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Dejan Godevac

GC-FID-MS Based Metabolomics to Access Plum Brandy Quality
Reprinted from: Molecules 2021, 26, 1391, doi:10.3390/molecules26051391 . . . . . . . . . . . . . . 57
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José Manuel Pineda-Rı́os, Juan Cibrián-Tovar, Luis Martı́n Hernández-Fuentes, Rosa Marı́a
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F. Salomé-Abarca

α-Terpineol: An Aggregation Pheromone in Optatus palmaris (Coleoptera: Curculionidae)
(Pascoe, 1889) Enhanced by Its Host-Plant Volatiles
Reprinted from: Molecules 2021, 26, 2861, doi:10.3390/molecules26102861 . . . . . . . . . . . . . . 249

Mariana Palma-Tenango, Rosa E. Sánchez-Fernández and Marcos Soto-Hernández

A Systematic Approach to Agastache mexicana Research: Biology, Agronomy, Phytochemistry,
and Bioactivity
Reprinted from: Molecules 2021, 26, 3751, doi:10.3390/molecules26123751 . . . . . . . . . . . . . . 265

Maris A. Cinelli and A. Daniel Jones

Alkaloids of the Genus Datura: Review of a Rich Resource for Natural Product Discovery
Reprinted from: Molecules 2021, 26, 2629, doi:10.3390/molecules26092629 . . . . . . . . . . . . . . 281

vii





molecules

Editorial

A Theme Issue to Celebrate Professor Robert Verpoorte’s 75th
Birthday: “The Past, Current, and Future of Natural Products”

Yuntao Dai 1, Luis Francisco Salomé Abarca 2, Young Pyo Jang 3 and Young Hae Choi 3,4,*

Citation: Dai, Y.; Salomé Abarca, L.F.;

Jang, Y.P.; Choi, Y.H. A Theme Issue

to Celebrate Professor Robert

Verpoorte’s 75th Birthday: “The Past,

Current, and Future of Natural

Products”. Molecules 2021, 26, 7226.

https://doi.org/10.3390/

molecules26237226

Received: 19 November 2021

Accepted: 24 November 2021

Published: 29 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China;
ytdai@icmm.ac.cn

2 Colegio de Postgraduados Campus Montecillo, Km 36.5 Carretera, Texcoco 56230, Mexico;
luis.salome@colpos.mx

3 College of Pharmacy, Kyung Hee University, Seoul 02447, Korea; ypjang@khu.ac.kr
4 Natural Products Laboratory, Institute of Biology, Leiden University, Sylviusweg 72,

2333 BE Leiden, The Netherlands
* Correspondence: y.choi@chem.leidenuniv.nl; Tel.: +31-71-514-2276

Dear Colleagues,
Dr. Robert Verpoorte, Emeritus Professor at the Institute of Biology of Leiden Univer-

sity is among the most recognized world-wide experts in natural product chemistry. In
recognition of his outstanding lifetime scientific contribution, some of his many former
students and colleagues decided to honor this occasion by organizing a Special Issue of
this renowned journal.

Prof. Dr. Verpoorte was born in 1946 in Eindhoven, The Netherlands. He graduated
as a pharmacist in 1967 from Leiden University, and received a master’s degree in Phar-
maceutical Sciences in 1970 from the same university. He continued his studies under the
supervision of Prof. Dr. A. Baerheim Svendsen (Faculty of Pharmacy, Leiden University,
The Netherlands) and Prof. Dr. F. Sandberg (Faculty of Pharmacy, Stockholm University,
Sweden), graduating with a PhD with his thesis on “Pharmacognostical studies of some
African Strychnos species”. He held a position as a senior faculty member of the Faculty of
Pharmaceutical Sciences, Leiden University, from 1976 until 1987, when he was appointed
as Professor and Head of the Department of Pharmacognosy/Plant Cell Biotechnology
at Leiden University. In 2003, his group moved to the Institute of Biology of the same
university, and, until his retirement in 2011, he served as Professor and Head of the De-
partment of Pharmacognosy/Plant Cell Biotechnology, Metabolomics Section, Institute of
Biology, Leiden University. He is currently an Emeritus Professor of the Natural Products
Laboratory, Institute of Biology, Leiden University.

Prof. Verpoorte was a highly prolific scientist throughout his academic career, produc-
ing over 800 scientific publications, including research papers, books, and book chapters.
His research interests have been highly diverse, covering all topics related to natural prod-
ucts, including plant cell biotechnology, biosynthesis, metabolomics, genetic engineering,
and green technology, as well as the isolation of previously unknown biologically active
compounds from natural products.

Moreover, his contribution to science greatly exceeds research. He has additionally
been actively involved in the organization of many courses on natural products research as
a way of transmitting and sharing knowledge and experience of participants and lecturers
alike. These courses were taught in many countries all over the world, and dealt with
topics such as biotechnology, biosynthesis, extraction and separation, and metabolomics.
Throughout these years, he has regularly delivered hundreds of lectures in conferences and
scientific meetings (15–20 times per year). In addition, he has served as an editorial board
member for numerous scientific journals, having been the Editor-in-Chief of the Journal
of Ethnopharmacology (2003–2016) and currently of Phytochemistry Reviews (since 2001) and
Biotechnology Letters (since 2006).

Molecules 2021, 26, 7226. https://doi.org/10.3390/molecules26237226 https://www.mdpi.com/journal/molecules
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For his excellent achievements, Prof. Verpoorte has received numerous scientific dis-
tinctions, honorary doctorates, and professorships. Since his retirement, he has continued
to lead an active life devoted to science, having been invited to attend many scientific
meetings across the world and delivering lectures on the topics of his expertise: natural
products chemistry, biotechnology, metabolomics, and green technology.

As close friends and colleagues who have been in nearly daily contact with him over
the last 20 years viewing all of these remarkable scientific contributions, we felt compelled
to recognize this by the publication of a Special Issue of this journal dedicated to him.

Thus, this Special Issue has now finally been released with the help of many of his
colleagues and former students as a token of our gratitude to his impressive work.

The Special Issue covers five main natural products topics: (1) chemical profiling and
metabolomics, (2) separation/isolation and identification of plant specialized metabolites,
(3) pharmacognosy of natural products to identify bioactive molecules from natural prod-
ucts, (4) novel formulation of natural products, and (5) overview of natural products as a
source of bioactive molecules.

One of the new trends in natural products chemistry is the application of a holistic
approach to natural products research, consisting of an untargeted analysis that can reveal
whole hidden systems in organisms behind essential physiological functions (e.g., interac-
tions between chemicals and both biotic and abiotic factors, and compound–compound
interactions such as synergisms, which is the uncovering complex mechanisms of physio-
logical roles of natural products). This approach has resulted in several scientific papers in
the last decades responding to keywords, such as chemical profiling, or (the more recently
coined term) metabolomics since the end of the 1990s, when this discipline was introduced
in the field of life sciences.

In this Special Issue, Velasco-Azorsa et al. [1] report the application of a chemical
profiling tool, an NMR-based method, to discover nematocidal metabolites in plants.
Graczyk and colleagues further report an interesting approach based on the chemical
profiling of the fruits of a traditional tonic plant, Eleutherococcus senticosus, a species that is
endangered by overexploitation [2]. Their results provided valuable data for the quality
control of the plant and the basis for alternatives to this plant in the future. The special
issue additionally provided interesting examples of the application of diverse analytical
platforms for successful chemical profiling or metabolomics studies. The potential of
high-performance thin layer chromatography (HPTLC) was evaluated by Morloch and
co-workers using fortified plant extracts [3]. Hyphenated techniques, such as GC-FID-MS,
were additionally investigated as a tool for a metabolomics-based method to control the
quality of a plum liquor by Ivanović et al., which allowed the selection and identification
of 12 flavor-related volatiles as chemomarkers [4]. Another interesting NMR- and LC-MS
based metabolomics approach was applied to reveal the metabolites responsible for the
osmotic stress in lignan-deficient flax [5]. An interesting development was reported by
Yun and colleagues, who analyzed the feasibility of using direct mass analysis; in this case
direct analysis in real-time-time combined with flight-mass spectrometry (DART-TOF-MS)
as a chemical screening tool for the detection of Ephedra alkaloids [6].

The second topic of the Special Issue is related to the basics of pharmacognosy, i.e.,
linking metabolites to certain bioactivities. Graziani et al. employed NMR-based chemical
profiling of Ononius diffusa to identify cytotoxic compounds with activity against colorectal
cancer cell lines. This approach was found to be much more successful, in terms of
time and costs in the detection and identification of bioactive compounds, as compared
to classical bioactivity-guided fractionation [7]. A similar design, integrating chemical
profiling with bioactivity tests, allowed Nipun et al. [8] to identify α-glucosidase inhibitors
from Psychotria malayana leaves using an LC-MS platform [8]. Using a more classical natural
products approach, the therapeutic potential of well-known-plant-sourced compounds
berberine [9], a prenyl chalcone [10], and phloridzin [11] was evaluated for their bioactivity
against colorectal cancer, inflammation, and diabetes, respectively.
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The isolation and identification of metabolites in plant material is undoubtedly the
key step in current natural products-related research. Almost daily advances in analytical
technologies are being applied to isolate natural chemicals and to elucidate their structures,
reinforcing the use of natural products as a plentiful source of useful chemicals. Van der
Klift and co-workers reported a technical improvement that allowed the extraction of
reduced amounts of plant material (in the 1 × 10−3 g range) with extremely low volumes
of solvents (mL range), exemplifying its successful applicability with the identification of
flavones in luteola-dyed wool [12]. Lianza and colleagues provided an interesting report
on the rapid identification of natural products, based on a database with an example
of alkaloids from Urceolina peruviana [13]. The same group (Canton et al.) additionally
reported the results of the application of a less common hyphenated method, centrifugal
partition chromatography (CPC) with presaturation of solvent signals in 13C NMR, for the
identification of metabolites in cosmetic samples, in which glycerin, as a residual solvent,
posed a challenging analytical problem [14].

Alongside these main streams of natural products research, two multidisciplinary
investigations were reported: a study on natural products formulation with ionic liquids
that are known as promising green media, Kiyonga et al. [15] and a chemical ecology study
related to pheromones by Pineda-Rios [16].

Finally, this Special Issue includes two interesting review papers on the current
progress of the research of Agastache species, one of the most studied Mexican medici-
nal plants [17] and the chemical diversity of Datura tropane alkaloids [18].

Thus, with its 18 articles, this Special Issue covers a broad range of topics in natural
products, from classical studies to new trends, with the hope of providing an overview of
the past and present of research in this field, and most importantly, the promising future per-
spectives now possible thanks to the exciting new developments in analytical technologies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Nacobbus aberrans ranks among the “top ten” plant-parasitic nematodes of phytosanitary
importance. It causes significant losses in commercial interest crops in America and is a potential risk
in the European Union. The nematicidal and phytotoxic activities of seven plant extracts against N.
aberrans and Solanum lycopersicum were evaluated in vitro, respectively. The chemical nature of three
nematicidal extracts (EC50,48h ≤ 113 μg mL−1) was studied through NMR analysis. Plant extracts
showed nematicidal activity on second-stage juveniles (J2): (≥87%) at 1000 μg mL−1 after 72 h, and
their EC50 values were 71.4–468.1 and 31.5–299.8 μg mL−1 after 24 and 48 h, respectively. Extracts with
the best nematicidal potential (EC50,48h < 113 μg mL−1) were those from Adenophyllum aurantium,
Alloispermum integrifolium, and Tournefortia densiflora, which inhibited L. esculentum seed growth
by 100% at 20 μg mL−1. Stigmasterol (1), β-sitosterol (2), and α-terthienyl (3) were identified
from A. aurantium, while 1, 2, lutein (4), centaurin (5), patuletin-7-β-O-glucoside (6), pendulin (7),
and penduletin (8) were identified from A. integrifolium. From T. densiflora extract, allantoin (9),
9-O-angeloyl-retronecine (10), and its N-oxide (11) were identified. The present research is the first
to report the effect of T. densiflora, A. integrifolium, and A. aurantium against N. aberrans and chemically
characterized nematicidal extracts that may provide alternative sources of botanical nematicides.

Keywords: Nacobbus aberrans; nematicidal activity; α-terthienyl; stigmasterol; quercetagetin deriva-
tives; 9-O-angeloyl-retronecine N-oxide

1. Introduction

The plant parasite nematode, Nacobbus aberrans (Thorne, 1935; Thorne & Allen, 1994),
also known as false root-knot, is distributed in Argentina, Bolivia, Chile, Ecuador, Mexico,
Peru, and the USA. It reduces crop yield in tomatoes (Solanum lycopersicum L.), pota-
toes (Solanum tuberosum), beans (Phaseolus vulgaris L.), and sugar beets (Beta vulgaris).
The nematode ranks among the “top ten” plant-parasitic nematodes of phytosanitary
importance [1]. It is estimated it meets the criteria to be a potential risk in the EU [2].
Management strategies of plant-parasitic nematodes are cultural practices (crop rotation),
mixed-cropping, organic amendments, resistant crop cultivars, biological control [3–6],
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chemical nematicides, and bioactive products of plant origin. Among these strategies,
natural product usage represents a vital option for controlling phytopathogenic nematodes
because of their low impact on the environment and non-target organisms. In the search
for botanic nematicides, some of the most recent proposals are using Stevia rebaudiana and
Origanum vulgare to control Meloidogyne; in vivo experiments showed this effect [7,8]. In
the case of N. aberrans, crude herbal extracts from T. lunulate [9], Cosmos sulphureus [6],
Senecio salignus [6], Witheringia stramoniifolia [6], and Lantana cámara [6] showed in vitro
nematicidal activity at 500 μg mL−1 (>70%) to second-stage juvenile (J2) individuals.
Simultaneously, in vivo protection from infection of Lycopersicum esculentum Mill and
Capsicum annumm plants occurred with extracts of Tagetes erecta [9] and Trichilia galuca [10],
respectively. There are only two reports of natural compounds with toxic potential for the
control of N. aberrans: capsidiol acts as a nematostatic on N. aberrans J2 (90% immobility)
at 1.5 μg mL−1 after 72 h [11]; and various cadinenes affect immobility-mortality (LC50
25.4–111.4 μg mL−1) and inhibit eggs hatching (IC50 31.23–56.71 μg mL−1) [12]. Identifica-
tion of substances from botanical origins capable of controlling N. aberrans lies partially on
differences with other common plant-parasitic nematodes (e.g., Meloidogyne spp.), such as
its endoparasitic stage (migratory and sedentary), several infective stages, and 15–30 days
dehydration tolerance of J3 and J4 larvae [13]. This research identifies botanical sources
of compounds with nematicidal or nematostatic characteristics by screening seven plant
species for nematicidal activities against N. aberrans J2 individuals and phytotoxicity to
tomato seeds. NMR analysis established the chemical nature of nematicidal extracts
(EC50,48h ≤ 112.3 μg mL−1) as sterol, thiophene, flavonoid, and alkaloid-like compounds
(Figure 1). Some of these compounds are known for their nematicidal or nematostatic
activity against other nematode species.

Figure 1. Structure of compounds identified from nematicidal extracts against J2 individuals of N. aberrans (1–11) and
α-ecdysone structure.
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2. Results and Discussion

2.1. Nematostatic and Nematicidal Effect and EC50 of Extracts

From the nine extracts evaluated in this study (Table 1), G. mexicanum and A. integrifolium
achieved the maximum paralysis effect (immobility = 85.3 ± 10% and 94.1 ± 3%, respec-
tively) at 1000 μg mL−1 after 24 h. The remaining extracts showed their highest nemato-
static effects after 36–60 h (immobility = 91.3%–100%). The immobility percentage after
72 h reached >95% for all extracts. Nematicidal (72 h *) and nematostatic effects (72 h)
at 1000 μg mL−1 occurred at similar immobility percentages for A. aurantium (roots),
A. integrifolium, A. subviscida, G. mexicanum, and H. terebinthinaceus, while the rest
of the extracts showed their nematicidal effects at lower immobility percentages due to
recovery of mobility (6.3–11%) (Table 1).

