d6) δ 14.42 (s, 1H, 5′-OH), 12.89/12.88 (s, 1H, 5-OH), 7.00/7.02
(br s, 1H, H-7), 6.94 (br s, 1H, H-6), 6.50 (s, 1H, H-3), 6.44/6.39 (br s, 1H, H-7′), 5.99/5.95 (br s, 1H, H-9′)
3.91/3.89 (s, 3H, 6′-OMe), 3.55 (s, 3H, 8′-OMe), 3.46/3.53 (s, 3H, 10-OMe), 3.09 (m, 1H, H-3′), 2.86 (m, 1H,
H-3′), 2.47 (s, 3H, 2-Me), 1.40/1.78 (s, 3H, 2′-Me); 13C NMR data, see Table 1; HRESIMS m/z 575.1551
[M + H]+ (calcd for C31H27O11, 575.1548).

3.4. Cytotoxicity Assay

A resazurin-based colorimetric (alamarBlue) assay was used for evaluating the cytotoxic
activity of metabolites 1–10 against androgen-sensitive human prostate adenocarcinoma (LNCaP),
metastatic human prostate adenocarcinoma (PC-3M), human breast (MCF-7), human non-small
cell lung (NCI-H460), and human CNS glioma (SF-268) cancer cell lines and normal human lung
fibroblast (WI-38) cells as described previously [32]. Doxorubicin and DMSO were used as positive
and negative controls, respectively.

4. Conclusions

Ten metabolites, including three new dimeric naphtha-γ-pyrones, teratopyrones A–C (1–3),
were isolated from a PDA culture of the endophytic fungus, Teratosphaeria sp. AK1128. This constitutes
the second report of the occurrence of secondary metabolites in a fungus of the family Teratosphaeriaceae.
The ECD spectra of teratopyrones A–C suggested that all three of them have negative exciton chirality.
Cytotoxicity data for nigerasperone A (7) from this and previous studies suggest that it has selective
activity for certain cancer cell lines.

Supplementary Materials: The following are available online, Figure S1: 1H NMR Spectrum (400 MHz) of
Teratopyrone A (1) in CDCl3, Figure S2. 13C NMR Spectrum (100 MHz) of Teratopyrone A (1) in CDCl3,
Figure S3. HSQC Spectra (400 MHz) of Teratopyrone A (1) in CDCl3, Figure S4. HMBC Spectra (400 MHz)
of Teratopyrone A (1) in CDCl3, Figure S5. 1H NMR Spectrum (400 MHz) of Teratopyrone B (2) in DMSO-d6,
Figure S6. 13C NMR Spectrum (100 MHz) of Teratopyrone B (2) in DMSO-d6, Figure S7. HSQC Spectrum
(400 MHz) of Teratopyrone B (2) in DMSO-d6, Figure S8. HMBC Spectrum (400 MHz) of Teratopyrone B (2) in
DMSO-d6, Figure S9. 1H NMR Spectrum (400 MHz) of Teratopyrone C (3) in DMSO-d6, Figure S10. 13C NMR
Spectrum (100 MHz) of Teratopyrone C (3) in DMSO-d6, Figure S11. HSQC Spectrum (400 MHz) of Teratopyrone C
(3) in DMSO-d6, Figure S12. HMBC Spectrum (400 MHz) of Teratopyrone C (3) in DMSO-d6, Figure S13. Results of
maximum likelihood analysis placing strain AK1128 within Teratosphaeria with high support.
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Abstract: A set of structurally related O-methylated flavonoid natural products isolated from Senecio
roseiflorus (1), Polygonum senegalense (2 and 3), Bhaphia macrocalyx (4), Gardenia ternifolia (5), and Psiadia
punctulata (6) plant species were characterized for their interaction with human monoamine oxidases
(MAO-A and -B) in vitro. Compounds 1, 2, and 5 showed selective inhibition of MAO-A, while 4 and
6 showed selective inhibition of MAO-B. Compound 3 showed ~2-fold selectivity towards inhibition
of MAO-A. Binding of compounds 1–3 and 5 with MAO-A, and compounds 3 and 6 with MAO-B
was reversible and not time-independent. The analysis of enzyme-inhibition kinetics suggested a
reversible-competitive mechanism for inhibition of MAO-A by 1 and 3, while a partially-reversible
mixed-type inhibition by 5. Similarly, enzyme inhibition-kinetics analysis with compounds 3, 4, and 6,
suggested a competitive reversible inhibition of MAO-B. The molecular docking study suggested that
1 selectively interacts with the active-site of human MAO-A near N5 of FAD. The calculated binding
free energies of the O-methylated flavonoids (1 and 4–6) and chalcones (2 and 3) to MAO-A matched
closely with the trend in the experimental IC50′s. Analysis of the binding free-energies suggested
better interaction of 4 and 6 with MAO-B than with MAO-A. The natural O-methylated flavonoid
(1) with highly potent inhibition (IC50 33 nM; Ki 37.9 nM) and >292 fold selectivity against human
MAO-A (vs. MAO-B) provides a new drug lead for the treatment of neurological disorders.

Keywords: recombinant monoamine oxidase-A; monoamine oxidase-B; neurological disorder;
enzyme kinetics; molecular docking; inhibition activity; flavonoid

1. Introduction

Monoamine oxidases (EC.1.4.3.4; MAO-A and -B) are FAD-dependent enzymes that are responsible
for the metabolism of neurotransmitters such as dopamine, adrenaline, serotonin, and noradrenaline,
and also for the inactivation of exogenous arylalkyl amines [1–3]. Due to their vital role in
neurotransmitter metabolism, these enzymes signify attractive drug targets for the pharmacological
therapy of neurodegenerative diseases and neurological disorders [4–7]. Recent efforts toward the
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development of MAO inhibitors have been focused on selective, reversible MAO-A or MAO-B inhibitors.
The identification of MAO inhibitors could be helpful for numerous aspects of new drug discovery.
Selective MAO-A inhibitors are effective in the treatment of depression and anxiety [8–11]. By contrast,
MAO-B inhibitors are suitable for the treatment of the neurodegenerative diseases Alzheimer’s disease
and Parkinson’s disease [5,7,8,11,12]. Historically, monoamine oxidase inhibitors (MAOI’s) have been
used to treat neurological disorders including depression [10]. Presently, MAO-A inhibitors play
an important role in the control of neurological disorders, anxiety, and depression, while MAO-B
inhibitors could potentially be used as therapeutic agents for Parkinson’s and Alzheimer’s diseases [13].
Pharmacotherapeutic limitations and adverse effects of the currently available MAO inhibitor drugs
require the discovery of new MAO inhibitors with selective inhibition profiles and multi-target
neuropharmacological profiles [12]. Natural products provide useful sources for MAO inhibitors
combined with neuroprotective actions [3,14,15]. Several plant extracts and bioactive natural product
metabolites with catecholaminergic neuropharmacological properties [16] have shown promising
utility for the treatment of Alzheimer’s disease and Parkinson’s disease [17].

Recent studies from our lab have reported selective inhibition of MAO with flavonoid natural
products [18–20]. In continuation of these studies on selected classes of flavonoids as well as other related
published reports on various flavonoids [21,22], we have selected a series of methoxylated flavones
and chalcones from our repository for further evaluation to explore their activities. The structure of
chalcone is different from flavone/flavonol/flavanone, but they are biogenetically correlated. However,
from our previous studies on flavone/flavanone [18,19], and those reported for chalcones [23] as
valid MAO inhibitors, the difference in structures did not explain the structure–activity relationship
for the inhibition of MAO A/B. Therefore, we chose to study the MAO inhibitory activity of these
two types of flavonoids (flavone/flavonol and chalcone), including their docking studies. Therefore,
these studies were further extended to test a set of related O-methylated flavonoids isolated from
different plants, namely, Senecio roseiflorus (3,4′-di-O-methylkaempferol; 1) [24], Polygonum senegalense
(2′-hydroxy-4′,6′-dimethoxy-chalcone; 2 and 2′,4′-dihydroxy-6′-methoxy-chalcone; 3) [25],
Bhaphia macrocalyx (8-demethylsideroxylin; 4) [26] Gardenia ternifolia (4′-O-methylkaempferol; 5) [27],
and Psiadia punctulata (5,7-dihydroxy-2,3,4,5-tetramethoxyflavone; 6), [28] for experimental activities
against MAO-A and -B. The isolated compounds are all non-polar chalcones (di-O-methylated, 2, and 3)
and flavones exhibiting mono-O-methylation (4 and 5) or di-O-methylation (1) or tetra-O-methylation
(6). There was one (4) which even showed ring A C-methylation (4) (Figure 1). This study was also
extended to determine enzyme kinetics and the mechanism of inhibition of the compounds which
showed the best IC50 values in the recombinant human monoamine oxidases assays (MAO-A and
-B). Furthermore, molecular docking simulations were performed to understand the putative binding
modes of the best compounds to MAO-A and -B.

 
Figure 1. Chemical structures of O-methylated flavonoids 1–6.
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2. Results

2.1. Isolation, Purification, and Characterization of O-Methylated Flavonoids

The O-methylated flavonoids reported in this paper were isolated from various plants,
using general methods reported earlier [25,27]. Aerial parts (leaves and branches) were dipped
in a non-polar solvent for short periods to wash off the exudates into the solvent (without affecting
cell vacuole compounds). The solvents used were normally medium polarity solvents such as
acetone or ethyl acetate. The solvent was removed using a rotary evaporator and the remaining solid
materials were subjected to column chromatography using silica gel as a stationary phase and eluting
with hexane/dichloromethane in a gradient fashion continuously increasing polarity followed by
dichloromethane/methanol. Compounds 1–6 were isolated from different plants, namely, S. roseiflorus
(1) [24], P. senegalense (2 and 3) [25], G. ternifolia (5) [27], P. punctulata (6) [28], and B. macrocalyx (4).
Compound 4 is the first report from the genus Baphia. The isolation of compound 4 was not reported
in the literature by us, therefore, its structure was determined using 1D and 2D NMR spectral data and
TOF-MS (see Material and Methods section for details).

2.2. Enzyme Inhibition and Kinetics Mechanism of MAO-A and -B with Compounds 1–6

The inhibition (IC50) of the MAO-A and -B enzymes by compounds 1–6 are shown in Table 1.
Compounds 1, 2, and 5 showed selective potent inhibition of MAO-A compared to compound 3,
which was potent at MAO-A but only slightly selective for MAO-A over -B. Compounds 4 and 6 were
more potent than 3 at MAO-B and were selective for MAO-B over -A.

Table 1. Inhibition of recombinant human MAO-A and MAO-B by a selected set of O-methylated
flavonoids 1–6. The results with significantly potent inhibition are presented in bold.

Compounds MAO-A IC50 (μM) a MAO-B IC50 (μM) a SI b SI c

1 0.033 ± 0.042 9.667 ± 2.309 0.0034 292.93
2 0.407 ± 0.075 5.933 ± 0.833 0.082 14.57
3 1.167 ± 0.513 2.700 ± 0.794 0.432 2.31
4 5.167 ± 1.106 0.800 ± 0.180 6.451 0.154
5 1.350 ± 0.198 >100 - >74.07
6 87.501 ± 3.536 0.875 ± 0.035 100.0 0.009

Clorgyline b 0.0065 ± 0.001 - - -
Deprenyl c - 0.043 ± 0.011 - -

a The IC50 values computed from the dose–response inhibition curves are mean ± S.D. of at least triplicate
observations. b SI Selectivity index: MAO-A IC50/MAO-B IC50. c Selectivity Index: MAO-A IC50 /MAO-B IC50.
bClorgyline and cL-deprenyl were used as positive controls for MAO-A and -B, respectively.

Furthermore, the MAO-A inhibition mechanisms of compounds 1–3 and 5 were studied,
using varying concentrations of kynuramine, a nonselective substrate, to investigate the nature
of inhibition of the enzymes. Based on dose–response inhibition results, at least two concentrations
of 1–3 and 5 were selected for the inhibition kinetics assay—one below and another above the IC50

value. Three sets of assays were completed at varying concentrations of the substrate for each
experiment, one control without inhibitor and the others with two different concentrations of the
inhibitor. The data were evaluated by double reciprocal Lineweaver-Burk plots for determination of
the Ki (i.e., inhibition/binding affinity) values. Binding of compounds 1–3 and 5, with human MAO-A,
yielded the Km value (i.e., the affinity of the substrate for the enzyme) as well as Vmax (maximum
enzyme activity) (Figure 2A–D). Ki values were computed from the double reciprocal plots (Table 2).
Binding of compounds 3, 4, and 6 to human MAO-B yielded the Km value (i.e., the affinity of the
substrate for the enzyme) as well as Vmax (maximum enzyme activity) (Figure 3A–C). Ki values were
computed from the double reciprocal plots (Table 2). Compounds 3, 4, and 6 showed inhibitory activity
of MAO-B with substantially high affinity (Ki = 1.242, 0.809, and 0.874 μM, respectively) (Table 2).
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Figure 2. Kinetics characteristics of the inhibition mechanism of recombinant human MAO-A by
compounds (A) 1; (B) 2; (C) 3; (D) 5; and (E) Clorgyline. Each point shows the mean value of
three observations.

Table 2. Inhibition/binding affinity constants (Ki) for inhibition of recombinant human MAO-A by
compounds 1–3 and 5 and of MAO-B by compounds 3, 4, and 6.

Compounds
Monoamine Oxidase-A Monoamine Oxidase-B

Ki (μM) a Type of Inhibition Ki (μM) a Type of Inhibition

1 0.0379 ± 0.0008 Competitive/Reversible - -
2 0.339 ± 0.219 Competitive/Reversible - -
3 0.633 ± 0.107 Competitive/Reversible 1.242 ± 0.600 Competitive/Reversible
4 - - 0.809 ± 0.093 Mixed/Reversible
5 3.531 ± 0.265 Mixed/Partially Reversible - -
6 - - 0.874 ± 0.069 Competitive/Reversible

Clorgyline b 0.0018 ± 0.0003 Mixed/Irreversible - -
Deprenyl b - - 0.0101 ± 0.0034 Mixed/Irreversible

a The results are presented as the mean ± SD of three observations; b Clorgyline and l-deprenyl were used as
positive controls for MAO-A and -B, respectively.
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Figure 3. Kinetics characteristics of the inhibition mechanism of recombinant human MAO-B by
compounds (A) 3; (B) 4; (C) 6; and (D) l-Deprenyl. Each point shows the mean value of three observations

2.3. Binding and Time-Dependent Assays of MAO-A and -B with Compounds 1–6

The characteristics of binding of compounds 1–3 and 5 with MAO-A were investigated by
the equilibrium-dialysis assay. High concentrations of the compounds 1–3 and 5 (10.0, 25.0, 25.0,
and 100.0 μM, respectively) were incubated with the MAO-A enzyme for 20 min and the resulting
enzyme–inhibitor–complex preparation was dialyzed overnight against the 0.025 M phosphate buffer
(pH 7.4). The activities of the enzyme were analyzed before and after the dialysis (Figure 4). The binding
of compounds 1–3 with MAO-A was reversible and compound 5 showed partial reversibility (Table 2).
Incubation of MAO-B with compounds 3, 4, and 6 (50.0, 50.0, and 50.0 μM, respectively) produced
more than 60% inhibition of activity, and 80% of the activity of the enzyme was recovered after
dialysis (Figure 5). Thus, the binding of compounds 3, 4, and 6 with MAO-B was reversible (Table 2).
The selective MAO-B inhibitor deprenyl was confirmed to bind irreversibly with the enzyme (Table 2).

Figure 4. Binding modes of compounds 1 (10.0 μM), 2 (25.0 μM), 3 (25.0 μM), 5 (100.0 μM) and
clorgyline (0.100 μM) with MAO-A.

161



Molecules 2020, 25, 5358

Figure 5. Binding modes of compounds 3 (50.0 μM), 4 (50.0 μM), 6 (50.0 μM) and l-deprenyl (0.500 μM)
with MAO-B.

Further investigation of the time dependence of the assay showed that the inhibition of MAO-A
by compounds 1–3 and 5 was not time-dependent (Figure 6A). The compounds 3, 4, and 6 also did not
show time-dependent inhibition of MAO-B (Figure 6B). For validation, we have run MAO-A and -B
standards simultaneously for the time-dependent assay.

 

(A) (B) 
 

Figure 6. (A) Time-dependent inhibition of recombinant human MAO-A by compounds 1 (0.20 μM),
2 (1.6 μM), 3 (3.0 μM), 5 (16.0 μM) and l-deprenyl (0.010 μM). The remaining activity was expressed as
% of initial activity. Each point represents the mean ± S.D. of triplicate values. (B) Time-dependent
inhibition of recombinant human MAO-B by compounds 3 (3.0 μM), 4 (1.0 μM), 6 (2.0 μM) and
l-deprenyl (0.070 μM). The remaining activity was expressed as % of the initial activity. Each point
represents the mean ± S.D. of triplicate values.

2.4. Computational Analysis of Enzyme–Inhibitor Interactions

A molecular docking study was performed to understand the binding pose and interaction profiles
of compounds 1–6 to MAO-A and -B. Schrödinger’s Induced-Fit docking protocol was adopted to
consider the optimal geometry of the protein–ligand complex after conformational changes induced
by the bound ligand. The GlideScores and binding free-energies of compounds 1–6 in the active
sites of the hMAO-A and hMAO-B X-ray crystal structures are presented in Table 3. The docking
protocol used in this study was validated by self- or native-docking. The native ligands, harmine and
pioglitazone, were extracted from the X-ray structures of MAO-A and -B, respectively, and docked
into their corresponding protein models. The calculated RMSD between the docked and experimental
poses were found to be identical <0.6 Å, which verified the suitability of the docking method for the
current study. The putative binding mode and interactions of the best compounds with the X-ray
crystal structures of MAO-A and -B are presented in Figure 7. The calculated binding free energies
vary between 28–76 kcal/mol against MAO-A and -B. Since some of the measured Ki values are in the
micromolar range, the binding affinities should be somewhere around 6–10 kcal/mol. This is a known
limitation of the employed computations, which are useful not on an absolute scale but in relative
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terms among structurally similar ligands, which is the focus here Compound 1 exhibited a strong
binding affinity to the MAO-A receptor in terms of GlideScore and binding free energy (ΔG = −57.522
kcal/mol) compared to the other compounds. The p-methoxy phenyl at the C-2 position (Ring-B)
of 1 showed π–π stacking with Phe208 and was surrounded by an array of hydrophobic residues,
including Leu97, Phe108, Ala111, Ile180, and Ile325. The hydroxyl at C-5 of ring A formed H-bonding
with N5 and C=O of FAD and the hydroxyl at C-7 of ring A exhibited water-mediated H-bonding
with Tyr444. In addition, Ring A was surrounded by strong hydrophobic residues Tyr69, Tyr197,
Tyr407, and Tyr444. The best GlideScore and binding free energy matched well with the experimental
binding affinity of 1. Interestingly, 1 and 5 had the difference of –OCH3 and –OH, respectively, at the
C-3 position of ring C but had significant differences in their MAO-A binding affinity. Our docking
results also predicted relatively poor GlideScores and binding free energy for compound 5 compared
to compound 1. After careful observation, we have found that the methoxy group at C-3 of 1 exhibited
strong hydrophobic interactions with Ile335 and Leu337 compared to the hydroxyl group at C-3 of
5. Compounds 1 and 5 have very similar poses; however, compound 1 slightly shifted towards FAD
(~1.5 Å) compared to 5. In addition, the hydroxyl at Ring A of 5 did not show any H-bonding with
FAD, further helping to explain the poorer binding affinity of compound 5 for MAO-A. Interestingly,
compound 1 showed better GlideScore and binding free energy for MAO-B than for MAO-A (see
Table 3); however, its best-ranked docking pose left it 15 Å away from the N5 of FAD, which apparently
is an unrealistic docking prediction. In the search for an alternative pose for 1 to MAO-B, we found a
pose in which 1 fit into the active site of MAO-B (near N5 of FAD) with a GlideScore of −9.705 kcal/mol,
and that is the one reported in Table 3. The substitutions of acetyl (-CH3CO) and methylsulfone
(-SO2CH3) at the C-3 and C-4′ of Ring B of 1 are predicted to enhance the affinity towards MAO-A.
The poly-substituted methoxy group at Ring B caused a loss of binding affinity towards MAO-A but
submicromolar activity towards MAO-B.

Table 3. GlideScores and binding free energies of compounds 1–6 to MAO-A and -B.

Compounds
Experimental IC50 (μM) a GlideScore (kcal/mol) Binding Free-Energy (kcal/mol)

MAO-A MAO-B MAO-A MAO-B MAO-A MAO-B

1 0.033 ± 0.04 9.667 ± 2.309 −11.667 −10.028 b −57.522 −76.353 b

2 0.407 ± 0.075 5.933 ± 0.833 −10.686 −9.999 −47.724 −28.119
3 1.167 ± 0.513 2.700 ± 0.794 −9.951 −10.579 −37.683 −51.309
4 5.167 ± 1.106 0.800 ± 0.180 −9.664 −10.225 −35.043 −53.574
5 1.350 ± 0.198 >100 −10.567 ND c −47.035 ND c

6 87.501 ± 3.536 0.875 ± 0.035 −7.239 −11.191 −34.651 −68.053
a The data are mean ± SD of three observations.; b The best pose is 15 Å away from the N5 of FAD (substrate active
site); the numbers given here are for an alternate pose (see text); c ND = Not determined.

 

Figure 7. Three-dimensional (3D) representation of the protein–ligand interactions of 1–6 with the X-ray
crystal structures of MAO-A and -B. (A) 1 (C magenta, stick model) and 5 (C cyan, stick model) with
MAO-A, (B) 2 (C light green, stick model) with MAO-A, (C) 4 (C blue, stick model) and 6 (C orange,
stick model) with MAO-B. Some crystallographic waters (O red, H white, stick model), FAD (C dark
green), and the important residues of MAO-A and MAO-B (C gray) are also shown. The black dashed
lines represent H-bonding.
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The next structural category, chalcone, represented by compounds 2 and 3, was analyzed.
Compound 2 showed the more negative binding free energy (ΔG = −47.724 kcal/mol) compared to
compound 3 (ΔG = −37.683 kcal/mol) for binding to MAO-A, and these data match closely with
the experimental binding affinities (cf. Table 1). The only structural difference between compounds
2 and 3 involves C-4′ carrying methoxy and hydroxyl moieties, respectively. The docked pose of
2 in the MAO-A receptor showed H-bonding of its hydroxyl moiety at C-6′ and its C-1 carbonyl
(water-mediated H-bonding) with Asn181. In addition, the oxygen of the methoxy at C-4′ exhibited
water-mediated H-bonding with Gln215 and Tyr444. The major difference of binding free energy
between 2 and 3 was because of an additional strong hydrophobic interaction (CH . . . C, C . . . C,
and CH . . . π) of the C-4′ methoxy group of 2 with Tyr69, Phe352, and Tyr407, respectively.

The GlideScores and binding free energies of the flavonoids 4 and 6 showed a better binding
affinity for interaction with MAO-B (4: GlideScore = −10.225 kcal/mol, ΔG = −53.574 kcal/mol and
6: GlideScore = −11.191 kcal/mol, ΔG = −68.053 kcal/mol) than with MAO-A. Compounds 4 and 6

docked in a very similar orientation and showed H-bonding interactions between their C-4 carbonyl
and Cys172. In addition, the C-5 hydroxyl of 4 and 6 showed water-mediated H-bonding with Tyr188,
and Gln206 and the C-4 hydroxyl had direct hydrogen-bonding with the backbone carbonyl of Cys172.
Ring A had an orientation towards the isoalloxazine ring of FAD and was surrounded by an array
of hydrophobic residues, including Tyr60, Phe343, Tyr398, and Tyr435. Furthermore, Ring B was
surrounded by hydrophobic residues Leu164, Leu167, Phe168, Ile199, Ile316, and Tyr326 (including
π–π stacking for Tyr326). Overall, the docking results of compounds 1–6 were in good agreement with
the experimental binding data for MAO-A and -B.

3. Discussion

The molecules with reversible selective inhibition of MAO-A or MAO-B have therapeutic potential
for the treatment of neurological and psychiatric disorders, especially caused due to depletion of
neurotransmitter biogenic amines [9,29,30]. Previous studies from our lab have reported selective
inhibition of human MAO-B with flavonoid natural products [18–20]. A recent study has also
reported MAO-A and MAO-B inhibition activity by acacetin 7-O-(6-O-malonylglucoside), a derivative
of acacetin isolated from Agastache rugosa plant leaves [31]. The follow-up studies presented here
with a select set of O-methylated flavonoids (1–6) identified MAO inhibitors selective against both
MAO-A (1–3 and 5) and MAO-B (4 and 6). Compounds 1–3 interact with MAO-A through reversible
binding as assessed by the enzyme–inhibitor complex equilibrium dialysis assay, while the binding
of compound 5 with MAO-A was partially reversible. The inhibition of MAO-A by compounds 1–3

and 5 was not time-dependent. A recent paper reported MAO-A and -B inhibition activity by natural
constituent acacetin 7-O-(6-O-malonylglucoside) that was isolated and purified from Agastache rugosa
plant leaves [32]. Compounds 3, 4, and 6 also interact with MAO-B reversibly, as assessed by the
enzyme–inhibitor complex equilibrium dialysis assay, and the inhibition was not time-dependent.

Computational analysis of the binding of 1–6 with human MAO-A and -B revealed the putative
binding mode and interaction profiles of the compounds with MAO-A and -B. Among all the
O-methylated flavonoids, 1 showed the strongest computed interaction with MAO-A and exhibited
H-bonding with N5 and C=O of FAD through the hydroxyl at C-5 of Ring A. In addition, the hydroxyl
at C-7 of Ring A also exhibited water-mediated H-bonding with Tyr444. 1 also showed π–π interactions
with Phe208 and was surrounded by an array of hydrophobic residues. On the other hand, 4 and 6

showed strong interactions with MAO-B and shared an identical binding mode with MAO-B. This study
suggests that it would be worthwhile to perform further evaluation of compounds 1–6 including
considering the effects of their MAO-A and -B inhibitory actions in experimental animal models of
neurological and/or neurodegenerative disorders.

The O-methylated flavonoids are predominant bioactive secondary metabolites present in several
plants [32]. The O-methylated flavonoids are generated in plants through the action of specific
O-methyltransferase (OMT) enzymes [33]. O-methylation changes the solubility of flavonoids and
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improves bioactive properties compared to their non-methylated counterparts [34]. The natural product
O-methylated flavonoid 3,4′-di-O-methylkaempferol (1) isolated from S. roseiflorus was identified as a
highly potent inhibitor of human MAO-A with IC50 and Ki values of 33 nM and 37.8 nM, respectively.
The metabolite 1 was more than 292-fold selective for MAO-A over MAO-B. The compound formed a
reversible enzyme–inhibitor complex and was had a very low Ki for MAO-A. With its highly potent
MAO-A inhibition and extraordinary selectivity for human MAO-A over MAO-B, 1 is worth optimizing
further as a new-drug lead and merits advancement to preclinical evaluations regarding utility for the
treatment of neurological and psychiatric disorders.

4. Materials and Methods

4.1. Enzymes

Recombinant human monoamine oxidase (rhMAO-A and -B) enzymes were purchased from BD
Biosciences (Bedford, MA, USA). Kynuramine, clorgyline, deprenyl, and DMSO were obtained from
Sigma Chemical (St Louis, MO, USA).

4.2. Isolation and Identification of Compounds 1–6

Compounds 1–3, 5, and 6 (Figure 1) were isolated and characterized by 1H and 13C-NMR spectra
from Senecio roseiflorus (1), Polygonum senegalense (2 and 3), Gardenia ternifolia (5), and Psiadia punctulata
(6) plant species collected from Kenya [24,25,27,28] (vide supra). In addition, compound 4 was isolated
from the leaves of B. macrocalyx, collected from Southern Tanzania (Mikindaniya Leo village). A voucher
specimen (FMM 3579) was deposited at the Herbarium of the Department of Botany, University of Dar
es Salaam, Tanzania. The dried pulverized plant material (5 kg) underwent sequential cold solvent
extraction with hexane, EtOAc, and finally MeOH, each soaked in each solvent for 24 h, then the
solvents were evaporated with a rotavap yielding hexane, EtOAc, and MeOH extracts (100, 300 and
200 g, respectively). Column chromatography of EtOAc extract (70 g) on silica gel (Merck silica gel 60;
0.40–0.63 mm) eluting with a hexane-DCM gradient, from 100% hexane to 100% DCM and finally in
methanol afforded 10 fractions. The fractions eluting with hexane: DCM (3:7) afforded compounds 4

(8-desmethylsideroxylin, 13.2 mg); obtained as yellow needles, mp 275–277 ◦C (Lit. 275–277 ◦C; ESI MS
(TOF +ve, Finnigan Mat SSQ 7000): m/z 299.1 ([M+H]+, C17H14O5+H) 1H-NMR (600 MHz, Avance
Bruker): 6.82, s, 1H (H-3), 6.82, s, 1H (H-8), 7.95, dd, 2H, J = 2.4, 9.0 Hz (H-2′/6′), 6.93, dd, 2H, J = 2.4,
9.0 Hz (H-3′/5′), 1.98, s, 3H (C-6-Me), 3.90, s, 3H (C-7-OMe), 13.08, s, 1H (C-5-OH), 1H-NMR spectra
was in agreement with those reported in the literature); 13C-NMR: 161.3 (C-2), 103.1 (C-3), 182.0 (C-4),
104.4 (C-4a), 157.5 (C-5), 107.6 (C-6), 163.1 (C-7), 90.4 (C-8), 155.5 (C-8a), 121.2 (C-1′), 128.6 (C-2′/6′),
116.2 (C-3′/5′),163.9 (C-4′), 7.4 (CH3 at C-6), 56.3 (OCH3 at C-7). All NMR spectra of 1–6 are provided
in Supplementary Information.