Table 1. Effect of plant extracts at 1000 μg mL−1 on the immobility of N. aberrans J2s individual (100–150) after different
exposure times.

Extract
% Immobility J2s

12 h 24 h 36 h 48 h 60 h 72 h 72 h *

A. aurantium A 84.6 ± 6 a 89.32 ± 1 b 97.0 ± 2 bc 98.1 ± 3 bc 99.3 ± 1.1 c 99.2 ± 1.5 c 96.4 ± 5.4 bc
A. aurantium R 61.0 ± 16 a 65.97 ± 6 a 95.3 ± 4 b 99.0 ± 0 b 100 ± 0 b 100 ± 0.0 b 99.8 ± 0.5 b

A. cuspidata 82.3 ± 5 a 86.6 ± 4 a 94.6 ± 3 ab 96.0 ± 1 b 98.3 ± 2 b 98.9 ± 2 b 90.6 ± 5 a
A. integrifolium 61.8 ± 13 a 94.1 ± 3 b 93.3 ± 4 b 96.5 ± 2 b 99.6 ± 1 b 99.8 ± 0.4 b 99.4 ± 1 b

A. subviscida 78.9 ± 10 a 79.3 ± 10 a 91.3 ± 6 b 93.5 ± 6 b 98.1 ± 2 b 99.3 ± 1 b 95.4 ± 2 b
G. mexicanum 62.9 ± 23 a 85.3 ± 10 b 93.7 ± 3 b 96.2 ± 3 b 98.5 ± 2 b 98.6 ± 2 b 94.2 ± 3 b

H. terebinthinaceous 86.5 ± 7 a 91.0 ± 16 ab 99.2 ± 1.2 b 97.5 ± 4 ab 99.6 ± 0.8 b 96.9 ± 11 ab 87 ± 11 ab
T. densiflora R 80.3 ± 6 a 87.7 ± 13 ab 92.9 ± 2 bc 96.3 ± 2 c 98.1 ± 3 c 98.8 ± 1 c 92.5 ± 3 bc
T. densiflora A 79.0 ± 9 a 85.9 ± 9 a 93.2 ± 3 ab 98.9 ± 2 b 98.1 ± 2 b 95.6 ± 3.2 b 88.0 ± 3 ab

* Immobility after 24 h. A: Stem part, R: roots. Data shown correspond to the average of all values ± sd. According to Tukey’s test, the
same letter indicates data in each row is not significantly different (p < 0.05).

Extracts at 100 μg mL−1 produced the highest immobility rates after 24 h (A. aurantium A),
36 h (A. integrifolium), 48 h (A. aurantium R), 60 h (A. cuspidata and G. mexicanum), and 72 h
(A. subviscida, H. terebinthinaceus, and T. densiflora R and A) with immobility percentages
ranging from 54.0 to 73.6 (Table 2). Lower concentration extracts (10 μg mL−1) produced
immobility percentages <26% (Supplementary Table S1). Table 3 shows calculated EC50
values that cause 50% immobility in N. aberrans J2 individuals at 24 and 48 h. EC50
values for 24 h ranged from 53.5 to 468.1 μg mL−1 (ci, α = 0.05) and for 48 h varied
from 31.5 to 299.8 μg mL−1. The most effective extracts (EC50,48h ≤ 112.3 μg mL−1) were
A. aurantium R (62.3–88.3 μg mL−1), A. aurantium A (31.5–110.4 μg mL−1), A. integrifolium
(47.4–107.1 μg mL−1), and T. densiflora R (59.0–112.3 μg mL−1). Chemical, non-fumigant
nematicides acted as positive controls (Fluopyram and Abamectin) with EC50 values of
27.8–31.3 and 25.0–27.4 μg mL−1 at 24 and 48 h, respectively. Fluopyram is a succinate
dehydrogenase inhibitor that blocks cellular respiration, while abamectin acts on glutamate-
gated chloride channels, causing nematode death [14].
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Table 2. Effect of plant fractions and extracts at 100 μg mL−1 on the immobility of N. aberrans J2s individuals (100–150) after
different exposure times.

Extract
% Immobility J2s

12 h 24 h 36 h 48 h 60 h 72 h

A. aurantium A 44.1 ± 6 a 54.02 ± 7 b 68.8 ± 5 b 68.3± 6 b 73.8 ± 6.1 ab 70.8 ± 10 b
A. aurantium R 40.1 ± 14 a 34.1 ± 6 ab 52.1 ± 6 b 63.1 ± 4 c 70.2 ± 6 c 71.3 ± 7 c

A. cuspidata 44.3 ± 15 b 29.3 ± 7 a 19.6 ± 9 a 25.2 ± 10 a 64.2 ± 5 c 73.7 ± 4 c
A. integrifolium 17.6 ± 8 a 42.0 ± 14 b 62.31 ± 11 c 75.3 ± 4 c 68.0 ± 10 c 72.7 ± 10 c

A. subviscida 31.4 ± 13 ab 46.0 ± 10 abc 29.6 ± 19 ab 24.50 ± 4 a 44.4 ± 26 bc 60.2 ± 17 c
G. mexicanum 20.1 ± 8 a 28.8 ± 5 a 26.4 ± 8 a 40.4 ± 6 b 58.4 ± 11 c 66.9 ± 9 c

H. terebinthinaceous 31.1 ± 10 a 62.9 ± 8 bc 62.9 ± 8 bc 61.0 ± 5 b 69.4 ± 6 bc 73.6 ± 3 c
T. densiflora R 46.5 ± 20 bc 23.2 ± 12 a 33.0 ± 8 ab 49.1 ± 6 cd 63.2 ± 8 de 66.7 ± 10 e
T. densiflora A 45.9 ± 9 a 35.7 ± 16 a 36.5 ± 15 a 37.0 ± 11 a 52.7 ± 17 ab 64.6 ± 13 b

Data shown correspond to the average of all values ± sd. According to Tukey’s test, the same letter indicates data in each row is not
significantly different (p < 0.05).

Table 3. Effective concentrations (50% immobility) at 24 and 48 h on N. aberrans.

Extract EC50,24h μg mL−1 EC50,48h μg mL−1

A. aurantium A 53.5–187.4 31.5–110.4
A. aurantium R 289.4–468.1 63.2–88.3

A. cuspidata 132.1–282.8 54.1–199.3
A. integrifolium 71.4–214.1 47.4–107.1

A. subviscida 124.7–342.2 60.0–299.8
G. mexicanum 93.0–319.6 74.4–183.4

H. terebinthinaceous 84.5–183.4 56.0–164.4
T. densiflora R 170.3–301.8 59.0–112.3
T. densiflora A 91.3–184.7 81.9–166.1

Fluopyram 27.8–28.4 25.0–26.4
Abamectin 30.6–31.3 26.9–27.4

Confidence limit (α = 0.05).

2.2. Compounds Identified in A. aurantium and their Nematostatic Effects

Comparison of 1H and 13C NMR data allowed identification of stigmasterol (1)
and β-sitosterol (2) [15,16]. Previously, we described the isolation and identification of
α-terthienyl (3) and 5-(4′′-hydroxy-1′-butynyl)-2–2′-bithiophene from A. aurantium roots [17].
In the present research, nematicidal extracts against N. aberrans contained 3.

Several treatments were tested at 50 and 100 μg mL−1: pure compounds 1 and 3

(Figure 1); a mixture of 1 and 2 (Mixt); α-terthienyl (aT); stigmasterol (St); and β-sitosterol
(bS) (Figure 2). At 100 μg mL−1, 1, 3, and Mixt reached maximum inhibition at 72 h
(93.3 ± 3%), 36 h (99.4 ± 0.6%), and 24 h (88.3 ± 8%), respectively. Commercial com-
pounds, β-sitosterol, α-terthienyl, and stigmasterol showed lower nematostatic effects
(50.6–80.7%), mainly during the first few hours of observation (12–36 h) (Figure 2). After
72 h, isolated and commercial β-stigmasterol showed 100 ± 0.0 and 94.5 ± 5.3% nemato-
static effects, respectively. Treatments of isolated and commercial α-terthienyl showed the
same immobility percentages (α = 0.01) after 72 h with values of 93.3 ± 3.1 and 90.6 ± 5%,
respectively. Commercial α-terthienyl, stigmasterol, and β-sitosterol showed nematodes
recovery values of 0.83, 0.61, and 0.61%, respectively (Table 4). Therefore, these compounds
are nematostatic and nematicides at the same concentrations (α = 0.05).

Thiophenes are common in the Tagetes genera [18,19]; this is a cover crop against
plant-parasitic nematodes Meloidogyne and Pratilenchus (T. erecta, T. patula, T. tenuifolia, and
T. minuta) [20]. Some thiophenes described as nematicide are 1-phenylhepta-1,3,5-triyne, and
5-phenyl-2-(1′-propynyl)-thiophene. These thiophenes, isolated from Coreopsis lanceolata L.,
effectively treated the pinewood nematode Bursaphelenchus xylophillus at 2 mM [21]. A
commercial sample of α-terthienyl caused 100% mortality after 24 h at 0.125% against
the infective larval stage of the cyst nematode Heterodera zeae [22]. In our experiments,
α-terthienyl showed 83.2 ± 5.2% immobility after 24 h at 100 μg mL−1, or 0.01% against
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N. aberrans, while the commercial compound showed less effectiveness (71.74 ± 8.8%)
(Figure 2). Sterols functioned on nematicidal activity as has been documented: β-sitosterol
showed 60% mortality in M. incognita at 1% (after 12 h) [23] and together with stigmasterol
at 5 μg mL−1 caused 74.4% and 55.3% mortality in M. incognita and Heterodera glycines,
respectively [24]. In this work, isolated stigmasterol showed maximum activity after 36 h
(99.4 ± 0.56%), while the commercial compound achieved it after 72 h (94.5 ± 5.3%). Syn-
ergy from impurities in the natural stigmasterol could account for the observed stronger
activity. The impurities were β-sitosterol and a very similar compound but with 2 oxygen
atoms, which was not identified. Similar results caused by β-sitosterol were observed
with increased immobility from 68.7 ± 8.5% to 75.8 ± 12.5% when stigmasterol is present
(Figure 2). A recent report about synergistic effects discusses nematicidal activity against
Meloidogyne incognita of a mixture of 23a-homostigmast-5-en-3β-ol and nonacosan-10-ol.
The mixture, at 50 μg mL−1, showed 93.7% mortality after 24 h, while the compounds indi-
vidually, at 100 μg mL−1, exerted 50% mortality (24 h) [25,26]. The sterol kill mechanism on
nematodes may disrupt steroid metabolism as stigmasterol (1) possesses a chemical simi-
larity to α-ecdysone (Figure 1). α-ecdysone is involved in the biosynthesis and metabolism
of molting and sex hormones of nematodes [27]. Such a function took part in acceler-
ating the development of M. incognita by applying an ecdysone derivate (0.5 mM) on
tomato seeds [28].

Figure 2. Effect of compounds isolated α-terthienyl (aTi), stigmasterol (Sti), a mixture of 1 and 2 (Mixt), and commercial
compounds: stigmasterol (St), α-terthienyl (aT) and β-sitosterol (bS) on the immobility of N. aberrans J2 individuals.
* Maximum percentage of immobility. According to Tukey’s test, columns followed by the same letter are not significantly
different (p < 0.05). Concentration 100 and 50 μg mL−1.

Table 4. Effect of mixture stigmasterol/β-sitosterol, commercial and isolated compounds from A.
aurantium roots on the immobility of N. aberrans J2 individuals after 72 h.

Treatment
Concentration

μg mL−1 % Immobility
% Immobility after

Washing

β-sitosterol 100 † 68.7 ± 8.5 a 68.12 ± 8.0
stigmasterol/β-sitosterol 100 88.3 ± 8.1 b —

α-terthienyl 100 93.3 ± 3.1 bc –
100 † 90.6 ± 5.60 bc 89.72 ± 5.5

stigmasterol 100 100.0 ± 0.0 c –
100 † 94.5 ± 5.3 bc 93.85 ± 5.6

Data shown correspond to the average of all values ± sd. According to Tukey’s test, the same letter indicates data
in each row is not significantly different (p < 0.01). † Commercial compounds.

2.3. Compounds Identified in A. integrifolium

Structural identification of 1, 2, 4–8 was made by comparing their 1H and 13C NMR
data with those described [15,16,29–34]. Identification of 5–8 required HSQC and HMBC ex-
periments to confirm the structures and assign 1H and 13C signals (Supplementary Table S2).

Previous studies of A. integrifolium include the presence of an acetylene compound
from stems [35]. Additionally, methanol extracts from stems showed inhibition of a topoiso-
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merase enzyme (JN394, −81.19 ± 2.12% and JN362a, 126.06 ± 12.02%), and no significant
antioxidant (AE = 4.18%) nor antimicrobial activities (MIC ≥ 6250 μg mL−1) [36]. In this
research, the identification of quercetagetin derivatives 5–8 in A. integrifolium matches
the genus’s phytochemistry (also named Calea genus) [37]. Previous studies have shown
the nematicidal potential of flavonoids. For example, rutin exhibited the same mortality
percentage as the positive control (carbofuran): 100% mortality at a 0.5% concentration
(24 h) against the cyst nematode Heterodera zeae. Moreover, quercetin showed 50% mor-
tality, and patuletin 7-β-O-glycoside showed no significant activity (20%, 24 h, light) [22].
However, this compound exerts moderate activity against Meloidogyne incognita J2 indi-
viduals (LC50,48h = 0.506%), while kaempferol, isorhamnetin, rutin, myricetin, and fisetin,
among others, exhibited an LC50,48h value similar to carbofuran (LC50,48h = 0.0506%) [38].
Nematicidal activity of flavonoids may be due to acetylcholinesterase inhibition (AChE) be-
cause nematodes possess some neurotransmitters common in mammals like acetylcholine,
serotonin, or glutamate [39]. Flavonoids as quercetin, genistein, and luteolin 7-O-glycoside
inhibited AChE by 76.2, 65.7, and 54.9%, respectively [40], while a methoxylated querc-
etagetin showed a minor effect (inhibition 23.73 ± 1.94%) [41]. However, a glycosylated
derivative, quercetagetin-7-O-(6-O-caffeoyl-β-D-glucopyranoside, possessed significant
activity (IC50 12.54 ± 0.50 μg mL−1) against AChE isolated from Caenorhabditis elegans
and Spodoptera litura. The IC50 value found came close to the value for chloropyrifos
(2.32 ± 0.06 μg mL−1) [42]. We hypothesize flavonoid (5–8) isolated from A. integrifolium
exerted their effects on the cholinergic nervous system of N. aberrans J2 individuals, while
sterols (triterpenes) (1, 2) acted on the hormonal system. Therefore, the nematostatic
(EC50,48h = 47.4–107.1 μg mL−1) and nematicidal (at 1000 μg mL−1, 99.4 ± 1%) effects ob-
served could be the synergetic interaction between sterols and flavonoids. Synergic effects
have been described on triterpenes (as saponins) and polyphenols combinations, which
improved nematicidal activity in vivo against various nematode species (Meloidogyne,
Xiphinema, Tylenchorhynchus, Criconemoides, and Pratylenchus) [43].

2.4. Compounds Identified in T. densiflora

Studies of the chemical composition of extracts from the Tournefortia genera revealed
phenolic compounds [44] and alkaloids [45]. We identified allantoin (9) and pyrrolizidine
alkaloids 10 and 11 (PAs), initially identified in the methanolic extract from its NMR data.
The 13C NMR spectrum showed signals at δ 96.70, 96.28, and 96.21 (Figure 3) possibly
related to C-8 of N-oxide PAs [46,47] and signals at δ 76.74 and 76.66 probably due to C-8
of PAs [48]. The detection of PAs in T. densiflora roots required alkaloid extraction and
chromatographic separation to identify 10 and 11. 1H and 13C NMR data comparison with
similar data from retronecine and PAs N-oxides [48–51], as well as HMQC and HMBC
experiments, identified 9-O-angeloyl-retronecine N-oxide (11). The DEPTQ spectrum re-
vealed the following functional groups: two CH3, four CH2, four CH, and three quaternary
carbon atoms. Two double bonds were observed from signals at δ 132.9 (C), 121.4 (CH),
127.6 (C), and 139.0 (CH), while an angeloyl ester moiety was deduced from the 13C signal
at δ 167.1 and the 1H NMR signal at δ 6.16 as qq (J = 1.6, 8.4Hz, H-12), which showed
HMBC correlation with signals at δ 20.1 (C-12) and 16.0 (C-13). The signal at δ 95.5, caused
by CH (C-8) next to quaternary nitrogen (N-oxide), and the signals at δ 34.8 (C-6), 68.5
(C-5), 77.8 (C-3), 60.9 (C-9), and 69.8 (C-7) were consistent with a necine base (as N-oxide)
carrying a double-bond between C1 (132.9) and C2 (121.4). HMBC correlations support
this proposal, and the presumed position of the angeloyl group at C-9, as the correlation of
H-9 (δ 4.78 and 4.72) with the ester carbon C-10 (δ 167.1) showed (Table 5). Compound 10

displayed a 13C NMR spectrum very similar to 11. The main differences lay in the chemical
shifts of C-3, C-5, and C-8 (atoms near the quaternary nitrogen), which appear in 10 at
60.4, 53.4, and 77.8 ppm, respectively. In 11, these signals shifted to higher frequencies at
δ 77.8 (C-3), 68.5 (C-5), and 95.5 (C-8) ppm (Table 5).

10



Molecules 2021, 26, 2216

 
Figure 3. 13C NMR spectrum of methanol extract of T. densiflora roots. 100 MHz, CD3OD.

Table 5. 1H (400 MHz) and 13C NMR (100 MHz) data for 9 (MeOD), 10 and 11 (DMSO-d6).

Atom 9 10 11

δ 1H δ 13C δ 1H δ 13C δ 1H δ 13C
1 10.54 s - 133.5 - 132.9
2 - 157.8 5.8 d (1.3 Hz) 122.9 5.80 bs 121.4
3 8.05 s - 4.15 d (14.7 Hz) 60.4 4.28 d (16.0 Hz) 77.8

3.77 d (14.7 Hz) 4.56 so
4 - 174.1 - - - -
5 5.24 d (8.0) 62.9 3.61 so 53.4 3.71 so 68.5

3.09 ddd (6.4 Hz) 3.60 so
6 6.89 d (8.0) - 1.98 so 35.8 2.45 bs 34.8

1.98 so 1.92 so
7 - 157.2 4.43 bs 68.9 4.57 so 69.8
8 5.79 s - 4.61 bs 77.8 4.57 so 95.5

9 - - 4.78 bs
4.78 bs 60.3 4.78 d (14 Hz)

4.72 d (14 Hz)
60.9

10 - - - 166.9 - 167.1
11 - - - 127.2 - 127.6

12 - - 6.18 qq (1.3, 7.3) 138.3 6.16 qq (1.6, 8.4
Hz) 139.0

13 - - 1.87 q (1.3) 20.5 1.87 q (1.6 Hz) 20.1

14 - - 1.93 dq (1.3, 7.3) 15.9 1.95 dq (1.6, 8.4
Hz) 16.0

Previous research demonstrated toxicity to Saccharomyces cerevisae from methanolic
extracts from roots (70 mgmL−1) [52] and mycelial growth inhibition of Alternaria alternata
(69.07 ± 2.0%) and Fusarium solani (52.42 ± 2.0%) [46]. Pyrrolizidine alkaloids (PAs) play
a defensive role in the plant as antifeedants against herbivores [53]. Research shows
PAs and PAs N-oxides are nematicides against Meloidogyne incognita, Heterodera schachtii,
Pratylenchus penetrans, Plasmarhabditis hermaphrodita, and Rhabditis sp. [54]. Additionally,
allantoin (9) possesses nematicidal activity (51.3% mortality) in Meloidogyne incognita and
Heterodera glycines at 5 μg mL−1 [24]. These toxic activities and common occurrence of
PAs in the Boraginaceae family [45] confirmed that PAs and allantoin are responsible for
the toxic effects of the T. densiflora root extract observed on N. aberrans J2 individuals. PAs
toxicity relies on their oxidation to pyrrolizinium ions by the cytochrome-P450 enzyme in
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the nematode. These ions are highly reactive as electrophiles and react with DNA, proteins,
and other important macromolecules [55].

2.5. Phytotoxicity Test

Most nematicidal extracts against N. aberrans extracts showed 100% inhibition (−100%)
of L. esculentum radicle growth at 20 μg mL−1, except extracts from H. terenbinthinaceus
(−37%) (Figure 4). T. densiflora R extracts were the most phytotoxic with 40 and 38%
inhibition at 0.02 μg mL−1 (Figure 4). Potentially, these extracts could act as soil disinfection
agents. Also, A. cuspidata, A. subviscida, and T. densiflora A extracts showed hormetic effects:
a 20 μg mL−1 solution inhibited radicle growth inhibition while a 0.02 μg mL−1 solution
promoted it.

Figure 4. Phytotoxic activity on L. esculentum of plant extracts.

Nematostatic and nematicidal effects observed by treatments with EC50,48h < 113 μg mL−1

relate to secondary metabolites like sterols, flavonoids, thiophenes, or alkaloids (PAs and
allantoin), possibly biosynthesized in plants as a stress response. In general, sterols are
involved in plants’ growth and fertility as hormonal precursors and cell membranes’
functional components. Nematodes also need sterols for their survival, but they can-
not biosynthesize them de novo, so the nematodes readily absorb sterols. For example,
Meloidogyne arenaria, M. incognita, and Pratilenchus agilis incorporate and transform sterols
into necessary derivatives in their growth and reproduction [56]. Thus, nematodes should
elicit a biological response to some sterols. Also, plant–nematode interactions require
flavonoids and might be required for nematode reproduction. However, some flavonoids
with specific structural arrangements have shown toxic effects on specific targets such as
enzymes. Finally, thiophenes could inhibit enzymes like superoxide dismutase [57] and
damage DNA [58]. The transformation of secondary metabolites to more toxic compounds
also happened with PAs, as mentioned before.

3. Materials and Methods

3.1. General Experimental Procedures

NMR measurements were carried out on Bruker ASCENDTM 400 (400 MHz proton
frequency) spectrometer (Bruker, Germany) at 298 K using 5 mm probes at 22 ◦C from
CD3OD or DMSOd6 solutions. Chemical shifts (δ = ppm) were referenced to 2.50 (1H)
and 39.43 (13C) ppm (DMSOd6) or to 3.30 (1H) and 36.067 (13C) ppm (CD3OD). Cou-
pling constants are given in Hz. Signals are described as s (singlet), d (double), t (triple),
and q (quartet).

3.2. Chemicals

All reagents and solvents (ACS grade), LiChroprep RP-18, and SiO2 supports for
column and plate chromatography were obtained from Merck (MA, USA). Amberlite
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XAD16, α-terthienyl, β-sitosterol, stigmasterol, deuterated solvents, and dimethyl sulfoxide
(DMSO-Hybri-Max) were obtained from Sigma Chemical (St. Louis, MO, USA).

3.3. Plant Species

The plant species were collected in Oaxaca, Mexico (See Table 6), and voucher spec-
imens were deposited in the Herbarium of Forest Sciences, Universidad Autonoma de
Chapingo, Texcoco (Estado de México, México). The scientific name, collection site, voucher
number, plant part used, and extraction solvent are listed in Table 6.

Table 6. Plants used in experiments.

Specie (Family) Collection Site Voucher Number Part Plant Used Extraction Solvent

Acalypha cuspidata Jacq.
(Euphorbiaceae) B 25068 Stem MeOH

Acalypha subviscida S. Watson var.
Lovelanddii McVaugh

(Euphorbiaceae)
A 24007 Stem MeOH

Alloispermum integrifolium (DC.)
H. Rob. (Asteraceae) A 24024 Stem MeOH

Adenophyllum aurantium (L.)
Strother (Asteraceae) C 25173 Stem

Root
MeOH
MeOH

Galium mexicanum Kunth
(Rubiaceae) A 23994 Stem MeOH

Heliocarpus terebinthinaceus (DC.)
Hochr. (Tiliaceae) D 25225 Seeds H2O

Tournefortia densiflora M. Martens
& Galeotti (Boraginaceae) C 25221 Stem

Root
MeOH
MeOH

MeOH: methanol. A: San Miguel Suchixtepec, Miahuatlán; B: Candelaria Loxicha, San Pedro Pochutla. C: Chepilme Garden (Universidad
del Mar), SanPedro Pochutla, D: Huajuapan.

3.4. Preparation of Extracts

Extracts were prepared according to procedures previously described [52]. All extracts
were kept at 4 ◦C and protected from light and moisture until further use.

3.5. Isolation of 1–3 from A. aurantium Extract

The methanol extract (0.582 g) from aerial parts of A. aurantium was subjected to
column chromatography (CC) using n-hexane-ethyl acetate mixtures. The fractions eluted
with an 8:2 mixture, were re-chromatographed on CC with n-hexane-ethyl acetate (95:5) to
yield 63.2 mg (10.8%), 30 mg (5.15%), and 3.02 mg (0.52%) of stigmasterol (1) and a mixture
of stigmasterol (1)/β-sitosterol (2), and α-terthienyl (3), respectively (Figure 1). The purity
of stigmasterol and α-terthienyl was approximately 95 and 98%, respectively. Purity was
approximate since 1H NMR spectra by comparison of integration areas of 1 and 3 with
those corresponding to impurities. The methanol extract from roots (7.215 g) was dissolved
in acetone, and the solution yielded a solid residue (0.347 g), which was subjected to CC
using n-hexane-ethyl acetate mixtures to obtain 40 mg (0.55%) and 23.7 mg (0.32%) of
1 and 3 respectively.

3.6. Identification of Compounds from A. integrifolium

Methanol extract of A. integrifolium (23.1 g) was partitioned with ethyl acetate (3 times)
to obtain 10.1 g of ethyl acetate soluble fraction (ESF) and 13 g of methanol soluble fraction
(MSF). ESF was subjected to column chromatography (SiO2) and eluted with mixtures of
AcOEt: n-hexanes to obtain a mixture of chlorophylls “a” and “b” (80 mg), and a dark solid
(155.8 mg). The solid was re-chromatographed (SiO2) with the same eluents to obtain lutein
(4, 9.3 mg) (Figure 1) and a mixture (27.1 mg) of stigmasterol (1) and β-sitosterol (2). MFS
(13 g) was solubilized in water and supported on a column of Amberlite XAD16; after two
washes with water, the compounds retained were eluted with methanol to obtain a residue
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(1.5 g) free from simple carbohydrates. The residue (1.0 g) was eluted in a chromatography
column (C18) using methanol:water mixtures as eluent. Chromatographic separation
yielded 72 mg of four quercetagetin derivatives in binaries mixtures; its approximate
composition was calculated by integrating 1H NMR areas of their characteristic signals.
These compounds were identified as centaurin (5, 28.1 mg), patuletin-7-β-O-glucoside
(6, 1.7 mg), pendulin (7, 6.4 mg), and penduletin (8, 1.0 mg) (Figure 1) from the analysis of
their NMR data (Supplementary Table S2).

3.7. Identification of Compounds from T. densiflora Roots

The methanol extract (1.14 g), previously defatted with n-hexane and AcOEt, was
subjected to C18 column chromatography and eluted with water. The eluent was identified
by its NMR data [59] as allantoin (9, 33 mg, Figure 1, Table 5). PAs extraction required 8 g of
the methanolic extract to be stirred with 1 M HCl (44 mL, 20 min); the mixture was filtered,
the filtrate adjusted to pH 10 (KOH 1 M), and extracted with ethyl acetate. Organic fraction
(180 mg) was subjected to chromatographic column (CC-SiO2) and eluted with CHCl3:
methanol mixtures to obtain 9-O-angeloyl-retronecine (10, 11.5 mg, approx. 80% purity)
and their N-oxide (11, 12.1 mg, approx. 90% purity).

3.8. Screening of Nematicidal and Nematostatic Activities
3.8.1. Nematodes

Mature egg masses of N. aberrans were extracted from infected roots of tomato plants
(Lycopersicum esculentum Mill., 1768 or Solanum lycopersicum), propagated at Colegio de
Postgraduados, Montecillo, Texcoco, Mexico. Egg masses were gently washed with water
to remove adhered soil and a NaOCl 0.53% solution until the gelatinous matrix dissolved.
Then they were washed with distilled water on a mesh sieve (#400) and incubated in
distilled water at 25 ◦C for 5 days. Emerging J2 individuals were used in all experiments.

3.8.2. Assay

Test solutions were prepared in DMSO with 0.5% Tween 20 at 10, 100, 1000 μg mL−1

for extracts, while concentrations at 100 μg mL−1 were used for compounds and fractions.
Fluopyram 50% (Verango, Bayer) and abamectin 5.41% (Oregon 60C-FMC) at 5, 10, 15, 25,
30 and 50 μg mL−1 (dissolved in distilled water) were tested as positive control. Treatments
(5 μL) and between 100 and 150 J2 individuals in 95 μL of water were added to 96-well
plates (Falcon, USA) and incubated at 25 ◦C. DMSO with 0.5% Tween 20 (5 μL) in 95 μL of
water was used as blank. Previously, non-effect on J2 mobility was shown at 24, 36, 48, 60,
and 72 h with the solvents used (Supplementary Table S3). Percentages of J2 immobility
were recorded after 12, 24, 36, 48, 60, and 72 h by counting mobile and immobile J2
individuals under a stereomicroscope at 240X. A nematode was considered immobile if
the nematode failed to respond to stimulation with a needle. After that, the J2 individuals
at 1000 μg mL−1 (extracts) and 100 μg mL−1 (commercial stigmasterol, α-terthienyl, and
β-sitosterol) were washed on a 400-mesh filter with distilled water to remove the excess
test substance (extracts and commercial compounds). The treatments were replaced with
distilled water to allow a possible recovery of the J2 individuals after 24 h. If they remained
immobile, they were assumed to be dead, and the effect was considered nematicide. If
any J2 individual regained mobility, the effect was considered nematostatic (paralysis). All
treatments (extracts, isolated and commercial compounds) and control were replicated
five times, and the experiments were performed two times. The immobility percentage
was calculated using the equation: i = 100 × (1 − nt/nc); where i = immobility percentage,
nt = active J2 in the treatment, and nc = active J2 in the blank [60].

3.9. Phytotoxicity Assay

Experiments were conducted with L. esculentum F1 seeds var. Sheva according to
the methodology described [61]. Prior to evaluation, all extracts were dissolved in a
0.5% DMSO/H2O solution at 20, 2.0, 0.2, 0.02, and 0.002 μg mL−1 concentrations to obtain
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solids-free solutions. Commercial herbicide (Glyphosate) was used as a positive control at
the same concentrations, while 0.5% DMSO/H2O was used as blank (100% growth).