4.3. MAO Inhibition Assay

In this study, we have investigated the effect of the isolated constituents (1–6) on human
recombinant MAO-A and -B. The kynuramine oxidation deamination assay was performed in 96-well
plates as previously reported, with modification [18,35]. A fixed concentration of kynuramine substrate
and varying concentrations of test compounds or inhibitor were used to determine the IC50 values.
Kynuramine concentrations for MAO-A and -B were 80 μM and 50 μM, respectively. The concentrations
of compounds 1–6 varied from 0.001 μM to 100 μM for the rhMAO-A and -B enzyme activity inhibition.
The test compounds 1–6 were dissolved in DMSO, diluted in the buffer solution just before the assay,
and pre-incubated with the enzyme for 10 min at 37 ◦C. The final concentration of DMSO in the
enzyme-assay reaction mixtures did not exceed 1%. The enzymatic reactions were initiated by the
addition of MAO-A (5 μg/mL) or -B (12.5 μg/mL), and incubated for 20 min at 37 ◦C. The enzyme
reactions were terminated by the addition of 78 μL of 2N NaOH. The formation of 4-hydroxyquinoline
(the enzyme reaction end product) was recorded fluorometrically on a SpectraMax M5 fluorescence plate
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reader (Molecular Devices, Sunnyvale, CA, USA) with an excitation (320 nm) and emission (380 nm)
wavelength, using the Soft MaxPro-6 program. The inhibition effects of enzyme activity were calculated
as the percent of product formation compared to the corresponding controls (enzyme–substrate
reaction) without inhibitors. The assay controls, to define the interference of the test compounds with
the fluorescence measurements, were set up simultaneously, and the enzyme or the substrate was
added after stopping the reaction.

4.4. Determination of IC50 Values

The enzyme assays were performed at a fixed concentration of the substrate kynuramine (80 μM
for MAO-A and 50 μM for MAO-B) and different concentrations of the test compounds (1–6).
The dose–response enzyme-inhibition curves were generated using Microsoft® Excel and the IC50

values were computed with XLfit®.

4.5. Enzyme Kinetics and Mechanism Studies

For determination of the binding affinity of the inhibitor (Ki) to MAO-A and -B, the enzyme assays
were carried out at different concentrations of kynuramine substrate (1.90 μM to 500 μM) and varying
concentrations of the inhibitors/compound. The flavonoids (1–6) were tested at 0.030–0.100μM for MAO-A
and 0.100–0.500 μM for -B. The controls without inhibitor were also run simultaneously. The results were
analyzed by SigmaPlot version 10 using standard double reciprocal Lineweaver-Burk plots for computing
Km and Vmax values, which were further analyzed to determine the Ki values [18,36,37].

4.6. Analysis of Binding of Inhibitor with The Enzymes

Enzyme-inhibitors mostly produce inhibition of the target enzyme through the formation of an
enzyme–inhibitor complex. The formation of the enzyme–inhibitor complex may be accelerated in
the presence of a high concentration of the test inhibitor. The property of binding of test compounds
to MAO-A or -B was determined by the formation of the enzyme–inhibitor complex by incubation
of the enzyme with a high concentration of the test compound. This was followed by extensive
equilibrium dialysis of the enzyme–inhibitor complex. Recovery of catalytic activity of MAO-A and -B
was determined before and after the dialysis. The MAO-A enzyme (0.2 mg/mL protein) was incubated
with each test compound: 1 (10.0 μM), 2 (25.0 μM), 3 (25.0 μM), 5 (100.0 μM) and clorgyline (0.100 μM),
in 1 mL of potassium phosphate buffer (100 mM, pH 7.4). After 20 min incubation at 37 ◦C, the reaction
was stopped by chilling the tubes in an ice bath. Similarly, the MAO-B enzyme (0.2 mg/mL protein) was
incubated with each test compound: 3 (50.0 μM), 4 (50.0 μM), 6 (50.0 μM), and deprenyl (0.500 μM),
in 1.0 mL potassium phosphate buffer (100 mM, pH 7.4). After 20 min incubation at 37 ◦C, the reaction
was stopped by chilling the tubes in an ice bath. All the samples with enzyme–inhibitor complex
were individually dialyzed against potassium phosphate buffer (25 mM; pH 7.4) at 4 ◦C for 16–18 h
(including three buffer changes). The control enzyme (without inhibitor) was also run through the
same procedure and the activity of the enzyme was determined before and after the dialysis [36].

4.7. Time-Dependent Inhibition of the Enzyme

To investigate if the binding of the inhibitor with MAO-A and -B followed time-dependent
inhibition kinetics, the enzyme was pre-incubated with the inhibitor for different time periods
(0–15 min). The compound concentrations used to test time-dependent inhibition were: 1 (0.20 μM),
2 (1.6μM), 3 (3.0 μM) and 4 (16.0μM) and clorgyline (0.010μM), with MAO-A (5.0μg/mL). The inhibitor
concentrations used to test time-dependent inhibition were: 3 (3.0 μM), 4 (1.0 μM), 6 (2.0 μM),
and deprenyl (0.070 μM), with MAO-B (12.5 μg/mL). The controls without inhibitors were also run
simultaneously. The activities of the MAO-A and -B enzymes were determined as described above and
the percentage of enzyme activity remaining was plotted against the pre-incubation time to determine
time-dependent inhibition.

166



Molecules 2020, 25, 5358

4.8. Computational Analysis of The Interaction of Test Compounds with MAO-A or -B

The X-ray crystal structures of MAO-A (PDB ID: 2Z5X) and MAO-B (PDB ID: 4A79 [38] were
directly imported from the Protein Data Bank website (https://www.rcsb.org) to Maestro [39] using
the Protein Preparation Wizard module of the Schrödinger software (Cambridge, MA, USA) [40].
We followed a similar method and protocol for docking as previously described [19]. The protein
structures of MAO-A and -B were each used as monomers in the docking study. In brief, these proteins
were prepared by adding hydrogens, adjusting bond orders, adding missing side chains, setting the
proper ionization states at pH 7.4, refining overlapping atoms, and making H-bond assignments
using PROPKA at pH 7.0. The water molecules beyond 5 Å from the co-crystallized ligands were
deleted and the protonation states of the co-crystallized ligands were generated using Epik at pH 7.4.
During the refinement process, water molecules with fewer than two H-bonds to non-waters were also
removed and, finally, restrained minimization of hydrogens only was performed using the Optimized
Potentials for Liquid Simulations 3 (OPLS3) force field [41]. The cofactor FAD was not removed
during protein preparation and docking. The 2D structures of compounds 1–6 were sketched in the 2D
sketcher module of Maestro, prepared, and energy-minimized at a physiological pH of 7.4 using the
LigPrep module [42] of the Schrödinger software. The compounds were docked as neutral molecules.
The OPLS3 force field was used for protein and ligand preparation, and docking. The active sites
of the MAO-A and -B proteins were generated using the centroid of the co-crystallized ligands of
2Z5X and 4A79, respectively. The Induced Fit docking [43] protocol was used for the docking of
compounds 1–6. The standard precision (SP) docking method was applied during the initial docking
stages. In the initial Glide docking, the receptor and the ligand were “softened” by van der Waals
radii scaling. The scaling factor was chosen to be 0.50 for both the ligand and the receptor to permit
enough flexibility for the ligand to dock in the best poses. The “trim-side chains” option was not used
in this study. The maximum number of poses was chosen to be 20. In the next step, residues that are
within 5 Å of the active site (ligand) were refined using the “Prime Refinement” Table In the final step,
a threshold of 30 kcal/mol was used to redock the best structure, for eliminating high-energy structures
from the Prime refinement step. The top 20 poses were kept for analysis and the best poses were
selected based on IFD scores and visual inspection of protein–ligand interactions. The best docking
poses were subjected to binding free-energy calculations using the Prime MM-GBSA module of the
Schrödinger software allowing protein flexibility within 5 Å of the ligand. Only protein side-chains
were minimized during the calculations. Finally, the Maestro Version 11.5 molecular graphics system
was used to create all the computationally derived figures.

5. Conclusions

Screening of a selected set of O-methylated flavonoid constituents isolated from Senecio roseiflorus,
Bhaphia macrocalyx, Polygonum sengalense, Psiadia punctulata, and Gardenia ternifolia identified compounds
1–3 and 5 as potent and selective inhibitors of human MAO-A, relative to MAO-B, and compounds
4 and 6 as selective inhibitors of human MAO-B. Further investigations suggested compounds
1–3 as reversible and competitive inhibitors and compound 5 as a partially reversible mixed-type
inhibitor of MAO-A and compounds 3, 4, and 6 as reversible and competitive inhibitors of MAO-B.
The computational results for compounds 1–6 were in good agreement with the experimental binding
data for MAO-A and -B. The compounds 1 and 6 with high potency and selectivity of inhibition against
MAO-A and MAO-B, respectively, may be promising new drug leads for further development as
therapeutic treatment of neurological disorders, depression, Alzheimer’s disease, and Parkinson’s
disease. It is important to mention that the flavonoid scaffold possesses promiscuous biological activity
that may be due to inherent structural features. For this reason, they should be treated with caution as
lead compounds for drug development.

Supplementary Materials: All NMR spectra of compounds 1–6 are provided as Supplementary Information.
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Abstract: Thermally processed rhizomes of Atractylodes macrocephala (RAM) have a long history of use
in traditional Chinese medicine (TCM) for treating various disorders, and have been an integral part
of various traditional drugs and healthcare products. In TCM, herbal medicines are, in most cases,
uniquely processed. Although it is thought that processing can alter the properties of herbal medicines
so as to achieve desired functions, increase potency, and/or reduce side effects, the underlying chemical
changes remain unclear for most thermally processed Chinese herbal medicines. In an attempt to shed
some light on the scientific rationale behind the processes involved in traditional medicine, the RAM
processed by stir-frying with wheat bran was investigated for the change of chemical composition.
As a result, for the first time, five new chemical entities, along with ten known compounds, were
isolated. Their chemical structures were determined by spectroscopic and spectrometric analyses.
The possible synthetic pathway for the generation of such thermally-induced chemical entities was
also proposed. Furthermore, biological activity evaluation showed that none of the compounds
possessed cytotoxic effects against the tested mammalian cancer and noncancer cell lines. In addition,
all compounds were ineffective at inhibiting the growth of the pathogenic microorganisms.

Keywords: Atractylodes macrocephala; wheat bran; processing; NMR; atractylon derivatives; isolation
and identification

1. Introduction

The rhizome of Atractylodes macrocephala Koidz (RAM)—called Baizhu in traditional Chinese
medicine (TCM)—is a well-known herbal medicine. It was documented in the earliest existing book
on TCM—“Shen Nong’s Materia Medica” written during the Han Dynasty (A.D. 25-220). RAM has
been traditionally used for the treatment of various disorders, such as loss of appetite, diarrhea, limb
weakness, gastrointestinal dysfunction, immune dysfunction, diabetes, and some chronic inflammatory
diseases [1]. It was reported that RAM is used in more than 835 TCM preparations, as well as an integral
part of more than 4340 classic prescriptions for treating chronic diseases [1]. Indeed, RAM is considered
a functional food, a tonic, and a constituent of various health products purported for promoting
digestion, alleviating fatigue, improving sleeping, enhancing immunity, and treating alimentary
anemia [2]. RAM is traditionally used in its processed form which is commonly achieved by stir-frying
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raw RAM with wheat bran [3,4]. This type of processing technique, known as Pao-Zhi in TCM, has
been widely used for the preparation of Chinese Materia Medica [5] with a long history. It is believed
that after processing, property and function of remedies can be changed, medical potency can be
increased, and/or toxicity and side effect can be reduced. The practice of processing RAM can date back
to the Tang dynasty (A.D. 618–907) [6], and the earliest processing protocol for RAM by stir-frying with
wheat bran was recorded in the famous Sheng Ji Zong Lu, the TCM prescription book written in A.D.
1117. This processing method is also currently documented in the Chinese Pharmacopeia [7]. Although
processed RAM is commonly used as an ingredient of various Chinese medicines and health products,
so far, the chemical compositional change as a result of processing has not been clearly delineated.

Extensive phytochemical and pharmacological studies have been conducted on raw RAM, revealing
the presence of volatile organics, sesquiterpenoids, triterpenoids, polyacetylenes, coumarins and
phenylpropanoids, flavonoids and their glycosides, steroids, benzoquinones, and polysaccharides [1].
Among them, sesquiterpene lactones (i.e., atractylenolids I, II, and III) are considered to be the
characteristic and bioactive constituents of RAM [8,9]. Efforts have been previously undertaken to
investigate the changes occurring in the chemical components of RAM before and after processing by
utilizing HPLC, GC/MS, and other analytical techniques. Substantial changes in the concentration of
constituents, including those in essential oil, as well as the eudesmane-type sesquiterpenoids (such as
atractylon, atractylnolides I, II, and III, etc.), were observed [3,10–13]. These changes can be explained
as the result of evaporation, conversion, and/or degradation by heating, due to their physicochemical
properties such as volatility and instability [13,14]. Nevertheless, in continuation of the quest to probe the
overall integrity of botanical preparations by using NMR-based metabolomics to investigate the change
of chemical composition which occurred during processing, we observed that some new characteristic
signals appeared in the NMR spectra of the processed RAM, which suggested that some unknown
compounds could be generated during processing. Herein, the discovery of five new compounds
isolated from the RAM processed by stir-frying with wheat bran is reported. Their chemical structures
were determined by both spectroscopic and spectrometric analyses. In addition, a plausible mechanism
for the generation of these new compounds was proposed. Furthermore, their cytotoxic, antimicrobial,
and antileishmanial activities were evaluated.

2. Results and Discussion

2.1. Structure Elucidation

A previous study using a NMR-based metabolomics method to investigate the effects of processing
on the Chinese herbal medicine Flos Lonicerae revealed that the NMR approach can provide not only
a holistic view on the change of chemical composition during processing, but also the information
on identity of individual components [5]. In the present study, with the aid of information obtained
from the NMR-based metabolomic analyses of RAM before and after processing, we could narrow the
scope of isolation targets to the hexane partition fraction and its sub-fractions based on new signals of
interest observed in their NMR spectra.

Compound 1 was obtained as a white amorphous powder. Its molecular formula was established
as C31H40O2 based on its high-resolution atmospheric pressure chemical ionization mass data
(HR-APCI-MS, m/z = 445.3134 [M + H]+). From its 13C-NMR spectrum, only 16 resonance signals
were observed, suggesting 1 might contain two symmetrical sub-structures with 15 carbons for each
structure. Referring to the multiplicity-edited HSQC spectrum, the signals in the 13C spectrum were
assigned to two methyls, six methylenes, one exocyclic methylidene, one aliphatic methine, one
aliphatic quaternary, and five olefinic carbons (Table 1). The 1H-NMR spectrum showed signals of
methyl groups at δH 1.87 (s) and 0.76 (s), exocyclic methylidene at δH 4.68 and 4.84, aliphatic methine at
δH 2.10 (m), five methylenes in the range of δH 1.40–2.50, and one methylene at δH 3.82 (s). The integral
value of the peak of methylene at δH 3.82 was found to be only 1/3 of the value for the singlet peak of
methyl at δH 0.76 or 1.87, indicating that this methylene is the group bridging the two symmetrical
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moieties together with each moiety containing 15 carbons (Figure 1). The HMBC spectrum of 1 reveals
the cross-peaks of the methyl signal at δH 0.76 (H-14,14′) with the carbon signals at δC 42.0 (C-1,1′),
δC 45.7 (C-5,5′), δC 39.2 (C-9,9′) and δC 36.7 (C-10,10′). Additionally, the cross-peaks of the methyl
signal at δH 1.87 (H-13,13′) with the carbon signals at δC 116.6 (C-7,7′), δC 114.3 (C-11,11′), and δC

145.0 (C-12,12′), and the cross-peaks of the exocyclic methylidene at δH 4.68 and 4.84 (H-15,15′) with
the carbon signals at δC 37.3 (C-3,3′), δC 150.0 (C-4,4′), and δC 45.7 (C-5,5′) were observed in the
HMBC spectrum. These observations suggested that the 15-carbon moiety had a furanoeudesmane
carbon skeleton in the structure as in atractylon, which is a known furanosesquiterpene isolated
from RAM in significant quantity [15]. The analysis of the 1H-1H COSY spectrum further confirmed
the assignment. The nuclear Overhauser effect (NOE) interactions between H-14 (14′) and H-2β
(2′β)/H-6β (6′β), but no NOE interaction between H-14 (14′) and H-5 (5′), were observed in the
NOESY spectrum, indicating that the trans-fused A/B ring junction and α,β-orientation of H-5 (5′)
and Me-14 (14′) in the furanoeudesmane skeleton was the same as atractylon. Observations of
HMBC correlations of the methylene signal at δH 3.82 (H-16) to C-11 (11′) at δC 114.3 and C-12
(12′) at δC 145.0 in the HMBC spectrum indicated that the two symmetrical moieties were linked
together through the methylene group attaching to C-11 and C-11′. Accordingly, 1 was identified
to be bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methane,
trivially named methylene-biatractylon.

Compound 2 was obtained as a white amorphous powder. As determined from the [M + H]+

peak at m/z = 459.3267 in HR-ACPI-MS, 2 has a molecular formula of C32H42O2 with 12 degrees
of unsaturation (DOU). Compound 2 has the same number of DOU as compound 1, but has an
additional CH2 in molecular formula. The 1H NMR and HSQC spectra of 2 exhibit similar signal
patterns as those of 1, respectively, i.e., the signals of methyl groups at δH 1.82/1.76 (s) and 0.75/0.77 (s),
exocyclic methylidene at δH 4.68 and 4.84, aliphatic methine at δH 2.10 (m), six methylenes in the
range of δH 1.40–2.50. A significant difference lies in that one methylene at δH 3.82 (s) was observed
for 1, but one aliphatic methine at δH 4.17 (q) and one methyl at δH 1.57 (d) were observed for 2

(Table 1). The 13C-NMR spectrum of 2 also displays a similar signal pattern as that of 1. A significant
difference between 2 and 1 is the presence of one methine carbon at δC 30.1 and one methyl carbon at
δC 18.1 in 2, corresponding, respectively, to the proton signals at δH 4.17 and δH 1.57. The analyses
of the COSY and HSQC spectra confirmed the presence of an ethylidene unit in 2, instead of the
presence of a methylene in 1. Comparing 2 to 1, another difference in their 13C spectra is that
slight splitting of carbon signals for the pair groups of C-1/1′, C-5/5′, C-9/9′, C-11/11′, C-13/13′, and
C-14/14′ were observed for 2 but not for 1 (Table 1). Analyses of the HMBC and COSY spectra of
2 revealed that these pair of signals were attributed to the two atractylon moieties presented in 2.
Furthermore, the trans-fused A/B ring junction in the two atractylon moieties was confirmed by
the NOE observations from the NOESY spectrum. The HMBC correlations of the methyl protons
(Me-17) in the ethylidene unit at δH 1.75 with the carbons C-16 at δC 30.1, C-11 (11′) at δC 112.9/113.0,
and C-12 (12′) at δC 149.1, and the methine proton (H-16) in the ethylidene unit at δH 4.17 with the
carbons C-17 at δC 18.1, C-11 (11′) at δC 112.9/113.0, and C-12 (12′) at δC 149.1 indicated that the two
atractylon moieties were linked together through the methine in the ethylidene unit connecting at
C-11 and C-11′. On the basis of the aforementioned evidence, the structure of 2 was established to be
2,2′-(ethane-1,1-diyl)-bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan),
trivially named ethylidene-biatractylon.
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Figure 1. Structures of compounds 1–15.

Compound 3 was isolated as a white amorphous powder. Its molecular formula was determined as
C35H42O3 based on the HR-ACPI-MS data for the [M +H]+ peak at m/z = 511.3221, accounting for 15
degrees of unsaturation. Both the 1H and 13C signals of 3 in the upfield NMR chemical shift range showed
close similarities to those of 1 and 2, however, differences were observed in the downfield range. Four
additional carbon signals at δC 153.1, 141.4, 110.2, and 107.2 in the 13C spectrum, and three additional
proton signals at δH 7.35 (d), 6.30 (dd), and 6.07 (d) in the 1H spectrum were observed for 3, as compared
to 1 or 2. These signals were assigned to a furan ring (3 degrees of unsaturation) by the analyses of COSY
and HMBC spectra. Apart from these differences, the other signals displayed almost the same features as
in 1 or 2. The analyses of the 2D NMR spectra confirmed that 3 possessed a similar biatractylon skeleton
in its structure as was found in 1 and 2. Clear HMBC correlations of the methine proton (CH-16, with
proton and carbon signals at δH 5.47 (s) and δC 36.1, respectively) to C-17 at δC 153.1, C-18 at δC 107.2,
C-12 at δC 144.7, and C-11 δC 115.2 were observed, indicating that the furan ring and the two atractylon
moieties were linked together through this methine. Hence, the structure of 3 was determined to be
2,2′-(furan-2-yl-methylene)-bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]
-furan), trivially named furan-2-methanetriyl-biatractylon.

Compound 4 was obtained as a white amorphous powder. The [M + H]+ ion at m/z = 541.3299 in
the HR-ACPI-MS spectrum revealed its molecular formula as C36H44O4, with the same 15 degrees of
unsaturation but with one more carbon, two more protons, and one more oxygen when compared
to 3. The 1H-NMR spectrum of 4 showed almost the same features as that of 3, except for having
one more singlet signal at δH 4.55. The 13C-NMR spectrum of 4 also displayed close similarity to
that of 3, except for the addition of an oxygenated methylene signal at δC 57.6 (corresponding to
the above signal at δH 4.55 in the HSQC spectrum) and the significant downfield shift of the olefinic
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carbon signal from δC 114.4 to 153.0. In the HMBC spectrum of 4, the protons of this oxygenated
methylene demonstrated clear correlations to the downfield-shifted carbons C-20 at δc 153.0 and
C-19 at δc 108.7, indicating its connection at C-20. No other significant differences were observed
when comparing the NOESY spectra of 4 and 3. Accordingly, the structure of 4 was established to
be (5-(bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methyl)
furan-2-yl)methanol, trivially named 5-furanmethanol-2-methanetriyl-biatractylon.

Compound 5 gave the [M +H]+ ion at m/z = 739.4719 in its HR-APCI-MS spectrum, which was
consistent with a molecular formula C51H62O4 possessing 21 degrees of unsaturation. As compared
with 4, compound 5 has six more degrees of unsaturation, 15 more carbons, and 18 more hydrogens in
the molecular formula. Both its 1H and 13C-NMR spectra exhibit similar signal patterns to those of 4,
respectively, except for the occurrence of additional peaks which were attributed to atractylon moieties.
Given that an atractylon moiety possesses 6 degrees of unsaturation, 15 carbons, and 19 hydrogens;
it is implied that 5 should contain three atractylon moieties in its structure. Further analyses of
the 1D and 2D NMR spectra confirmed the assignment, with the supporting data listed in Table 1.
The methine proton (H-16) at δH 5.42 displayed clear HMBC correlations to the carbon pairs C-11/11′
at δC 115.1/115.1, C-12/12′ at δC 144.8/144.8, as well as C-17 at δC 151.5 and C-18 at δC 107.9, indicating
two atractylon moieties were linked through this methine to the furan unit. The methylene protons
(H-21) at δH 3.86 showed clear HMBC correlations to the carbon C-11” at δC 114.9, C-12” at δC 144.3,
C-19 at δC 106.5, and C-20 at δC 151.4, revealing that the third atractylon moiety is linked through this
methylene to the furan unit. On the basis of the above information, the structure of 5 was assigned as
2,2′-((5-((3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methyl)
furan-2-yl)methylene)-bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-
furan), trivially named furan-5-methanediyl-2-methanetriyl-triatractylon.

In addition to the aforementioned five new compounds, ten known compounds (6–15) were
also isolated from the processed RAM in the present study (Figure 1). They were identified as
5-(hydroxymethyl)furfural (6) [16], 5-(Hydroxymethyl)-2-(dimethoxymethyl)furan (7) [17], 2,3-dihydro-
3,5-dihydroxy-6-methyl-4-pyranone (8) [18], atractylon (9) [19], atractylenolide I (10) [20], atractylenolide
II (11) [20], atractylenolide III (12) [20], atractylenolide VII (13) [21], γ-selinene (14) [22], and
selina-4(14),7(11)-dien-8-one (15) [23] with comparing their spectroscopic data with those in the
literature. Compound 7 is likely an artifact from 6 since methanol was used in the isolation process.
Compound 8 was isolated from wheat [18], indicating that it might come from the wheat which was
used during the process.

2.2. Proposed Mechanism for the Formation of Compounds 1–5

To the best of our knowledge, this is the first report to delineate the possible role that processing
plays in producing new chemical entities and impacting the chemical composition of traditional
medicines. Five new compounds (1–5) were generated as a result of the processing of RAM by
stir-frying with wheat bran. A plausible rationale for the formation of new atractylon derivatives
(1–5) is outlined below. Both RAM and wheat bran contain fiber, polysaccharides, cellulose, resistant
starch, inulin, lignins, and oligosaccharides [1,24]. Thermal processing of cellulose, hemicellulose, and
other polysaccharides are known to produce significant amounts of diverse carbonyl compounds such
as formaldehyde [25], acetaldehyde, furfural, 5-hydroxymethylfurfural, etc. [26]. Isolation of major
quantities of both 5-(hydroxymethyl)furfural (6) and 5-(hydroxymethyl)-2-(dimethoxymethyl)furan (7)
from the processed RAM in this study further supports the formation of carbonyl compounds. On the
other hand, atractylon, the major sesquiterpene of A. macrocephala [15,27], can undergo electrophilic
reactions with the pyrolytic aldehyde products. For example, as shown in the proposed plausible
mechanism (Figure 2), atractylon would undergo electrophilic addition with RCHO (R can be hydrogen,
methyl, 2-furanyl, or 5-hydroxymethylfuranyl) to yield a carbinol intermediate (A). Under pyrolytic
conditions, the resulting carbinol would yield electrophilic species (B), which can be added to another
molecule of atractylon to form an adduct (C). Further deprotonation would yield thermally stable
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adducts 1–4. Moreover, compound 4 can undergo the same set of reactions (generation of electrophilic
species, and addition to another molecule of atractylon and dehydration) to form compound 5.

 

Figure 2. Proposed mechanism for the generation of compounds 1–5.

2.3. Biological Activities of Compounds 1–5

The new compounds (1–5) were evaluated for their cytotoxicity to a panel of selected mammalian
cancer and noncancer cell lines (SK-MEL, KB, BT-549, SK-OV-3, LLC-PK1, and Vero cells). None of the
compounds exhibited cytotoxic effects. All compounds were ineffective at inhibiting the growth of the
pathogenic microorganisms including three fungi (C. albicans, C. neoformans, and A. fumigates) and five
bacteria (S. aureus, methicillin-resistant S. aureus, E. coli, P. aeruginosa, and M. intracellulare). In addition,
the in vitro antileishmanial activity testing revealed that the compounds were not effective against
L. donavani. Even though the preliminary biological data of these interesting class of compounds are not
encouraging, further biological studies on this class of compounds concerning other biological targets,
as well as SAR and medicinal properties need to be further investigated. In addition to biological
activities, probing the comparative physicochemical properties of these polymeric compounds against
monomeric atractylon might provide additional scientific rationale behind the traditional processes
associated with polyherbal formulations.

3. Materials and Methods

3.1. General Experimental Procedures

UV and IR spectra were obtained on a HP 8452A UV-Vis spectrometer (Hewlett-Packard, Palo Alto,
CA, USA) and an Cary 630 FTIR spectrometer (Agilent Technologies, Santa Clara, CA, USA), respectively.
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High-resolution mass spectra were obtained on an Agilent TOF LC/MS spectrometer equipped with
an atmospheric pressure chemical ionization (APCI) source and operated with the Analyst QS 1.1
software for data acquisition and processing. NMR spectra were acquired on an Agilent DD2-500 NMR
spectrometer with a OneNMR probe at 500 MHz for 1H and 125 MHz for 13C using the pulse programs
provided by the Agilent Vnmrj 4.0 software. Silica gel (J. T. Baker, 40 μm for flash chromatography) and
Sephadex LH-20 were purchased from Fisher Scientific Co. (Waltham, MA, USA), and used for column
chromatographic separations. Biotage IsoleraTM Prime flash chromatography system (Biotage Co,
Charlotte, NC, USA) was used for further separation and purification. TLC was performed on silica
gel 60 GF 254 plates (Millipore Sigma, Burlington, MA, USA) with the TLC spots being observed at
254 nm, followed by spraying with 1% vanillin-H2SO4 derivatization reagent.

3.2. Plant Material and Preparation

The rhizomes of A. macrocephala were purchased from the Harbin Medicine Group Shiyitang Chinese
Herbal Medicine Pharmaceutical Co. (Harbin City, Heilongjiang, China), and authenticated by Prof.
Zhenyue Wang at the Heilongjiang University of Chinese Medicine. A voucher specimen (No. 20150013)
was deposited in the Natural Products Laboratory, the School of Pharmacy of Heilongjiang University of
Chinese Medicine. The wheat bran, produced in Heilongjiang, was bought from the Harbin Medicinal
Materials market.

Processing of the rhizomes of A. macrocephala (2.5 kg) was conducted in the Processing Lab of
the Experimental Training Center in the Heilongjiang University of Chinese Medicine. Following the
processing protocol in the Chinese Pharmacopeia, the rhizomes were cut into slices and air-dried to
reach a constant weight. The wheat bran was first stir-fried in a cauldron with a temperature around
170 ◦C until smoke appeared. The rhizome slices were then added into the cauldron with a ratio of the
rhizome to wheat bran of 1:4 (w/w), the mixture was stir-fried approximately 26 mins until the slices
turned to a yellow-brown color. Next, the processed rhizome slices were separated from the wheat
bran by a sifter.