3.10. Statistical Analysis

All experimental data were subjected to an analysis of variance (ANOVA) using
Statistica Pro (Stat Soft, Japan). Treatment means were tested with Tukey’s HSD multiple
comparison test at 0.05% or 0.01% probability levels.

4. Conclusions

To our knowledge, our results show for the first time the nematicidal activity against
N. aberrans from T. densiflora, A. integrifolium, and A. aurantium extracts. In this research,
we identified several compounds present in the nematicidal extracts against J2 individuals
of N. aberrans containing: (a) flavonoids (A. integrifolium); (b) triterpene-type compounds
(A. aurantium, A. integrifolium), (c) thiophene-type compounds (A. aurantium) and (d) al-
kaloids (T. densiflora). We identify 5–8 and 9–10 from A. integrifolium and T. densiflora,
respectively. Moreover, we described the phytotoxic effect of all extracts on tomato radicle
growth. Further research of these plant extracts will allow us to identify more com-
pounds responsible for the nematicidal activity and provide alternative nontoxic crop
protection chemicals.

Supplementary Materials: The following are available online. Table S1: Effect of plant extracts at
10 μg mL−1 on the immobility of N. aberrans J2s individuals after different exposure times; Table S2:
1H and 13C data for compounds 5–8. 400 MHz, 100 MHz CD3OD; Table S3: Effect of DMSO with
0.5% Tween on immobility of N. aberrans J2s after different exposure times.
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Abstract: Eleutherococcus senticosus (Rupr. et Maxim.) Maxim. is a medicinal plant used in Traditional
Chinese Medicine (TCM) for thousands of years. However, due to the overexploitation, this species is
considered to be endangered and is included in the Red List, e.g., in the Republic of Korea. Therefore,
a new source of this important plant in Europe is needed. The aim of this study was to develop
pharmacognostic and phytochemical parameters of the fruits. The content of polyphenols (eleuthero-
sides B, E, E1) and phenolic acids in the different parts of the fruits, as well as tocopherols, fatty
acids in the oil, and volatile constituents were studied by the means of chromatographic techniques
[HPLC with Photodiode-Array Detection (PDA), headspace solid-phase microextraction coupled
to gas chromatography-mass spectrometry (HS–SPME/GC–MS)]. To the best of our knowledge, no
information is available on the content of eleutherosides and phenolic acids in the pericarp and seeds.
The highest sum of eleutheroside B and E was detected in the whole fruits (1.4 mg/g), next in the
pericarp (1.23 mg/g) and the seeds (0.85 mg/g). Amongst chlorogenic acid derivatives (3-CQA,
4-CQA, 5-CQA), 3-CQA was predominant in the whole fruits (1.08 mg/g), next in the pericarp
(0.66 mg/g), and the seeds (0.076 mg/g). The oil was rich in linoleic acid (C18:3 (n-3), 18.24%), ursolic
acid (35.72 mg/g), and α-tocopherol (8.36 mg/g). The presence of druses and yellow oil droplets
in the inner zone of the mesocarp and chromoplasts in the outer zone can be used as anatomical
markers. These studies provide a phytochemical proof for accumulation of polyphenols mainly in the
pericarp, and these structures may be taken into consideration as their source subjected to extraction
to obtain polyphenol-rich extracts.

Keywords: Eleutherococcus senticosus; fruits; eleutherosides; nutri-pharmacological; metabolomics; herbs

1. Introduction

Plant-based metabolites have served as lead compounds for many important drugs,
such as morphine, digoxin, quinine, hyoscyamine, salicylic acid, and artemisinin [1].
According to the WHO (World Health Organization), about 80% of the world’s population
use plants in the primary health system, both in the developing and developed countries.
For instance, 14% of the Russian population use them regularly and 44% from time-to-
time [2].
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One of the best-known plants, used as a source of pharmacologically active and nu-
tritional molecules, is Eleutherococcus senticosus (Siberian ginseng). The plant is native to
Russia, the Far East, China, Korea, and Japan. The fruits of E. senticosus have been used
in Russia for many years as a tonic on the central nervous system and as an adaptogen.
Modern research is focused on elucidation of the pharmacological activities of wild fruits, in-
cluding their antioxidant, antimicrobial, and anticancer effects. An acidified 80% methanol
extract showed high xanthine oxidase and AChE inhibitory activities. The anticancer
activity of the extract was also proven by screening various human cell lines, including
LNCaP (prostate cells), MOLT-4F (leukemia cells), A549 (lung cells), ACHN (renal cells)
HCT-15 (colon cells), and SW-620 (colon cells). The latest reports indicate their immunos-
timulatory and anti-inflammatory activities and an increase in the number of leukocytes.
The intractum from the fruits was found to stimulate human leukocyte resistance to the
VSV (Vesicular Stomatitis Virus) infection via reduction of viral replication, which might be
associated with increased secretion of interleukin 10 (IL-10). Besides medical applications,
the fruits are industrially used in the production of phyto-jam (0.8–1.6 kg/100 kg of the
product). Considering the data mentioned above, the consumption of wild edible fruits
of E. senticosus by local communities in many developing countries is gaining increasing
interest [3–7].

According to the European Medicines Agency (EMA), the pharmacological activity
of E. senticosus in traditional applications is attributed to secondary metabolites called
eleutherosides. They are very varied with saponins, lignans, coumarins, and phenyl-
propanoids as their aglycons. Eleutheroside B (syringin 4-β-D-glucoside) and E ((−)-
syringaresinol 4,4”-O-β-D-diglucoside) are the major compounds and, according to the
European Pharmacopoeia, their sum should not be less than 0.08%. Eleutherosides are
thought to be the most active compounds present mainly in the roots. Although the fruits
are used as ingredients in the production of galenic formulations, the roots are a major sub-
ject of research while the fruits remain largely unknown. The fruits are rich in flavonoids
(13.4–14.4 mg/g ext.), polyphenols (38.5–41.1 mg/g ext.), minerals (Ca 3730–4495, Mg
1430–1540, Fe 35.4–53, Mn 75.2–88.3, Zn 18.9–41.0, Cu 3.34–13, Se 0.19–061; mg/kg respec-
tively), and essential oil (0.3%, v/d.w.). Interestingly, a large amount of myo-inositol and
D-mannitol was found as well (267.5 and 492.5 mg/g dry extract, respectively) [8–10].

As demonstrated by previous studies conducted by Załuski, E. senticosus is success-
fully cultivated in the botanical garden in Rogów (Central Polish Lowlands), and some
methods required for determination of phenolic metabolites in the plant material and the
biological activity of extracts have been developed [11,12]. The observations have also
been confirmed by Bączek, who studied the impact of growth conditions on accumulation
of biologically active compounds in organs of two-, three-, and four-year-old plants [13].
Nevertheless, the species cultivated in Bydgoszcz (North Polish Lowlands) has not yet
been studied in detail (Figure 1). Preliminary information on chemical compounds in the E.
senticosus fruits intractum have been previously reported by Graczyk et al. [8]. To the best
of our knowledge, no data are available on the localization of eleutherosides and phenolic
acids in anatomical structures or on pharmacognostic features that can be used as markers
in quality assessment. It is well known that phytochemicals can be accumulated in different
fruit parts, e.g., Citrus limon Burm. contains the highest amount of chlorogenic or caffeic
acids or hesperidin in the peel [14–17]. In addition, there is no information about the oil in
the fruits, which may be of interest e.g., for the food industry [10,18–20].
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Figure 1. Morphological characteristics of the investigated species; (A) 1-year-old plant, general morphology; (B1,B2)
4-year-old plants growing in the crop field, general morphology; (C) flowers; (D) mature fruits.

To confirm our hypothesis, this study was focused on the quantitative analysis of
phytochemicals with their localization in the anatomical fruit parts (seeds, pericarp) and on
anatomical features that can be possibly used in the quality control of this pharmaceutically
important plant.

2. Results and Discussion

2.1. Microscopic Pharmacognostic Features of Fruits

The quality control of plant-based material is important to ensure the best quality of
products. For many years, plant materials imported to Europe have been of bad quality
(adulterated or substituted) [21]; therefore, to ensure good quality, new protocols for a
new herbal material are needed. The fruits of Eleutherococcus senticosus species growing in
Asia and cultivated in Poland or other European countries have not yet been evaluated in
terms of pharmacognostic features. The poor-quality plant material now offered on the
market necessitates development of proper well-controlled production procedures. The
development of a pharmacognostic protocol including microscopic and phytochemical
studies will help in identification of these fruits and protect from adulteration.

The characteristic anatomical features of the fruits are shown in Figures 2 and 3. The
anatomical structure of the E. senticosus fruits is characteristic for most species from the
Araliaceae family. The microscopic studies of the transverse section showed the pres-
ence of secretory canals filled with yellow oil droplets in the inner zone of the mesocarp.
The presence of druses and yellow oil droplets in the inner zone of the mesocarp and red
chromoplasts in the outer zone of the mesocarp visible in the transverse fruit section are dis-
tinguishing features that can be used as anatomical markers. This study is a complement of
the research conducted by Solomonowa et al. [20], in which the morphological-anatomical
and morphometric study of fruits were carried out. The morphometric indicators of the
fruits are as follows: fruit length 9.95 mm, fruit diameter 4.65, stone length 5.25 mm, and
stone width 1.98 mm.
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Figure 2. (A). Morphological structure and anatomical features of E. senticosus fruits. (B). 1. Transverse section of the
fruit, 2–3. Seed, 4–5. Seed coat and endosperm, 6. Pericarp, 7–8. Outer zone of mesocarp, 9–10. Mesocarp with druses,
11–13. Inner zone of mesocarp with secretory canals and oil droplets (transverse section), 14. Inner zone of mesocarp
with secretory canals and oil droplets (longitudinal section), 15. Endocarp (transverse section), 16. Endocarp (tangential
section). end.—endosperm, s.c.—seed coat, en.—endocarp, i.mes.—inner zone of mesocarp, o.mes.—outer zone of mesocarp,
ex.—exocarp.

The powder microscopy of the fruits (Figure 3) shows epidermis cells tightly adjacent
to each other. The endocarp contains fibers oriented askew to the stone axis. The secretory
canals in the mesocarp are filled with oil, probably essential oil, rounded parenchymatous
cells. In turn, the druses and chromoplasts in the mesocarp and fatty oil drops in the
endosperm can be considered as diagnostic features. The parameters analyzed here are
useful for identification and authentication of this medicinally important plant and will
provide the latest knowledge for the development of herbal monographs as recommended
by the European Medicines Agency.

2.2. HPLC–PDA and GC–MS Metabolite Profiling of the Fruits
2.2.1. HPLC–PDA Analysis of Eleutherosides B, E, and E1 in the Anatomical Structures of
the Fruits

For the analysis of the metabolome, such approaches as HPLC, TLC–UV, GC–MS,
LC-MS, MSn, and NMR-spectrometry are currently used. TLC coupled with densito-
metry and HPLC or HPLC–MS have usually been applied to analyze eleutherosides.
High-performance liquid chromatography (HPLC) is a leading technique for detection
of plant-based metabolites and is very often used as a pilot technique for separation and
identification of phytochemicals [10–12].
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Figure 3. Diagnostic features of powdered fruits. 1. Polygonal cells of fruit epidermis (exocarp). 2. Inner layers of endocarp
cells are represented by fibers, oriented askew to stone axis (2A—tangential section, 2B—transverse section). 3. Secretory
canal (cross-section) in mesocarp, parenchymal cells (3A—visible oil content). 4. Outer part of the mesocarp composed
of parenchymal cells containing red plastids (chromoplasts). 5. Druses in mesocarp cells located closer to the endocarp.
6. Drops of fatty oil from the endosperm. 7. Seed coat built of large cells with brown contents. Diagnostic features of the
fruits. s.c.—seed coat, end.—endosperm, i.mes.—inner zone of mesocarp, s.ch.—secretory canals, s.—secretion (essential
oil), dr.—druses, ch.—chromoplasts.

The extraction of the fruits, seeds, and pericarp obtained from the 4-year-old plant
resulted in 20, 26, and 33% dry extract yield, respectively. No data on the characterization
of the anatomical parts of E. senticosus fruits and the distribution of their active constituents
have been published before. Plant metabolites exhibit a very broad range of polarities. This
means that only part of the plant’s chemodiversity is present in any plant extract. Among
the three studied eleutherosides (eleutheroside B, E, and E1), only eleutheroside B and E
have been found in the largest amount in the whole fruits i.e., 0.66 and 0.74 mg/g d. ext.,
respectively (Figures 4 and 5). Considering the distribution of these compounds, a higher
quantity was noticed in the pericarp than in the seeds; however, there was no significant
difference between the pericarp and seeds, especially in the case of eleutheroside E. The
latest studies conducted by Graczyk et al. [8] have revealed the absence of eleutherosides
in the intractum made of the fresh fruits. This may result from their medium polarity.
Eleutherosides are usually well extracted with 75% (v/v) methanol or ethanol; therefore,
we suppose that the ethanol concentration (40% v/v) used to prepare the intractum may
have been too low to extract eleutherosides. Moreover, the extraction of the whole fruits
also means that some compounds will not be extracted, and the intractum was prepared
through maceration, while ultrasounds were applied in this study.
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Figure 4. Contents of eleutherosides (mg/g extract): B—eleutheroside B, E—eleutheroside E, B + E—
sum of eleutheroside B and eleutheroside E.

Figure 5. Chromatogram of Eleutherococcus senticosus fruit and reference standards with PDA spectra and structures of
determined compounds: (A)—PDA spectrum and chemical structure of eleutheroside B; (B)—PDA spectrum and chemical
structure of eleutheroside E; (C)—chromatogram of the extract of Eleutherococcus senticosus fruit; (D)—chromatogram of the
mixture of standards (a—eleutheroside B, b—eleutheroside E, c—eleutheroside E1). RP18e LiChrospher 100 column (Merck,
Darmstadt, Germany) (25 cm × 4.0 mm i.d., 5 μm particle size) at 25 ◦C; mixtures of water (solvent A) acetonitrile (solvent
B) and both acidified with 0.025% of trifluoroacetic acid were used as the mobile phase. The compounds were separated by
gradient elution with the following program: 0.0–8.0 min A 90%, B 10%; 8.1–18.0 min A 90–80%; B 10–20%, 18.1–30.0 min A
80%, B 20%. The flow rate was 1.0 mL/min.

Bączek [13] showed that the content of eleutherosides B and E in methanol fruit
extract obtained from a 4-year-old plant was 35.6 and 29.7 (mg/100g), respectively. It
should be mentioned that eleutherosides were not present in the fruits of 2- and 3-year-old
plants, respectively. Unfortunately, the authors did not provide information about the
calculation, i.e., it was not specified whether 100 g referred to the plant material or the
extract. This makes the comparison difficult and, in many cases, unreliable. Taking into
consideration the sum of eleutheroside B and E, the extract from the whole fruits contains a
higher quantity of eleutherosides. However, it is very important that the pericarp contains
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more eleutherosides than the seeds, which means that the seeds may be used in the
micropropagation of the species. Eleutherococcus senticosus is included in the Red List in
some countries [8]; in this case, the pericarp may serve as a source of eleutherosides, while
the seed (embryo) may be used for in vitro germination to develop seedlings and increase
the number of botanical specimens.

2.2.2. HPLC–PDA Analysis of Phenolic Acids in the Anatomical Structures of the Fruits

Phenolic acids play a vital function as non-nutritional constituents of human diet and
pharmacologically active compounds. In some fruits, they are accumulated in different
parts. In this study, it has been found that the whole fruits contain a high amount of
chlorogenic acid; 3-CQA (1.08 mg/g d. ext.), in comparison to the pericarp (0.66 mg/g d.
ext.) and seeds (00.76 mg/g d. ext.) (Table 1, Figure 6).

Table 1. Contents of phenolic acids (mg/g extract ±SD), n = 3 (3-CQA—chlorogenic acid, 4-CQA—
cryptochlorogenic acid, 5-CQA—neochlorogenic acid, PA—protocatechuic acid. Additional informa-
tion on HPLC–DAD data is given in the supporting information part).

Sample 3-CQA 4-CQA 5-CQA PA Total Content

Fruit 1.08 ± 0.96 0.07 ± 0.01 0.030 ± 0.01 0.08 ± 0.07 1.26
Pericarp 0.66 ± 0.2 0.03 ± 0.02 0.01 ± 0.001 0.04 ± 0.03 0.74

Seed 0.076 ± 0.03 0.008 ± 0.001 0.004 ± 0.002 0.008 ± 0.001 0.096

Figure 6. Chromatogram of Eleutherococcus senticosus fruits (C) and a mixture of reference standards (D): a—protocatechuic
acid, b—neochlorogenic acid, c—chlorogenic acid and d—cryptochlorogenic acid with PDA spectra and structures of the
main compounds: (A)—protocatechuic acid and (B)—chlorogenic acid. C18 core-shell column (Kinetex, Phenomenex,
Aschaffenburg, Germany) (25 cm × 4.6mm i.d., 5 μm particle size) at 25 ◦C, a mixture of water (solvent A) and acetonitrile
(solvent B) with 0.025% of trifluoroacetic acid; gradient elution program: 0.0–5.0 min A 95%, B 5%; 5–60 min A from 5 to
20%, and B from 95–80%. The flow rate was 1.0 mL/min.

Chlorogenic acid is the main phenolic component in coffee and beverages prepared
from herbs, fruits, and vegetables. The results presented in literature revealed that the
content of chlorogenic acid in methanol extracts of fruits from a 4-year-old plant was
409.2 mg/100g [13]. No chlorogenic acid has been detected in the fruits of 2- and 3-year-old
plants, respectively. Other studies have shown that the water extract from the fruits of E.
senticosus contained 0.57 mg/g dry weight of chlorogenic acid [9].

2.3. HS–SPME/GC–MS Analysis of Volatile Metabolites in the Fruits

HS–SPME coupled with the GC–MS analysis identified 38 volatile constituents (VOCs)
in the E. senticosus fruits, representing 93.9% of the total number. The detected compounds
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belong to several classes, such as monoterpene hydrocarbons and oxygenated monoter-
penes (13.2%) and sesquiterpene hydrocarbons and oxygenated sesquiterpenes (76.6%).
The percentage composition of the identified compounds is listed in the elution order
in Table 2 and Figure 7 and Figure S2. (E)-β-farnesene (19.46 ± 0.78%), germacrene D

(12.88 ± 1.10%), (E,Z)-α-farnesene (12.84 ± 0.85%), and β-bisabolene (12.64 ± 0.70%) were
the main compounds identified in the E. senticosus fruits.

Table 2. Percentage of volatile compounds identified by HS–SPME/GC–MS in E. senticosus fruits (% ± SD) (RT—retention
time, RI calc—retention index, calculated, RI lit—retention index, literature. Internal standard—2-undecanone. All analyses
were performed in triplicate).

No.
RI
Lit.

RI
Calc.

RT
(Min)

Compound Name Formula
Compound

m/z

Match
Factor

(%)
Content

1 930 926 6.01 α-Thujene C10H16 93; 91; 77 94.55 0.05 ± 0.02
2 939 933 6.18 α-Pinene C10H16 93; 91; 77 95.00 0.12 ± 0.09
3 975 973 7.18 (Z)-Sabinene C10H16 93; 91; 77 97.84 2.46 ± 1.19

4 985 987 7.52 6-methyl-5-hepten-2-
one C8H14O 43; 108; 69; 55 97.50 0.15 ± 0.03

5 990 991 7.63 β-Myrcene C10H16 93; 69; 41 96.20 1.43 ± 0.44
6 1002 1005 7.99 α-Phellandrene C10H16 93; 77; 136 96.90 2.22 ± 0.6
7 1011 1010 8.15 3-Carene C10H16 93; 79; 121 97.90 0.37 ± 0.012
8 1026 1025 8.54 O-Cymene C10H14 119; 134; 91 97.90 1.40 ± 0.26
9 1029 1029 8.65 Limonene C10H16 93; 68; 79 98.50 2.81 ± 0.54
10 1037 1038 8.91 (Z)-β-Ocimene C10H16 93; 91; 79 93.24 0.05 ± 0.01
11 1050 1048 9.19 (E)-β-Ocimene C10H16 93; 91; 79 97.10 0.86 ± 0.15
12 1059 1059 9.49 γ-Terpinene C10H16 93; 136; 77 98.60 0.11 ± 0.01
13 1070 1067 9.73 (Z)-Sabinene hydrate C10H18O 71; 93; 43 98.50 0.90 ± 0.09
14 1088 1089 10.33 Terpinolene C10H16 121; 93; 136 95.04 0.16 ± 0.01
15 1159 1159 12.30 Sabina ketone C9H14O 81; 96; 67; 55 83.10 0.08 ± 0.01
16 1177 1179 12.85 Terpinen-4-ol C10H18O 71; 111; 93 96.52 0.15 ± 0.02
17 1294 1295 15.99 2-Undecanone (IS) C11H22O 58; 43; 71 93.20 3.79 ± 6.31
18 1294 1299 16.11 Methyl myrtenate C11H16O2 105; 137; 91;77 94.50 0.07 ± 0.02
19 1376 1381 17.91 α-Copaene C15H24 161;119; 105; 93 98.20 1.05 ± 0.16
20 1388 1390 18.11 β-Bourbonene C15H24 81; 123; 161 94.90 0.12 ± 0.02
21 1408 1409 18.49 7-epi-Sesquithujene C15H24 119; 93; 91; 69 93.00 0.14 ± 0.02
22 1419 1426 18.81 β-Caryophyllene C15H24 93; 91; 133; 79 97.90 0.91 ± 0.14
23 1432 1436 18.99 (Z)-β-Copaene C15H24 161; 105; 91; 119 99.00 0.25 ± 0.04
24 1434 1441 19.08 (E)-α-Bergamotene C15H24 119; 93; 91; 69 97.60 0.54 ± 0.07
25 1456 1463 19.49 (E)-β-Farnesene C15H24 69; 93; 133; 161 90.00 19.46 ± 0.78
26 1466 1471 19.64 (Z)-Muurola-4,5-diene C15H24 161; 105; 91; 204 94.20 0.26 ± 0.04
27 1481 1490 20.00 Germacrene D C15H24 161; 105; 91; 119 94.60 12.88 ± 1.10
28 1497 1498 20.16 (E,Z)-α-Farnesene C15H24 93; 119; 69; 107 92.10 12.84 ± 0.85
29 1511 1515 20.43 (E)-β-Bisabolene C15H24 93; 69; 94; 109 95.70 12.64 ± 0.70
30 1513 1522 20.55 γ-Cadinene C15H24 161; 93; 105; 119 97.70 0.55 ± 0.06
31 1522 1530 20.68 β-Sesquiphellandrene C15H24 69; 161; 93; 91 95.70 2.6 ± 0.22
32 1532 1538 20.81 (E)-γ-Bisabolene C15H24 93; 107; 135; 119 94.60 3.26 ± 0.43
33 1540 1548 20.97 (E)-α-Bisabolene C15H24 93; 119; 121; 80 95.70 1.63 ± 0.20
34 1563 1559 21.15 (E)-Nerolidol C15H26O 69; 93; 81; 83 85.30 0.23 ± 0.06
35 1607 1619 22.12 β-Oplopenone C15H24O 177; 43; 93; 79 93.40 0.15 ± 0.02
36 1658 1665 22.80 α-Bisabolol oxide B C15H26O2 143; 105; 85; 81 97.66 0.76 ± 0.12
37 1685 1692 23.20 α-Bisabolol C15H26O 109; 119; 69; 43 98.90 6.35 ± 0.9

38 2104 2107 27.78 6-Octadecenoic acid,
methyl ester, (Z)- C19H36O2 55; 74; 84; 96 94.52 0.13 ± 0.10

Monoterpene hydrocarbons and oxygenated monoterpenes 13.17

Sesquiterpene hydrocarbons and oxygenated sesquiterpenes 76.62

Other compounds 4.07

Total 93.86
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Figure 7. HS–SPME/GC–MS chromatogram of volatile compounds in E. senticosus fruits. The numbers correspond to the
compounds in Table 2; IS—internal standard.

Previous reports on the essential oil from E. senticosus fruits indicated β-caryophyllene
and humulene [7] or spathulenol [10] as the main compounds. However, the results of the
present study revealed farnesene and bisabolene-type derivatives as dominant compounds
showing more similarity to the essential oil from leaves described by Zhai et al. [22]. Studies
conducted on E. senticosus root material obtained from different regions (Russia, China—
two different sources) showed significant fluctuations in the quantity of the compounds,
which may be connected with differentiation of the chemotypes [23]. Moreover, Załuski
and Janeczko reported differences in the composition of fruit essential oil connected with
duration of storage [10].

2.4. GC–MS and HPLC–PDA Profiling of the Fruit Fatty Oil

The oil obtained by hexane extraction of ground fruits constituted 5.4 ± 0.015% of
their weight. The oil is a semi-solid, yellow-green substance with a characteristic aroma
(Figure 8A) absorbing UV–VIS radiation in the range of 190–430 nm and at a wavelength of
660–680 nm (Figure 8B). Absorbance at a wavelength of 269 nm may indicate the presence
of tocopherols, especially α-tocopherol absorbing radiation in the range of 265–310 nm [24].
Absorbance at 407 and 660–680 nm may indicate the presence of chlorophylls [25]. It was
shown that the content of chlorophyll A and chlorophyll B was 12.43 mg/g and 3.67 mg/g,
respectively, and the content of carotenoids in the tested oil was 10.13 mg/g.

2.4.1. GC–MS Analysis of Fatty Acids

The analysis of the oil by gas chromatography with mass spectrometry showed the
presence of five fatty acids, including three unsaturated acids (linoleic, oleic, and α-linolenic
acids), the total content of which was 24% (Table 3). The dominant fatty acid was linoleic
acid (over 18%), while the content of α-linolenic acid was only 0.4%. The content of
saturated acids was only 2.5%. Thus, the E. senticosus fruit oil is a rich source of unsaturated
acids, but the proportion of n-3 acids to n-6 acids is not beneficial for human health [26].
In addition, the analysis showed the presence of four components of the essential oil and
trimethylsulfonium ursolate—a derivative of ursolic acid and TMSH. An example of a
chromatogram is presented in Figure 9, and the mass spectrum for fatty acids is shown in
Figure S1.
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Figure 8. (A) Photography and (B) UV–VIS spectroscopic fingerprint of Eleutherococcus senticosus fruit oil.

Table 3. Content of fatty acids (% w/w ±SD) in Eleutherococcus senticosus seed oil (n = 3) (RT—retention time, FAME—fatty
acid methyl esters, FA—fatty acid, M—molecular ion), LOD—limit of detection, LOQ—limit of quantification.

Compound
Name

FA
Abbreviation

RT FAME
(Min.)

Mass Data
FAME

LOD
(% w/w)

LOQ
(% w/w)

Content of FA

Palmitic acid C16:0 12.94 ± 0.1
270 (M),

239,227,213,185,143,
129,11197,87,74,69,55

0.044 0.132 2.18 ± 0.04

Stearic acid C18:0 15.08 ± 0.1

298 (M),
267,255,241,227,
213,199,185,171,157,
143,129,115,97,
87,83,74,69,55

0.026 0.078 0.29 ± 0.00

Oleic acid C18:1 (n-9) 15.77 ± 0.1

296 (M),
278,264,235,
222,180,166,
137,123,110,
97,83,69,55

0.037 0.111 5.36 ± 0.05

Linoleic acid C18:2 (n-6) 16.95 ± 0.2

294 (M),
263,233,220,205,
191,178,164,150,
135,123,109,95,

81,67,59,55

0.013 0.039 18.24 ± 0.26

α-Linolenic
acid C18:3 (n-3) 18.56 ± 0.2

292 (M),
261,236,193,163,

149,121,108,
95,79,67,55

0.015 0.045 0.40 ± 0.04

Total 26.47
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Figure 9. GC–MS chromatogram of Eleutherococcus senticosus fruit oil. 1-(Z)-β-farnesene; 2-α-bergamotene; 3-α-farnesene;
4-β-cubebene; 5-methyl palmitate; 6-methyl stearate; 7-trimethylsulfonium ursolate; 8-methyl oleate; 9-methyl linoleate;
10-methyl linolenate. HP-88 Agilent 45 capillary column (60 m × 0.25 mm; 0.20 μm film thickness). The oven temperature
was programmed from 110 ◦C to 190 ◦C with 8 ◦C/min held for 2 min at 110 ◦C and 13 min at 190 ◦C. The temperature of
the injector was 250 ◦C. Helium was used as a carrier gas at a flow rate of 1.2 mL/min A quadrupole mass spectrometer
with electron ionization (EI) at 70 eV and with a full scan type acquisition mode (50 m/z to 500 m/z) was used as a detector
connected with GC. The temperature of the MS source and the MS quadrupole was set to 230 ◦C and 150 ◦C, respectively.

The chromatographic analysis (HPLC–PDA) revealed a dominant peak with a re-
tention time of 7.25 min. This peak was identified as a mixture of β- and γ-tocopherols,
and their content was determined to be 1.36 mg/g oil. The α- and δ-tocopherol content
was 0.29 and 0.33 mg/g of oil, respectively (Table 4). Grilo et al. assessed the content of
tocopherols in commonly used oils (rapeseed, sunflower, corn, and soybean). The content
of α-tocopherol ranged from 0.071 to 0.43 mg/g and γ-tocopherol ranged from 0.092 to
0.27 mg/g for soybean and sunflower oils, respectively [27]. Thus, it can be concluded that
the E. senticosus seed oil contains a moderate amount of α-tocopherol. On the other hand,
the tested oil may be a valuable source of β- and γ-tocopherols; however, the assessment
of the mutual quantitative relationships of these two compounds requires further research
and other methods. Ergönül and Köseoğlu have shown that the content of δ-tocopherol
in unrefined soybean oil is 0.12 mg/g, while in rapeseed oil it is 0.012 mg/g [28]. Thus, it
can be concluded that the E. senticosus fruit oil is quite a rich source of δ-tocopherol, as it
contains nearly three-fold higher amounts of this compound than soybean oil.

Table 4. Content of selected biologically active compounds (mg/g ± SD) in Eleutherococcus senticosus seed oil (n = 3)
(RT—retention time, LOD—limit of detection, LOQ—limit of quantification. Tocopherol content).