3.3. Extraction and Isolation

The processed slices of rhizomes (2 kg) of A. macrocephala were powdered and extracted with
methanol (10 L × 3 times) using ultrasonic extraction for 1 hour for each cycle. After the solvent was
evaporated under reduced pressure, a total of 206.8 g of crude extract was obtained. The obtained
extract was suspended in water (3 L) and successively partitioned with hexane (3 L × 3 times) and
EtOAc (3 L × 3 times) to yield 44.4 g and 44.0 g partition fractions, respectively, after removal of
solvents in vacuo. The hexane fraction (44.0 g) was subjected to a silica gel column (CC) (820 g,
10× 80 cm) for chromatographic fractionation, eluting with a hexane-CHCl3 solvent system by stepwise
increasing the polarity. The fractions were collected and combined based on TLC analysis to afford 18
fractions (Fr.1–18). Fr.5 (77.4 mg) was chromatographed on a Sephadex LH-20 column (45 g, 2 × 80 cm),
eluted with CHCl3-MeOH (2.5:1) to yield compound 1 (12.1 mg). Fr.4 (77.1 mg) was first separated on
a Biotage chromatographic system (SNAP KP-Sil 100 g, eluting with hexane-CH2Cl2 solvent system in
increasing CH2Cl2 concentration from 15% to 80%), then purified by Sephadex LH-20 (45 g, 2 × 80 cm,
eluting with CHCl3-MeOH 2:1) and silica gel column chromatography (CC) (9.25 g, 1.5× 40 cm,
stepwise eluting with hexane-CH2Cl2) to give 2 (6.2 mg). Fr.8 (239.8 mg) was chromatographed on a
silica gel column (120 g, 4 × 80 cm) eluted with MeOH-CHCl3 (1:1), the targeted fraction was further
purified using a Sephadex LH-20 column (45 g, 2 × 80 cm), eluting with CHCl3-MeOH while gradually
increasing the polarity, then further purified on a silica gel column (8.9 g, 2 × 40 cm) eluting with
hexane-CH2Cl2 to yield 3 (13.5 mg). Fr.15 (4.20 g) was first chromatographed on a silica gel column
(120g, 4× 80 cm) eluting with hexane-EtOAc in increasing polarity, and then further purified on a
Sephadex LH-20 column (45 g, 2 × 80 cm) eluting with CHCl3-MeOH (2:1) to yield 4 (7.4 mg). Fr.10
(297.1 mg) was treated similarly to that of Fr. 4 to obtain 5 (9.6 mg).
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3.4. Characterization of Compounds 1–5

Bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methane (1), (methylene-
biatractylon), white amorphous powder. UV (MeOH): λmax (logε) = 231 (3.95) nm. IR (ART): Vmax =

2926.0, 2849.5, 1641.9, 1440.6, 1378.1, 1231.9, 1250.5, 1136.8, 889.0, 758.5 cm−1. 1H-NMR and 13C-NMR
data see Table 1. HR-APCI-MS: m/z = 445.3134 [M + H]+ (calc’d. for C31H41O2 = 445.3106).

2,2′-(Ethane-1,1-diyl)-bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan) (2),
(ethylidene-biatractylon), white amorphous powder. UV (MeOH): λmax (logε) = 228 (4.02) nm.
IR (ART): Vmax = 2926.0, 2847.7, 1641.9, 1440.6, 1377.3, 1138.7, 889.0, 758.5 cm−1. 1H-NMR and
13C-NMR data see Table 1. HR-APCI-MS: m/z = 459.3267 [M + H]+ (calc’d. for C32H43O2 = 459.3262).

2,2′-(furan-2-ylmethylene)-bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan)
(3) (furan-2-methanetriyl–biatractylon), white amorphous powder. UV (MeOH): λmax (logε) =
229 (4.12) nm. IR (ART): Vmax = 2924.1, 2849.5, 1641.9, 1377.3, 1440.6, 1340.0, 1250.5, 1231.9, 1181.6,
1136.8, 899.0, 762.2, 730.6 cm−1. 1H-NMR and 13C-NMR data see Table 1. HR-APCI-MS: m/z = 511.3221
[M + H]+ (calc’d. for C35H43O3 = 511.3212).

(5-(bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methyl)furan-2-
yl)methanol (4) (5-furanmethanol-2-methanetriyl-biatractylon), white amorphous powder. UV (MeOH):
λmax (logε) = 230 (4.17) nm. IR (ART): Vmax = 2924.1, 2845.8, 1641.9, 1440.6, 1377.3, 1250.5, 1233.7,
1136.8, 1013.8, 889.0, 786.5, 758.5 cm−1. 1H-NMR and 13C-NMR data see Table 1. HR-APCI-MS: m/z =
541.3299 [M + H]+ (calc’d. for C36H45O4 = 541.3318).

2,2′-((5-((3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan-2-yl)methyl)furan-
2-yl)methylene)bis(3,8α-dimethyl-5-methylene-4,4α,5,6,7,8,8α,9-octahydronaphtho-[2,3-β]-furan) (5) (furan-
5-methanediyl-2-methanetriyl-triatractylon), white amorphous powder. UV (MeOH): λmax (logε)
230 (4.30) nm. IR (ART): Vmax = 2953.9, 2924.1, 2853.3, 1459.3, 1377.3, 1272.9, 1136.8, 1123.8, 1073.5,
1015.7, 889.0 cm−1. 1H-NMR and 13C-NMR data see Table 1. HR-APCI-MS: m/z = 739.4719 [M +H]+

(calc’d. for C51H63O4 = 739.4726).

The NMR, MS, UV, and IR spectra of above five compounds are presented in the Supplementary Materials,
which are available free of charge via the internet at https://www.mdpi.com/journal/molecules.

3.5. Biological Activity Assays

3.5.1. Cytotoxicity Assay

Cytotoxic activity was determined against four human cancer cell lines (SK-MEL, KB, BT-549,
and SKOV-3) and two noncancerous kidney cell lines (LLC-PK1 and Vero) as described earlier [28].
All cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA).
Each assay was performed in 96-well tissue culture-treated microplates. Cells were seeded at a density
of 25,000 cells/well and incubated for 24 h. Samples at different concentrations were added, and cells
were again incubated for 48 h. At the end of incubation, the cell viability was measured using a
tetrazolium dye (WST-8) which was converted to a water-soluble formazan product. The absorbance
was measured at 450 nm and the percent viability of sample treated cells was calculated in comparison
to the vehicle-treated cells. Doxorubicin was used as a positive control, while DMSO was used as the
negative (vehicle) control.

3.5.2. Antimicrobial Assays

Isolates were tested against a panel of 8 pathogenic organisms including three fungi
(Candida albicans ATCC 90028, Cryptococcus neoformans ATCC 90113, and Aspergillus fumigates ATCC
204305) and five bacteria (Staphylococcus aureus ATCC 29213, methicillin-resistant S. aureus ATCC 33591,
Escherichia coli ATCC 35218, Pseudomonas aeruginosa ATCC 27853, and Mycobacterium intracellulare
ATCC 23068). Microorganisms were obtained from the American Type Culture Collection. The assays
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were performed at the National Center for Natural Products Research (NCNPR), at the University
of Mississippi as a part of the antimicrobial screening program following a previously reported
method [29]. Drug controls, ciprofloxacin for bacteria and amphotericin B for fungi, were included in
each assay.

3.5.3. Antileishmanial Assay

Compounds were tested in vitro for their ability to inhibit Leishmania donovani, employing the
assay described by Jain et al. [30]. Amphotericin B was included as the drug control for L. donovani.

4. Conclusions

Pao-Zhi (frying and cooking of herbs) is an ancient pharmaceutic technique in TCM to facilitate
the use of herbal medicines for specific clinic needs [31]. Traditionally, most Chinese herbal medicines
undergo elaborate processing in order to become ingredients that are prescribed or utilized in the
manufacturing of TCM proprietary drugs [32]. Although the practice of processing has a long history,
the underlying mechanisms largely remain unclear for most Chinese herbal medicines. In the present
study, through the characterization of chemical profiles coupled with NMR metabolomics approach, the
chemical changes resulting from the traditional processing protocol associated with RAM preparation
were investigated. For the first time, five new chemical adducts, which were formed during processing
A. macrocephala with wheat bran, were isolated and their structures were identified. The findings
allowed us to gain valuable insights into the chemical reactions which occur during the processing
procedures. Processed RAM is widely used in various formulations of TCM drugs and health care
products. Stir-frying with wheat bran is one of the most widely used traditional processing methods
for RAM in TCM [12]. Although the processed RAM is listed as an item in the Chinese Pharmacopoeia,
there are currently no modern standardized processing protocols or quality control standards for the
processed RAM products. The findings of this study may provide useful information for developing
such standards with a scientific basis. Furthermore, as the change of chemical profile will inevitably
influence the associated pharmacological properties of processed RAM, further investigations of the
bio-activities of the newly generated compounds are needed.

Supplementary Materials: The supplementary information is available online. Figure S1.1: 1H-NMR spectrum of
compound 1, Figure S1.2: 13C-NMR spectrum of compound 1, Figure S1.3: HSQC spectrum of compound 1, Figure
S1.4: COSY spectrum of compound 1, Figure S1.5: HMBC spectrum of compound 1, Figure S1.6: HR-APCI-MS
spectrum of compound 1, Figure S1.7: IR spectrum of compound 1, Figure S1.8: UV spectrum of compound 1,
Figure S2.1: 1H-NMR spectrum of compound 2, Figure S2.2: 13C-NMR spectrum of compound 2, Figure S2.3:
HSQC spectrum of compound 2, Figure S2.4: COSY spectrum of compound 2, Figure S2.5: HMBC spectrum
of compound 2, Figure S2.6: HR-APCI-MS spectrum of compound 2, Figure S2.7: IR spectrum of compound 2,
Figure S2.8: UV spectrum of compound 2, Figure S3.1: 1H-NMR spectrum of compound 3, Figure S3.2: 13C-NMR
spectrum of compound 3, Figure S3.3: HSQC spectrum of compound 3, Figure S3.4: COSY spectrum of compound
3, Figure S3.5: HMBC spectrum of compound 3, Figure S3.6: HR-APCI-MS spectrum of compound 3, Figure
S3.7: IR spectrum of compound 3, Figure S3.8: UV spectrum of compound 3, Figure S4.1: 1H-NMR spectrum of
compound 4, Figure S4.2: 13C-NMR spectrum of compound 4, Figure S4.3: HSQC spectrum of compound 4, Figure
S4.4: COSY spectrum of compound 4, Figure S4.5: HMBC spectrum of compound 4, Figure S4.6: HR-APCI-MS
spectrum of compound 4, Figure S4.7: IR spectrum of compound 4, Figure S4.8: UV spectrum of compound 4,
Figure S5.1: 1H-NMR spectrum of compound 5, Figure S5.2: 13C-NMR spectrum of compound 5, Figure S5.3:
HSQC spectrum of compound 5, Figure S5.4: COSY spectrum of compound 5, Figure S5.5: HMBC spectrum
of compound 5, Figure S5.6: HR-APCI-MS spectrum of compound 5, Figure S5.7: IR spectrum of compound 5,
Figure S5.8: UV spectrum of compound 5.
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Abstract: Two new epimeric bibenzylated monoterpenes machaerifurogerol (1a) and 5-epi-
machaerifurogerol (1b), and four known isoflavonoids (+)-vestitol (2), 7-O-methylvestitol (3),
(+)-medicarpin (4), and 3,8-dihydroxy-9-methoxypterocarpan (5) were isolated from Machaerium
Pers. This plant was previously assigned as Machaerium multiflorum Spruce, from which machaeriols
A-D (6–9) and machaeridiols A-C (10–12) were reported, and all were then re-isolated, except the
minor compound 9, for a comprehensive antimicrobial activity evaluation. Structures of the
isolated compounds were determined by full NMR and mass spectroscopic data. Among the
isolated compounds, the mixture 10 + 11 was the most active with an MIC value of 1.25 μg/mL
against methicillin-resistant Staphylococcus aureus (MRSA) strains BAA 1696, −1708, −1717, −33591,
and vancomycin-resistant Enterococcus faecium (VRE 700221) and E. faecalis (VRE 51299) and
vancomycin-sensitive E. faecalis (VSE 29212). Compounds 6–8 and 10–12 were found to be more
potent against MRSA 1708, and 6, 11, and 12 against VRE 700221, than the drug control ciprofloxacin
and vancomycin. A combination study using an in vitro Checkerboard method was carried out for
machaeriols (7 or 8) and machaeridiols (11 or 12), which exhibited a strong synergistic activity of
12 + 8 (MIC 0.156 and 0.625 μg/mL), with >32- and >8-fold reduction of MIC’s, compared to 12,
against MRSA 1708 and −1717, respectively. In the presence of sub-inhibitory concentrations on
polymyxin B nonapeptide (PMBN), compounds 10 + 11, 11, 12, and 8 showed activity in the range of
0.5–8 μg/mL for two strains of Acinetobacter baumannii, 2–16 μg/mL against Pseudomonas aeruginosa
PAO1, and 2 μg/mL against Escherichia coli NCTC 12923, but were inactive (MIC > 64 μg/mL) against
the two isolates of Klebsiella pneumoniae.
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1. Introduction

The genus Machaerium Pers. (Fabaceae) consists of approximately 130 species, which are primarily
distributed in the tropical Americas [1]. It is a genus of shrubs or lianas and small to medium-sized
trees occurring throughout Southern Mexico to Brazil and Northern Argentina and Peru. These species
are indigenous to all climatic regions ranging from equatorial rainforests to the verges of dry and
cold deserts [2–4]. Several species of this genus are used in traditional medicines are considered
to have multiple medicinal properties. Generally, various plant parts of Machaerium are used as an
antitussive, and the sap is used to cure aphthous ulcers of the mouth [4]. M. floribundum is used to
treat diarrhea and menstrual cramps [4]. The presence of a wide array of secondary metabolites from
Machaerium, including flavonoids, terpenoids, and oxygenated phenolic compounds, together with
their bioactivities, was recently reviewed by Amen et al. (2015) [2].

Earlier studies on one of the Machaerium species (Manuel Rimachi, Y-12161), named M. multiflorum
Spruce, yielded four unique (+)-trans-hexahydrodibenzopyrans (HHDBP), machaeriols A-D, and three
5,6-seco-HHDBPs, machaeridiols A-C [5,6]. An unprecedented structural similarity for the HHDBP
nucleus was observed in machaeriol and hexahydrocannabinol, and the 5,6-seco-HHDBP nucleus in
machaeridiol and dihydrocannabidiol. Since these are the first reports of novel phytocannabinoids
from a higher plant other than Cannabis, a recollection of the plant material was necessary from the
original source. Unfortunately, there is an absence of documentary evidence for the existence of
the species M. multiflorum. This species name was not included in the regional Floras as well as in
major online databases (i.e., the International Plant Names Index (http://www.ipni.org/index.html)
and The Plant List (http://www.theplantlist.org). Therefore, it was assumed that the plant sample was
misidentified and was given the name combination M. multiflorum Spruce in error. An investigation
was carried out on the identity of the plant, and a re-examination of the voucher specimen (Rimachi
# 12161) at the Missouri Botanical Garden (MBG) concluded that this species should be treated only
as an unidentified species of Machaerium Pers., as determined by the collection information (Manuel
Rimachi, Y. 12161) [7].

The significance of the chemistry and biological activity of these aralkyl class of
phytocannabinoid-type compounds led to the re-examination of the n-hexane and DCM fractions of
the stem bark EtOH extract of the original plant material [5,6], as well as previously unexamined root
and leaf extracts, which showed significant enhancement of antimicrobial activity against the various
strains of methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin resistant Enterococci
(VRE). MRSA and VRE represent two potential threats to human health. According to the Centers for
Disease Control and Prevention (CDC), MRSA can cause serious health problems, such as bloodstream
infections and pneumonia. CA-MRSA occurs with a higher incidence rate in the United States and in
particular amongst people who are in close physical contact, such as football athletes and childcare
workers [8]. A recent national estimate for invasive MRSA incidence rates showed one in three people
carry S. aureus in their nose and two in 100 people carry MRSA. Enterococci bacteria have the ability to
survive for months in humans and animals. Similar to MRSA, VRE infections are commonly acquired
by hospitalized patients. Enterococcal infections can be lethal, particularly those caused by VRE.
According to the CDC, the number of nosocomial VRE isolates increased in the United States 20-fold,
between 1989 and 1993. VRE is now the second to third most common cause of nosocomial infections
in the USA [9].

In order to acquire substantial quantities of machaeriol A-D (6–9) and machaeridiol A-C
(10–12) for comprehensive antimicrobial evaluations against MRSA and VRE, a reinvestigation
was conducted on stem bark, leaves, and roots of the original plant material. During the course of
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this work, the novel epimeric mixture of bibenzylated furanoid monoterpenes, machaerifurogerol
(1a), and 5-epi-machaerifurogerol (1b), together with the known isoflavons (+)-vestitol (2) and
7-O-methylvestitol (3), and pterocarpans (+)-medicarpin (4) and 3,8-dihydroxy-9-methoxypterocarpan
(5), as well as previously isolated [5,6] machaeriol A-C (6–8) and machaeridiol A-C (10–12), were isolated.
In this study, we report the correction of the previously reported botanical identity of the plant M.
multiflorum, the structure elucidation of compounds 1–5, and comprehensive antimicrobial activities of
compounds 1–8 and 10–12.

2. Results and Discussion

2.1. Botanical Identity of Machaerium sp. (Rimachi 12161)

The regional floras and other relevant publications were consulted for possible botanical
identification of the species [7,10]. The voucher specimen (Rimachi 12161) was confirmed to belong to
the genus Machaerium, based on the morphological features and available field information such as
habitat, leaf, inflorescence, and fruit characters. The leaves showed partial similarities with those of
M. leiophyllum var. leiophyllum and M. glabrum. However, complete identification of the specimen was
not possible due to a lack of information on necessary diagnostic features, such as presence or absence
of spines, features of stipules, and floral characters. It is possible that the specimen could represent
an un-described taxon. The description (vide infra) is based on a single herbarium specimen and the
associated collection information available from the original collection.

The Machaerium sp. (12161) plant was found to grow on sandy soils in open forests in Maynas,
near Loreto, Peru, at an altitude of about 140–160 m. It is a woody liana with cylindrical stems,
imparipinnate leaves with 17–21 leaflets, green flowers in axillary panicles, and 1-seeded samaroid
fruits with a terminal wing showing reticulate venations.

2.2. Phytochemical Constituents

The dried EtOH extract of the stem bark was fractionated with n-hexane, followed by
dichloromethane (DCM), and resulted in the isolation of compounds 1–5 (Figure 1 and Figure S1)
(see the Experimental Section).

 
Figure 1. Structures of the isolated compounds.
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Chromatographic separation of the DCM fraction 20–24 that led to the isolation of compound 1,
showed a single peak upon LC–MS analysis, which showed a protonated molecular ion peak at m/z
379.1906 [M + H]+ in its ESI–HRMS, suggesting the molecular formula C28H29O3. A careful analysis
of the 1H and 13C NMR spectra (Table 1), and 2D NMR COSY, HMQC, HMBC, and NOESY spectra
(Figures S2–S11) suggested that the compound was a mixture of C-5 epimers 1a and 1b (Figure 2).

Table 1. 1H and 13C NMR (in CDCl3) data for epimeric compounds 1a and 1b.

Position
1a (Major Epimer) 1b (Minor Epimer)

HMBC
δc a (J in Hz) δH

b (J in Hz) δc a (J in Hz) δH
b (J in Hz)

1 35.2 CH 2.4 (m) 35.4 CH 2.4 (m) 5, 2, 11
2 41.8 CH2 2.72 (m), 1.59 (m) 42.0 CH2 2.39 (m), 1.58 (m) 5, 11
3 77.7 CH 5.32 (dd, 12, 7.6) 77.4 CH 5.59 (dd, 12, 8.0) 2, 1’, 2’, 6’
5 83.1 CH 4.00 (m) 83.3 CH 4.21 (m) 11, 7
6 29.9 CH2 1.24 (br s), 2.4 (m) 29.4 CH2 1.24 (br s), 2.4 (m) 7, 8, 5
7 120.0 CH 5.18 (t, 7.2) 120.0 CH 5.18 (t, 7.2) 9, 10
8 134.5 C 134.4 CH
9 18.2 CH3 1.66 (s) 18.3 CH3 1.66 (s) 7, 8, 10

10 26.1 CH3 1.72 (s) 26.1 CH3 1.72 (s) 7, 8, 9
11 15.5 CH3 1.02 (d, 7.2) 13.9 CH3 1.03 (d, 7.2) 1, 2, 5
1’ 113.3 C 114.0 C
2’ 155.3 C 155.3 C
3’ 104.9 CH 6.83 (br s) 104.9 CH 6.83 (br s) 5’, 4’, 1’
4’ 130.6 C 130.8 C
5’ 104.9 CH 6.83 (br s) 104.9 CH 6.83 (br s) 3’, 4’, 1’, 7’
6’ 155.4 C 155.4 C
7’ 154.9 C 154.9 C
8’ 101.7 CH 6.89 (br s) 101.6 CH 6.89 (br s) 4’, 7’
9’ 129.5 C 129.4 C

10’ 155.5 C 155.5 C
11’ 111.3 CH 7.45 (d, 7.6) 111.3 CH 7.45 (d, 7.6) 12’, 13’, 10’
12’ 124.4 CH 7.22 (m) 124.4 CH 7.22 (m) 13’, 11’, 10’
13’ 123.1 CH 7.18 (m) 123.1 CH 7.18 (m) 11’, 9’
14’ 121.1 CH 7.52 (d, 7.2) 121.1 CH 7.52 (d, 7.2) 8’, 10’, 13’

a 1H Spectra recorded at 400 MHz, and b 13C spectra recorded at 100 MHz.

 
Figure 2. Structure of the epimeric compound (1a) (major) and (1b) (minor) in mixture.

Moreover, the NMR data were found to be partially comparable with the machaeridiol C (11) [6],
suggesting the presence of a benzofuran side chain (δH 7.18–7.52) (4H) attached to the substituted
resorcinol moiety. The HMBC spectrum (1a; Figure 2) showed 2J- and 3J correlations between the H-8′

186



Molecules 2020, 25, 6000

at δH 6.89 (brs) and the two sp2-hybridized carbons at C-4′ and C-7′ (δC 130.6 and 154.9, respectively),
supporting the attachment of C-4′ of the resorcinol unit to the C-7′ of benzofuran ring. The 1H NMR
spectrum also showed signals at δH 6.83 (2H) for two identical protons (H-3′ and H-5′), suggesting the
presence of C-1′,2′,4′,6′-tetra substituted resorcinol ring with two oxygenated carbons at C-2′ and C-6′
(δC 155.3 and 155.4). In addition, the 1H NMR spectrum (1a) showed signals at δH 4.0 (1H, m, H-5) and
5.32 (1H, dd, J = 1.2, 7.6 Hz, H-3) for the tetrahydrofuran ring, and at δH 1.02 (3H, d, J = 7.2 Hz, H-11)
for a Me-group. The HMBC (Figure 3) spectrum showed correlations between the H-3 (δH 5.32) and the
three sp2 hybridized carbons at C-1′, C-2′, and C-6′ (δC 113.3, 155.3, and 155.4, respectively), supporting
the attachment of the tetrahydrofuran ring at C-3 (δC 77.7) to C-1′ position. The HMBC spectrum also
showed cross peaks between the methyl protons H-11 (δH 1.02) and C-1, C-2, and C-5 (δC 35.2, 41.8, and
83.1), supporting the attachment of the methyl (C-11, δC 15.5) to the tetrahydrofuran at C-1 (δC 35.2).
The 1H, 13C, and 2D NMR spectra supported the presence of the 2-methylbut-2-ene unit. This was
confirmed by the HMBC spectrum, which showed correlations between the H-6 at (δH 2.4) and the
three carbons at C-5, C-7, and C-8 (δC 83.1, 120.0, and 134.5, respectively), confirming the attachment
of the methylbut-2-ene unit to the tetrahydrofuran moiety at C-5. The relative configurations at C-1,
C-3, and C-5 of the tetrahydrofuran were assigned via careful analysis of NOESY correlations for 1a.
In the NOESY spectrum (assigned for 1a), H-5 (δH 4.0) showed correlation with H-1 (δH 2.4) and H-3
(δH 5.32), indicating the cofacial (β)-orientation of the three groups. Additionally, NOESY showed
cross peaks between H-1 (δH 2.4.) and H-3 (δH 5.32), which supported their presence in the same plane
of the molecule like H-5. On the other hand, such nOe signals were not evident in the NOESY of the
minor compound 1b. Moreover, in its 1H NMR spectrum, H-5 and H-3 were deshielded at δH 4.21
(1H, m) and 5.59 (1H, dd, J = 12.0, 8.0 Hz), respectively, for the tetrahydrofuran ring, and at δH 1.02
(3H, d, J = 7.2 Hz, H-11) for an Me-group. Moreover, a CD analysis for this compound revealed a
weak spectrum in the range of 250–500 nm, which is reflective of the epimeric nature of the compound.
Based on the foregoing discussion and comparing the NMR data with compound 11 [6], the structure
1a and 1b were determined for machaerifurogerol and 5-epi-machaerifurogerol, respectively.

 
Figure 3. Key 2D NMR COSY, HMBC, and NOESY correlations of compound 1a.
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During the course of isolation, four isoflavonoid derivatives (2–5) and previously reported
machaeriols (6–8) and machaeridiols (10–12) were isolated from the DCM partition of the stem bark
and leaves extracts. However, the minor compound 9 could not be isolated due to a paucity of material.
Compounds 2 and 3 were identified as known isoflavons (+)-vestitol and 7-O-methylvestitol, while 4 and
5 were identified as known peterocarpans. (+)-medicarpin and 3,8-dihydroxy-9-methoxy-pterocarpan,
respectively, previously reported from Machaerium vestitum and Cuban propolis [10,11]. Compounds 4

and 5 were also reported from Cuban propolis [11]. The 1H and 13C NMR spectroscopic data
(see Table S1) of compounds 2–5 were in agreement with those reported [11,12]. In addition, examination
of the leaves of Machaerium sp. also yielded compounds 6–8 and 10–12, as well as their presence in
the root extract. The identities of compounds 6–12 were established by NMR spectra and by direct
comparison with authentic samples (TLC, HPLC/ LC–MS).

2.3. Antimicrobial Activity against Gram-Positive Species and Fungi

The availability of machaeriols A-C (6–8) and machaeridiols (10–12) [5,6] offered the opportunity
to carry out a comprehensive investigation of antimicrobial activity. Among the tested fractions,
DCM-25-32 (enriched with compounds 8 and 10–12) and DCM-10-15 (enriched with compound
12) were the most active against bacteria S. aureus, and methicillin-resistant S. aureus (MRSA),
and the fungi Candida glabrata, C. krusei, and Cryptococcus neoformans, with IC50 values of <0.8, <0.8,
<0.8, 5.35, <0.8 μg/mL, and <0.8, 1.95, 3.0, 6.07, 12.58 μg/mL, respectively (Table 2). Antibacterial
activities of 6–8, 10–12, and a mixture 10 + 11 (1:1) were evaluated against methicillin-resistant S.
aureus (ATCC 1708, 1696, and 1717), the ex vivo MRSA XEN31 strain, and vancomycin-resistant
Enterococci (VRE; Enterococcus faecium ATCC 700221), low-level VRE (E. faecalis ATCC 51299), and the
vancomycin-sensitive strain (VSA; E. faecalis ATCC 29212) (Tables 3 and 4). Compound 11 and mixture
10 + 11 (1:1) showed the most potent activity against MRSA BAA 1696, BAA 1708, BAA 1717, and BBA
33591 with IC50/MIC/MBC values of 0.43/1.25/5 μg/mL, 0.38/1.25/1.25 μg/mL, 0.38/1.25/2.5 μg/mL,
0.71/1.25/1.25 μg/mL; and 0.41/1.25/10 μg/mL, 0.34/1.25/1.25 μg/mL, 0.39/1.25/1.25 μg/mL and
0.61/1.25/10 μg/mL, respectively. On the other hand, compound 8 and mixture 10 + 11 were found to be
the most potent against E. faecium ATCC 700221 and E. faecalis ATCC 51299, (VRE) and E. faecalis ATCC
29212 (VSE) with IC50/MIC/MBC of 0.48/1.25/2.5 μg/mL, 1.02/1.25/5 μg/mL and 1.16/2.5/2.5 μg/mL;
and 0.49/1.25/2.5 μg/mL, 0.70/1.25/5 μg/mL, and 0.72/1.25/5 μg/mL, respectively (Tables 3 and 4).
The activities of compounds 6–8 and 10–12 were found to be more potent than ciprofloxacin and
vancomycin against the MRSA BBA 1708 strain, while 6, 8, and 10 + 11 were more active against VRE
700221 than the positive controls.

Table 2. Antimicrobial activity (IC50 in μg/mL) of Machaerium DCM fractions a.

C. glabrata C. krusei C. neoformans S. aureus MRSA VRE
29212 b

VRE
51299 c

VRE
700221 d

DCM-1-8 >20 >20 >20 6.09 5.64 - - -
DCM-10-15 >20 >20 4.26 <0.8 0.81 11.41 1.89 3.47

DCM-12 6.07 12.58 <0.8 1.95 3 5.68 1.65 2.95
DCM-25-32 <0.8 5.35 <0.8 <0.8 <0.8 3.70 1.34 <0.8

DCM-56 >20 >20 >20 >20 >20 - - 2.94
DCM-1-8-A-31 >20 >20 >20 9.91 >20 - - -
DCM-1-8-A-41 >20 >20 4.41 4.51 10.62 5.41 8.52 4.52
DCM-1-8-A-63 >20 >20 >20 4.29 4.55 11.39 14.49 9.97

DCM-1-8-A-167 >20 >20 >20 4.5 4.41 - - -
a IC50 is the concentration causing 50% growth inhibition; MIC (minimum inhibitory concentration) is the lowest
concentration that allows no growth; MFC (minimum fungicidal concentration) or MBC (minimum bactericidal
concentration) is the lowest concentration at kills the test organism; b Vancomycin sensitive, c Low-level vancomycin
resistant. d Vancomycin resistant strain; -: not active at the highest test concentration of 20 μg/mL.
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Table 3. Anti-MRSA activities (in μg/mL) of compounds 6–8 and 10–12.

MRSA
BAA-1708

MRSA
BAA-1717

MRSA 33591
MRSA

BAA-1696
MRSA XEN31

Compound IC50/MIC/MBC IC50/MIC/MBC IC50/MIC/MBC IC50/MIC/MBC IC50/MIC/MBC

6 10.61/-/- I1.93/-/- _ 11.87/-/- 3.50/-/-
7 5.36/-/- 3.29/-/- NT 14.64/-/- 4.95/20/20
8 0.69/1.25/1.25 0.72/1.25/10 NT 0.71/2.5/2.5 0.46/1.25/2.5

10 1.03/2.5/5 1.03/2.5/5 NT 1.07/2.5/2.5 1.01/2.5/5
11 0.38/1.25/1.25 0.38/1.25/2.5 0.71/1.25/1.25 0.43/1.25/5 0.33/0.63/1.25
12 1.52/5/5 0.38/2.5/5 1.57/2.5/5 1.40/5/10 1.64/5/10

10 + 11 0.34/1.25/1.25 0.39/1.25/1.25 0.61/1.25/10 0.41/1.25/10 0.32/0.63/1.25
Ciprofloxacin -/-/- 0.14/0.63/1.25 0.04/0.16/0.31 6.17/-/- 0.10/0.31/0.63
Vancomycin >20/>20/>20 0.73/1.25/>20 0.47/1.25/5.0 0.37/0.62/>20 NT
Methicillin 2.2/50/50 - - 2.54/50/50 0.38/1.56/3.13
Cefotaxime 0.35/0.63/0.63 0.35/0.63/0.63 NT 2.47/12.5/25 0.29/0.78/3.13

NT not tested.