Compound
Name

RT (Min.)
Theoretical

Plates
Linear Regression

Equation

Concentration
Range

(μg/mL)

Correlation
Coefficient

(r)
LOD LOQ Content

Fluorescence Detection (ng/mL) (ng/mL)

α-Tocopherol 8.36 ± 0.1 6158 y = 1851639x + 17320 0.48–7.20 0.9979 12.0 38.0 0.29 ± 0.00
β- +

γ-Tocopherol 7.25 ± 0.1 5779 y = 4739064x + 115013 0.59–8.88 0.9997 6.0 20.0 1.36 ± 0.07

δ-Tocopherol 6.30 ± 0.1 5527 y = 4041480x + 112005 0.55–8.34 0.9999 5.5 18.5 0.33 ± 0.00

Spectrophotometric Detection (μg/mL) (μg/mL)
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2.4.2. HPLC–PDA Analysis of Ursolic Acid

Pentacyclic triterpenes are lipophilic compounds present in the oil fraction [29]. As
shown in literature, E. senticosus fruits contain ursolic acid [7]. Therefore, the content of this
triterpene in E. senticosus seed oil was evaluated in the present study. Its content was shown
to be 35.72 mg/g of oil (Table 4). Given the oil content in the fruits, it can be concluded that
the ursolic acid content in the fruits is over 1.9 mg/g. Our research shows that E. senticosus
fruits are a much richer source of ursolic acid than previously thought. Jang et al. found
that 100 g of fruits contain about 3.5 mg of ursolic acid [7]. The results obtained by Yang’s
team were on lower possibly due to the use of methanol in fruit extraction.

3. Materials and Methods

3.1. Chemicals and Reagents

The standards of eleutheroside B (≥98.0%), eleutheroside E (≥98.0%), eleuthero-
side E1 (≥98.0%), protocatechuic acid (≥97%), ursolic acid (≥90%), δ-tocopherol, (+)-γ-
tocopherol, (±)-α-tocopherol (analytical standards), methyl palmitate (≥99.0%), methyl
stearate (≥99.5%), methyl oleate (≥99.0%), methyl linoleate (≥98.5%), methyl linolenate
(≥99.0%), 2-propanol (99.9%), hexane (≥95%), phosphoric acid (≥85%), trimethylsulfo-
nium hydroxide (TMSH) (0.25 M methanolic solution), gradient grade acetonitrile, and
trifluoroacetic acid (≥99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). LC
grade methanol (MeOH) was purchased from J.T. Baker (Phillipsburg, NJ, USA). Water
for HPLC was purified by ULTRAPURE Millipore Direct-Q® 3UV-R (Merck Millipore,
Billerica, MA, USA). Tert-butyl methyl ether (TBME) (99.8%) was purchased from Avantor
Performance Materials Poland S.A. (Gliwice, Poland). All other reagents were of analytical
grade. Eleutheroside standards were dissolved in 75% methanol (final concentration of 0.16,
0.16, and 0.36 mg/mL for eleutheroside B, E, and E1, respectively). Phenolic acid standards
and ursolic acid were dissolved in methanol (final concentration of 0.24, 1.04, 0.23, 0.30,
and 0.50 mg/mL for neochlorogenic, chlorogenic, cryptochlorogenic, protocatechuic, and
ursolic acid, respectively). Standard solutions were prepared by dilution of stock solutions
to appropriate concentrations.

3.2. Plant Material and Preparation of the Extract

Mature fruits of 4-year-old Eleutherococcus senticosus were collected in the Garden of
Medicinal and Cosmetic Plants in Bydgoszcz (Poland) in September 2017 (N: 53◦07′36.55”
E: 18◦01′51.64”). The plant sample was deposited at the Department of Pharmaceutical
Botany and Pharmacognosy, Collegium Medicum, Bydgoszcz, Poland, Cat. Nr. ES 10/2018.
Air-dried and powdered fruits (10 g each) were soaked in 100 mL of 75% ethanol for 24 h.
Next, the samples were subjected to triple UAE-type extraction (ultrasonic bath—Polsonic,
Warsaw, Poland) using 100 and 2 × 50 mL of 75% ethanol. The extraction was performed
at room temperature for 15 min for each cycle. Finally, 200 mL of each extract was obtained.
After that, the extract was filtered through Whatman no. 4 filter paper. The solvent was
dried with an evaporator in vacuum conditions at 45 ◦C, frozen at −20 ◦C, and subjected to
lyophilization. The dried residue was stored in an exsiccator at 4 ◦C. The extraction yield
was calculated based on the dry weight of the extract [%]. The same steps were made for
extraction of the pericarp and seeds.

3.3. Microscopic Analysis

The anatomical structure of the fruits was examined microscopically using a com-
pound microscope coupled with a camera, evaluated, and photographed (40X). Chloral
hydrate was used as a reagent. Computer images were captured using software ProgRes
CapturePro 2.8—Jenoptik optical system.

3.4. HPLC–PDA Analysis of Eleutherosides B, E, and E1

The analyses were performed on an EliteLaChrom chromatograph with a PDA de-
tector and EZChrom Elite software (Merck, Darmstadt, Germany). The following chro-
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matographic system was used: an RP18e LiChrospher 100 column (Merck, Darmstadt,
Germany) (25 cm × 4.0 mm i.d., 5 μm particle size) at 25 ◦C; mixtures of water (solvent A)
and acetonitrile (solvent B) both acidified with 0.025% of trifluoroacetic acid were used as
the mobile phase. The compounds were separated by gradient elution with the following
program: 0.0–8.0 min A 90%, B 10%; 8.1–18.0 min A 90–80%, B 10–20%; 18.1–30.0 min A
80%; B 20%; 30.1–45.0 min A 0%, B 100%; 45.1–60.0 min A 90%, B 10%. The flow rate was
1.0 mL/min. Data were collected between 190 and 400 nm. The identity of compounds
was established by comparison of retention times and UV spectra with the corresponding
standards. Quantitative analysis was performed at λ = 264 nm for eleutheroside B and
λ = 206 nm for eleutheroside E and E1. The chromatographic parameters and calibration
data for quantification of the investigated eleutherosides are provided in Table S1.

3.5. HPLC–PDA Analysis of Phenolic Acids

The analyses were performed on an EliteLaChrom chromatograph with a PDA de-
tector and EZChrom Elite software (Merck, Darmstadt, Germany). The chromatographic
system was as follows: a C18 reversed phase core-shell column (Kinetex, Phenomenex,
Aschaffenburg, Germany) (25 cm × 4.6 mm i.d., 5 μm particle size), a mixture of water
(solvent A) and acetonitrile (solvent B) with 0.025% of trifluoroacetic acid, and the following
gradient elution program: 0.0–5.0 min A 95%, B 5%; 5–60 min A from 5 to 20% and B
from 95–80%. The flow rate of the mobile phase was 1.0 mL/min and the temperature of
thermostat was set at 25 ◦C. Data were collected between 210 and 400 nm. The identity
of compounds was established by comparison of retention times and UV spectra with
the corresponding standards. Quantitative analysis was performed at λ = 326 nm for
chlorogenic acids and λ = 260 nm for protocatechuic acid. The chromatographic parameters
and calibration data for quantification of the investigated phenolic acids are provided in
Table S1.

3.6. HS–SPME/GC–MS Analysis of Volatile Compounds

Head space-solid phase microextraction (HS–SPME) was conducted according to
Zielińska et al. [30] with slight modifications. Briefly, 100 mg of dry E. senticosus fruits
were placed in a 15 mL sealed vial and extracted using a fiber coated with 50/30 μm
divinylbenzene–carboxen–polydimethylsiloxane (DVB/CAR/PDMS; Supelco, Bellefonte,
PE, USA). The 2-undecanone–2 mg/mL in water (Merck, Poland) was used as an internal
standard. Equilibration was performed at 60 ◦C for 15 min, the fiber exposition time was
15 min, and the thermal desorption was 3 min at 250 ◦C directly in the gas chromatography
(GC) injection port. All analyses were performed in triplicate. The gas chromatography
(GC) analysis was performed using Agilent 7890B GC coupled with a 7000GC/TQ system
mass spectrometer (Agilent Technologies, Paolo Alto, CA, USA). Separation was carried
out on an HP-5 MS column; 30m × 0.25 mm × 0.25 μm (J&W, Agilent Technologies,
Palo Alto, CA, USA) at a constant helium flow of 1 mL/min. The injector temperature
was set at 250 ◦C and the sample was applied in a split mode (70:1). The temperature
program was 50 ◦C for 1 min, followed by 5 ◦C/min to 120 ◦C, 8 ◦C/min to 200 ◦C, then
to 250 ◦C in 16 ◦C/min and held isothermal for 2 min. The MS source, transfer line, and
quadrupole temperature were set at 230 ◦C, 320 ◦C, and 150 ◦C, respectively. The mass
spectra were collected in a scan mode from m/z 30–400 and the ionization voltage was 70 eV.
Data acquisition was performed using Agilent MassHunter Workstation software (version
B.08.00). The identification of the compounds was based on a comparison of fragmentation
patterns with the NIST17 mass spectra library and they were matched with retention index
(RI) obtained by calculation relative to the n-alkane standard (C8–C20; Merc, Poland). The
quantitative analysis (expressed as percentages of each compound) was carried out by peak
area normalization measurements without a correction factor.
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3.7. Isolation of Oil and Preparation of Samples

Air-dried and pulverized fruits (5 g) were extracted four times with hexane (4 × 30 mL)
using an ultra-sonic bath (4 × 15 min.) The extracts were combined and evaporated in a
rotary evaporator. The oil (50 mg) was placed in a volumetric flask (5 mL) and dissolved in
2-propanol. The solution was filtered through a 0.25 μm polyamide membrane filter before
HPLC analysis. The oil (10 mg) was dissolved in 500 μL of TBME and derivatized by the
addition of 250 μL of TMSH. The whole sample was shaken vigorously, and the GC–MS
analysis was performed.

3.7.1. HPLC–PDA Analysis of Ursolic Acid and Tocopherols in the Oil

The analysis was performed on a VWR Hitachi Chromaster 600 chromatograph with
a 5430 Diode Array Detector, a 5440 FL Detector, and EZChrom Elite software (Merck,
Darmstadt, Germany). A RP18e LiChrospher 100 column (Merck, Darmstadt, Germany)
(25 cm × 4.0 mm i.d., 5 μm particle size) was used for the analyses. The identity of com-
pounds was established by comparison of retention times and PDA spectra with the
corresponding standards. Ursolic acid was determined using a previously published
methodology [31]. An isocratic system was used with the basic chromatographic condi-
tions: the mobile phase consisted of acetonitrile, water, and a 1% aqueous phosphoric acid
solution (75:25:0.5 v/v/v); eluent flow rate 1.0 mL/min; column temperature 10 ◦C. The
injection volume was 10 μL. The analysis was based on chromatograms recorded with the
PDA detector. Data were collected between 200 and 400 nm. The quantitative analysis was
performed at λ = 200 nm.

Tocopherols were determined using an isocratic system. The mobile phase consisted
of acetonitrile and methanol (5:95 v/v). The eluent flow rate was 1.2 mL/min. The column
temperature was set at 30 ◦C. The injection volume was 5 μL. The quantitative analysis
was performed using a fluorescence detector with an excitation wavelength at λ = 296 nm
and an emission wavelength at λ = 330 nm.

3.7.2. GC–MS Analysis of Fatty Acids in the Oil

The analysis was performed using an Agilent GC–MSD system (GC/MSD 6890N/5975)
equipped with a HP-88 Agilent capillary column (60 m × 0.25 mm; 0.20 μm film thick-
ness), MSD ChemStation ver. E.02.02.1431 software (Agilent Technologies, Santa Clara,
CA, USA), and a split–splitless injector. The oven temperature was programmed from
110 ◦C to 190 ◦C with 8 ◦C/min, held for 2 min at 110 ◦C and 13 min at 190 ◦C. The
temperature of the injector was 250 ◦C. The injection volume was 1 μL (split ratio 150:1;
split flow 180 mL/min). Helium was used as a carrier gas at a flow rate of 1.2 mL/min. A
quadrupole mass spectrometer with electron ionization (EI) at 70 eV and with a full scan
type acquisition mode (50 m/z to 500 m/z) was used as a detector connected with the GC.
The temperature of the MS source and the MS quadrupole was set at 230 ◦C and 150 ◦C,
respectively. Identification of the constituents was based on a comparison of their mass
spectra with the mass spectra library NIST resources and retention times with standards.

3.8. Statistical Analysis

Determinations were performed in triplicate. The data were subjected to statistical
analysis using Statistica 7.0. (StatSoft, Cracow, Poland). The evaluations were analyzed for
one-way analysis of variance. Statistical differences between the treatment groups were
estimated by Spearman’s (R) and Person’s (r) test. All statistical tests were carried out at a
significance level of α = 0.05.

4. Conclusions

The practical aspect of the present results may be the application of the fruits as an
ingredient of plant-based products used to treat immune-related diseases, as confirmed by
Graczyk et al. [8]. With their chlorogenic acid content, the fruit extracts can be examined
as a skin-whitening agent acting as tyrosinase inhibitor and possibly used in the cosmetic
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industry. In addition to this, we did not find information on doses used in ethnomedicine,
showing the need of re-confirmation of the fruits’ activity with regard to therapeutically
active doses. Based on these results, the fruits may be a substitution for the roots to prevent
exploitation of this endangered plant in some countries. This study has clearly shown that
the species can be cultivated in Europe, producing biologically active metabolites.

Supplementary Materials: The following are available online, Figure S1: Mass spectra for standards
(based on the NIST database) and investigated fatty acids. Figure S2: Mass spectra of HS-SPME/GC-
MS investigated compounds. Table S1: Chromatographic parameters and calibration data for
quantification of investigated eleutherosides and phenolic acids.
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Abstract: An effect-directed profiling method was developed to investigate 17 different fortified plant
extracts for potential benefits. Six planar effect-directed assays were piezoelectrically sprayed on the
samples separated side-by-side by high-performance thin-layer chromatography. Multipotent com-
pounds with antibacterial, α-glucosidase, β-glucosidase, AChE, tyrosinase and/or β-glucuronidase-
inhibiting effects were detected in most fortified plant extracts. A comparatively high level of
antimicrobial activity was observed for Eleutherococcus, hops, grape pomace, passiflora, rosemary and
Eschscholzia. Except in red vine, black radish and horse tail, strong enzyme inhibiting compounds
were also detected. Most plants with anti-α-glucosidase activity also inhibited β-glucosidase. Green
tea, lemon balm and rosemary were identified as multipotent plants. Their multipotent compound
zones were characterized by high-resolution mass spectrometry to be catechins, rosmarinic acid,
chlorogenic acid and gallic acid. The results pointed to antibacterial and enzymatic effects that were
not yet known for plants such as Eleutherococcus and for compounds such as cynaratriol and caffeine.
The nontarget effect-directed profiling with multi-imaging is of high benefit for routine inspections,
as it provides comprehensive information on the quality and safety of the plant extracts with respect
to the global production chain. In this study, it not only confirmed what was expected, but also
identified multipotent plants and compounds, and revealed new bioactivity effects.

Keywords: enzyme inhibition assay; antibacterial assay; effect-directed analysis; bioassay; botanicals;
health food

1. Introduction

The complexity of the composition of plants and plant extracts gives them properties
that are different from and even superior to those of isolated compounds [1,2]. However,
in terms of extracts, each extraction process is selective. Distinct secondary metabolites
are more or less extracted depending on the conditions used [3,4]. This means that the
phytochemical composition of the extracts differs from the plant totum, defined as the
entire set of compounds contained in the plant part (used for extraction). Especially, the
bioactive metabolites on which the effects in humans and animals depend can highly vary
in quantity or be lost or degraded during the production of plant extracts [5,6]. It depends
on the quality of the raw material, the applied preprocessing steps, the extraction method
used and further treatments during production. Therefore, it becomes clear that extracts of
the same plant currently on the market, have not the same quality and composition [6,7].
Information generally given on the production of the so-called botanicals on the market
is sparse; almost all specifications lack crucial and more detailed information on the
production and final composition of such commercially available plant extracts. This
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applies in particular to the most important bioactive ingredient profile, which has not yet
been harmonized and matched to all relevant active ingredients.

The ipowder® technology was developed to extract as many compounds as possible
from the original plant and to increase their content in the final product, solely made of the
plant (no further additions such as carrier or filling agents, etc.) [8]. The essential steps of
this patented process include contact between the plant material and a solvent in at least
one extraction step, and the spray-drying of the extract rich in active compounds on a new
batch of the same plant material. The resulting fortified plant material is crushed to form
the ipowder®, used in dietary supplements and foods with added value. Benefits have
been shown in terms of the enrichment of active compounds [5]. While the complex phyto-
chemical composition of such plant extracts can be interesting with regard to biological and
therapeutic effects, it makes their analysis and quality assessment extremely challenging.
Currently, plant extracts are characterized by identifying and quantifying the well-known
characteristic markers (usually one or two) of the selected plant species, whereas in such
complex extracts other compounds may also contribute to the effects and overall product
quality. Hence, high-performance thin-layer chromatography (HPTLC) hyphenated with
planar effect-directed assays (EDA) was found to be a powerful tool for the rapid screening
and assessment of such plant extracts in relation to the total bioactivity profile. Two of its
many advantages are that it allows the analysis of many plant extracts in parallel in the
same chromatographic run and imaging of the different types of the activity responses of
the individual compounds without requiring their tedious individual isolation from the
plant totum [6,9,10].

In this study, a generic effect-directed profiling was developed for the evaluation and
comparison of potential beneficial effects of 17 different ipowder® extracts. HPTLC was
combined with five different enzyme inhibition assays and an antibacterial bioassay. The
instant bioluminescence of the Gram–negative Aliivibrio fischeri bacteria is widely used for
the detection of bioactive or antibacterial compounds in environmental samples. The inhi-
bition assays against α-glucosidase, β-glucosidase, acetylcholinesterase, β-glucuronidase
and tyrosinase have proven their worth in the search for active plant extracts and secondary
metabolites against widespread diseases, such as diabetes, Alzheimer’s and Parkinson’s
diseases [6,11,12]. It was hypothesized that these fortified extracts would show pronounced
effects in the six selected assays, new information would be obtained by the effect-directed
profiles and such bioanalytical profiling would complement the actual analytical tools for
product quality control. The important multipotent zones detected were characterized
further by the straightforward elution to high-resolution mass spectrometry (HRMS).

2. Results and Discussion

2.1. HPTLC-UV/Vis/FLD Method Development

A generic nontarget effect-directed profiling was developed for the analysis of 18 plant
extracts (IDs 1–18, Table S1). Analytical methanolic extracts were prepared, as methanol
was found to be a good compromise in polarity, based on our experience in other effect-
directed studies [6]. No particular analytes were selected or targeted at this stage. The non-
target HPTLC method was developed with the aim of spreading the inherent compounds
along the developing distance. Among the different mobile phases tested, two complemen-
tary mixtures were selected, i.e., ethyl acetate–toluene–formic acid–water, 16:4:3:2 (MP 1,
more polar) versus cyclohexane–ethyl acetate–formic acid, 6:3.8:0.2 (MP 2, more apolar).
The combination of the two widened the polarity range and enabled more comprehensive
profiling. The physicochemical fingerprints of the inherent compounds in each methanolic
extract were detected via multi-imaging at white light illumination (Vis), 254 nm (UV)
and 366 nm (FLD). The vertical UV/Vis/FLD profiles (band pattern along each sample
track) showed clear differences between the methanolic extracts (Figure 1, IDs 1–18). This
outcome was considered a good start to continue with the six effect-directed assays for the
detection of the antibacterials and the inhibitors of AChE, α-glucosidase, β-glucosidase,
β-glucuronidase, and tyrosinase.
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Figure 1. High-performance thin-layer chromatography (HPTLC) chromatograms of the 17 fortified (ipowder®) plant
extracts (ID 1–4 and 6–18, Table S1) and the nonfortified extract (ID 5, Table S1), all 200 μg each on the HPTLC plate silica
gel 60 F254 MS grade with the mobile phase mixtures MP 1 (ethyl acetate–toluene–formic acid–water 16:4:3:2, v/v/v/v) and
MP 2 (cyclohexane–ethyl acetate–formic acid 6:3.8:0.2, v/v/v) at white light illumination (A), UV 254 nm (B), FLD 366 nm
before (C) and after neutralization (D).

2.2. Development of the Effect-Directed Profiling

A neutralization of residual acidic traces on the chromatogram by applying a buffer
solution was relevant for both mobile phase mixtures containing formic acid. The com-
parison of the FLD images before versus after the neutralization step (Figure 1C versus
Figure 1D) showed that the additional buffer salt load on the plate reduced the fluorescence
intensity of most zones. In addition, it altered the fluorescence nuance and intensity of
some zones (e.g., IDs 16–18 in MP 1). Such fluorescence signal shift can be explained by
the pH change (from acidic to neutral) or inorganic traces in the buffer solution. MS grade
HPTLC plates have been available on the market for some years. These plates are known
to have a lower layer thickness and were therefore investigated for their applicability in the
effect-directed profiling. The rule of thumb was that half the volume of (expensive) assay
solution was needed as with normal plates. However, the correct volume also depended on
the humidity of the day, and thus layer. On humid days, the application of even less assay
solution volume was recommended to avoid an excessive liquid layer. The more water was
preadsorbed from the ambient air, the less assay volume could be adsorbed and penetrate
to the deeper layer. On days with higher humidity (>50%), the plate was therefore dried
(e.g., 40 ◦C, 1 min). The subsequent assay application started with the A. fischeri bioassay.
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This bioassay is frequently used [13], and gives a first overview on sample compounds
with influence on the energy metabolism of the nonpathogenic Gram–negative bacteria.
Based on our experience, this bioassay often indicates most bioactive compounds present, if
compared to other assays. Thus, this instant bioassay is helpful for a cost-efficient selection
of the first effect-relevant sample amount to be applied. For applied 200 μg extract per
band, antibacterial compound zones were detected. This was a good start for this and all
the other assays, although later adjustment or fine-tuning may be required.

2.2.1. Antibacterial Activity

In the Gram–negative A. fischeri bioautogram, active compounds can have a positive
or negative influence on the bioluminescence of the bacteria, resulting in bright or dark
zones. Of each plant extract, 200 μg were applied which allowed a direct comparison
of the antibacterial activity between the different samples (Table 1). Many antibacterial
bioluminescence-reducing compound zones were observed in 15 out of the 17 fortified
plant extracts (Figure 2A, depicted as greyscale image, IDs 1–18 in Table S1, respective
UV/Vis images in Figure S1). In particular, the fortified extracts of Eleutherococcus (4), grape
pomace (15), passiflora (16), artichoke (17) and Eschscholzia (18) had a strong Gram–negative
antibacterial activity. Strong antibacterial zones were also detected for the fortified green tea
extract (1), which were 2–3-fold stronger, when visually compared to the nonfortified green
tea extract (5). This was in good agreement with the specified drug-to-extract ratio of 2:1 for
the production of the fortified green tea extract (Table S1). An increased content of chemical
markers was recently reported for ipowder® extracts [5], which was also confirmed by this
comparison (ID 5 versus 1). In both green tea samples, two dominant antibacterial zones
were evident at hRF 80 and 89 (the latter marked as zone V) in the stronger eluting MP 1
system, which were located at hRF 5 and 11 (zone V) in the weaker eluting MP 2 system.
This illustrates clearly that the polarity range was complementary to each other, and thus
selected well for a comprehensive profiling. Comparatively fewer and also less intense
antibacterial zones were observed in the fortified extracts of lemon balm (2), rosemary (3),
red vine (7), meadowsweet (9) and Echinacea (10). However, additional apolar antibacterial
compounds of especially hops (14) and also rosemary (3), and to some extent for valerian
(8) and blackcurrant (11) were first revealed with the apolar MP 2 system. Dark zones,
which eluted almost with the solvent front of the stronger eluting MP 1, were now well
separated and spread along the developing distance. In contrast to these positive findings
and considering the same sample amount applied, black radish (12) and horse tail (13) were
the only two fortified extracts with no obvious antibacterial activity in both investigated
polarity ranges. It is worth noting that an enhancement of the bacterial bioluminescence
was observed for more apolar compound zones in the MP 2 bioautogram for yerba mate (6)
at hRF 83 and meadowsweet (9) at hRF 77 as well as for a few further plants such as lemon
balm (2) and rosemary (3). The bright zones may highlight a prebiotic activity. Recently,
some fatty acids have been proven to enhance the bioluminescence of the Gram–negative
A. fischeri bacteria [7].

While the antibacterial effect is well known for some of these plants, it is much less
described for others. Among the plants with the highest activity against A. fischeri bacteria,
the hop plant is recognized as an excellent source of antibacterial compounds [14,15].
This is confirmed by our study in view of the number and intensity of antibacterial zones
observed for hops (14) in the MP 2 bioautogram. The high antibacterial activity of numerous
compounds in Eleutherococcus root (4) is shown for the first time. Data on the antibacterial
effect of this plant are rare [16,17]. The strong antibacterial effect observed for Passiflora
incarnata (16), is only supported by a reported effect against Helicobacter pylori [18]. As
for the observed antibacterial activity of Eschscholzia (18), its alkaloids have demonstrated
antifungal [19] and some even antibacterial potential [20,21]. In accordance with our
findings is also the well documented antibacterial activity of green tea [22,23] and grape
pomace [24]. Extracts and essential oils of lemon balm [25] and rosemary [26] have also
proven antibacterial activity, which confirms our results. A few more studies confirm
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the outcome of our profiling, which have shown antibacterial effects for artichoke [27],
meadowsweet [28,29], red vine leaf [30], Echinacea species [31], blackcurrant [32], yerba
mate [33], and valerian species, whereby the only study found for Valeriana officinalis was
on the essential oil of its root [34].

 

Figure 2. HPTLC autograms of the 17 fortified (ipowder®) plant extracts (ID 1–4 and 6–18, Table S1) and the nonfortified
extract (ID 5, Table S1) separated as in Figure 1 and detected after the A. fischeri bioassay ((A), bioluminescence as grey-
scale image) and α-glucosidase (B), β-glucosidase (C), AChE ((D); A–D 200 μg each), tyrosinase ((E), 400 μg each) and
β-glucuronidase inhibition assays ((F), 300 μg each; B–F at white light illumination); multipotent zones I–XI characterized
by HPTLC–HRMS in Figures 3 and 4.
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Table 1. Summary on the effect-directed profiling of the 17 fortified (ipowder®) plant extracts (ID 1–4 and 6–18, Table S1)
and the nonfortified extract (ID 5, Table S1), showing weak (+), moderate (++), high (+++), very high (++++) and no activity
(-) in the respective assay.

Assay A. fischeri α-Glucosidase β-Glucosidase AChE Tyrosinase β-Glucuronidase

ID Plant Amount applied (μg/band): 200 400 300

1 Green tea +++ ++++ +++ +++ ++ +++

2 Lemon balm ++ ++ +++ ++ ++ +++

3 Rosemary ++++ +++ +++ ++ ++ ++++

4 Eleutherococcus ++++ + - + - ++

5 Green tea ++ ++ ++ ++ ++ ++

6 Yerba mate + ++ +++ ++ ++ +++

7 Red vine ++ + - - + ++

8 Valerian ++ + - + + +

9 Meadowsweet ++ ++ ++ ++ + +++

10 Echinacea +++ + + + - -

11 Blackcurrant ++ + + - - +

12 Black radish - - - - + -

13 Horse tail - - - - - +

14 Hops ++++ ++++ ++ - - ++

15
Grape

pomace ++++ + + + + ++

16 Passiflora ++++ + + - + ++

17 Artichoke +++ ++ ++ + + ++

18 Eschscholzia ++++ + + ++ + +

 

Figure 3. HPTLC chromatograms of eight selected fortified plant extracts (same chromatographic conditions as in Figure 1)
with the multipotent zones I–XI marked at UV 254 nm (A) and FLD 366 nm (B) before and after the HPTLC–HRMS
recording (with elution head imprint).

42



Molecules 2021, 26, 1468

 

Figure 4. HPTLC–HESI–HRMS full scan spectra of the eleven multipotent zones I–XI in the fortified plant extracts (same
chromatographic conditions as in Figure 1).

2.2.2. Enzyme Inhibiting Activity

In the five different enzyme inhibition assay autograms (Figure 2B–F), enzyme in-
hibitors appeared as colorless (white or yellowish) zones on a violet, grey or blue back-
ground. A pronounced enzyme inhibition was observed for the majority of the 18 tested
plant extracts. For the same plant extract, the brightest inhibitory zones were often detected
in several enzyme assays, and thus found to be multipotent. In contrast, red vine (7), black
radish (12) and horse tail (13) were three plant examples with comparatively very weak
enzyme inhibition profiles across all five enzyme assays performed. The comparison of
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the fortified green tea extract (1) versus nonfortified extract (5) confirmed that the same
enzyme inhibiting zones were present. However, in each case, a stronger effect was evident
for the fortified extract across all five inhibition assays. This shows the potential of this
bioanalytical profiling for quantitative studies [7]. This stronger effect of the fortified
extract observed in this profiling was also consistent with target analysis in that a higher
concentration of chemical markers was found in the fortified extracts [5].

In the α-glucosidase inhibition autograms, the bright zones indicated α-glucosidase
inhibitors, and thus potential antihyperglycemic components in the 18 tested plant extracts
(200 μg each; Figure 2B; Table 1, respective UV/FLD images in Figure S2). Inhibiting
compound zones were detected for all plants but black radish (12) and horse tail (13).
Interestingly, most of the plant ingredients with anti-α-glucosidase activity were also able
to inhibit β-glucosidase (200 μg/band; Figure 2C). The horizontal pattern recognition
(along the so-called substance windows in HPTLC) showed that several intense inhibi-
tion zones observed in the α-glucosidase assay were also detected in the β-glucosidase
assay, indicating the same main inhibitors. However, a different pattern or less intense
β-glucosidase inhibitory zones were detected for example for rosemary (3) and hops (14)
in the MP 2 autograms (Figure 2C versus Figure 2B). Depending on the plant, the selective
α- or β-glucosidase inhibitions by compounds were similar, but also different. Many
studies have been conducted on the anti-α-glucosidase activity of plant extracts and their
compounds, while comparatively less literature is available on the also important anti-β-
glucosidase effects [35,36]. In the two glucosidase autograms, the green tea profiles (ID 1

and 5) showed two very intense (more brownish) active zones. These were identical to the
two previously discussed antibacterial zones at hRF 80 and 89 (zone V, MP 1) and hRF 5
and 11 (zone V, MP 2). Studies have shown that green tea contains potent α-glucosidase
inhibitors [37–39]. To the best of our knowledge, there is no data showing an effect of green
tea on β-glucosidase in the literature but the present study. Meanwhile, this effect was
studied and assigned to the catechins in green tea [6]. Zones at a similar hRF value were
identified in both glucosidase assays for meadowsweet (9) which has known effects on
α-glucosidase [40], but none on β-glucosidase. Hence, the anti-β-glucosidase activity of
meadowsweet is evident for the first time. An intense inhibiting compound zone at hRF
90 (zone VI) was observed for lemon balm (2) and rosemary (3) in both MP 1 autograms.
The same intense zone was evident at hRF 11 (zone VI) in both MP 2 autograms. Two
further less intense zones were observed at hRF 62 and 67 (MP 1) for lemon balm, and much
weaker in the response for rosemary. However, in both MP 2 autograms of rosemary, two
further intense α-glucosidase and comparatively weaker β-glucosidase inhibitors were
revealed at hRF 73 (zone IX) and 83 (zone X); both eluted with the solvent front in the MP 1
system. The inhibitory effects of lemon balm and rosemary on α-glucosidase have been
previously observed [12,41], whereas to the best of our knowledge, their anti-β-glucosidase
activity is reported here for the first time. The profiles of yerba mate (6) and artichoke (17)
each show an inhibitory zone at hRF 45 (zone I, MP 1) in both glucosidase assays. Two
further inhibiting zones were revealed at hRF 71 (zone II) and 85 (zone IV) for yerba mate
(6), and at hRF 82 (zone III) and 92 (zone VII) for artichoke (17) in both MP 1 autograms.
While the α-glucosidase inhibitory activity of yerba mate and artichoke has been previ-
ously shown [42–44], their β-glucosidase inhibition has not been reported so far. Hops
(14) showed the strongest α-glucosidase inhibition profile across the tested 17 fortified
extracts in the MP 2 autogram, and thus, hops were found to be a comparatively strong
α-glucosidase inhibitor. A previous study has demonstrated the α-glucosidase inhibitory
activity of hops [45]. The comparatively weaker β-glucosidase inhibition has not been
reported so far.