Table 4. Anti-VRE activities (in μg/mL) of compounds 6–8 and 10–12.

Enterococcus faecalis
ATCC 29212 a

Enterococcus faecalis
ATCC 51299 b

Enterococcus faecium
ATCC 700221 c

Compound IC50/MIC/MBC IC50/MIC/MBC IC50/MIC/MBC

6 3.51/-/- 18.79/-/- 0.55/1.25/10
8 1.16/2.5/2.5 1.02/1.25/5 0.48/1.25/2.5
12 2.99/5/10 2.96/5/10 1.91/2.5/5

10 + 11 0.72/1.25/5 0.70/1.25/5 0.49/1.25/2.5
Ciprofloxacin 0.25/0.78/6.25 0.22/0.39/6.25 >20/>20/>20
Vancomycin 0.73/1.25/>20 3.8/10/>20 >20/>20/>20
Methicillin 15.3/25/50 14.2/50.0/50.0 >20/>20/>20

a vancomycin sensitive; b low-level vancomycin resistant; c vancomycin resistant.

2.4. Antimicrobial Combination Studies

In light of the strong antimicrobial activity of the DCM fraction 25–32, which is enriched with
compounds 8, 10–12 (Table 3), a combination study using an in vitro Checkerboard method [13,14] was
carried out for machaeriol (7 or 8) and machaeridiol (11 or 12), to evaluate the synergy of combination
treatment against the strains of MRSA and Enterococcus (VRE) (Table 4). Among these compounds,
a combination of machaeridiol B (12; at MIC 5 μg/mL) and machaeriol C (8; at 1

2 MIC 1.25 μg/mL)
exhibited a potent activity, with the MIC values of 0.156 and 0.625 μg/mL exhibiting a >32- and >8-fold
reduction of MICs, compared to those observed for 12, against MRSA 1708 and MRSA 1717 strains.
When these two compounds were tested with an inverse concentration (i.e., MIC of 8; 2.5 μg/mL + 1

2
MIC of 12; 2.5 μg/mL), a strong synergism was also observed, but to a lesser extent. When tested against
VRE (E. faecium 700221), this combination showed synergism with the MIC values of 1.25 μg/mL,
a >4-fold reduction of MIC compared to 12 (Table 5).

Isobologram showing synergistic activity of the combination of compounds 8 and 12 in MRSA
1708 (red) and 1717 (blue) are presented in Figure 4. The green series represents the additivity
line of compounds 8 and 12 (green dots represent the MIC of each compound alone; the green line
represents all possible additive combinations). The red (MRSA 1708) and blue (1717) dots represent the
combination of compounds 8 and 12, and show that they fell below the additivity line (the combination
of the compounds produces a synergistic effect beyond additivity). This synergism between machaeriol
(HHDBP) and machaeridiol (seco-HHDBP) could be due to different molecular targets affected by
these two molecules. A combination study of compounds 8 and 12 with antibiotics, either methicillin
or ciprofloxacin, did not show any additive or synergistic effects.
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Table 5. Combination study (MIC in μg/mL) a of compounds 7, 8, 11, and 12 by Checkerboard assay
against MRSA and VRE.

Compound
MRSA

1708
MRSA

1717
MRSA
33591

MRSA
1696

MRS
XEN31

Ef 29212 b Ef 51299 c Ef 700221 d

7 20 >10 NT 10 20 NT NT NT
8 2.5 2.5 2.5 2.5 1.25 2.5 2.5 1.25

12 5 5 5 5 5 5 >5 5
11 20 20 NT 10 10 NT NT NT

8 + 12 (+2.5 μg/mL) 0.625
(↓4X)

0.625
(↓4X)

1.25
(↓2X)

0.625
(↓4X) NT 1.25

(↓2X)
1.25

(↓2X)
0.625
(↓2X)

12 + 8 (+1.25 μg/mL) 0.156
(↓32X)

0.625
(↓8X)

1.25
(↓4X) NT NT 2.5

(↓2X)
2.5

(↓2X) NT

12 + 8 (+0.625 μg/mL) NT NT NT 2.5
(↓2X) NT NT NT 1.25

(↓4X)

11 + 7 (+2.5 μg/mL) 5.0
(↓4X)

10.0
(↓2X) NT 5.0

(↓2X)
2.5

(↓4X) NT NT NT

DAPG e >1.25 NT NT NT NT NT NT >1.25
8 + DAPG (+0.63 μg/mL) 2.5 (=) NT NT NT NT NT NT 1.25 (=)
12 + DAPG (+0.63 μg/mL) >5 (=) NT NT NT NT NT NT 5 (=)

Methicillin 50 - - 50 1.56 25 50.0 >20
Vancomycin >20 1.25 1.25 0.62 NT 1.25 10 >20

a In general, when the MIC of each compound decreased ≥4X in the presence of the other, it is considered synergistic;
reduction of MIC in parentheses; b Vancomycin-sensitive Enterococcus faecalis; c Low-level vancomycin-resistant
Enterococcus faecium; d Vancomycin-resistant Enterococcus faecium; e Diacetylphloroglucinol; NT: Not tested.

 
Figure 4. Isobologram of combination of compounds 8 and 12 in MRSA 1708 (red) and 1717 (blue).
The green series represents the additivity line of compounds 8 and 12 green dots represent the MIC
of each compound alone; the green line represents all possible additive combinations). The red
(MRSA 1708) and blue (1717) dots represent the combination of compounds 8 and 12, and show that
they fell below the additivity line (the combination of compounds produces a synergistic effect beyond
additivity).

2.5. Antimicrobial Activity against Gram-Negative Species

The activity of the compounds was determined in the Gram-negative species of the ESKAPEE
panel, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Escherichia coli (Table 6).
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None of the tested compounds displayed any antimicrobial activity in the Gram-negative species up
to a concentration of 128 μg/mL. However, when the outer membrane was permeabilized using the
membrane permeabilizer polymyxin-B-nonapeptide (PMBN), MICs as low as 0.5 μg/mL were observed,
suggesting an intracellular target. With the exception of 6 + 7, all compounds tested displayed a good
activity in A. baumannii and E. coli strains and in P. aeruginosa strain PAO1. The P. aeruginosa strain
NCTC 13437 is a near-pan drug resistant strain, and this was reflected in the MICs to compounds
6 + 7, 10 + 11, 11, and 12, although 8 had an MIC of 8 μg/mL in the presence of PMBN. None of
the compounds displayed activity in the two K. pneumoniae strains, even in the presence of PMBN,
suggesting the target/pathway might be missing or modified in this species.
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3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were recorded at ambient temperature using a Rudolph Research Analytical
Autopol IV automatic polarimeter. IR spectra were obtained using a Bruker Tensor 27 instrument.
NMR spectra were acquired on a Varian Mercury 400 MHz NMR spectrometer at 400 (1H) and 100 MHz
(13C) in CDCl3, using the residual solvent as an internal standard. Multiplicity determinations (DEPT)
and 2D NMR spectra (HMQC, HMBC, NOESY) were obtained using the standard Bruker pulse
programs. ESI-HRMS were acquired by direct injection using a Water Xevo G2-S TOF with electrospray
ionization (ESI). TLC was carried out on pre-coated silica gel 60 F254 (EMD Chemicals Inc, Darmstadt,
Germany) using toluene-EtOAc (9:1) and n-hexane-EtOAc (7.5:2.5) as solvents. Centrifugal preparative
TLC (CPTLC, using a Chromatotron, Harrison Research Inc. model 8924, tagged with a fraction
collector) was carried out on 6 mm custom-made RP C18 silica gel [15], and silica gel P254 (Analtech) 1,
2, and 4 mm rotors, using H2O-MeOH, EtOAc-:n-hexane, and CHCl3 as eluents. SPE cartridges C18

(Supelco Inc., Bellefonte, PA, USA) were used in the fractionation work. Purifications were performed
on prep-HPLC (silica gel-100 A 250 × 15.00, 5 μM; Phenomenex Luna, Torrance, CA, USA) using an
HPLC Delta Prep 4000 equipped with a dual wavelength detector Model 2487 adjusted at 210 and
254 nm (Waters Corporation, Milford, MA, USA), Preparative HPLC was carried out on Waters LC
module I plus, using Phenomenex C18, 22 mm, λ 254, flow 15 mL/min, 0–2 min [90% H2O; 10% MeCN],
2–45 min, 10% MeCN→ 100% MeN, 45–50 min 100% MeCN]. Samples were dried using a Savant
Speed Vac Plus SC210A concentrator. The compounds were visualized by spraying the TLC plates
with 1% vanillin-H2SO4 spray reagent.

3.2. Plant Material

The stem bark, leaves, and roots of Machaerium Pers. (Manuel Rimachi, Y.-12161), previously identified
as M. multiflorum Spruce [5] by (Late) Professor Sydney T. McDaniel, was collected in November, 1997,
from open sandy forest near Loreto (Maynas), Peru. The voucher specimen (Manuel Rimachi Y. 12161) is
deposited at the Missouri Botanical Garden (http://www.tropicos.org/Specimen/100326687).

3.3. Extraction and Isolation of Compounds from Stem Bark and Leaves

The powdered stem bark (0.5 kg) was extracted by percolation with 95% EtOH (3 × 2 L) and
the combined extracts were evaporated under reduced pressure (yield 17.7 g). A portion of the
dried EtOH extract (15 g) was percolated with n-hexane, followed by DCM, and finally the residual
extract was washed with MeOH (each 200 mL × 3). The n-hexane, DCM, and MeOH fractions were
separately filtered and dried, which afforded 3.8, 8.9, and 4.5 g, respectively. The antimicrobial activity
was detected in the DCM fraction (IC50 < 20 μg/mL against S. aureus and MRSA). A portion of the
dried DCM fraction (1.65 g) was fractionated by CPTLC with a Chromatotron®instrument, using a
4 mm custom-made C18 RP silica gel ChromatoRotorTM [15], eluting with a gradient of 60% to 100%
MeCN-H2O to afford 30 fractions. The fractions were pooled by TLC analyses.

Fractions 1–8 (475 mg) were combined and further subjected to CPTLC, using a 4 mm silica gel
P254 disc, and gradient elution with MeCN:DCM. Elution with 2% MeCN:DCM afforded medicarpin
(4; 4.5 mg), followed by elution with 4% MeCN:DCM, which gave 3,8-dihydroxy-9-methoxy-pterocarpan
(5; 7.5 mg), and finally elution with 5% MeCN:DCM yielded vestitol (2; 9.8 mg). The combined fractions
10–15 (70 mg) was subjected to preparative C18 RP-HPLC, using 90% MeCN:H2O as solvent, which
afforded machaeridiol B (12), followed by machaeridiol A (10) and machaeridiol C (11). Similarly,
combined fractions 25–32 (100 mg) was also separated by preparative C18 RP-HPLC, which afforded
additional quantities of 10–12 [total yields: 10 (10 mg), 11; (18 mg), 12 (21 mg)] and machaeriol C
(8; 34.6), however, the minor compound machaeriol D (9) could not be re-isolated due to a paucity of
material. Further elution with 75% MeCN:H2O afforded 13 fractions, which contained the mixture
of two compounds 6 + 7, (50 mg). The mixture was then separated by preparative C18 RP-HPLC
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(column: ODS prodigy 10μ, 250 × 10 mm; detector: UV-254 nm), using 95% MeCN:H2O as solvent,
which afforded 6 (16 mg), followed by 7 (16 mg). Finally, the dried n-hexane fraction (77 mg) was
subjected to CPTLC, using a 2 mm C18 RP rotor, and eluted with 65% MeCN:H2O, which afforded
7-O-methylvestitol (3; 8 mg). A sub-fraction of DCM (15 mg) was subjected to prep-HPLC (Waters LC
module I plus, using Phenomenex C18, 2 mm), which afforded compound 1a+1b (5 mg). The structures
of (+)-vestitol (2), 7-O-methylvestitol (3), (+)-medicarpin (4) and 3,8-dihydroxy-9-methoxypterocarpan
(5) were determined by physical and spectroscopic data (1H and 13C NMR, see SI 1), and also by
comparison with those reported [11,12]. The structures of the re-isolated compounds 6–8 and 10–12

were identified by NMR data [5,6] and by direct comparison (TLC, HPLC/LC–MS) with their respective
authentic samples available in our laboratories. Finally, powdered leaves (560 g) and root bark (50 g)
of Machaerium sp. were extracted using the method described previously [5,6], and compounds 6–8
and 10–12 were isolated from leaves as describe below.

The powdered leaf was percolated with n-hexane, followed by DCM and EtOH (each 3 × 2 L)
to yield 5, 14, and 9 g of extracts, respectively. A portion of the DCM extract (10 g) was subjected
to reversed phase (RP) cartridge (10 G, 60 mL Giga tube), and eluted with MeCN-H2O to afford 30
fractions. The combined fractions 20–21 (102 mg; eluted by 60–65% MeCN-H2O) were subjected to
centrifugal preparative thin layer chromatograph (CPTLC, 1 mm Si gel P254 disc), eluting with 0.5–1%
MeCN-DCM to yield 12 (11.4 mg). Fraction 22 (60 mg; eluted with 75% MeCN-H2O) was further
subjected to CPTLC (1 mm RP-C18 ChromatoRotor), eluted with 50–100% H2O-CH3CN to afford
115 fractions, of which fractions 42–45 and 90–115 eluting with 80% and 90% MeCN-H2O yielded 10

(2.7 mg) and 11 (4.5 mg), respectively. Combined fractions 46–89 (28.4 mg) were enriched with 12

(+ traces of 10 + 11). Similarly, RP cartridge purified fractions 23 and 24 (60 and 70 mg; eluted with 70
and 80% MeCN-H2O, respectively) were further purified (1 mm RP-C18 ChromatoRotor) by eluting
separately with 50–100% H2O-MeCN to yield a mixture of 8 + 10 + 11 (32 mg and 31 mg respectively).
The above enriched mixtures were further purified preparative RP-HPLC, using 90% MeCN-H2O as
solvent to afford compounds 12, 11 + 12, 11, and 8 (5, 32, 4 and 31.7 mg, respectively).

A portion of n-hexane extract (2.5 g) was fractionated with CPTLC (6 mm, Si gel P254 disc) eluting
with 5% DCM in hexane to yield 10 fractions. The fractions 3–7 (840 mg) that enriched with compounds
6 and 7 were combined and further attempted to purify with an additional CPTLC (4 mm, Si gel P254
disc) eluting with 5% DCM in hexane to yield semi-pure 6 (40 mg), 6+7 (50 mg), and semi-pure 7

(6 mg). In addition, the presence of these compounds in leaves, stem bark, and root extracts were
confirmed by HPLC and LC–MS (vide infra).

3.4. Machaerifurogerol (1a) and 5-epi-Machaerifurogerol (1b)

Amorphous solid; [α]26
D +5.8 (c 0.05, MeOH); IR (KBr) υmax 3341 (OH), 2924, 1631, 1574, 1452,

1248, 961, 801, 613, 591 cm−1; 1H and 13C NMR, see Table 1; HRESIMS m/z 379.1906 [M +H]+ (calcd. for
C24H27O4, 379.1865).

3.5. Identification of Compounds 6–8 and 10–12 by LC–MS

LC–MS analysis was carried out on an Agilent system using Luna 5 μ C18 (2), 150 × 4.6 mm,
λ 254, flow 1 mL/min, gradient 0–2 min [95% H2O; 5% MeCN], 2–30 min, 5% MeCN→ 100% MeCN,
30–35 min 100% MeCN, 35–45 min [95% H2O; 5% MeCN]. The retention times (Rt) of the compounds 6

(m/z 349.2 [M +H]+; C24H29O2), 8 (365.2 [M +H]+; C24H29O3), 7 (363.2 [M +H]+; C24H27O3), 10 (349.2
[M + H]+; C24H29O2); 11 (363.2 [M + H]+; C24H27O3), and 12 (365.2 [M + H]+; C24H29O2) were found
to be 4.4, 4.5, 9.9, 10.0, 9.4, and 9.7 min−1, respectively. Compounds 6–9 and 10–12 were identified from
leaves, stem bark, and root extracts through HPLC and LC–MS.

3.6. Antimicrobial Assays

All organisms were obtained from the American Type Culture Collection (Manassas, VA,
USA) or the National Collection of Type Cultures (Colindale, UK), unless specified otherwise.
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These included the yeasts Candida albicans ATCC 90028, C. glabrata ATCC 90030, and C. krusei
ATCC 6258; the fungi Cryptococcus neoformans ATCC 90113 and Aspergillus fumigatus ATCC 204305;
and the bacteria Escherichia coli ATCC 35218, NCTC 12923, Klebsiella pneumoniae NCTC 13368,
M6 (Colindale, UK), Acinetobacter baumannii AYE (ATCC BAA-1710), ATCC 17978, Pseudomonas
aeruginosa ATCC 27853, PAO1 (Manoil collection, University of Washington, Washington, DC,
USA), NCTC 13437, Mycobacterium intracellulare ATCC 23068, methicillin-resistant Staphylococcus
aureus ATCC 33591 (MRSa), USA-300 MRSa (ATCC BAA-1717), USA-400 MRSa (ATCC BAA-1696),
Mupirocin-resistant S. aureus (ATCC BAA-1708), Enterococcus faecium ATCC 700221 (VRE), E. faecalis
ATCC 29212 (Vancomycin-sensitive) and Enterococcus faecium ATCC 51299 (Vancomycin-intermediate).
Drug controls ciprofloxacin, methicillin and vancomycin (ICN Biomedicals, Aurora, OH, USA)
for bacteria and amphotericin B (ICN Biomedicals) for yeasts and fungi were included in each
assay. Susceptibility testing was performed using a modified version of the CLSI (formerly NCCLS)
method [16–18]. M. intracellulare was tested using a modified Franzblau method [18]. Samples were
serially diluted in 20% DMSO/saline and transferred in duplicates to 96-well flat-bottomed microplates.
Microbial inocula were prepared by correcting the OD630 of microbe suspensions in incubation broth
to give final target inocula. All organisms were read at either 530 nm, using the Biotek Powerwave XS
plate reader (Bio-Tek Instruments, Winooski, VT, USA) or 544ex/590em, (M. intracellulare, A. fumigatus)
using the Polarstar Galaxy Plate Reader (BMG Lab Technologies, Ortenburg, Germany), prior to and
after incubation. Minimum fungicidal or bactericidal concentrations were determined by removing
5 μL from each clear well, followed by transferring to agar, and incubating. The MFC/MBC was defined
as the lowest test concentration that kills the organism (allows no growth on agar).

Gram-negative MICs were determined using the CLSI microbroth dilution method, modified as
described previously [19]. Bacteria were added at a starting concentration of 5 × 105 cfu/mL and
incubated for 20 h at 37 ◦C in the dark. Absorbance at OD600 was then read using the CLARIOstar
plate reader (BMG Lab Technologies, Germany). The MIC was defined as the lowest concentration
where visible growth could not be detected, equivalent to an OD600 of 0.1. MICs were also determined
in the presence of the membrane permeabilizer, polymyxin-B-nonapeptide (PMBN) following the
same method, with an additional step; after the 2-fold dilution of compound was prepared and
before the bacteria were added, PMBN was added to all wells at a final concentration of 30 μg/mL.
This concentration was shown to not significantly inhibit growth of the test panel.

3.7. Antimicrobial Combination Study by Checkerboard Method

The combination study of the compounds was carried out using a standard Checkerboard
method [13,14]. Strains were grown on Eugon agar at 35 ◦C, prior to assays. Test samples were
dissolved in DMSO (2 mg/mL) to the desired concentrations, and serially-diluted with 20% DMSO/saline.
Samples were transferred to 96 well assay plates (10 μL) in a checkerboard layout. Inocula were
prepared by suspending growth from agar in 0.9% saline, determining the OD630, and correcting in
incubation broth (cation-adjusted Mueller-Hinton, Difco) to afford 5 × 105 colony forming units per mL,
after addition to samples (180 μL) using standard inocula calculations. Final sample test concentrations
were 1/100th the DMSO stock concentrations. The assay plates were read at 530 nm prior to and after
incubation at 35 ◦C for 18–20 h. IC50s of each test compound were calculated using the XLfit 4.2 software
(IDBS, Alameda, CA, USA) using the fit model 201. After incubation, all 96 wells were also pinned to
Eugon Agar and incubated at 35 ◦C overnight to determine bactericidal activity. Fractional inhibitory
concentrations (FICs) were calculated to evaluate possible synergy with FICS < 0.5 synergistic.

4. Conclusions

Based on our investigation carried out on the identity of the plant, and a re-examination of
the voucher specimen (Rimachi # 12161) at the MOBOT, it can now be concluded that this species
should be treated only as an unidentified species of Machaerium Pers., as determined by the collection
information (Manuel Rimachi, Y. 12161). This appears to be the first report of macharifurogerol
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(1a) and its epimer 1b from a natural source. In addition, the isolation of isoflavons (2 and 3) and
pterocarpans (4 and 5) from this Machaerium species (Rimachi 12161) illustrated that these isoflavonoids
are typical chemotaxonomic markers of the genus Machaerium [11,12]. Machaeriols and its biogenetic
precursor machaeridiols are only isolated from this species (#12161) from the genus Machaerium, which
are analogous to hexahydrocannabinol (HHC) and dihydrocannabidiol base skeletons of Cannabis
and its variants, in higher plants [6]. The only other bibenzyl analogue of Δ9-THC, perrottetinen,
was previously reported from the liverwort Radula perrottetii [20]. It is intriguing to note that the
strong MRSA and VRE inhibitory activities, together with their antiparasitic activities [5,6] of the
isolated compounds of Machaerium (12161) is contributed by HHDBP machaeriols and their 5,6-seco
analogs machaeridiols. The stereo-specific total synthesis of machaeriol A-D (6–9) and mechaeridiol
B (12) was reported [21–24]. In addition, analogs of machaeriols and related HHC were recently
synthesized, which showed anticancer activity [25]. It was anticipated that these phytocannabinoids
could serve as potential template for anti-MRSA and anti-VRE lead candidates, because of their
inherent inhibitory activities alone, as well as strong synergistic activity when tested in combination
with machaeriol and machaeridiol. The observation of significant activity in permeabilized multidrug
resistant Gram-negative pathogens, also offers the potential for optimization of the chemical scaffold
to generate analogues with better cell permeability. These compounds might provide important new
leads for WHO priority Gram-negative bacterial pathogens.

Supplementary Materials: The following are available online, NMR and HRMS spectra (Figures S1–S11) of
compound 1, and Table for NMR data (Table S1) of compounds 2–5 are provided in supporting information.
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Abstract: The metabolic pathways in the apicoplast organelle of Plasmodium parasites are similar to
those in plastids in plant cells and are suitable targets for malaria drug discovery. Some phytotoxins
released by plant pathogenic fungi have been known to target metabolic pathways of the plastid;
thus, they may also serve as potential antimalarial drug leads. An EtOAc extract of the broth of
the endophyte Botryosphaeria dothidea isolated from a seed collected from a Torreya taxifolia plant
with disease symptoms, showed in vitro antimalarial and phytotoxic activities. Bioactivity-guided
fractionation of the extract afforded a mixture of two known isomeric phytotoxins, FRT-A and
flavipucine (or their enantiomers, sapinopyridione and (-)-flavipucine), and two new unstable γ-
lactam alkaloids dothilactaenes A and B. The isomeric mixture of phytotoxins displayed strong
phytotoxicity against both a dicot and a monocot and moderate cytotoxicity against a panel of cell
lines. Dothilactaene A showed no activity. Dothilactaene B was isolated from the active fraction,
which showed moderate in vitro antiplasmodial activity with high selectivity index. In spite of this
activity, its instability and various other biological activities shown by related compounds would
preclude it from being a viable antimalarial lead.

Keywords: Torreya taxifolia; plant pathogenic fungi; Botryosphaeria dothidea; malaria; phytotoxin;
γ-lactam alkaloids

1. Introduction

Parasites of the genus Plasmodium, which cause malaria, contain an organelle called
the apicoplast, and its functioning is essential for the survival in both the erythrocytic and
the hepatic phases of development in mammalian hosts [1]. The apicoplast is similar to
plastids of plants, as it is thought to be a vestigial plastid derived from endosymbiosis
of a red alga by a heterotropic, unicellular eukaryote [2]. It retains plant-like metabolic
pathways, which are absent in vertebrate hosts, making the enzymes of these pathways
suitable targets for malaria drug discovery [3–6]. Some phytotoxins released by plant
pathogenic fungi inhibit metabolic pathways of the plastid [7]. If the compounds produced
by plant pathogenic fungi show phytotoxicity and malarial parasite death without causing
cytotoxicity towards mammalian cells, it indicates that the mechanism of parasitic death
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may be due to the ability of the compounds to inhibit the plant-like metabolic pathways
in the apicoplast. As part of our program to search for new antimalarials from plant
pathogenic fungi [8–12], we investigated fungi from seeds of a diseased Torreya taxifolia
Arnott. (Taxaceae). T. taxifolia, also known as Florida nutmeg, Florida torreya, stinking-
cedar, or gopherwood, is a rare, critically endangered evergreen conifer endemic to three
counties in Northern Florida [13–15]. The decline of the native population during the
recent past has been attributed to both abiotic and biotic causes, including fungal diseases.
Several fungi have been isolated from diseased T. taxifolia and some of them have been
shown to cause leaf spots and canker disease in healthy plants [15–18]. For this study, seeds
of T. taxifolia were collected from a tree with disease symptoms cultivated on the Biltmore
Estate in Asheville, North Carolina.

From fragments of a surface-sterilized seed, several endophytic fungi were isolated.
An EtOAc extract of the broth of one of these fungi grown in potato-dextrose liquid
medium showed phytotoxic and antiplasmodial activities. This fungus (UM124) was
identified as Botryosphaeria dothidea (Botryosphaeriaceae) by DNA analysis. Members of
the family Botryosphaeriaceae (Botryosphaeriales, Ascomycota) cause leaf spots, fruit and
root rots, and cankers in a variety of hosts [19], and B. dothidea has specifically been
isolated from a large number of diseased and healthy woody plants, including many
economically important crops [20]. A Botryosphaeria sp. strain has previously been isolated
from T. taxifolia leaves infected with needle-spot disease [14]. A chemical investigation
of endophytic B. dothidea has previously been carried out, and a variety of compounds,
including a simple α-pyridone, were reported from a solid culture of this fungus [21].

Bioassay-guided fractionation of the active EtOAc extract resulted in the isolation and
identification of a mixture of known, isomeric phytotoxins, FRT-A (1) [22] and flavipucine
(2) [23] (or their enantiomers, sapinopyridione [24] and (-)-flavipucine [22]), as well as two
new unstable α-alkyl-γ-lactam alkaloids, dothilactaenes A (3) and B (4), closely related
to epolactaene [25] (Figure 1). While dothilactaene A showed no activity, dothilactaene B
was isolated from the active fraction, which showed moderate, selective antiplasmodial
activity. Two other components isolated from this fraction had the same molecular formula
and similar NMR data indicating that they were diastereomers but due to the lack of
sufficient materials their structural investigation was not completed. This is the first
report of the isolation of a fungus producing phytotoxins from the seeds of diseased
T. taxifolia. B. dothidea might play a significant role in decreasing the population of the
endangered T. taxifolia.

Figure 1. Structures of compounds.
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2. Results and Discussion

The EtOAc extract of the fermentation broth of a fungus isolated from surface steril-
ized seed fragments of diseased T. taxifolia showed good phytotoxic activity against model
plants, a dicot (lettuce, Lactuca sativa L.) and a monocot (bentgrass, Agrostis stolonifera L.).
Furthermore, it showed good antiplasmodial activity against chloroquine-sensitive (D6)
and -resistant (W2) strains of Plasmodium falciparum (IC50 = 0.86 and 1.3 μg/mL, respec-
tively), with low cytotoxicity (32 μg/mL) to mammalian kidney fibroblasts (Vero cells).

The analysis of the ITS genomic region of UM124 for a closest neighbor with pub-
lished sequences showed that the highest identity was with various strains of the species
Botryosphaeria dothidea. Analysis of 18S rDNA of the fungus gave 100% sequence identity to
B. dothidea. The construction of the phylogenetic tree with different strains of B. dothidea
involved 29 nucleotide sequences with a total of 488 positions in the final dataset. In addi-
tion, for the construction of the phylogenetic tree of UM124 with various taxa of the family
Botryosphaeriaceae, 92 nucleotide sequences were analyzed with a total of 382 positions in
the final dataset (Supplementary Materials: Tables S1 and S2 and Figures S1 and S2).

The EtOAc extract of the culture broth was fractionated by silica gel column chro-
matography and the active fractions were combined and separated by Sephadex LH-20 gel
filtration using MeOH as the mobile phase. A fraction with high phytotoxic activity and no
antiplasmodial activity afforded a white precipitate, and its NMR data (Table 1) indicated
that it was a 3:1 mixture of two isomeric known 2,4-pyridione epoxides, fruit rot toxin A
(FRT-A) (1) [22,23] and (+)-flavipucine [24] (or their enantiomers, sapinopyridione [25] and
(-)-flavipucine [24,26,27]). FRT-A was previously reported from B. berengeriana [23].

Table 1. 1H- and 13C-NMR data for mixture of compounds 1 and 2 (3:1) in CDCl3.

Sapinopyridione [25] Compound 1 (-)-Flavipucine [22,27] Compound 2

C δC δH δC
a δH

b (J in Hz) δC δH δC
a δH

b (J in Hz)

2 68.6 3.94, s 68.7 3.94, s 68.8 3.86, s 68.8 3.84, s
3 59.9 60.0 60.0 59.8
4 168.2 168.7 168.8 168.6
6 154.9 155.8 156.2 155.8
7 107.1 5.64, s 107.2 5.63, s 107.3 5.64, m 107.2 5.63, s
8 186.2 186.5 186.9 186.4
9 206.5 206.6 203.6 203.7
10 44.3 3.28, ddq 44.5 3.22, m 49.6 2.68, m 49.6 2.62, dd (16.7, 7.2) 2.68, dd (16.7, 7.2)
11 25.3 1.79, ddq 25.4 1.78, m 24.1 2.1, m 24.0 2.17 c

1.52, ddq 1.50, m
12 11.1 0.97, t 11.2 0.94, t (7.4) 22.5 0.94, d (6.6) 22.6 0.92, d ( 6.7)
13 12.6 1.05, d 12.7 1.02, d (6.6) 22.8 0.98, d (6.6) 22.9 0.96, d, (6.7)
14 20.8 2.19, s 20.8 2.16, s 20.8 2.18, d (1.0) 20.8 2.16, s
NH 8.38, br s 9.24, br s 9.14, br s 9.22, br s

a Recorded at 100 MHz, b Recorded at 400 MHz, c Overlapped signals.

The subfraction with antiplasmodial activity (IC50 = 0.68 and 0.78 μg/mL) was further
separated by reverse-phase semi-preparative HPLC to afford an inactive and an active
fraction (IC50 < 0.523 μg/mL), with no cytotoxicity to Vero cells. The NMR data of the
inactive fraction showed that it was more than 85% of a single compound with lipid impu-
rities. Due to instability and limited material, further purification of this compound was
not possible and was identified as dothilactaene A (3). The active fraction was separated
by analytical HPLC to three peaks. The NMR data of the first peak showed it was a single
compound with 90% purity with lipid contaminants and was identified as dothilactaene
B (4).

The molecular weight of dothilactaene A (3) was determined as C22H29NO5 by HRES-
IMS. The 1H- and 13C-NMR data of 3 (Table 2) indicated the presence of 22 carbon reso-
nances that consisted of five quaternary, three carbonyl, six methine, two methylene, and
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six methyl carbons. Analysis of the 1H- and 13C-NMR data indicated that it was an α-
alkyl-γ-lactam derivative, related to epolactaene [28] (Figure 1). Comparison of the 1H and
13C-NMR data of these compounds (Table 2) showed that they had the same side chain but
differed in the 2-pyrrolidone ring. These differences were attributable to the replacement of
the epoxide and the hydroxy groups in the 2-pyrrolidone ring of epolactaene by a double
bond and methoxy group, respectively, in 3. In the HMBC spectrum of 3, cross-peaks of
H3-1 (δH 1.72) with C-2 (δC 139.9) and C-3 (δC 130.3); H-2 (δH 6.96) with C-3 (δC 130.3) and
C-19 (δC 167.8); H-4 (δH 5.97) with C-21 (δC 14.3), C-19 (δC 167.8), and C-2 (δC 139.9); H3-21
(δH 1.62) with C-6 (δC 135.6) and C-4 (δC 123.1); H2-8 (δH 2.32) with C-6 (δC 135.6), C-7
(δC 128.2), C-9 (δC 28.4), and C-10 (δC 148.6); and H3-22 (δH 1.89) with C-10 (δC 148.6) and
C-12 (δC 191.4) confirmed the structure of the side chain. Further, HMBC correlations of
the -OCH3 singlet (δH 3.18) with C-15 (δC 89.2); the 18-CH3 singlet (δH 1.61) with C-15 (δC
89.2) and C-14 (δC 149.5); and the H-14 olefinic proton singlet (δH 6.83) with C-12 (δC 191.4),
C-13 (δC 139.1), and C-17 (δC 168.3) confirmed the structure of the 2-pyrrolidone moiety
and its link to the side chain. Other COSY and HMBC correlations supported this structure.
The (E)-configuration of the Δ6(7) double bond was determined by the coupling constant
(J = 15.2 Hz). ROESY data indicated that the Δ2(3), Δ4(5) and Δ10(11) olefinic bonds were all
(E) configured.

Table 2. 1H- and 13C-NMR spectroscopic data for compounds 3 and 4.

3 (CDCl3) 4 (CDCl3:methanol-d4 4:1)

δC
a δH

b (J in Hz) δC
a δH

b (J in Hz)

1 15.9 1.72, d (7.1) 15.8 1.55, d (7.1)
2 139.9 6.96, q (7.1) 140.1 6.76, q (7.1)
3 130.3 130.4
4 123.1 5.97, br s 122.7 5.76, s
5 137.7 138.0
6 135.6 6.23, d (15.6) 135.0 6.10, d (15.6)
7 128.2 5.68, dt (15.2, 6.6) 128.8 5.60, dt (15.4, 6.9)
8 31.5 2.32, m 31.6 2.20, m
9 28.4 2.45, m 29.4 2.30, m
10 148.6 6.56, t (6.4) 146.6 6.59, t (4.6)
11 137.8 138.4
12 191.4 196.2
13 139.1 50.0 3.21, s
14 149.5 6.83, s 76.5 4.29, s
15 89.2 83.9
17 168.3 168.3
18 24.8 1.61, s 20.3 1.46, s
19 167.8 168.3
20 51.9 3.74, s 51.9 3.55, s
21 14.3 1.62, s 14.3 1.45, s
22 11.1 1.89, s 11.6 1.67, s
23 50.8 3.18, s 60.7 3.45, 3.49, m
24 70.4 3.65, m
25 61.9 3.39, 3.58, m c

a Recorded at 150 mHz, b Recorded at 600 mHz, c Overlapped signals.

Dothilactaene B (4) had the molecular formula, C24H33NO7, by HRESIMS data. Its
NMR spectra showed resonances due to the same side chain as 3, and COSY and HMBC
data provided confirmatory evidence (Figure 2). Comparison of the remaining resonances
with those of 3 indicated the absence of the olefinic bond and the methoxy group in the
2-pyrrolidone ring and the presence of three oxygenated carbons due to a glycerol moiety.
The COSY and HMBC correlations (Figure 2) of 4 showed, respectively, an oxygenated
methine (H-24; δH 3.65) coupled with two oxygenated methylenes (H2-23; δH 3.45, 3.49,
and H2-25; δH 3.39, 3.58), and the methylene resonance at δH 3.39 (H-25) correlating with
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C-23 (δC 60.6) and C-24 (δC 70.4), confirming the presence of a disubstituted glycerol
moiety. Even though it is not common, secondary metabolites with glycerol moieties have
previously been isolated from endophytic fungi [29–32]. In the HMBC spectrum, H-14
(δH 4.29) had a cross peak with the oxygenated methylene at δC 60.7 (C-23) of glycerol,
indicating one of its linkages. To satisfy the molecular formula C24H33NO7 and the index
of hydrogen deficiency, there should be another ether linkage to the 2-pyrrolidone moiety.

Figure 2. HMBC ( ) and COSY ( ) correlations of 4 ROESY ( ) correlations of 4.

Even though no other HMBC cross peaks were visible between the glycerol moiety and
the 2-pyrrolidone ring, this link should most probably be between the remaining primary
hydroxy group of the former and OH-15 of the latter. An HMBC cross peak between H-14
(δH 4.29) and the C-12 carbonyl (δC 196.2) confirmed the link between the 2-pyrrolidone
ring and the side chain. Large coupling (J = 15.6 Hz) between H-6 and H-7 showed that
the Δ6(7) olefinic bond was in an E (trans) configuration. ROESY correlations (Figure 2)
indicated the (E) configuration for the other double bonds in the side chain and the cofacial
orientation of CH3-18, H-14, and H-24. Comparison of 3J13,14 value of 4 with those reported
for fusarin A [33] and lucilactanen [34,35] indicates an anti configuration of H-13/H-14.
These data permitted assignment of the (13S*, 14R*, 15R*, 24R*) relative configuration.
However, the limited sample quantity and the instability precluded electronic circular
dichroism (ECD) studies to assign its absolute configuration.

The active fraction afforded two additional components, which had the same molec-
ular formula, C24H33NO7, as that of 4. NMR data analysis (Supplementary Materials)
showed that they have the same gross structure but differ from 4 by the resonances of the
2-pyrrolidone ring and the glycerol moiety suggesting them to be diastereoisomers. Due to
the lack of sufficient materials, their structural investigation was not completed.

These diastereomers probably formed from the precursor 6 by Michael addition
(Scheme 1) [33]. All the fusarin [33], epolactaene [28], and lucilactaene [34] type com-
pounds so far reported from natural sources have a free hydroxy group at C-15. It is
very likely that compound 5 is the precursor of both 3 and 4. The stereocenter at C-15
undergoes racemization (or epimerization) easily through ring opening, even under mild
conditions [33,36]. The formation of methyl or glycerol ethers stabilizes this compound [36],
but it is very likely that the product would be racemic in the case of 3 and diastereomeric
in the case of 6. In the chemical synthesis of lucilactaene, the Michael addition occurs
spontaneously between the hydroxy group of the hydroxyethyl moiety and Δ13(14) olefinic
bond [36]. The glycerol moiety in 6 also has a stereogenic center, and a similar Michael ad-
dition with the primary hydroxyl group of the glycerol would create additional stereogenic
centers, yielding diastereomers.

In 4, the NMR resonance of H-13 was very weak and integrated to less than one proton,
and the resonance due to C-13 appeared very small. The 2-pyrrolidone ring in this type of
compound could undergo keto-enol tautomerism [36,37], and in deuterated protic solvents
it is highly likely that H-13 was partially exchanged with deuterium in CDCl3/methanol-d4
in the presence of traces of water or HOD [38] (Scheme 2). The NMR spectra of fusarin A
and lucilactaene have previously been recorded in CDCl3 [33–36].
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Scheme 1. Possible route of formation of the diastereomers of compound 4.

Scheme 2. Deuterium exchange of the 2-pyrrolidone ring of compound 4.

Even though a number of fusarins [33], closely related compounds with fully unsatu-
rated sidechains, have been isolated from different fungi, epolactaene [25] is the only other
compound with the same sidechain as those of compounds 3 and 4 that has been reported
so far. Unlike our previous studies [8–12] where active metabolites were found in fungi
at the stationary phase of growth, which was typically after three weeks, antiplasmodial
compound (4) in B. dothidea appeared in the log phase of growth after about two weeks
and disappeared rapidly before the stationary phase of growth. These compounds may be
biosynthetic intermediates rather than stable end products. Compounds 3 and 4 are the
first natural fusarin type compounds with ether linkages at C-15.

Biological Activity
The 3:1 mixture of compounds 1 and 2 showed strong phytotoxic activity for both

representative monocots and dicots (Table 3). Others have reported 1, 2, or both compounds
to be phytotoxic [22,23,25], using bioassays that did not utilize whole plants. However,
they were devoid of antiplasmodial activity (Table 4). The mixture of compound 1 & 2 was
evaluated for toxicity against tumor cell lines SK-MEL, KB, BT-549, and SK-OV-3, as well as
against the kidney epithelial cell line, LLC-PK11. The mixture showed cytotoxicity towards
SK-MEL and SK -OV-3 cancer cell lines and kidney epithelial cells LLC-PK11, but no
toxicity against KB and BT-549 cancer cell lines (Table 5). Previously, the enantiomers and
racemate of compound 2 have shown moderate antibacterial activity against Bacillus subtilis
and strong cytotoxic activity against human leukemia HL-60 cells that was comparable to
the activity shown by the positive control, irinotecan [39].

Table 3. Phytotoxic activity of mixture of compounds 1 and 2 a.

Compound Lettuce Bentgrass

EtOAc extract no growth no growth

3:1 mixture of 1 and 2 no growth no growth
a Concentration = 1 mg/mL.
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Table 4. Antiplasmodial activity of compounds 3 and 4.

Compound
Chloroquine-Sensitive (D6)-Clone Chloroquine-Resistant (W2)-Clone Cytotoxicity to Vero Cells

IC50 μg/mL (μM) SI IC50 μg/mL (μM) SI IC50 μg/mL (μM)

3:1 mixture of 1
and 2

NA NA NC

3 NA NA NC
Fraction

containing 4 a <0.523 (<1.17) >9 <0.523 (<1.17) >9 NC

Chloroquine b 0.016 (0.03) 496.6 0.16 (0.31) 48.1 NC
Artemisinin b 0.0056 (0.02) 845 0.003 (0.01) 1690 NC

a this fraction showed 100% inhibition at the lowest concentration tested (0.523 μg/mL). b Positive controls, IC50 = concentration causing
50% growth inhibition, NA = not active at the highest concentration tested (4.76 μg/mL), NC = no cytotoxic at the highest concentration
tested (4.76 μg/mL), S. I. (selectivity index) = IC50 for cytotoxicity/IC50 for antiplasmodial activity.

Table 5. Cytotoxic activity [IC50 (μM)] of 1 and 2 mixture.

Compound SK-MEL KB BT-549 SK-OV-3 LLC-PK11

3:1 mixture of 1
and 2

5.05 21.9 20.3 6.7 7.6

Doxorubicin a 1.29 2.12 1.83 1.47 1.28
a Positive control, IC50 = concentration causing 50% growth inhibition, SK-MEL = human malignant
melanoma, KB = human epidermal carcinoma, BT-549 = human breast carcinoma (ductal), SK-OV-3 =
ovarian carcinoma, LLC-PK11 = kidney epithelial cells.

Compound 3 was found to be inactive in antiplasmodial assays. The fraction contain-
ing compound 4 showed moderate in vitro antiplasmodial activity against chloroquine-
sensitive (D6) and -resistant (W2) strains of P. falciparum (IC50 < 0.523 μg/mL) with no
cytotoxicity to Vero cells (Table 4). Lack of sufficient material and instability prevented
further biological studies on these compounds.

It is interesting that a related compound with a fully unsaturated sidechain, lucilac-
taene (Figure 1), has also shown potent antiplasmodial activity [35]. It has been found that
the tetrahydropyran ring and methylation of the acid group of the sidechain are essen-
tial for the activity of this compound. Chemical instability and various other biological
activities reported for this class of compounds [33–36] would preclude them from being
potential antimalarial agents.

3. Materials and Methods

3.1. General Experimental Procedures

NMR spectra were recorded on a Varian 400 MHz and/or Varian 600 MHz spec-
trometer (Varian, Palo Alto, CA, USA ) using CDCl3 or CDCl3/methanol-d4 (4:1) as the
solvent, unless otherwise stated. MS analyses were performed on an Agilent Series 1100
SL equipped with an ESI source (Agilent Technologies, Palo Alto, CA, USA). Column
chromatography was carried out on silica gel 60 (230–400 mesh) (Sigma-Aldrich, St. Louis,
MO, USA) and Sephadex LH-20 (105 × 3 and 69 × 2 cm2) (GE Healthcare Bio-Science,
Marlborough, MA, USA). HPLC analysis was carried out on a Hewlett Packard 1100
series instrument with Luna C18 columns (10μ C18 250 × 4.6 mm2, 10 micron; 10μ C18
250 × 2 mm2, 10 micron; Phenomenex (Torrance, CA, USA) as the stationary phase and
methanol-water (1:4) as the mobile phase. TLC spots were detected under UV light and by
heating after spraying with anisaldehyde reagent.

3.2. Isolation of the Fungus from a Seed of Diseased T. taxifolia

Seeds were collected from a T. taxifolia tree with disease symptoms cultivated on
the Biltmore Estate in Asheville, North Carolina. A voucher of the T. taxifolia Arn. plant
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was identified by E. M. Croom, Jr. and deposited in the University of Mississippi Pullen
Herbarium. The voucher accession number is MISS 55406.

A seed of T. taxifolia was surface disinfected by immersing in 70% EtOH (1 min) and
2% NaOCl (3 min), followed by washing with sterile distilled water (2 min). The seed was
subsequently fragmented and plated onto Petri dishes containing potato dextrose agar
(PDA; BD Difco, Franklin Lakes, NJ, USA) supplemented with 200 mg/L chloramphenicol
to avoid bacterial contamination. The plates were incubated at 25 ◦C for 60 days. Hyphal
growth was monitored over an 8-week period. Using an aseptic technique, the endophyte
was transferred to PDA contained in 60-mm Petri plates. The long-term preservation of
filamentous fungal colonies was carried out in cryotubes containing 15% sterile glycerol at
−80 ◦C.

3.3. Identification of the Fungus by DNA Analysis

DNA isolation, PCR amplification, cloning, and sequencing were performed as de-
scribed in Kumarihamy et al. 2019 [12]. Homology searches were performed with the
Basic Local Alignment Search Tool (BLAST) [40]. The UM124 sequence was submitted to
GenBank (Accession MK679616).

A phylogenetic tree [12] was constructed to identify close relatives of UM124 with
the best 19 hits from BLAST and already published sequences in Genebank of various
Botryosphaeria species. In addition, a phylogenetic tree of UM124 and sequences from
various taxa of the family Botryosphaeriaceae was constructed (Supplementary Materials:
Tables S1 and S2 and Figures S1 and S2).

3.4. Fermentation, Extraction, and Purification

B. dothidea was cultured in 80 conical flasks (1 L) containing 500 mL of potato dextrose
broth and incubated at 27 ◦C for 14 days on an orbital shaker at 100 rpm. The mycelium
was separated by filtration, and the broth was extracted with an equal amount of EtOAc
(×3). The EtOAc extract was evaporated to give a black residue (3.15 g).

A portion of the EtOAc extract (3 g) was chromatographed over silica gel and eluted
with a gradient of hexanes, CH2Cl2 and MeOH to yield 15 fractions. Fractions which
showed antimalarial activity were combined (550 mg), chromatographed over Sephadex
LH-20 (105 × 3 cm), and eluted with MeOH to give 12 fractions. A white precipitate ob-
served in subfraction 11 was separated and washed with Et2O to yield a 3:1 mixture (10 mg)
of 1 and 2 as white amorphous powders. Their identity was confirmed by comparing 1H
and 13C NMR, and HRESIMS data with the literature data [22–26].

Subfractions 6–10, which showed antimalarial activity, were combined (60 mg) and
further separated using a C18 reversed-phase preparative HPLC column (Luna 10μ C18
250 × 10 mm, 10 micron) and was eluted with MeOH-H2O (1:4) at a flow rate of 3.0 mL/min
to give two major peaks. Peak one, which showed no antimalarial activity, was further
purified by Sephadex LH-20 (60 × 2 cm) gel filtration with MeOH (100%) to give a new
compound (3, 1.5 mg).

Peak 2, which showed moderate antimalarial activity, was purified by using C18
reversed-phase analytical HPLC chromatography (Luna 10μ C18 250 × 4.6 mm, 10 micron)
and was eluted with MeOH-H2O (1:4) at a flow rate of 1.5 mL/min to give 4 (1.0 mg) and
two additional components.

Compound 3: HRESIMS [M + H]+ m/z 388.2184 (calcd for [C22H29NO5 + H]+ 388.2124),
1H- and 13C-NMR data: see Table 2.

Compound 4: HRESIMS [M + H]+ m/z 448.2268 (calcd for [C24H33NO7 + H]+ 448.2335),
1H- and 13C-NMR data: see Table 2.

3.5. In Vitro Antiplasmodial Assay

The antiplasmodial assay was performed against D6 (chloroquine sensitive) and W2
(chloroquine resistant) strains of P. falciparum using the in vitro assay as reported earlier [41].
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Artemisinin and chloroquine were included as the drug controls, and IC50 values were
computed from the dose-response curves.

3.6. In Vitro Phytotoxicity Assay

Herbicidal or phytotoxic activity of the extract and compounds was performed ac-
cording to a published procedure [42] using bentgrass (Agrostis stolonifera) and lettuce
(Lactuca sativa cv. L., Iceberg), in 24-well plates. Phytotoxicity was ranked visually. The
ranking of phytotoxic activity was based on a scale of 0 to 5 with 0 showing no effect and 5
showing no growth.

3.7. In Vitro Cytotoxicity Assay

In vitro cytotoxicity was determined against a panel of mammalian cells that included
kidney fibroblast (Vero), kidney epithelial (LLC-PK11), malignant melanoma (SK-MEL),
oral epidermal carcinoma (KB), breast ductal carcinoma (BT-549), and ovarian carcinoma
(SK-OV-3) cells [12]. Cells were seeded to the wells of a 96-well plate at a density of
25,000 cells/well and incubated for 24 h. Samples at different concentrations were added
and plates were again incubated for 48 h. The number of viable cells was determined by us-
ing neutral red dye and IC50 values were obtained from dose response curves. Doxorubicin
was used as a positive control.

4. Conclusions

Bioactivity-guided fractionation of the EtOAc extract of the broth of B. dothidea isolated
from a seed of a diseased T. taxifolia plant afforded a mixture of two known isomeric 2,4-
pyridione epoxides, FRT-A (1) and flavipucine (2) (or their enantiomers, sapinopyridione
and (−)-flavipucine) and two new α-alkyl-γ-lactam alkaloids, dothilactaene A (3), and
dothilactaene B (4). The mixture of 2,4-pyridione epoxides, displayed strong phytotoxicity
against both a dicot and a monocot and moderate cytotoxicity against a panel of cell
lines but no antiplasmodial activity. Dothilactaene A showed no activity. Dothilactaene
B was isolated from the active fraction, which showed moderate in vitro antiplasmodial
activity with high selectivity index. In spite of this activity, its instability and various other
biological activities shown by related compounds would preclude it from being a viable
antimalarial lead.

Supplementary Materials: The following are available online. Figure S1: Constructed tree using
Neighbor-Joining method using MEGA X software to match UM124 to already published sequences
of family Botryosphaeriaceae taxa to help identifying close relatives. Figure S2: Constructed tree using
Neighbor-Joining method using MEGA X software to match UM124 to already published sequences
to help identifying close relatives. Figures S3–S24: NMR spectra and HRMS data of compounds 1–4,
Figures S25–S38: NMR spectra and HRMS data of two additional components (compounds 7 and 8)
isolated from the active fraction. Table S1: Best nineteen hits 100% sequence identity, Table S2: ITS
sequences of taxa of the Botryosphaeriaceae used for alignment. Table S3: 1H and 13C NMR data for
mixture of compounds 1 & 2.
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Abstract: Diabetes mellitus is a chronic disease and one of the fastest-growing health challenges
of the last decades. Studies have shown that chronic low-grade inflammation and activation of
the innate immune system are intimately involved in type 2 diabetes pathogenesis. Momordica
charantia L. fruits are used in traditional medicine to manage diabetes. Herein, we report the purifica-
tion of a new 23-O-β-D-allopyranosyl-5β,19-epoxycucurbitane-6,24-diene triterpene (charantoside
XV, 6) along with 25ξ-isopropenylchole-5(6)-ene-3-O-β-D-glucopyranoside (1), karaviloside VI (2),
karaviloside VIII (3), momordicoside L (4), momordicoside A (5) and kuguaglycoside C (7) from
an Indian cultivar of Momordica charantia. At 50 μM compounds, 2–6 differentially affected the
expression of pro-inflammatory markers IL-6, TNF-α, and iNOS, and mitochondrial marker COX-2.
Compounds tested for the inhibition of α-amylase and α-glucosidase enzymes at 0.87 mM and
1.33 mM, respectively. Compounds showed similar α-amylase inhibitory activity than acarbose
(0.13 mM) of control (68.0–76.6%). Karaviloside VIII (56.5%) was the most active compound in the
α-glucosidase assay, followed by karaviloside VI (40.3%), while momordicoside L (23.7%), A (33.5%),
and charantoside XV (23.9%) were the least active compounds. To better understand the mode of
binding of cucurbitane-triterpenes to these enzymes, in silico docking of the isolated compounds
was evaluated with α-amylase and α-glucosidase.

Keywords: Momordica charantia; cucurbitane-type triterpene glycosides; charantoside XV; α-amylase;
α-glucosidase; anti-inflammatory activity; in silico study

1. Introduction

The genus Momordica L., with around 59 species, is one of the most abundant genera
in the Cucurbitaceae family. Momordica charantia L. is a taxon extensively studied for its
antidiabetic properties [1]. Two varieties have been taxonomically identified: M. charantia L.
(var. muricata (Willd.) Chakrav. and var. charantia) [1]. The muricata variety produces small
size fruits, whereas charantia typically produces larger fruits [1]. Several phenotypes of M.
charantia var. charantia appear in nature, displaying noteworthy differences in fruit size and
shape. The most common fruit from the Indian cultivar has a greenish color, a narrower
shape, and a serrated surface. M. charantia var. charantia L. is commonly consumed in
traditional Asian cuisines and is well-known for its unique taste and flavor [2,3].

Cucurbitane-type triterpenes are the most representative sub-class of compounds in
M. charantia, and some investigations suggest that they are responsible for their antidia-
betic property [4,5]. More than 270 cucurbitane-type triterpenes have been isolated from
different plant organs from 1980 to date. However, these compounds are found in very
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low concentration and their composition has been reported to vary between cultivars. Our
comprehensive survey of the literature indicates that the Indian phenotype has received
less attention than the Chinese or Sri Lanka phenotypes. Octonorcucurbitacins A, B and C
(342 Da) are the smallest cucurbitane-type compounds reported from M. charantia, whereas
momordicoside T (1110 Da) the largest one with four sugar units, one glucose linked at
position C-25, two glucose units, and one xylose attached at C-3 as follows: -Glc[Glc(1-
4)]Xyl(1–4) [4–6]. Additionally, several aglycones, mono, di, and tri-glycoside triterpene
derivatives have also been isolated from bitter melon. The glycosidic moieties attached
to these triterpenes typically consist of D series of allose, galactose, glucose and xylose
monosaccharide units, mainly at positions C-23 and C-25 of the side chain, and C-3 and
C-7 of the A and B rings, respectively [4,7–9].

Many purified compounds, as well as crude extracts, have been screened in response
to various ethnomedicinal claims, concluding that bitter melon may play a potential role in
the management of various chronic diseases by working as an antidiabetic, antioxidant,
antiviral, antiobesity, and anticancer agent among others [8–14]. Moreover, some studies
have been conducted in fruit, seeds, and leaves showing hypoglycemic activity in both
diabetic animal and human models [15,16]. Thus, M. charantia var. charantia stands out
as a promising natural alternative to reduce the risk and/or manage diabetes mellitus
type II [17].

Diabetes is a chronic disease that affects millions of people worldwide. Therefore, it
is vital to find new natural prevention and management strategies for this disease and
related complications. Results from our previous studies indicated that cucurbitane-type
triterpenoids isolated from Chinese cultivar might modulate biological activities involved
in the pathogenicity of diabetes [18,19]. Due to these molecules structural complexity,
much more work is warranted to test biological activities and better understand the
structure-activity relationship. Therefore, herein we describe the isolation and structure
elucidation of a new cucurbitane-type triterpene together with six known compounds from
acetone extract of the Indian cultivar of M. charantia. The anti-inflammatory activity of
purified compounds using lipopolysaccharide (LPS)-activated RAW264.7 macrophage cells,
inhibition of the α-amylase, and α-glucosidase enzymes were presented. Furthermore, the
molecular interaction of purified compounds with α-amylase and α-glucosidase enzymes
was also studied using in silico molecular docking.

2. Results and Discussion

2.1. Isolation of Compounds

The isolation of the compounds presented was based on two main approaches, silica
gel and reversed-phase chromatographic separations. Compound 6 was purified as a
white amorphous powder, [α]25

D-71 (c 0.1, MeOH). HRESIMS of compound 6 showed
a molecular ion at m/z 687.3967 [M + Na]+ (calculated 687.4047 ± 0.008 m/z [M + Na]+

for C37H60O10). The molecular formula of compound 6 was compared with reported
triterpenes isolated from M. charantia and our in-house database [20]. No match was
observed, suggesting an unknown compound. The 13C-NMR spectrum of compound
6 showed resonances of 37 carbons. The 2D-gHMQC spectrum revealed the presence
of sixteen methines, seven methylenes, seven methyl, one methoxy, and six quaternary
carbons. Six tertiary groups appeared at δH(δc) 0.84 (14.8); 1.74 (26.7); 1.77 (19.1); 1.18 (20.9);
0.87 (24.6); 0.87 (20.6) corresponding to CH3-18, CH3-26, CH3-27, CH3-28, CH3-29 and
CH3-30, respectively and one secondary δH(δc) 0.96 (14.7) (d, J = 6.4 Hz, CH3-21). The
methoxy group was observed at δH(δc) 3.41 s, 3H, assigned as H-1” (58.2, C-1”), one acetal
group at δH(δc) 4.70 s, 1H, assigned as H-19 (113.3, C-19), three olefinic protons at δH(δc)
5.98 [dd, J = 9.8 Hz, 2.1 Hz, H-6] (132.2, C-6), δH(δc) 5.58 [dd, J = 9.8 Hz, 3.4 Hz, H-7]
(133.8, C-7) and δH(δc) 5.24 [d, J = 10.2 Hz, H-24] (124.6, C-24), and one quaternary olefin
carbon δC 137.4 (C-25). One anomeric proton at δH(δc) 4.73 [d (J = 8 Hz, 1H] (102.6) with a
beta linkage corresponding to one hexose appeared in the spectrum together with their
respectively five oxygenated signals δH(δc) 3.32, H-2′ (73.1, C-2′), 4.05, H-3′ (73.0, C-3′),
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3.48, H-4′ (68.5, C-4′), 3.58, H-5′ (75.7, C-5′) and 3.60, 3.76, H-6′ (63.1, C-6′). 1H and 13C
NMR chemical shifts are shown in Table 1.

Table 1. 1H and 13C NMR chemical shifts of compound 6.

Position
Compound 6 (MeOH-d4)

δH δC

1 1.15; 1.50 m, 2H 18.5
2 0.82; 1.84 m, 2H 28.3
3 3.36 m, 1H 77.8
4 − 38.5
5 − 88.1
6 5.98 dd (J = 9.8, 2.1 Hz, 1H) 132.2
7 5.58 dd (J = 9.8, 3.7 Hz, 1H) 133.8
8 2.86 m, 1H 43.2
9 − 49.7

10 2.44 m, 1H 42.1
11 1.54; 1.75 m, 2H 24.3
12 1.54; 1.54 m, 2H 32.0
13 − 46.5
14 − 49.0
15 1.32; 1.32 m, 2H 35.0
16 1.34; 1.34 m, 2H 29.0
17 1.97 m, 1H 47.7
18 0.84 s, 3H 14.8
19 4.70 s, 1H 113.3
20 1.77 dd (J = 11.3, 1.0 Hz, 1H) 42.1
21 0.96 d (J = 6 Hz, 3H) 14.7
22 3.63 m, 1H 77.3
23 4.29 m, 1H 81.5
24 5.24 d (J = 10.2 Hz, 1H) 124.6
25 − 137.4
26 1.74, 3H 26.7
27 1.77, 3H 19.1
28 1.18 s (3H) 20.9
29 0.87 s (3H) 24.6
30 0.87 s (3H) 20.6

23-O-All
1′ 4.73 d (J = 8 Hz, 1H) 102.6
2′ 3.32, 1H 73.1
3′ 4.05, 1H 73.0
4′ 3.48, 1H 68.8
5′ 3.58, 1H 75.7
6′ 3.60; 3.76, 2H 63.1
1” 3.41, 3H 58.2

Acid hydrolysis of 6 furnished D-allose, which was identified by comparison of the
HPLC retention times of thiocarbamoyl thiazolidine derivative with sugar thiocarbamoyl
thiazolidine derivative standards [21]. The NMR data of compound 6 suggested the
presence of a 5β,19-epoxycucurbitane triterpenes with a methoxy group and a sugar
moiety attached [22]. The position of the methoxy group was established through 3J HMBC
correlations between δH 3.41 ppm (OCH3) and the acetal carbon at position C-19 (δc 113.3),
indicating that the methoxy group was attached at C-19.

The relative position of the monosaccharide attachment was confirmed by the assign-
ment of gHMBC spectrum. 3J HMBC correlations between anomeric proton H-1′ (4.73 ppm)
and C-23 (81.5 ppm) confirmed the attachment of the sugar at C-23. The position of pro-
ton H-2′ of the allose was confirmed through the 1H-1H COSY correlation between H-2′
(4.05 ppm) and the anomeric proton H-1′ (4.73 ppm). TOCSY correlations were helpful
to identify protons corresponding to the sugar moiety and HMBC, and 1H-1H COSY to
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assign remaining proton and carbon chemical shifts. The HMBC correlations between
C-24 and CH3-26 and CH3-27; C-25 and H-23, C-22 and H-23 together with C-20 and H-22,
suggested that the side chain was -CH(CH3)CH(OH)CH(O-All)=C(CH3)2. Crucial HMBC
and 1H-1H COSY correlations are shown in Figure 1A. This type of side-chain has been
described previously for karavilosides IV, VIII, IX and X, 23-O-β-allopyranosyl-cucurbita-
5,24-dien-7α,3β, 22(R), 23(S)-tetraol 3-O-β-allopyranoside; momordicosides M, N and O
isolated from M. charantia cultivated in Sri Lanka and China [7,23–25]. The stereochemistry
of the stereocenters C-22 and C-23 was established by NOESY experiment. A correlation of
H-22 was observed with H-21, while no correlation was found for H-22 and H-23 (22S and
22R). C-19 configuration was deduced as R due to the correlation between proton H-19
with H-1 and H-2, only observed in R configuration (Figure 1B).

Figure 1. Crucial HMBC, 1H-1H COSY (A) and NOESY correlations (B) for compound 6.

This result was also supported by a comparison of the NMR chemical shifts of H-8, C-8,
C-9, C-10, C-11, and C-19 previously reported for several 5β,19R- and S-epoxycucurbitane
triterpenes with different substituents attached at C-19 (methoxy, ethoxy, and hydroxyl
groups) [21,26]. However, the main difference in chemical shifts was observed for H-8 and
C-8: R configuration of H-8 range from 2.82 to 3.37 ppm and from 41 to 43 ppm for C-8,
whereas for S configuration H-8 (2.13–2.32 ppm) and C-8 (49.5–50.1 ppm). Chemical shifts
for compound 6 appeared at H-8 (2.86 ppm) and C-8 (43.2 ppm), supporting the R config-
uration of C-19. Hence, the structure of compound 6 was established as 19(R)-methoxy-
5β,19-epoxycucurbita-6,24-diene-3β,22S,23R-triol-23-O-β-D-allopyranoside (charantoside
XV) and shown in Figure 2.

Compounds 1–5 and 7 were identified as known monoglycosides by spectroscopic
(1H- and 13C-NMR spectra) and spectrometric analyses (HRESIMS), and by comparison
with the data reported in the literature as follows: 25ξ-isopropenylchole-5(6)-ene-3-O-β-
D-glucopyranoside (1), karaviloside VI (2), karaviloside VIII (3), momordicoside L (4),
momordicoside A (5) and kuguaglycoside C (7) [7,21,27–29]. Structures of the isolated
compounds and 1H- and 13C-NMR data are shown in Figure 2 and the Supporting Informa-
tion, respectively. This is the first report describing the stereochemistry of the karaviloside
VIII side chain to the best of our knowledge. Herein, we described the configuration
of the stereocenters C-22 and C-23 through NOESY experiments as 22 R and 23S since
H-22 showed correlation with H-20 and no correlation was observed between H-22 and
H-23. Moreover, momordicosides A and L have been isolated from fruits of an Indian
cultivar while the other compounds are mainly from Sri Lanka, China, and Japan cultivars.
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Therefore, this is the first finding of compounds 1, 2, 3 and 7 in fruits of the Indian culti-
var. On the other hand, kuguaglycoside C was reported as an anticancer agent, showing
significant cytotoxicity against human neuroblastoma IMR-32 cells [30]. In the same way,
momordicoside A showed weak activity on glucose transport type-4 (GLUT4) on transloca-
tion cells [4] and momordicoside L was assayed as a hypoglycemic and antiproliferative
compound, showing positive glucose uptake activity and no activity against human breast
adenocarcinoma (MCF-7), human medulloblastoma (Doay), human colon adenocarcinoma
(WiDr) and human laryngeal carcinoma (HEp-2).

 

Figure 2. Chemical structures of compounds isolated and identified in the present study. (1) 25ξ-isopropenylchole-
5(6)-ene-3-O-β-D-glucopyranoside, (2) karaviloside VI, (3) karaviloside VIII, (4) momordicoside L, (5) momordicoside A,
(6) charantoside XV, and (7) kuguaglycoside C.
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2.2. Bioassays
2.2.1. Anti-Inflammatory Activity

The anti-inflammatory activity of compounds 2–6 was analyzed. Compound 1 was
assessed in our previous publication, and the low levels of compound 7 did not allow
for further in-vitro assessments [18]. Interestingly, all the purified compounds exhibited
anti-inflammatory properties by promoting the down-regulation of the pro-inflammatory
gene markers IL-6, TNF-α, COX-2, and iNOS (Figure 3). All the compounds purified
from the Indian bitter melon significantly decreased the expression of IL-6 compared
to LPS treated cells. The lowest expression of IL-6 was observed in the cells treated
with karaviloside VI, karaviloside VIII, momordicoside L, and momordicoside A. The
downregulation of iNOS was also observed in all the compounds except momordicoside A.
Similarly, momordicoside A, along with momordicoside L, significantly decreased TNF-α
mRNA expression. Momordicoside L and karaviloside VI are also considerably reduced
the expression of COX-2 mRNA expression.
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Figure 3. Effect of purified compounds on mRNA expression of IL-6, TNF-α, iNOS, and COX-2 in LPS-induced murine
macrophage RAW 264.7 cells. The cells were pretreated with 50 μM karaviloside VI (2), karaviloside VIII (3), momordicoside
L (4), momordicoside A (5), and charantoside XV (6) followed by LPS (1 μg/mL) stimulation. Data are expressed as
mean ± SD (n = 9) and analyzed by one-way ANOVA with a Tukey post hoc test. Different letters within the same plot
indicate the significant differences at p < 0.05.

Pro-inflammatory cytokines mediate the inflammatory response in humans. LPS is a
potent pro-inflammatory agent causing an increase in the expression of pro-inflammatory
genes such as IL-6, TNF-α, COX-2, and iNOS. High levels of IL-6 and TNF-α have been
reported in patients with type-2 diabetes and insulin resistance [15]. Additionally, COX- 2
has been reported to be induced under hyperglycemic conditions [16]. Any agent that
promotes the decrease in the expression of these genes has the potential to work as a viable
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anti-inflammatory agent. Our results indicate that the compounds isolated from bitter
melon may have potential antidiabetic activities by modulating the inflammatory process.
In past studies, various bitter melon extracts and compounds have been reported to have
anti-inflammatory activities in different cell models [21,31–33]. Bitter melon ethyl acetate
extracts have been reported to decrease the expression of iNOS, COX-2, IL-6, and TNF-α in
RAW 264.6 macrophages, but purified compounds derived from those extracts were not
evaluated [34]. As such, the anti-inflammatory activity presented in this study suggests that
bitter melon compounds are potential agents against inflammation and possible diseases
that arise from chronic inflammation, such as diabetes.

2.2.2. α-Amylase and α-Glucosidase

Several strategies have been explored in the management of diabetes mellitus for
either reducing glucose production by the liver or enhancing insulin sensitivity or secre-
tion [35]. Among these approaches, the inhibition of the α-amylase and α-glucosidase
enzymes are directed to manage the post-prandial hyperglycemia by delaying starch hy-
drolysis by cleaving 1,4-glucosidic linkages [36,37]. In this sense, the α-amylase inhibitory
effect of compounds 2–6 was also evaluated in this paper. The inhibitory effect ranges
from 68.0 to 76.6%, but no significant statistical difference was observed among the com-
pounds (Figure 4A). Additionally, the α-glucosidase inhibitory effect ranges from 23.7
to 56.5%. Karaviloside VIII was the most active compound, followed by karaviloside VI
(40.3%), while the less active compounds were momordicoside L (23.7%), momordicoside A
(33.5%) and charantoside XV (23.9%). Assayed compounds showed a lower α-glucosidase
inhibitory effect than acarbose (Figure 4B).

A 
a 

a a 
a a 

a B a 

c 

b 

d 
d 

d 

Figure 4. α-Amylase (A) and α-glucosidase (B) inhibitory effects of purified compounds: karaviloside VI (2), karaviloside
VIII (3), momordicoside L (4), momordicoside A (5) and charantoside XV (6). Compounds were assayed at 0.67 mM and
data are expressed as mean ± SD (n = 3), and analyzed by one-way ANOVA with a Tukey post hoc test. Different letters
within the same plot indicate there were significant differences at p < 0.05.

2.3. Molecular Docking

Molecular docking studies were carried out to understand better the interactions
of the isolated cucurbitane-triterpenes 2–7 with α-amylase and α-glucosidase as pre-
viously reported for a series of aglycone, monoglycoside cucurbitane-triterpenes, and
25ξ-isopropenylchole-5(6)-ene-3-O-β-D-glucopyranoside (1) isolated in this study [18].

2.3.1. Molecular Docking Study with α-Amylase

Docking studies were carried out to understand the interaction of active compounds
2–6 inside the catalytic site of α-amylase. The crystalline structure of porcine pancreatic
α-amylase (PDB ID: 1OSE) and active site amino residues are explained briefly in a previ-
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ous publication [38]. The selection of the porcine pancreatic α-amylase crystal structure
1OSE in this study was based on three main reasons. First, we have used the porcine
pancreatic α-amylase enzyme for our in vitro α-amylase inhibition study. Secondly, the
selected protein forms a complex with the acarbose, which we used as a positive control
or reference standard in our study. Finally, molecular models for the α-amylases from the
human pancreas and human salivary are incredibly similar to the pig pancreatic molec-
ular model. The homology modeling of the porcine and human pancreatic α-amylase is
very similar (87.1%) compared with other amylases [39]. The binding energies of tested
compounds with α-amylase ranged from −14.52 to −8.94 kcal/mol. The decreasing order
of minimal binding energies in the case of α-amylase molecular docking studies are as
follows: momordicoside A < kuguaglycoside C < karaviloside VIII < charantoside XV < kar-
aviloside VI < momordicoside L (Table S1). The docking results of the isolated compounds
showed the binding site as the same as the binding sites for acarbose. Indeed, the docking
analysis predicted that acarbose, a competitive inhibitor of α-amylase, was surrounded by
Glu233, Asp300, and Asp197, which are the part of the catalytic residues of α-amylase. [40].
The molecular docking study for 25ξ-isopropenylchole-5(6)-ene-3-O-β-D-glucopyranoside
(1) was previously reported in our study [18]. The binding modes in the active site of
α-amylase of all purified compounds, except 1, are shown in Figure 5A–F. The binding
energy and number of hydrogen bonds of the five triterpenes against porcine pancreatic
α-amylase are shown in Table S1.

As shown in Figure 5A–F, all five triterpenes bound to the porcine pancreatic α-
amylase through forming various hydrogen bonds. It was observed that the binding site
for karaviloside VI (2) was close to the active site, allowing the interaction with Asp300,
Ile235, and Trp59. Four hydrogen bonds were formed between compound 2 and the amino
acid residues, including Glu240 (3 H-bonds), His201 (1 H-bond). The inhibition constant
and binding energy for compound 2 is 18.79 nM and −10.54 kcal/mol (Table S1).

In case of karaviloside VIII (3), the docking results predicted that the compound
was enfolded in the catalytic domain adopting the same conformation as the acarbose
site of α-amylase, as shown in Figure 5B. It was surrounded by fourteen key amino acid
residues. The likeliest docked interactions of karaviloside VIII (3) and α-amylase is shown
in Figure 5B. The ligand was surrounded by amino acid residues located in domain A,
making hydrogen bonds with Lys200, His201, Trp59, and Asp356 (Table S1). The principle
interaction of karaviloside VIII (3) with α-amylase was surrounded by the key catalytic
residue Trp59, and the interaction was crucial to inhibit the activity of α-amylase. Overall,
the inhibition constant for compound 2 was 1.76 nM.

The refined docking of momordicoside L (4) showed weaker interactions than the
other compounds because of the steric hindrance of the functional group at position 25,
compared to compound 7. The compound formed fewer H-bonds reflected in the lower
binding energy of -8.94 kcal/mol. The 3D figure shows that momordicoside L interacted
with sixteen key amino acid residues, including four conventional hydrogen bonds that
were established between momordicoside L and Glu233, Ala307, His305 (Figure 5C). The
inhibition constant was found to be 278.19 nM.

Figure 5D displays a 3D schematic interaction of momordicoside A (5) with α-amylase.
Momordicoside A generated the best docking pose with a minimum binding energy of
−14.52 kcal/mol, which indicates that momordicoside A showed the most stronger binding
affinity with the α-amylase. Momordicoside A was found to anchor at the catalytic site
of α-amylase by making ten conventional hydrogen bonds with Glu240, His101, Glu233,
Asp197, Gly63 to residues resulting in potent inhibition of α-amylase. The strong inhibition
activity of momordicoside A on α-amylase relies on the formation of multiple hydrogen
bonds between hydroxyl groups and key residues of α-amylase. The molecular docking
of momordicoside A provided supportive data for enzyme inhibition by predicting the
binding site of α-amylase. We observed theoretical inhibition constant of 22.5 pM in the
case of momordicoside A.
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Figure 5. The 3D protein-ligand interactions for (A) karaviloside VI (2), (B) karaviloside VIII (3), (C) momordicoside L (4),
(D) momordicoside A (5), (E) Charantoside XV (6), and (F) kuguaglycoside C (7) in the binding sites of α-amylase. Black
dotted lines indicate hydrogen bonds between compounds and amino acid residues. Ligands in the active sites are denoted
in green color. Active site residues are shown in cyans color.

Analysis of molecular docking for the optimized conformation for charantoside
XV (6) is shown in Figure 5E. The compound was bound to the active site of α-amylase
with binding energy −10.64 kcal/mol. charantoside XV interacted with sixteen crucial
amino acid residues in domain A of α-amylase Table S1. The compound was able to interact
with key amino acid residues, including Glu240, Gly306, by making three conventional
hydrogen bonds. Besides, hydrophobic π-alkyl and alkyl interactions of charantoside XV
with several amino acid residues, including Trr151, Lys200, Ala307, His201, Leu162, Val163,
and Ile235. The inhibition constant of charantoside XV was 15.84 nM. The refined docking
of the kuguaglycoside C (7) with α-amylase is shown in Figure 5F. The binding energy
for compound 7 in the active site of α-amylase is −11.54 kcal/mol. We observed that the
compound 7 was able to interact with Asp242, Ser240, Leu246, Asn247, Ser282, Ala281,
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Asn302, Glu332, His280, Asp307, Thr310, Ser311, Lys156, Phe314, Leu313, Pro240 in the
catalytic site of α-amylase (Figure 5F and Table S2). Also, the interactions calculated for
the complex of kuguaglycoside C- α-amylase were effective because kuguaglycoside C (7)
was buried entirely in the α-amylase binding pocket by forming ten hydrogen bonds with
key amino acid residues, including Asp197, Glu233, His305, His299, and Asp300. The 2D
figures for all compounds docked are compiled in supporting information (Figure S22).

Overall, the interactions between glucosides on the triterpenes and protein residues
were suspected of playing an important role in determining the binding energy among
triterpenes bearing the same backbone. Lower binding energy means that the ligand can
more easily bind with the protein. Hence, regarding α-amylase molecular docking studies,
we observed higher binding energy for momordicoside A and formed ten hydrogen bonds
with the active site of α-amylase. Therefore, according to theoretical studies, momordicoside
A was more likely to bind with α-amylase. However, in our in vitro studies, we did not
observe a significant difference in the inhibitory activity, but we noticed momordicoside L
showed comparatively higher inhibition among the six triterpenes. Therefore, our results
suggested that in the inhibition process of triterpenes with α-amylase, lower binding
energy does not necessarily lead to a higher inhibition activity, i.e., the inhibition activity
of triterpene is affected by not only binding energy but also the chemical structure and
glucoside type attached to a different position of triterpene. Besides, molecular docking
studies are usually carried out under a theoretical vacuum condition, which deviates from
real experimental conditions due to a low number of replications and prediction data [41].

2.3.2. Molecular Docking Study with α-Glucosidase

The crystal structure of isomaltase from Saccharomyces cerevisiae (PDB ID: 3A4A) was
used for the docking study. The 3D crystalline structures of α-glucosidase from Saccha-
romyces cerevisiae (maltase, EC 3.2.1.20) are unavailable in the PDB. However, there are
crystalline X-ray structures of isomaltase or α-methylglucosidase have been deposited in
the PDB. Previous studies have used isomaltase with a PDB ID 3AJ7 or 3A4A for molecu-
lar docking. This structure has a high-resolution X-ray structure, high sequence identity
(72.51%) and sequence similarity score (0.54) with the Saccharomyces cerevisiae α-glucosidase
MAL32 (UniProt entry P38158) [42,43]. Additionally, the authors identified several dif-
ferences between residues lining the binding pockets of α-glucosidase and isomaltase,
such as Phe157/Tyr158, Asp307/Glu204, Asp408/Glu411, Thr215/Val216, Ala278/Gln279,
Val303/Thr306 or Ala178/Cys179, respectively. Most of these differences involve very simi-
lar residues. Hence we decided to use the crystal structure of isomaltase from Saccharomyces
cerevisiae (PDB ID: 3A4A) for the molecular docking study with α-glucosidase.

The sequence alignment between α-glucosidase from bakers yeast (GI number 411229)
and isomaltase (PDB ID: 3A4A) from S. cerevisiae have the structure identity and simi-
larity of 73% and 85%, respectively. The key interactions of acarbose with S. cerevisiae
α-glucosidase and S. cerevisiae isomaltase are quite similar.

The binding energy, interacting residues including H-bond interacting residues and
Van der Waals interacting residues, along with the number of H-bonds with the crystal
structure of isomaltase from S. cerevisiae for compounds 2–7, are presented in Table S1.
Karaviloside VI (2) had a binding energy of −10.54 kcal/mol and occupied the active
region of isomaltase by interacting with sixteen amino acid residues (Table S1). In the
conformation of isomaltase–karaviloside VI complex, the compound was able to establish
four hydrogen bonds, including Glu332, Ala281, and Leu313. These hydrogen bonds
overtly strengthened the interaction between karaviloside VI and isomaltase. The above
interactions resulted in an inhibition constant of 12.48 nM. The 3D schematic interaction of
karaviloside VI (2) is shown in Figure 6A. Indeed, the docking analysis of some cucurbitane
triterpenes from Chinese bitter melon was carried out in our previous study [18,19] showed
that compounds were surrounded by residues Glu277, His351, and Asp352, which are part
of the catalytic residues of isomaltase.
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Figure 6. The 3D protein-ligand interactions for (A) karaviloside VI (2), (B) karaviloside VIII (3), (C) momordicoside L (4),
(D) momordicoside A (5), (E) charantoside XV (6), and (F) kuguaglycoside C (7) in the binding sites of isomaltase. Black
dotted lines indicate hydrogen bonds between compounds and amino acid residues. Ligands in the active sites are denoted
in green color. Active site residues are shown in white color.

The 3D schematic interaction of karaviloside VIII (3) is shown in Figure 6B. Kar-
aviloside VIII was oriented toward the core of the binding pocket and interacted closely
with the important seven amino acid residues in the active site (Table S1). According to
the Autodock 4.2 simulation results, the isomaltase–karaviloside VIII inhibitor complex

221



Molecules 2021, 26, 1038

showed −10.56 kcal/mol binding energy. Karaviloside VIII made six hydrogen bonds with
Glu277 (two bonds), Gln279 (two bonds), Lys156, and Leu313. Moreover, two hydrogen
bonds with Glu277 with a bond length of 1.4 and 1.5 Å, which is a key interaction to inhibit
enzyme to a greater extent.

Momordicoside L (4) was surrounded by fourteen amino acid residues at the catalytic
site of isomaltase. The 2D schematic and 3D interactions of momordicoside L and isoma-
ltase are shown in Figure 6C. Momordicoside L generated the best docking pose with a
minimum binding energy of −8.28 kcal/mol, and the inhibition constant of 852.19 nM. The
ligand was surrounded by catalytic residue Asp307, and the interaction was likely crucial
for inhibition of isomaltase. Eight conventional hydrogen bonds were observed between
compound 4 and the isomaltase catalytic site residues, including Pro320, Pro312, His280,
Ser304, Asn302, Ala281, and Glu232.

Similarly, momordicoside A (5) was bound to isomaltase’s active site with minimum
binding energy −12.48 kcal/mol. Figure 6D clearly shows how momordicoside A inter-
acted with twenty-one crucial amino acid residues (Table S1). Compound 5 was able to
establish six hydrogen bonds with Glu411, Ser314, and Glu332. The binding energy and
inhibition constant for compound 5 are 706.7 pM and 12.48 kcal/mol, respectively.

The binding mode of charantoside XV (6) in the active site of isomaltase was shown
in Figure 6E. The ligand was stabilized in an enzyme’s active site by interacting with
nine amino acid residues (Table S1). The compound was able to form seven hydrogen
bonds with Pro312, Ser240 (two hydrogen bonds), Asp242 (three hydrogen bonds), and
Asp307. Finally, the binding energy was −10.37 kcal/mol, and the inhibition constant was
25.02 nM.

The refined docking of kuguaglycoside C (7) with isomaltase generated the best pose
with a minimum binding energy of −8.23 kcal/mol. The 3D schematic in Figure 6F shows
that kuguaglycoside C established several hydrogen bonds within the isomaltase enzymatic
pocket and interacted with sixteen amino acid residues (Table S1). Three conventional
hydrogen bonds were established between kuguaglycoside C and the active pocket of
isomaltase, Ser282, Glu332, and Asp242. The 2D docking images of all compounds are
shown in the Supporting Information Figures S22 and S23.

3. Materials and Methods

3.1. Chemicals

D-(+)-Glucose, D-allose, D-galactose, Ag2CO3, L-cysteine methyl ester hydrochloride,
phenyl isothiocyanate, pyridine, iPrOH, MTBE, porcine pancreatic α-amylase, acarbose,
dinitrosalicylic acid, ACN and MeOH HPLC grade, and n-hexane, CHCl3, MeOH, ACN,
(CH3)2CO and EtOAc technical grade were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Nano-pure water HPLC grade (18.2 MΩcm) was obtained from a NANO pure
purification system (Barnstead/Thermolyne, Dubuque, IA, USA). Silica gel 60 F254 TLC
plates, HCl and H3PO4 were purchased from EMD Millipore, Inc. (Darmstadt, Germany).
Silica gel 60 Å 40-63 μm and AcOH glacial were purchased from VWR International
LLC (West Chester, PA, Switzerland), while RP-C18 Cosmosil 140 and formic acid were
purchased from Nacalai Tesque, Inc., (Kyoto, Japan) and Alfa Aesar (Ward Hill, MA, USA),
respectively. MeOH and pyridine NMR (perdeuterated) solvents were purchased from
Cambridge Isotope Laboratories (Andover, MA, USA).

3.2. General Experimental Procedure

Optical rotations were measured in MeOH, using a Sac-i SACCHARIMETER instru-
ment (ATAGO, Minato-ku, Tokyo, Japan. LC-HR-ESI-MS data was acquired using a maXis
impact mass spectrometer (Bruker Daltonics, Billerica, MA, USA) coupled to a 1290 Agilent
LC (Agilent, Santa Clara, CA, USA). The analysis of the fractions was performed using an
Agilent HPLC 1200 Series (Agilent, Foster City, CA, USA) with a RP C18 Gemini column
(250 × 4.6 mm; 5 μm) (Phenomenex, Torrence, CA, USA) using an adequate gradient with
acetonitrile: water acidified. Chromatographic separations were performed on RP-C18
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and silica cartridges and RP-C18 columns using a CombiFlash Rf flash chromatography
(Combiflash Rf, Teledyne ISCO, Lincoln, NE, USA) equipped with a quaternary pump.
Waters DeltaPrep preparative HPLC (Waters Delta Prep 4000; Waters, Milford, MA, USA)
was used for final purification of certain compounds using a Phenomenex Gemini column
(250 × 21.2 mm, 5 μm).

1D (1H; 13C and DEPT 135) and 2D NMR spectra [heteronuclear multiple-quantum
correlation spectroscopy (gHMQC), double quantum filter correlation spectroscopy (DQ-
COSY), Total correlation spectroscopy (TOCSY), heteronuclear multiple-bond correla-
tion spectroscopy (gHMBC) and nuclear Overhauser effect spectroscopy (NOESY)] were
recorded on a JEOL USA, Inc. spectrometer (Peabody, MA, USA) at 25 ◦C, operating
at 400 MHz (1H) and 100 MHz (13C) using standard JEOL pulse programs. All samples
were run in methanol-d4, except for 2 and 3, which, because of insufficient solubility in
methanol-d4, were run in pyridine-d5. The chemical shifts are given in δ (ppm) and were
referenced to residual solvent signals.

3.3. Plant Material

Fresh fruits of Momordica charantia (81 kg) were purchased from BCS Food Market,
College Station, TX, USA. Bitter melons were cut into 0.5 inches size, seeds were removed
manually, and the remaining pericarp was dried under shade, powdered using a home
blender to get 60–80 mesh size, and stored at 25 ◦C until further use.

3.4. Soxhlet Extraction

Bitter melon powder (4.8 kg) was subjected to Soxhlet extraction using various solvents
in a sequential manner with increasing polarities [18]. All the extracts were concentrated
under vacuum separately and lyophilized to obtain dried powder as follows: n-hexane
(57.6 g; 0.71%), ethyl acetate (91.8 g; 1.13%); acetone (161.9 g; 2.0%); methanol (131.5 g;
1.62%; methanol: water (1:1; v/v) (143.7 g; 1.77%) and methanol: water (1:3; v/v) (197.7 g;
2.44%). The extraction yields were expressed in the weight percentage of fresh fruit.

3.5. Purification Procedure

Flow chart of the isolation process of compounds 1–7 is presented in supporting
information. Acetone extract (160 g) was impregnated with silica gel (~20 g) and loaded
on an open column packed with 2 kg of silica gel. The extract was fractionated using step
gradient elution using n-hexane, n-hexane: EtOAc (3:1, 1:1 and 1:3, v/v), EtOAc, EtOAc:
MeOH (19:1, 9:1, 3:1, 1:1 and 1:3, v/v) to finish with MeOH. A total of 21 main fractions
were pooled and dried under vacuum at 40 ◦C after analysis on silica gel TLC plates and
sprayed with 10% H2SO4 in MeOH [18]. The solids from column fraction 1.11 (317.5 mg)
were impregnated onto silica gel and fractionated by flash chromatography on a 40 g
pre-packed cartridge and methyl tert-butyl ether (MTBE): acetone [(CH3)2CO] using flash
chromatography. Fraction 2.4 (181 mg) was re-chromatographed using a 40 g packed
RP-C18 column and ran using MeOH and MeOH: isopropanol (iPrOH) (9:1, v/v) to give
fraction 3.3 (61 mg), which was precipitated to afford compound 1 (39 mg).

The resulting supernatant from fractions 1.11 (2.17 g) and 1.12 (11.9 g) was combined
and impregnated onto silica and submitted to flash chromatography using a 120 g cartridge
and a mobile gradient phase consisting of MTBE: (CH3)2CO. Fraction 4.10 (1.22 g) was
submitted to similar chromatography conditions using EtOAc: (CH3)2CO. Fraction 5.5
(624 mg) was re-chromatographed on RP-C18 column (40 g) using MeOH: H2O: AcOH
(92:8:0.1; v/v/%) to MeOH to furnish compound 2 (28 mg) from fraction 6.2.

The supernatant and solids from fractions 1.15 (8.7 g) and 1.16 (9 g) respectively were
impregnated with silica gel and subjected to flash chromatography using a 330 g cartridge
and gradient eluted with EtOAc: (CH3)2CO and (CH3)2CO: MeOH. Fraction 7.7 (8.8 g)
was flash chromatographed using a RP-C18 column (40 g) with a gradient consisting of
MeOH:H2O:AcOH (5:95:0.1 to 95:5:0.1 v/v/%). Fraction 8.7 (748 mg) was run in preparative
HPLC using RP-C18 column and MeOH: H2O: formic acid gradient (5:95:0.1 to 95:5:0.1
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v/v/%). Fraction 9.3 (55 mg) was re-chromatographed in RP-C18 preparative HPLC using
ACN: H2O: formic acid (55:45: 0.1; v/v/%) to afford compound 3 (14 mg). Fractions
9.6 + 9.7 14–17 (136 mg) were subjected to RP-C18 preparative HPLC using ACN: H2O:
formic acid (50:50: 0.1; v/v/%) to furnish compound 4 (13.9 mg) and compound 5 (31 mg).
Fractions 8.5, 8.6, 7.4 and 7.6 were combined and ran using a 120 g RP-C18 cartridge and a
MeOH: H2O: AcOH gradient. Fractions 11.8 (347 mg) and 11.10 (0.52 g) were individually
re-chromatographed on RP-C18 preparative HPLC using ACN: H2O: formic acid (45:55:0.1;
v/v/% and 60:40: 0.1) to give compound 6 (14.4 mg) and compound 7 (7.3 mg).

3.6. LC-HR-MS Analysis

LC-HR-ESI-MS were acquired using a maXis impact mass spectrometer (Bruker Dal-
tonics, Billerica, MA, USA) coupled to a 1290 Agilent LC (Agilent) using a quadrupole
time-of-flight mass detector equipped with an electrospray ionization interface controlled
by Bruker software. Column fractions and purified compounds (2 μL) in MeOH were
separated on Agilent Eclipse Plus RP-C18 (2.1 × 50 mm; 1.8μm) (Agilent) at 40 ◦C with a
flow rate of 0.2 mL/min. The column was eluted with 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B) as follows, 2–95% B for 0–9 min, 95–2%B for 9–11 min,
the column was re-equilibrated for 2 min before the next injection. All acquisitions were
performed under positive ionization mode with a capillary voltage of 4200 V. Nitrogen was
used as nebulizer gas (4.0 bar) and, as well as drying gas at 12 L/min, source temperature
was maintained at 250 ◦C. Full scan mass spectra were acquired from m/z 50–2000. Data
processing was done using Data Analysis Version 4.3.

3.7. Determination of the Absolute Configuration of the Sugar Unit

Compounds 6 (1 mg) was hydrolyzed with HCl (1 N) at 80 ◦C (1 mL) over 2 h, followed
by a liquid-liquid partition with EtOAc (2 × 1 mL). The aqueous layer was neutralized with
Ag2CO3, and the supernatant was dried. L-cysteine methyl ester (2 mg) in pyridine (1 mL)
was added and heated for 1 h at 60–70 ◦C. Phenylisothiocyanate (150 μL) was added and
heated for an additional hour at 60–70 ◦C to form the thiocarbamoyl thiazoline derivative.
The reaction mixture was analyzed by the HPLC method previously reported [44]. The
absolute configuration of the sugar was determined by comparing the HPLC retention
times of the prepared thiocarbamoyl thiazolidine derivatives to appropriate standards.

3.8. Physicochemical Parameters of Charantoside XV (6)

Amorphous white solid, [α]25
D—71 (c 0.1, MeOH). HRESIMS of compound 1 showed

a molecular ion at m/z 687.3967 [M + Na]+ (calculated 687.4047 m/z [M + Na]+ for
C37H60O10). 1H- and 13C-NMR chemical shifts are presented in Table 1.

3.9. Bioassays
3.9.1. Cell Culture and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The anti-inflammatory activity of compounds purified from bitter melon was carried
out using RAW 264.7 murine macrophage cells (ATCC, Rockville, MD, USA). The cells
were cultured in RPMI 1640 medium supplemented with 10% (v/v) fetal bovine serum.
Additionally, 100 U/mL of penicillin and 100 μg/mL streptomycin were added to the
growth medium. Cultured cells were maintained at 37 ◦C in an incubator with 5% CO2.
After 80% cell confluency, spent media was replaced with fresh media. For the analysis
of anti-inflammatory gene expression, RAW 264.7 cells were seeded into 6 well plates
(5.0 × 105 cells/well). After a 24 h incubation period, the cells were treated with a 50 μM
solution of purified compounds for 1 h followed by the addition of LPS (1 μg/mL) to
all cells except the control cells. The concentration of compounds used in this assay
was determined according to previously published research articles [45]. The cells were
incubated for an additional 18 h after which the total RNA was extracted from the cells.
Total RNA extraction was carried out using the Aurum Total RNA Mini Kit. The quantity
of RNA extracted from the cells was determined using a Nanodrop Spectrophotometer.
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(Thermo-Fisher, Waltham, MA, USA) [19]. The purified RNA obtained from cell lysates
were used as templates to synthesize cDNA. The synthesis procedure was carried out using
the specified manufacture’s protocols (iScript cDNA Synthesis Kit, Bio-Rad Inc, Hercules,
CA, USA).

Further, real-time PCR was carried out using the manufacturer’s specification for the
Bio-Rad SYBR Green PCR Master Mix. The relative expression of IL-6, TNF-α, COX-2,
and iNOS was compared and normalized to the expression of GAPDH from the respec-
tive treatment groups. Primer sequences for this study are available upon request. The
negative control constituted of untreated cells, while the positive control consisted of
LPS-stimulated cells.

3.9.2. In Vitro α-Amylase Assay

The inhibition of α-amylase was measured using our previously published protocol
using 96 well microplates [18]. Pure compounds (10 μL, 0.43 mM) and 140 μL of 1◦ saline
were added to each well. Subsequently, 45 μL of 1% starch and α-amylase (10 mg/mL)
was added. The reaction mixture was then incubated for 40 min at 25 ◦C followed by the
addition of 50 μL of 3, 5-dinitrosalicylic acid (1%) in 20% Rochelle’s salt. The reaction
mixture was incubated for 1 h at 50 ◦C, and the absorbance of each well plate was recorded
at 540 nm. The absorbance of each reaction mixture was plotted in the analytical curve
previously obtained for dextrose (25, 50, 75, 100, 125, 150, 200 μg/mL). The results were
expressed as a percentage of inhibition.

3.9.3. In Vitro α-Glucosidase Assay

The α-glucosidase inhibitory activity was evaluated according to a previously pub-
lished protocol [19]. The assay mixture consisted of 70 μL of 100 mM phosphate buffer
(pH 6.8), 10 μL (0.67 mM) of compound dissolved in DMSO, and 20 μL of 1 U/mL α-
glucosidase solution were added to 96 well plates in triplicates. The plate was incu-
bated at 37 ◦C for 15 min, followed by the addition of 20 μL of the p-nitrophenyl α-D-
glucopyranoside substrate. The reaction mixture was incubated at 40 ◦C for 30 min, and
then 50 μL of 0.1 M Na2CO3 solution was added. The absorbance was recorded at 405 nm
using a microplate reader, and results were expressed in percentage of inhibition. All
experiments were conducted in triplicate.

3.10. In Silico Docking Study

Purified compounds were docked with porcine pancreatic α-amylase (PDB ID: 1OSE)
and α-glucosidase crystalline structure (PDB ID:3A4A) of isomaltase from Saccharomyces
cerevisiae. The complex acarbose with porcine pancreatic α-amylase was removed using
Biovia Discovery studio 4.5 software (Dassault Systems BIOVIA, Discovery Studio Mod-
eling Environment, Release 4.5, San Diego, CA, USA, 2015). The methodology for the
active site prediction, protein structure, and ligand preparations for molecular docking
was provided in detail in our previous study [18]. Compounds were docked using the
Lamarckian genetic algorithm in the AutoDock 4.2 Program (ADT, version: 1.5.6). The 2D
visualization of ligand-protein interactions was analyzed using DS 4.5 (Dassault Systems),
while PyMOL molecular graphics system (PyMOL Molecular Graphics System, San Carlos,
CA, USA) was used to better visualize the 3D interactions between ligands and receptors.

3.11. Statistical Analysis

Data from α-amylase, α-glucosidase and anti-inflammatory assays were compared by
ANOVA using GraphPad InStat software (San Diego, CA, USA). Differences among means
were determined by the least significant difference Tukey’s post hoc test, with significance
defined at p < 0.05 (n = 3 to 9).
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4. Conclusions

The present study reports the purification and identification of a new 23-O-β-D-
allopyranosyl-5β,19-epoxycucurbitane-6,24-diene triterpene (charantoside XV, 6) along
with five known cucurbitane-type triterpene glycosides and one sterol from crude acetone
extract of an Indian cultivar of Momordica charantia L. var. charantia. Most of the isolated
compounds downregulated the expression of pro-inflammatory IL-6, TNF-α, and iNOS,
and mitochondrial marker COX-2. The most noteworthy activity was found in the down-
regulation of IL-6 expression. With these findings, we evidence that the cucurbitane-type
triterpene compounds could be responsible for the decreasing of the expression of defined
markers. Further studies will incorporate western blot analysis to evaluate the induction
of proteins related to inflammation in response to bitter melon triterpenes. Compounds
also showed an antidiabetic potential by inhibition of the α-amylase and α-glucosidase
carbolytic enzymes. Compounds docked as inhibitors of porcine pancreatic α-amylase
complex showed binding energies from −14.53 to −8.94 kcal/mol and inhibition constants
from 22.5 pM to 278.19 nM while when docked with α-glucosidase crystalline structure of
isomaltase from S. cerevisiae binding energies ranged from −12.43 to −8.23 with inhibition
constants from 706.7 pM to 929.04 nM.

Supplementary Materials: The following are available online.Scheme S1: Flow chart of the isola-
tion process of compounds 1–7, Figure S1. Chemical structure and LC-HRESIMS of compound
6, Figure S2. 1H NMR spectrum of compound 6, Figure S3. 13C NMR spectrum of compound 6,
Figure S4. DEPT-135 spectrum of compound 6, Figure S5. DQCOSY spectrum of compound 6,
Figure S6. HMQC spectrum of compound 6, Figure S7. HMBC spectrum of compound 6, Figure S8.
TOCSY spectrum of compound 6, Figure S9. NOESY spectrum of compound 6, Figure S10. 1H NMR
spectrum of compound 1, Figure S11. 13C NMR and DEPT 135 spectra of compound 1, Figure S12.
1H NMR spectrum of compound 2, Figure S13. 13C NMR and DEPT 135 spectra of compound 2,
Figure S14. 1H NMR spectrum of compound 3, Figure S15. 13C NMR and DEPT 135 spectra of
compound 3, Figure S16. 1H NMR spectrum of compound 4, Figure S17. 13C NMR and DEPT 135
spectra of compound 4, Figure S18. 1H NMR spectrum of compound 5, Figure S19. 13C NMR and
DEPT 135 spectra of compound 5, Figure S20. 1H NMR spectrum of compound 2, Figure S21. 13C
NMR and DEPT 135 spectra of compound 7, Figure S22. 2D ligand-protein interactions of purified
compounds with the α-amylase enzyme, Karaviloside VI (A), Karaviloside VIII (B), Momordicoside
L (C), Momordicoside A (D), Charantoside XIV (E), and Kuguaglycoside C (F). Legends below
the figure show the different types of bonding between compounds and the enzymatic pocket of
α-amylase, Figure S23. 2D ligand-protein interactions of purified compounds with the isomaltase
enzyme, Karaviloside VI (A), Karaviloside VIII (B), Momordicoside L (C), Momordicoside A (D),
Charantoside XV (E), and Kuguaglycoside C (F). Legends below the figure show the different types
of bonding between compounds and the enzymatic pocket of isomaltase, Table S1: Protein-ligand
interactions and docking scores of isolated compounds (2–7) in α-amylase and isomaltase obtained
using AutoDock 4.2.
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Abstract: The U.S. Food and Drug Administration’s (FDA′s) Center for Veterinary Medicine (CVM)
has been investigating reports of pets becoming ill after consuming jerky pet treats since 2007.
Renal failure accounted for 30% of reported cases. Jerky pet treats contain glycerin, which can
be made from vegetable oil or as a byproduct of biodiesel production. Glycidyl esters (GEs) and
3-monochloropropanediol esters (3-MCPDEs) are food contaminants that can form in glycerin during
the refining process. 3-MCPDEs and GEs pose food safety concerns, as they can release free 3-MCPD
and glycidol in vivo. Evidence from studies in animals shows that 3-MCPDEs are potential toxins
with kidneys as their main target. As renal failure accounted for 30% of reported pet illnesses after
the consumption of jerky pet treats containing glycerin, there is a need to develop a screening method
to detect 3-MCPDEs and GEs in glycerin. We describe the development of an ultra-high-pressure
liquid chromatography/quadrupole time-of-flight (UHPLC/Q-TOF) method for screening glycerin
for MCPDEs and GEs. Glycerin was extracted and directly analyzed without a solid-phase extraction
procedure. An exact mass database, developed in-house, of MCPDEs and GEs formed with common
fatty acids was used in the screening.

Keywords: UHPLC/Q-TOF-MS analysis; glycerin; process contaminants; 3-monochloropropane-1,2-
diol esters; glycidyl esters

1. Introduction

In the late summer of 2007, the FDA became aware of reports of illness in dogs after
consuming jerky pet treats (JPTs) [1,2]. For more than 10 years, the FDA dedicated exten-
sive resources to the JPT investigation, including reviewing and investigating consumer
complaint cases and collecting and testing JPT products (including products consumed
by affected dogs) and animal diagnostic samples. Most of the cases (approximately 60%)
involved gastrointestinal symptoms. Renal dysfunction or failure accounted for 30% of
the reported cases, with a smaller subset reporting Fanconi syndrome, a dysfunction of
the proximal renal tubules of the kidney in which glucose, amino acids, uric acid, phos-
phate, and bicarbonate are passed into the urine instead of being reabsorbed [3]. Fanconi
syndrome is linked to exposure to certain toxins, medications, and infections in dogs as
well as in people [4]. Exposure to toxins and drugs, including ethylene glycol (antifreeze),
metals, chemotherapeutics, and expired tetracyclines and other antibiotics can damage the
proximal renal tubule of the kidney [3,5]. Hooper commented that proximal renal tubular
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cells are exposed to the highest concentrations of renal-damaging substances, more so
than distal tubular cells [6]. Damaged or dysfunctional proximal tubule cells can become
“leaky”, allowing glucose, bicarbonate, amino acids, and other substances to cross into the
urine by hindering normal resorptive functions.

JPTs are often made from dried chicken (or duck) meat or sweet potatoes. As of
1 September 2018, FDA’s Veterinary Laboratory Investigation and Response Network
(Vet-LIRN) had collected and performed testing on more than 650 JPT samples related to
more than 550 consumer complaints, as well as more than 400 retail samples of unopened
product bags obtained from a store or shipment. Vet-LIRN did not subject every sample
to the entire battery of testing due to limited resources and product availability. Sample
testing was targeted based on the concerns with a particular product or brand and the
symptoms displayed by the pet that consumed the product. The product-based testing
plans targeted the main ingredients (chicken, duck, or sweet potatoes) and considered other
information on the product labels, such as additional ingredients and/or their contaminants.
For example, Vet-LIRN investigation revealed that some products contained glycerin (as
high as 20%), although it was not listed on the label, and conducted additional testing
for glycerin to follow up on this finding [2]. Glycerin is often added to JPTs to prevent
excessive drying and improve the product’s texture.

Glycerin is also used to produce many other products including drugs, cosmetics,
foods, tobacco products, sweeteners, and toiletries. As glycerin may be produced dur-
ing biodiesel production and is subjected to a refining process, it is important to ensure
that there are methods to detect potential toxic contaminants that could arise during manufacture.

Recently we published a UHPLC/Q-TOF method to screen crude glycerin for toxic
phorbol ester contaminants [7]. Another group of compounds that could be contaminants
in glycerin comprises 3-monochloropropane-1,2-diol (MCPD), its esters (MCPDEs), and
glycidyl esters (GEs), which carry a reactive epoxide moiety. These compounds are formed
during the industrial processing of oils in the presence of chloride ions, glycerin, and
high temperatures [8]. In 2015, Vet-LIRN tested 74 JPT samples for MCPD and found
that 31 samples tested positive at concentrations ranging from 0.027 to 0.352 ppm. The
significance of this finding was not clear, although the review of the available scientific
literature did not suggest that these MCPD levels in JPTs would cause illness in pets.

Free MCPDs are present in the low mg/kg range in many foodstuffs such as acid-
hydrolyzed vegetable protein, soy sauces, crackers, bread, toast and other bakery products,
malt, meat products, and soups [9–13]. In most foodstuffs, only a small percentage of
3-MCPD is present as free 3-MCPD, while the majority is present as MCPDEs. Based on
positive findings of MCPD in JPTs, Vet-LIRN investigation showed the need to evaluate
JPTs and glycerin for their presence of MCPDEs; however, this type of testing is not
available domestically.

An extensive review about 3-MCPDE toxicity was published by the Joint FAO/WHO
Expert Committee on Food Additives (JEFCA) in 2016 [14]. In 2018, the same regulatory
body established a group total daily intake (TDI) of 2 μg/kg bw/day for 3-MCPD and its
esters [15]. 3-MCPDEs are potentially toxic compounds with kidneys as their main target,
according to reports from studies in animals. In Wistar rats or Swiss mice dosed with
different MCPDEs, nephrotoxic degenerative and inflammatory changes in kidneys were
evidenced by organ weight increase, glomerular lesions, tubulotoxicity (necrosis, tubular
epithelial hyperplasia, and multifocal hypertrophy), cellular infiltration in interstitial
spaces, and fibrosis [16,17]. Rat bioavailability studies show that 3-MCPDEs are completely
hydrolyzed by enzymatic reactions in the gastrointestinal tract with release of 3-MCPD
to be distributed to blood, organs, and tissues [18,19]. From short-term studies in rats
and mice, the most affected organ after 3-MCPD induced toxicity was the kidney, with
similar organ degenerative changes found for parent 3-MCPD esters [20]. A more recent
report describes induced acute renal failure with nephrotoxic structural changes after oral
administration of 3-MCPD in male albino rats in a period as short as 7 days [21].
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Potential severe toxicological effects induced in animals with the presence of 3-
MCPDEs have raised concerns about the level of exposure to these food contaminants.
Strong evidence shows that glycidol and GEs are potential genotoxic carcinogen agents
and probably carcinogenic to humans [22]. Studies on bioavailability have shown that GEs
are hydrolyzed (de-esterified) during digestion, and the free glycidol is almost completely
released [14]. The GEs are therefore treated like glycidol from a toxicological point of
view. Due to the genotoxic potential of glycidol, it is not possible to derive any safe intake
quantities for GEs.

Due to the potential renal toxicity of MCPDEs, which are derived from MCPD, and
the carcinogenicity of glycidol derived from GEs, we focused our method development
efforts to screen glycerin for MCPDEs and GEs.

2. Results and Discussion

Glycerin is the major byproduct of biodiesel production. Centrifugation or gravita-
tional settling is used to separate biodiesel from glycerin after transesterification [23,24].
The lower glycerin phase consists of glycerol and other impurities such as methyl esters;
water; alcohol; salts; and unreacted mono-, di-, and triglycerides. The crude glycerin
is subjected to an expensive refining process that includes treatments such as bleaching,
deodorizing, and ion exchange. Contaminants such as free fatty acids and their salts are
removed to meet the USP standards to be used in food production. Some steps such as the
deodorization step are carried out at elevated temperatures of more than 200 ◦C.

The main factors for the formation of MCPDEs and GEs are the presence of chloride
ions; glycerin; and tri-, di-, or monoacylglycerides and high temperatures. As glycerin is
subjected to these conditions during production and refining, it is possible that it is tainted
with such process contaminants.

Many edible oils also undergo a similar refining process to improve their quality.
Evidence exists in the scientific literature to show the formation of MCPDEs and GEs
during the industrial processing of oils [8,25–27]. These contaminants may be harmful to
health and, therefore, undesirable in foods. There are many published studies to screen for
these ester contaminants in edible oils [28–30], but to our knowledge, there are no methods
published yet for glycerin.

The determination of MCPDEs is complicated due to structural diversity. Consider-
ing the possible positional isomers of MCPD, the formation of about 100 different ester
compounds is possible. However, because of the relative abundance of the fatty acids,
only seven esters (lauric, myristic, palmitic, stearic, oleic, linoleic, and linolenic acids) are
considered in food analysis [13]. For GEs, the number of ester structures is smaller, caused
by its single hydroxyl group and lack of positional isomers.

LC method development was challenging due to the polarity range of the compounds.
We tried to use ACN/water gradients spanning 5–100% ACN in 15 min with formic acid in
both solvents. The GEs and the mono-MCPDEs, which are polar, eluted from the column,
but the nonpolar di-MCPDEs did not elute from the column with this solvent gradient. We
also tried other solvent gradients reported in the literature such as ACN/ MeOH/water
as solvent A and acetone as solvent B ramping up to 60% acetone [31]. Even though the
nonpolar di-MCPDEs eluted from the column with this solvent gradient, the peak shapes
were broad. The IPA/8% aqueous methanol with formic acid step gradient used in the
LC is a modification of a method reported in the literature for the analysis of GEs and
mono- and di-MCPDEs as contaminants in edible oils [28]. LC parameters including mobile
phase, column type, column temperature, flow rate, and gradient conditions were varied
to establish the optimal liquid chromatography. The optimized step gradient allowed us to
retain all three classes of compounds of differing polarities on the column as well as elute
the most nonpolar di-MCPDEs within the gradient.

Even though we used six representative compounds of GEs and MCPDEs in our
mixed standard, we analyzed many others in our study. The most polar 1-lauroyl-3-
chloropropanediol and the most nonpolar 1,2-distearoyl-3-chloropropanediol eluted within
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our gradient. The LC retention times ranged from 2.3 to 10.3 min for the six compounds in
our mixed standard using this gradient (Figure 1). Average responses in Table 1 indicated
that the sodium adducts were much more dominant than the protonated adducts for all
six compounds. This is true and consistent for all GEs and MCPDEs we analyzed during
this study. This was an important observation that allowed us to screen for lower levels of
MCPDEs by detecting unique ion clusters containing chlorine with sodium adducts.

Figure 1. Extracted ion chromatograms for the mixed standard of glycidyl esters (GEs) and 3-monochloropropanediol esters
(MCPDEs) in the glycerin matrix.

Table 1. Average response for protonated and sodium adducts of GEs and MCPDEs in the mixed standard.

Compound Exact Mass (M+H) (M+Na)

Glycidyl linolenate 334.2508 2,209,671 34,331,876

Glycidyl linoleate 336.2664 3,308,840 45,741,444

1-Palmitoyl-3-chloropropanediol 348.2431 0 1,517,938

2-Oleoyl-3-chloropropanediol 374.2588 116,159 6,265,336

1-Oleoyl-2-stearoyl-3-chloropropanediol 640.5197 0 7,484,321

1-Palmitoyl-2-stearoyl-3-chloropropanediol 614.5041 0 8,217,162

2.1. Calibration Curves

Calibration curves were generated for selected GEs and mono- and di-MCPDEs in
both solvents, methanol and glycerin-matrix (Figure 2). All calibration standards were
analyzed in triplicate over the concentration range of 10 to 400 ppb for MCPDEs and 2 to
100 ppb for GEs. A quadratic regression algorithm with no weighting was used to compare
the standard curves in solvent versus matrix. The average correlation coefficients for all
calibration curves were >0.997. We observed matrix enhancement for di- and mono-MCPD
esters; however, glycidyl esters showed a matrix suppression effect.

The calibration curves constructed for the mixed standard were used to determine the
matrix effect. The calibration standards were used to validate the data analysis process.
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Figure 2. Calibration curves prepared in glycerin matrix and methanol for (a) palmitoyl-chloropropanediol, (b) oleyl-
chloropropanediol, (c) 1-oleoyl-2-stearoyl-2-chloropropanediol, (d) 1-palmitoyl-2-stearoyl-3-chloropropanediol, (e) glycidyl
linoleate, and (f) glycidyl linolenate.

Data analysis was performed with the Mass Hunter Qualitative Analysis software
(B.06.00) using FbF (find by formula) algorithm to screen for compounds in the glycerin
extracts using an in-house MCPDE and GE exact mass database as the formula source
(Table 2). The in-house database was constructed by adding the exact masses of all possible
esters of GEs and mono- and di-MCPDEs of lauric, myristic, palmitic, linolenic, linoleic,
oleic, and stearic acids. The algorithm FbF was restricted to the m/z range of 50–1000 Da
and completed within the timespan of the LC gradient. Singly charged ions and a minimum
peak height of 10,000 ion counts were selected for FbF. The allowed adduct ions included
H+ and Na+. FbF algorithm scores the database matches based on the similarity of each
of the isotopic masses (Mass Match), isotope ratios (Abundance Match), isotope spacing
(Spacing Match), and optionally, the retention time (RT Match).

Table 2. Database of MCPDEs and GEs.

Formula Exact Mass Compound Name

MCPD monoesters

C17H33ClO3 320.2118 Myristoyl-chloropropanediol

C15H29ClO3 292.1805 Lauroyl-chloropropanediol

C19H37ClO3 348.2431 Palmitoyl-chloropropanediol

C21H41ClO3 376.2744 Stearoyl-chloropropanediol

C21H39ClO3 374.2588 Oleyl-chloropropanediol

C21H37ClO3 372.2431 Linoleoyl-chloropropanediol

C21H35ClO3 370.2275 Linolenoyl-chloropropanediol
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Table 2. Cont.

Formula Exact Mass Compound Name

MCPD diesters

C35H67ClO4 586.4728 Di-palmitoyl-chloropropanediol

C27H51ClO4 474.3476 Di-lauroyl-chloropropanediol

C29H55ClO4 502.3789 Lauroyl-myristoyl-chloropropanediol

C33H57ClO4 552.3945 Lauroyl-linolenoyl-chloropropanediol

C33H59ClO4 554.4102 Lauroyl-linoleoyl-chloropropanediol

C39H67ClO4 634.4728 Di-linoleoyl-chloropropanediol

C39H63ClO4 630.4415 Di-linolenoyl-chloropropanediol

C35H61ClO4 580.4285 Linolenoyl-myristoyl-chloropropanediol

C31H59ClO4 530.4102 Di-myristoyl-chloropropanediol

C31H59ClO4 530.4102 Lauroyl-Palmitoyl-chloropropanediol

C33H61ClO4 556.4258 Lauroyl-Oleoyl-chloropropanediol

C39H65ClO4 632.4571 Linoleoyl-Linolenoyl-chloropropanediol

C35H63ClO4 582.4415 Myristoyl-Linoleoyl-chloropropanediol

C33H63ClO4 558.4415 Myristoyl-palmitoyl-chloropropanediol

C33H63ClO4 558.4415 Lauroyl-stearoyl-chloropropanediol

C35H65ClO4 584.4571 Myristoyl-oleoyl-chloropropanediol

C39H71ClO4 638.5041 Stearoyl-linoleoyl-chloropropanediol

C39H73ClO4 640.5197 Oleoyl-stearoyl-chloropropanediol

C39H71ClO4 638.5041 Linoleoyl-stearoyl-chloropropanediol

C37H71ClO4 614.5041 Palmitoyl-stearoyl-chloropropanediol

C37H67ClO4 610.4728 Palmitoyl-linoleoyl-chloropropanediol

C37H65ClO4 608.4571 Palmitoyl-linolenoyl-chloropropanediol

C35H67ClO4 586.4728 Myristoyl-stearoyl-chloropropanediol

C39H71ClO4 638.5041 Di-oleoyl-chloropropanediol

C37H69ClO4 612.4884 Oleoyl-palmitoyl-chloropropanediol

C39H75ClO4 642.5354 Di-stearoyll-chloropropanediol

C39H67ClO4 634.4728 Oleoyl-linolenoyl-chloropropanediol

C39H69ClO4 636.4884 Oleoyl-linoleoyl-chloropropanediol

C37H69ClO4 612.4884 Oleyl-palmitoyl-chloropropanediol

Glycidyl esters (GEs)

C15H28O3 256.2038 Glycidyl laurate

C17H32O3 284.2351 Glycidyl myristate

C21H40O3 340.2977 Glycidyl stearate

C19H36O3 312.2664 Glycidyl palmitate

C21H38O3 338.2821 Glycidyl oleate

C21H36O3 336.2664 Glycidyl linoleate

C21H34O3 334.2508 Glycidyl linoleate

FbF algorithm found all six GEs and MCPDEs in the calibration standards, thereby val-
idating the data analysis process (see Figure 1). Our method was capable of detecting GEs
and di-MCPDEs down to 2 ng/mL and mono-MCPDEs down to 5 ng/mL concentrations.
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2.2. Analysis of Glycerin Samples

The refined and crude glycerin samples we obtained were diluted and subjected to
the same screening procedure as the calibration standards. The screen against the database
using FbF algorithm produced many false-positive hits for GEs that were eliminated by
comparing the retention time and mass accuracy with standards. There were no hits
for MCPDEs.

The data generated in the study were validated according to the HRMS guidance [32].
The mass accuracy was <5 ppm for all six compounds in the calibration standards. Each
sample was analyzed in triplicate. The retention time shift was <0.2 min between the
replicate injections. The detected levels were reproducible. The compound stability was
monitored throughout the study by injecting the stock solutions of standards in methanol
during the course of the study, and no instability was detected.

3. Materials and Methods

3.1. Materials
3.1.1. Instrumentation

Samples were analyzed using an Agilent 1290 Infinity UHPLC coupled with 6550
Q-TOF mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) in positive-ion mode.

3.1.2. Chemicals

Glycidyl linolenate (CAS 51554-07-5), glycidyl linoleate (CAS 243085-63-3), 1-lauroyl-3-
chloropropanediol (CAS 20542-96-5), 1-palmitoyl-3-chloropropanediol (CAS 30557-04-1), 2-
oleoyl-3-chloropropanediol (CAS 915297-48-2), 1-palmitoyl-2-stearoyl-3-chloropropanediol
(CAS 1185060-41-6), 1-oleoyl-2-stearoyl-3-chloropropanediol (CAS 1336935-05-7), and 1,2-
distearoyl-3-chloropropanediol (CAS 72468-92-9) were purchased from Toronto Research
Chemicals (Toronto, ON, Canada).

3.1.3. Glycerin Samples

Sixteen food-grade glycerin samples and four crude-grade glycerin samples were
obtained from various sources. A food-grade glycerin sample obtained from Procter &
Gamble (Cincinnati, OH, USA) was used for constructing matrix calibration curves for the
mixed standard.

3.2. Preparation of Stock Solutions and Working Standards

Primary stock solutions (1 mg/mL each) were prepared separately by dissolving
the ester standard in methanol. There are two classes of MCPDEs, namely mono- and
diesters. Two GEs (glycidyl linoleate and glycidyl linolenate), two MCPD monoesters (1-
palmitoyl-3-chloropropanediol and 2-oleoyl-3-chloropropanediol), and two MCPD diesters
(1-oleoyl-2-stearoyl-3-chloropropanediol and 1-palmitoyl-2-stearoyl-3-chloropropanediol)
were selected to represent the two classes of MCPDEs and GEs. Working standard solutions
were prepared at 50, 100, 500, and 1,000 μg/mL by diluting appropriate volumes of the
primary stock solution with MeOH. All solutions were stored in glass vials at 4 ◦C or below.

3.3. Preparation of a Calibration Curve of the Mixed Standard in Glycerin and Methanol

Appropriate amounts of working standards of MCPDEs and GEs were spiked (added)
into methanol and glycerin matrix to produce the following concentrations: 2, 5, 10, 25, 50,
125, 250, and 400 ng/glycerin. Mixed standard in glycerin was prepared using 1 g food
grade glycerin (Procter and Gamble) in 2 mL methanol, spiked with appropriate volumes
of working standards.

Calibration curves were constructed in both methanol and glycerin matrix.

3.4. Glycerin Sample Preparation for Screening for MCPDEs and GEs

Sixteen food-grade glycerin samples and four crude-grade glycerin samples (approxi-
mately 1 g each) were prepared separately in 4 mL glass amber vials. Each 1 g glycerin was
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weighed directly into the vial, and 500 μL of methanol was pipetted into each vial. Vials
were capped and vortexed, and methanol was added dropwise to bring the total volume
of each sample up to the 2 mL mark. Methanol was used as the solvent blank. Triplicate
injections were performed for each sample.

3.5. UHPLC Analysis

We analyzed the diluted spiked glycerin without solid-phase extraction step using the
QTOF6500 HRMS mass spectrometer coupled to the UHPLC system. A liquid chromatog-
raphy system 1290 (Agilent Technologies, Santa Clara, CA, USA) with a BEHC18 column
(2.0 mm × 100 mm) with 1.8 μm particles (Waters, Milford, MA, USA) at 30 ◦C was used
for HPLC separation. Mobile phase A consisted of 92:8 methanol/water with 0.05% formic
acid; mobile phase B consisted of 98:2 isopropanol/water with 0.05% formic acid. The flow
rate was 300 μL/min, and the gradient used was as follows: from 0–3 min, mobile phase B
0–30%; from 3–10 min, mobile phase B 30–70%, followed by holding at 70% B for 5 min
and returning to 0% B in 2 min. The first 1 min of the LC flow was diverted to the waste to
prevent the glycerin matrix from entering the mass spectrometer.

3.6. HRMS Analysis

The Agilent 6550 QTOF instrument (Agilent Technologies, Santa Clara, CA, USA)
is equipped with an Agilent Jet Stream Technology Dual Spray ESI source and an iFun-
nel. The instrument was calibrated in the extended dynamic range (2 GHz, High Res
Mode) and lower mass range (m/z < 1700) in the positive ion mode. Data were collected
in centroid format. Reference masses at m/z 121.0509 and m/z 922.0089 were continu-
ally introduced via a second sprayer for accurate mass calibration. The reference ions
used were purine (C5H4N4) at m/z 121.0509 and HP-921 (hexakis-(1H,1H,3H-tetrafluoro-
pentoxy)phosphazene (C18H18O6N3P3F24)) at m/z 922.0089 for positive mode. The source
conditions were as follows: sheath gas flow, 11 L min−1; sheath gas temperature, 350 ◦C;
nebulizer pressure, 40 psi; drying gas temperature, 150 ◦C; drying gas flow, 15 L min−1;
nozzle voltage, 380 V; fragmentor voltage, 360 V; capillary voltage, 3500 V. Nitrogen was
used as source gas and as collision gas. Full scan MS were acquired over the mass range
m/z 100–1000 at a scan speed of 2 scans/s. Agilent Mass Hunter workstation software
version B.05.00 was used for data acquisition, and B.06.00 qualitative analysis was used for
processing. Mass calibration was performed prior to analysis.

4. Conclusions

We accomplished our goal in this study by successfully developing a UHPLC/Q-
TOF-based screening method to detect a variety of GEs and MCPDEs in glycerin samples
(both crude and refined grades). It is a dilute-and-shoot method with minimal sample
preparation that can be adapted to other matrices. The screening method by FbF against
our in-house library produced many false positives for GEs, which were eliminated by
comparing the retention times with standards. There were no hits for MCPDEs in the
limited glycerin samples we analyzed.
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Abstract: Glycyrrhizic acid (GA), also known as glycyrrhizin, is a triterpene glycoside isolated from
plants of Glycyrrhiza species (licorice). GA possesses a wide range of pharmacological and antiviral
activities against enveloped viruses including severe acute respiratory syndrome (SARS) virus. Since
the S protein (S) mediates SARS coronavirus 2 (SARS-CoV-2) cell attachment and cell entry, we
assayed the GA effect on SARS-CoV-2 infection using an S protein-pseudotyped lentivirus (Lenti-S).
GA treatment dose-dependently blocked Lenti-S infection. We showed that incubation of Lenti-S
virus, but not the host cells with GA prior to the infection, reduced Lenti-S infection, indicating
that GA targeted the virus for infection. Surface plasmon resonance measurement showed that GA
interacted with a recombinant S protein and blocked S protein binding to host cells. Autodocking
analysis revealed that the S protein has several GA-binding pockets including one at the interaction
interface to the receptor angiotensin-converting enzyme 2 (ACE2) and another at the inner side of
the receptor-binding domain (RBD) which might impact the close-to-open conformation change of
the S protein required for ACE2 interaction. In addition to identifying GA antiviral activity against
SARS-CoV-2, the study linked GA antiviral activity to its effect on virus cell binding.

Keywords: glycyrrhizin; SARS-CoV-2; surface plasmon resonance; autodocking

1. Introduction

The uncertainty of the coronavirus disease 2019 (COVID-19) pandemic situation re-
mains elusive, although great success has been accomplished with the rapid development of
protective vaccines against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).
There are currently no effective drugs for the treatment of COVID-19, although clinical trials
and case reports involving antiviral and antiparasitic agents have yielded promising results
that warrant further investigation [1,2]. Herbal medicines have a long history of vindicated
clinical efficacy against infectious diseases. Clinical evidence shows that herbal medicines are
effective against viral infections such as influenza, SARS, and SARS-CoV-2 by targeting virus
cell entry, viral replication, and host antiviral immune response steps. During the pandemic
of COVID-19, several drugs formulated according to principles of Chinese medicine showed
therapeutic effects against mild and severe COVID-19. Among the drugs and formulae
recommended by the Chinese authority for COVID-19 therapy, the dried root of Glycyrrhiza
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spp. (licorice) is among the most commonly used ingredients in the formulae [3]. The radices
of Glycyrrhiza spp. have been used as an important ingredient of herbal medicines and also
a flavoring agent in traditional formulae since antiquity [4,5]. The use of the dried roots of
the plant can be traced back to ancient Assyrian, Egyptian, Chinese, and Indian cultures
for symptoms that resemble those of viral respiratory tract infections such as dry cough or
hoarse voice [5,6]. Recent reports also suggest that licorice extract may have a potential role in
combating COVID-19 and associated conditions [7].

The main chemical component from Glycyrrhiza sp. is glycyrrhizic acid (GA), also
known as glycyrrhizin, a triterpenoid saponin that can be extracted from the dried roots
in high yields [8,9]. Numerous reports show that GA is effective against the infection of
enveloped and nonenveloped viruses such as herpes viruses, respiratory syncytial virus,
vaccinia virus, and SARS-CoV in cell culture studies [4,10,11]. Cinatl and colleagues found
that glycyrrhizin was among the most active compounds tested in inhibiting replication
of the SARS-CoV [12]. Thus, licorice and GA could be an old weapon against emerging
diseases [13,14].

In this study, we investigated the antiviral effect of GA against SARS-CoV-2 using a
pseudotyped lentivirus that has the SARS-CoV-2 S protein on its envelope (Lenti-S). We
found that GA inhibited Lenti-S infection through inhibition of virus attachment to host
cells. Preincubation of Lenti-S, rather than the host cells, with GA prior to the infection
reduced Lenti-S infection, suggesting that GA primarily targets the virus rather than the
host cells. GA interacted with the S protein with high affinity and blocked a recombinant S
protein binding to the host cells. Thus, this study uncovered a mechanism by which GA
blocks SARS-CoV-2 infection by impeding virus and host cell interaction.

2. Materials and Methods

2.1. Cells, Reagents, and Antibodies

Vero E6 and 293T cells were obtained from Cell Bank of Chinese Academy of Sciences
and were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS, v/v) at 37 ◦C in a humidified incubator. The medium also
contained 10 mM HEPES (pH 7.4), 2 mM GlutaMAX, and penicillin–streptomycin–fungizone
(100 units/mL of penicillin, 100 μg/mL of streptomycin, and 250 ng/mL of amphotericin B).
The DMEM and all the supplemented ingredients were purchased from Invitrogen (Shanghai,
China). An insect cell-expressed S protein (40589-V08B1, S1 + S2 ectodomain) and a polyclonal
antibody cross-reactive to SARS-CoV-2 S (40150-T62) were purchased from Sino Biological
(Beijing, China). The Steady-Lumi firefly luciferase reporter gene assay reagent was purchased
from Beyotime (Nantong, China). An HIV-1 NL4-3 luciferase reporter vector that contains
defective Nef, Env, and Vpr was purchased from MiaoLing (P20782, Wuhan, China). pCMV3-
SARS-CoV-2-S (VG40589-UT, accession number MN908947.3) with codon-optimized S gene
for mammalian cell expression and pCMV3-ACE2-HA (HG10108-CY) were purchased from
Sino Biological. The pCMV3-SARS-CoV-2-S was modified in the lab by deletion of the last
19 amino acid residues to generate pCMV3-S since the endoplasmic reticulum (ER)-retention
signal from the cytoplasmic tail was reported to interfere with virus preparation [15,16].
Glycyrrhizin ammonium salt (#50531, purity ≥ 95%) and HRP-conjugated anti-HA antibody
(H3663) were purchased from Sigma-Aldrich. A stock solution of 50 mM GA was prepared
by dissolving the compound in distilled water with pH adjusted to 7.4 using NaOH.

2.2. Spike Protein-Pseudotyped Virus (Lenti-S) Preparation

The spike protein-S-pseudotyped lentivirus (Lenti-S) was generated using a 2-plasmid
system as previously reported [17]. Stocks of single-round infection of S protein-pseudotyped
virus were produced by cotransfection of 293T cells (1.0 × 107 cells per 10 cm dish) with
2 μg of pCMV-S plasmid and 8 μg of pNL4.3-Luc using PEI reagent. The supernatant was
harvested 34 h following transfection. After clarification by centrifugation at 1500× g followed
by 0.45 μm filtration, pseudovirus-containing medium was collected and aliquots were stored
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at −80 ◦C. The virus was validated by testing for its ability to deliver the luciferase gene to
ACE2-expressing HEK293T cells [18].

2.3. Infection Assay

Pseudotyped viruses provide an efficient way to determine an antiviral effect by
measuring reporter gene expression. For gene-transducing assay, the permissible Vero
E6 cells in 96-well plates (#3599, Costar, Corning, NY, USA) were infected with varying
amounts of Lenti-S. Luciferase expression was determined at approximately 24 h PI using
Steady-Lumi reagent on a GloMax 96 luminometer (Promega, Madison, WI, USA).

For blocking assay, Vero E6 cells were detached using 3 mM ethylenediaminete-
traacetic acid (EDTA). After washing twice with serum-free medium (SFM), the cells were
resuspended in ice-cold SFM-containing 2% (v/v) FBS (107 cells/mL). The cells were
then aliquoted (5 × 105 cells/sample), and duplicate samples were incubated on ice with
Lenti-S in the absence or presence of GA or a blocking reagent as indicated. The mixtures
were incubated on ice for 60 min with occasional mixing. At the end, the cells were then
washed with ice-cold medium 3 times to remove non-bound virus then plated in 12-well
plates (Corning™ Costar, #3512) without supplementation of GA or the blocking reagent.
Luciferase expression in duplicate samples was determined at 24 h PI.

2.4. Protein Biotinylation and Binding Assay

An insect-cell-expressed S protein (2 μg), resuspended in 100 μL of 50 mM NaHCO3,
was labeled with freshly prepared sulfo-NHS-biotin (21217, Pierce, Carlsbad, CA, USA,
0.5 mg in 50 μL NaHCO3). The reaction lasted for 10 min at room temperature. At the
end, unreacted sulfo-NHS-biotin was quenched by reaction with 1 mg glycine dissolved in
20 μL NaHCO3. The labeled protein was dialyzed against phosphate-buffered saline (MW
cutoff 12 kD) and was used for protein-binding assay.

To measure the effect of GA on S protein binding, detached Vero E6 cells were incu-
bated on ice with the biotinylated S protein in the absence or presence of varying amounts
of GA or excess amounts of unlabeled S protein. After incubation on ice for 60 min, the
cells were washed 3 times with ice-cold medium. After the cell lysates were separated
by a 6% SDS-PAGE gel, cell-attached S protein was detected by immunoblotting analysis
using an HRP-conjugated anti-biotin antibody (A0185, Sigma-Aldrich, St Louis, MO, USA).
Anti-actin (sc-8432, Santa Cruz, Dallas, TX, USA) was used for loading controls.

2.5. Surface Plasmon Resonance (SPR) Studies

SPR analysis was performed using the Biacore T200 system and a CM5 sensor chip.
The chip consists of two channels that were loaded with S protein. Briefly, the car-
boxymethylated dextran matrix was activated via the passage of EDC-HCl and NHS
(0.2 M and 0.05 M in water, respectively). Then, the S protein at 20 μg/mL (in 1 mM
sodium acetate) was passed over the surface. Any remaining un-reacted active ester groups
were quenched by the passage of ethanolamine solution. The sensor chip surface was
regenerated after each experiment by passing sodium dodecyl sulfate (SDS, 100 mM) over
the surface for 2 min. This simple procedure reliably returned the original signal response
seen before the binding experiment started. For testing, GA at concentrations was passed
over the chip, and SPR angle changes were recorded and reported as response units (RUs).
Data fitting was performed using the 1:1 Langmuir model in the BIAevaluation software
package (GE Healthcare, Waukesha, WI, USA).

2.6. Autodocking

Docking analysis was performed using AutoDock Vina 1.1.2 (Windows version) with
default scoring function [19]. The molecular structures of SARS-CoV-2 S protein (PDB id:
6vsb) and ACE2 (PDB id: 6m18) were downloaded from the Research Collaboratory for
Structural Bioinformatics-Protein Databank (RCSB-PDB) [20]. The 3D structure of GA was
from ZINC (https://zinc.docking.org/, id: 960251743495; last accessed on 20 September 2021).
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The structures were prepared using AutoDock Tools (ADT) by addition of polar hydrogens
and the Gasteiger charges. Structures were exported in the pdbqt format after assigning the
AD4 (AutoDock 4) atom type [21]. In the AutoDock Vina configuration files, the parameter
num_modes was set to 1000 and exhaustiveness to 100. We chose all the rotatable bonds in
ligands to be flexible during the docking procedure, and we kept all the residues of S protein
inside the binding pockets rigid. Multiple rounds of definition of the grid coordinate (x-, y-,
and z-coordinates) with a defined grid box size were conducted to screen through the entire
extracellular part of the S protein. The resulting docking structures were further analyzed
in PyMOL.

2.7. Statistical Analysis

The assays were performed at least 2 times independently. Data were analyzed with Excel
(Microsoft) for statistical significance using Student’s t test. p < 0.05 was considered significant.

3. Results

3.1. Inhibition of GA against SARS-CoV-2 Infection against S Protein-Pseudotyped Virus

We used an S protein-pseudotyped lentivirus to determine whether GA had an antiviral
effect against SARS-CoV-2. The lentivirus system is easy to construct and has been widely used
for virus binding and infection assay. To this end, cells were infected with varying amounts of
Lenti-S in the absence or presence of varying amounts of GA (Figure 1A). We tested GA at
concentrations of 0.5–5 mM since previous studies showed that GA was previously reported
active against a wide range of enveloped viruses at concentrations of 1–8 mM [10,12]. Vero E6
cells in 96-well plates were untreated or treated with GA at 0.5, 1, 2.5, and 5 mM 30 min prior
to Lenti-S infection, and we found that GA treatment resulted in a reduction in luciferase
activity (Figure 1B). At 2.5 and 5 mM, GA treatment reduced Lenti-S-mediated luciferase gene
delivery by approximately 77% and 92%, respectively. The effect of GA on Lenti-S infection
was specific since treatment of 293T cells transfected with pLenti-CMV-luc did not affect
luciferase expression (Figure 1C).

Figure 1. Cont.
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Figure 1. GA effect on Lenti-S infection. (A) Molecular structure of glycyrrhizic acid. (B) Effect of
GA on Lenti-S infection. Vero E6 cells were infected with Lenti-S pseudovirus in the absence or
presence of GA at indicated concentrations for 24 h. Luciferase activity was determined. Data are
expressed as a percentage of untreated controls (Lenti-S). The experiment was performed twice, and
data are mean ± SD of triplicate wells. Independent two-sample comparisons between non-GA
treated sample and sample treated with GA at different concentrations, respectively, were determined
by Student’s t test. ns: no significance; *, p < 0.05; **, p < 0.01. (C) Effect of GA on luciferase expression
in pCMV-luc-transfected cells. Monolayers of 293T cells were transfected with pCMV-luc for 16 h.
The cells were then treated with GA at indicated concentrations. Luciferase activity was determined
after 24 h incubation. GA treatment did not affect luciferase expression delivered by an encoding
plasmid. The experiment was performed twice. The readings from untreated samples were used as a
control for the calculation of relative luciferase activity. Data are mean ± SD of duplicate wells from
2 independent experiments. (D) Time of GA addition on Lenti-S-mediated luciferase gene delivery.
Vero E6 cells were untreated or treated with 3 mM GA at 2 h prior to (−2 h), during (0), or at 2 and
4 h post Lenti-S infection. Luciferase activity was determined 24 h PI. The experiment was performed
2 times. Data from the untreated controls were used for the calculation of relative luciferase activity.
**, p < 0.01.

The time effect of GA addition was tested by treating Vero E6 cells with 3 mM GA at 2 h
prior to (−2 h), during (0 h), or at 2 h and 4 h post Lenti-S infection. Luciferase expression
was determined at 24 h PI. As shown in Figure 1D, GA addition prior to or during Lenti-S
inoculation significantly blocked Lenti-S infection. For comparison, addition of GA at 2 and
4 h post Lenti-S inoculation showed diminished effect against Lenti-S infection. This result
suggests that GA likely targeted the early stages of Lenti-S infection.

3.2. GA Effect on S Protein Binding to Host Cells

Virus infection is initiated by receptor-mediated attachment, followed by cell entry
via membrane fusion or endocytosis. Since Lenti-S is a pseudotyped virus that utilizes
S protein for cell attachment and cell entry, we focused on whether GA targeted the S
protein of SARS-CoV-2 for antiviral action. We performed a cell-binding assay using a
biotin-labeled S protein to assess whether GA interfered with S protein attachment to host
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cells. In this regard, a biotinylated S protein was allowed to bind to Vero E6 cells in the
presence or absence of GA (Figure 2A). After washing off non-bound S protein with an
ice-cold medium, cell-bound S protein was detected by immunoblotting analysis. We used
unlabeled S protein as a competitive reagent against biotin-labeled S protein binding to
demonstrate the binding specificity of biotinylated S protein to host cells (Figure 2B). As
shown in Figure 2C, GA treatment dose-dependently inhibited S protein binding to the cells.
At 5 mM concentration, GA blocked S protein binding by more than 95%, suggesting that
GA inhibited pseudovirus infection likely by blocking S protein-mediated cell attachment.

Figure 2. Effect of GA on recombinant S protein binding. (A) Schematic presentation of the experi-
mental design. The cells were detached and incubated on ice for 60 min with GA or recombinant S
protein (S unlabeled). Biotinylated S protein was then added for cell-attachment assay. After washing
with ice-cold DMEM, cell-attached biotinylated S protein was detected by immunoblotting assay.
(B) Biotinylated S protein binding to host cells in the presence of BSA or unlabeled S protein. Vero E6
cells resuspended in ice-cold DMEM containing 0.5% BSA were allowed to interact with Lenti-S in
the presence or absence of unlabeled S protein (at 2 and 10 μg/mL). (C) Effect of GA on S protein
binding to Vero E6 cells. A biotinylated S protein was allowed to bind to detached Vero E6 cells in the
absence or presence of GA. Cell-bound biotinylated S protein was determined by immunoblotting
assay. Actin was used as a loading control. Con, Vero E6 cells only. Input, biotinylated S protein for
total binding.

3.3. GA Treatment of Pseudovirus but Not the Cells Inhibits Pseudovirus Infection

We performed an infection assay by pretreatment of the virus and the cells to prelimi-
narily determine a primary target of the GA effect. In this regard, Lenti-S was pretreated
with GA at a concentration of 3 mM on ice for 1 h. The treated virus was then 1:30 diluted
with culture medium and used to infect the cells (final GA concentration in the culture
medium was at approximately 0.1 mM; the concentration showed no antiviral activity).
Virus infection was determined by measuring luciferase activity at 24 h post infection.
Alternatively, we also treated the cells with 3 mM GA on ice for 1 h to determine whether
GA targeted the host cells for its antiviral effect since the receptor ACE2 was a putative
target of GA action [22]. After removal of GA by rinsing with fresh DMEM, the cells
were then infected with Lenti-S for 24 h. Pretreatment of cells with GA showed marginal
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effect against Lenti-S infection, while pretreatment of pseudovirus with GA profoundly
reduced pseudovirus infectivity (Figure 3), indicating that GA targeted virus particles for
the antiviral effect.

Figure 3. Pretreatment of Lenti-S or host cells with GA on Lenti-S mediated luciferase gene delivery. (A) Diagram showing
Lenti-S or host cells were treated (Tx) with 3 mM GA prior to the infection assay. Both Lenti-S and host cells were untreated or
treated with 3 mM GA for 1 h. At the end, the GA-treated Lenti-S was 1:30 diluted and used to infect untreated host cells (final
concentration of GA in the medium was approximately 0.1 mM). In parallel, the medium of the GA-treated cells was replaced
with fresh medium without GA followed by infection of untreated Lenti-S. Luciferase activity was determined 24 h later. (B) GA
effect on Lenti-S (Virus Tx) and on host cells (Cells Tx). Luciferase activity was expressed as a percentage of untreated controls.
Data are mean ± SD of duplicate wells from 2 experiments. ns, no significance; **, p < 0.01 by Student’s t test.

3.4. GA Interacts with S Protein

To more clearly demonstrate whether GA interacted with S protein, we performed an
SPR assay to measure GA interaction with a recombinant S protein (Figure 4). The ka and
kd were measured at approximately 7.6 × 105 M−1s−1 and 2.2 × 10−4 s−1, respectively,
which translated to a calculated KD of 0.28 nM, if a 1:1 stoichiometry was used for GA
and S protein interaction. The result shows clearly a direct interaction between GA and S
protein, although this might have overestimated the affinity since the S protein is believed
to be a homotrimeric protein which would have more than one GA binding site per
protein. Regardless, the results together indicate that GA blocked Lenti-S infection through
inhibition of S protein-mediated cell binding.
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Figure 4. Determination of GA binding to S protein by SPR. S protein was immobilized on to a CM5
sensor chip. GA at concentrations as indicated was passed over the chip, and SPR angle changes
were recorded using the Biacore T200 system and reported as response units (RUs). Data fitting was
performed using the 1:1 Langmuir model in the BIAevaluation software package (GE Healthcare).

3.5. Autodocking Reveals GA-Binding Pockets on SARS-CoV-2 S Protein

It was predicted that the RBD of the S protein contains binding pockets for natural
products including GA [23]. We performed AutoDock Vina analysis by scanning through
the entire extracellular domain of the S protein for the binding potentials. The first notion
was GA might bind on the interaction interface of S protein–ACE2 since we found that GA
treatment blocked Lenti-S infection and S protein attachment. Indeed, a binding pocket
at the S-ACE2 interface was identified with a calculated binding energy of −8.0 kcal/mol
(Figure 5A). The S protein presents in two different conformations, named open and closed
states [24]. We also identified another binding pocket located at the inner side of the RBD
with a binding energy of −7.0 kcal/mol (Figure 5B). SARS-CoV-2 opening is expected to be
necessary for interacting with ACE2 at the host-cell surface and initiating the conformational
changes leading to cleavage of the S2 site for efficient membrane fusion and viral entry [25].
It is possible that GA binding at this inner binding pocket impacted the close–open state
transformation resulting in diminished open-state trimer to interact with ACE2. Thus, we
also searched for the potential binding pocket at the ACE2 receptor. Similar to a previous
report [22], a pocket at the interface binding to the S protein provided a binding energy of
−4.1 kcal/mol (Figure 5C). Based on the predicted binding energy, we speculated that the
primary binding site of GA should be on the S protein rather than the ACE2.
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Figure 5. Autodocking analysis of GA interaction with SARS-CoV-2 S and ACE2 protein. Three
protomers of SARS-Cov-2 S protein (PDB id: 6vsb) are shown in cyan, green, and yellow, respectively.
ACE2 protein (PDB id: 6m18) is in orange. The structure of proteins is presented in ribbons. The
structure of GA (ZINC id:960251743495) is shown in magenta as sticks. Arrows indicate the predicted
binding site of GA. (A) Predicted binding of GA on the S protein at the S–ACE2 interface with a
calculated binding energy of –8.0 kcal/mol. (B) Predicted binding of GA on a binding pocket located
at the inner side of the RBD with a binding energy of −7.0 kcal/mol. (C) Predicted binding of GA on
the ACE2 protein at the ACE2–S interface with a binding energy of −4.1 kcal/mol.

In summary, we showed here that GA interacted with SARS-CoV-2 S protein and blocked
S protein-mediated cell binding for the antiviral activity of GA against SARS-CoV-2.

4. Discussion

Coronaviruses are a group of related viruses that cause diseases in humans and
animals. In humans, coronaviruses cause respiratory tract infections, ranging from the
common cold to the deadly diseases by SARS-CoV, MERS-CoV, and SARS-CoV-2. Due
to the lack of medicines for COVID-19, repurposing currently existing and experimental
drugs has been proposed as an alternative to uncover agents with therapeutic potentials.
Traditional medicines have demonstrated records as anti-infectives throughout the history
of mankind and have shown to be effective in China at alleviating COVID-19 symptoms
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or even reducing fatality. GA, a major component of Glycyrrhiza spp., possesses a wide
range of pharmacological and biological activities, including antioxidant, antiviral, and
anti-inflammatory effects [7,13,26,27]. Gowda and colleagues reported that GA could
inhibit SARS-CoV-2-protein-induced high-mobility group box 1 (HMGB1) release and
inhibits viral replication [28]. GA also targets SARS-CoV-2 main protease [29] and blocks
proinflammatory response [30]. It is likely that GA can utilize multiple mechanisms against
SARS-CoV-2 infection and disease [29,30]. To initiate a productive cycle of infection, a virus
first attaches to a host cell, followed by a cell entry and replication process. In this study,
we used a pseudotyped lentivirus and showed GA with antiviral activity. We focused on
the early stages of virus infection using a pseudotyped virus system. This approach has
been successfully used to construct pseudotyped lentiviruses for SARS-CoV, MERS-CoV,
and recently SARS-CoV-2 and the corresponding mutants [31–34]. As a model for highly
contagious pathogens, pseudotyped viruses are easy to construct and safe to use. It allows
in particular the detailed studies involving virus attachment and virus-cell entry stages.

Several studies have predicted S protein or S–ACE2 interaction as potential targets for
GA against SARS-CoV-2 [27,35]. Here we provided experimental evidence demonstrating
that GA blocks S protein-mediated cell attachment for its antiviral effect. We found that
GA interacted with the S protein with high affinity and blocked a recombinant S protein
binding to the host cells. We also executed computational molecular docking to elucidate
potential GA binding pockets on S protein. We screened through the entire extracellular
domain of S protein by defining multiple grid boxes within this region. In addition to
a previously revealed GA binding site at the interaction interface between the RBD and
ACE2 protein [36], we also found a binding pocket at the inner side of the RBD. Based
on the structural features, we predicted that the binding may have several impacts on
the infectious activity of Lenti-S. First, S protein presents in two different conformations
including a close state and an open state with one RBD of the trimer flipped out. The
switch from close state to open state of S protein was necessary to establish an interaction
with the ACE2 receptor. The binding site at the inner face of the RBD could impact this
conformation transition. Secondly, it is also likely that GA binding at the inner side of the
RBD might interfere with subsequent conformational change during the fusion stage.

In an assimilated SARS-CoV-2-infected mouse model, nanoparticles carrying GA
demonstrated therapeutic effects through anti-inflammatory and antioxidant activities [37].
At the intracellular and circulating levels, GA binds to high-mobility group box 1 protein
(HMGB1) to provide robust anti-inflammatory and neuroprotection [38,39]. GA attenu-
ates pulmonary hypertension progression and pulmonary vascular remodeling in animal
models [40–42]. As a hydrophilic compound, GA is not readily absorbed. After oral in-
gestion, glycyrrhizin is first hydrolyzed to 18 β-glycyrrhetinic acid by intestinal bacteria,
which can be absorbed from the gut [43]. The metabolites in circulation, along with GA,
can significantly reduce inflammatory cell infiltration and cytokine production during an
infection [40,42].

Pompei and colleagues reported that GA was effective against a broad range of en-
veloped viruses [10]. Cinatl et al. showed that GA was effective against SARS-CoV [12,44].
The reported concentrations for GA antiviral effect in cell cultures generally vary between 1
and 5 mM concentrations, at which concentrations GA can form an emulsion or long-lasting
foams in an aqueous solution [45–47]. It is well known that surfactants were able to inactivate
enveloped viruses by causing protein aggregation, disruption of the envelope, or by distorting
the shape of virions [48]. At the membrane level, GA induces cholesterol-dependent disorga-
nization of lipid rafts which are important for the entry of coronavirus into cells [49,50]. GA
was also reported to modulate the fluidity of the plasma membrane and HIV-1 envelope [45].
The fact that GA directly inactivated enveloped virus particles suggests that GA likely exerts
its antiviral activity by destabilizing the envelope. Whether chemicals such as GA use the
surfactant activity for their antiviral effect remains to be further studied.

Here we provided experimental and computational simulation data demonstrating
that GA potentially targets S protein-mediated cell attachment for its antiviral activity.
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GA interacted with the S protein with high affinity and blocked recombinant S protein
binding to the host cells. Thus, this study uncovered a mechanism by which GA blocks
SARS-CoV-2 infection, highlighting the potential of herbal medicine against emerging and
reemerging infectious diseases.
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ACE2 angiotensin-converting enzyme 2
BSA bovine serum albumin
COVID-19 coronavirus disease 2019
DMEM Dulbecco’s Modified Eagle Medium
EDTA ethylenediaminetetraacetic acid
FBS fetal bovine serum
GA glycyrrhizic acid
RBD receptor-binding domain
SARS-CoV-2 severe acute respiratory syndrome coronavirus 2
S protein spike protein of SARS-CoV-2
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