AChE inhibitory zones in the applied extracts (200 μg/band; Figure 2D; Table 1) were
especially observed for green tea (1 and 5), lemon balm (2), rosemary (3), yerba mate (6),
meadowsweet (9), and Eschscholzia (18). Meanwhile, the AChE inhibitory effect was studied
and assigned to the catechins in green tea [6]. For Eschscholzia, three active zones, at hRF 52,
71 and 84, were evident in the MP 1 autogram and three further, at hRF 10, 26 and 90, in the
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MP 2 autogram. In Eschscholzia, the AChE inhibiting activity was strongest among the five
enzyme assays examined. Further weaker AChE inhibiting zones were detected for valerian
(8), Echinacea (10), grape pomace (15) and artichoke (17). Green tea [46], lemon balm [47],
rosemary [48], yerba mate [49], meadowsweet [50], artichoke [44] and grape pomace [51]
were reported to inhibit AChE, which confirms our profiling results. For Eschscholzia, no
prominent AChE inhibition was observed for 14 isolated alkaloids [52]; however, using
a simple methanol extraction of the plant-fortified extract in our study, an intense AChE
inhibiting zone at hRF 84 (MP 1) and five weaker zones (MP 1/2) were observed.

For twice the sample amount applied (400 μg/band; Figure 2E; Table 1), the tyrosinase
inhibitory activity was considered to be comparatively lower, if compared to the previous
assays. Distinct tyrosinase inhibition zones were detected for green tea (1 and 5), lemon
balm (2), rosemary (3), yerba mate (6), meadowsweet (9), grape pomace (15) and artichoke
(17). Antityrosinase activity was reported for green tea [53], lemon balm [54], rosemary
essential oil [55], meadowsweet [50] and grape pomace [56]. No proof of the tyrosinase
inhibition was found in the literature for yerba mate, artichoke and Eschscholzia. In this
profiling study on fortified extracts, tyrosinase inhibitors were detected for the first time.
For comparatively weak responses (e.g., for Eschscholzia), higher sample amounts should be
applied in future studies. Minor compounds could be better detected when higher sample
amounts were applied on the plate, but the autogram was then overloaded for the most
active samples.

For the 1.5-fold extract amount applied (300 μg/band; Figure 2F; Table 1), the β-
glucuronidase was inhibited by almost all fortified plant extracts, as evident especially
in the stronger eluting MP 1 autogram. The β-glucuronidase inhibition was compara-
tively more pronounced (the profile was already overloaded by the strong signals) for
rosemary (3), a bit less intense for lemon balm (2) and then green tea (1), yerba mate (6)
and meadowsweet (9). The inhibitory activity was more moderate for the other plants,
but for Echinacea (10), black radish (12) and horse tail (13) an effect was not or hardly
observed. In rats, the administration of green tea extract reduced the activity of bacterial β-
glucuronidase [57], which confirms our profiling result. Blackcurrant (11) was also shown
to inhibit this enzyme [58], which also showed a moderate β-glucuronidase inhibition in
our study. For the other plants tested, a β-glucuronidase inhibition has not been reported
so far. It is first recognized and illustrated by this effect-directed profiling.

2.3. Characterization of Active Zones I–XI by HPTLC–HESI–HRMS

Eleven prominent multipotent compound zones detected in the different assays (I–XI,
numbered from polar to apolar) were further characterized by HPTLC–HESI–HRMS.
Therefore, six plant extract samples were applied twice (two sets) on the same plate. After
plate cut, one plate part was subjected to the bioassay. On the other plate part (Figure 3), the
eleven zones were marked according to their bioautogram responses. The high-resolution
mass spectra of these zones were recorded and evaluated (Figure 4).

The exact mass signals found were assigned to molecular formulas and tentative candi-
dates in agreement with the literature data (Table 2). In green tea (1) and meadowsweet (9),
the zone V at hRF 89 (MP 1) and 11 (MP 2) was a coelution of catechins, whereby the most
pronounced mass signal (base peak) was obtained at m/z 289.0720 [M − H]−, tentatively
assigned as (epi)catechin (C15H14O6). In the MP 1 system, the different catechins in green
tea also coeluted in two zones—the zone V and the active zone below (hRF 80). Catechins
in green tea and meadowsweet were therefore in part responsible for the activities of
both plants. The antibacterial activity of green tea is ascribed in particular to galloylated
catechins such as (−)-epicatechin gallate and (−)-epigallocatechin gallate [6,22,23].
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Table 2. HPTLC–HESI–HRMS analysis of the multipotent zones I–XI and their tentative assignment, confirmed by literature
data and effect-directed profiling via the (a) A. fischeri, (b) α-glucosidase, (c) β-glucosidase, (d) AChE, (e) tyrosinase and (f)
β-glucuronidase assays (active +; not active −).

ID
Plant

Extract
Band Mass Signal, m/z Molecular

Formula

Mass
Error

Δ ppm

Tentative
Assignment

Compound Activity Found in
Assay Literature

a b c d e f

1 + 5 Green tea V 289.07199 [M − H]− C15H14O6 2.65 (epi)catechin + + + + + + [22,23,53,59–62]

VIII 169.01419 [M − H]− C7H6O5 0.54 gallic acid - + + + + + [63–66]

2 Lemon balm VI 359.07754 [M − H]− C18H16O8 2.36 rosmarinic acid + + + + + + [12,40,41,67–73]

383.07388 [M + Na]+

405.05585 [M + 2Na − H]+

381.05942 [M + Na − 2H]−

3 Rosemary VI 359.07754 [M − H]− C18H16O8 rosmarinic acid + + + + + + [12,40,41,67–73]

381.05942 [M − 2H + Na]−

IX 329.17612 [M − H]− C20H26O4 0.81 carnosol + + + + + + [71,74–77]

345.17087 [M + O − H]−

359.18661 [M + O + CH2 − H]−

455.35339 coeluted

X 455.35339 [M − H]− C30H48O3 0.70 oleanolic/ursolic
acid + + + + + + [75,78–84]

6 Yerba mate I 353.08807 [M − H]− C16H18O9 0.81 chlorogenic acid + + + + + + [85–91]

375.06992 [M − 2H + Na]−

II 217.06967 [M + Na]+ C8H10O2N4 0.48 caffeine + + + + + + [92,93]

411.15007 [2M + Na]+

IV 257.05630 [M − 2H]2− C25H24O12

353.08801 [M − C9H6O3 − H]− C16H18O9
fragment:

chlorogenic acid

515.11999 [M − H]− C25H24O12 1.11 dicaffeoylquinic
acid + + + + + + [94–98]

537.10193 [M + Na − 2H]−

9 Meadowsweet V 289.07199 [M − H]− C16H9O2N4 1.97

C15H14O6 2.65 (epi)catechin + + + + + + [22,23,53,59–62]

VIII 169.01425 [M − H]− C7H6O5 gallic acid - + + + + + [63–66]

17 Artichoke I 353.08807 [M − H]− C16H18O9 0.81 chlorogenic acid + + + + + + [85–91]

III 307.06430 [M − 2H]2-

615.13568 [M − H]−

305.13589 [M + Na]+ C15H22O5 2.11 cynaratriol + + + + + +

VII 369.13070 [M + H]+ C17H20O9 34 * 3-O-feruloyl
quinic acid + + + - + +

18 Eschscholzia XI
279.23296
277.21747

[M − H]−
[M − H]−

C18H32O2
C18H30O2

1.99 linoleic acid and
linolenic acid ** + + + + + + [99,100]

* Unsure assignment due to high mass error; ** or fragment of m/z 342.17 or 356.18, both [M + H]+.

The reported antibacterial activity of meadowsweet has not been attributed to a struc-
tural class or particular molecule [28,101,102]. Of note is the fact that meadowsweet flowers,
the plant part used to make the fortified extract, were shown to contain catechins [40],
which confirms our assignment.

For zone VIII at hRF 100 (MP 1) and 24 (MP 2) in green tea (1) and meadowsweet (9),
the base peak at m/z 169.0142 [M − H]− was assigned to gallic acid (C7H6O5). Opposite to
zone V (catechins), the gallic acid zone VIII showed no antibacterial effect against Gram–
negative bacteria. However, both zones (V, catechins and VIII, gallic acid) were identified
as potent inhibitors of α-glucosidase, β-glucosidase, AChE and tyrosinase. The respective
β-glucuronidase inhibition was comparatively low for zone V. A more brownish instead
of bright inhibition zone was revealed for the catechins (zone V and zone below). This was
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caused by the substrate for high catechin amounts, which was proven in detail in another
study and then substituted by another substrate [6]. Our results were confirmed by reports
on catechins and derivatives to be responsible for the inhibition of α-glucosidase [59] and
β-glucosidase [60]. Gallic acid was reported as inhibitor of α-glucosidase [63,64]. The
β-glucosidase inhibition was, to the best of our knowledge, first reported here. Catechins
and gallic acid were reported to be AChE and tyrosinase inhibitors [53,61,65,66]. The
β-glucuronidase inhibition was reported for catechins [62]. Gallic acid has no reported
effect on this enzyme, which complies with our result. For zone VI at hRF 90 (MP 1) and 11
(MP 2) in lemon balm (2) and rosemary (3), the base peak at m/z 359.0775 [M − H]− was
assigned to rosmarinic acid (C18H16O8), which was reported as a marker compound in
both plants [103]. The rosmarinic acid zone VI was clearly detected in all six assays.

Zone IX at hRF 100 (MP 1) and 73 (MP 2) in rosemary (3) showed a mass signal at
m/z 329.1761 [M − H]− and as base peak its oxidized form at m/z 345.1709 [M + O − H]−.
These mass signals were assigned to carnosol (C20H26O4). The zone X at hRF 100 (MP 1)
and 83 (MP 2) showed a base peak at m/z 455.3534 [M − H]− and was assigned to oleano-
lic/ursolic acid (C30H48O3). The carnosol zone IX and oleanolic/ursolic acid zone X were
very intense in the antibacterial bioassay as well as α-glucosidase and β-glucuronidase
inhibition assays, whereas both were much less intense inhibitors in the other assays.
Rosmarinic, oleanolic and ursolic acids as well as carnosol have been identified as an-
tibacterial agents [67–71,74,75,78,104], which confirms our results. The inhibitory effects
of rosmarinic acid (pure and from rosemary and lemon balm) have been observed on
α-glucosidase [12,40,41], which is also in agreement with the intense inhibition observed
in our study. Oleanolic/ursolic acid are known α-glucosidase inhibitors [79,80], but in
our study, the effect of rosemary is directly related to the presence of these compounds
for the first time. In line with our results, carnosol from rosemary was identified as an α-
glucosidase inhibitor; its oral administration significantly reduced the postprandial blood
glucose levels of normal mice [76]. Rosmarinic, oleanolic and ursolic acids are also known
inhibitors of AChE [72,81,82,104] and tyrosinase [73,83,84,104], which was confirmed by
our results. Their ability to inhibit β-glucosidase and β-glucuronidase was not known so
far. The direct effect of carnosol on AChE had not been shown so far, whereas its effect on
tyrosinase has been reported [77].

Zones I, II and IV (hRF 45, 71 and 85 in MP 1, respectively; all hRF 0 in MP 2)
observed in yerba mate (6) were assigned to chlorogenic acid (C16H18O9, base peak at
m/z 353.0881 [M − H]−), caffeine (C8H10N4O2, base peak at m/z 217.0697 [M + Na]+) and
dicaffeoylquinic acid (C25H24O12, base peak at m/z 257.0563 [M − 2H]2−), respectively.
The chlorogenic acid zone I was also observed in artichoke (17), in addition to zone III

(hRF 83 in MP 1 and hRF 0 in MP 2) assigned to cynaratriol (C15H22O5, base peak at m/z
305.1359 [M + Na]+) and zone VII (hRF 92 in MP 1 and hRF 24 in MP 2) assigned as
3-O-feruloyl quinic acid (C17H20O9, base peak at m/z 369.1307 [M + H]+). These zones
were detected in all five enzyme assays, except for the lack of AChE inhibition of 3-O-
feruloyl quinic acid (zone VII). In previous studies, chlorogenic acid showed antibacterial
activity against Gram–negative bacteria [85] and caffeoylquinic acids were in the top 10
identified antibacterial compounds of yerba mate [94], whereas the antibacterial effect of
caffeine is first reported here. The previously reported antibacterial effects of artichoke were
ascribed to phenolic compounds without further specification [27,105]. Chlorogenic and 3-
O-feruloyl quinic acids are phenolic compounds, but not cynaratriol, a known sesquiterpene
of artichoke, whose antibacterial activity has not yet been reported. Chlorogenic acid and
dicaffeoylquinic acid have known anti-α-glucosidase [86,87,95], anti-AChE [88,89,96] and
antityrosinase [90,97] activities. No information about a potential effect of caffeine on
α-glucosidase, which seems to be new information, was found in the literature. The
reported inhibition of AChE [92] and tyrosinase [93] by caffeine was confirmed by our
results. The β-glucosidase inhibiting activity for these compounds and the cynaratriol and
3-O-feruloyl quinic acid inhibitory effects on the different enzymes are described for the
first time. With regard to the β-glucuronidase inhibitory activity, only chlorogenic acid [91]
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and caffeoylquinic acid [98] have been reported to have an inhibitory effect on this enzyme
so far.

Zone XI in Eschscholzia (18) was assigned to coeluting fatty acids, i.e., linoleic acid
(C18H32O2, base peak at m/z 279.2330 [M − H]−) and linolenic acid (C18H30O2, base peak
at m/z 277.2175 [M − H]−). This linoleic/linolenic acid zone was active in the tested assays,
which is in accordance with a recent study [7]. Our results were confirmed by the reported
antibacterial [99] and α-glucosidase inhibiting effects [100] of linoleic and linolenic acids.

2.4. Outlook

It is worth mentioning that the developed effect-directed profiling can also be used for
quantitative studies based on the enzymatic or biological response or for the calculation
of IC50 and MIC values, as recently shown in other studies [106–109]. Planar assays have
proven to be just as reliable as current microtiter plate assays, but additionally offer all
the advantages of separating a complex sample [110,111]. HPTLC-EDA workflows are
highly efficient in time and costs (by a factor of 7 less costs [111]), robust with regard to
matrix (minimalistic sample preparation) and reveal new options, such as the simultaneous
detection and differentiation of agonistic and antagonistic effects of individual compounds
in a mixture [112].

3. Materials and Methods

3.1. Chemicals and Reagents

Fast Blue B salt (95%) was purchased from MP Biomedicals, Eschwege, Germany.
We obtained 5-Bromo-4-chloro-3-indolyl β-D-glucuronide sodium salt (X-Gluc, ≥98%)
from Carbosynth, Compton–Berkshire, UK. α-Glucosidase (from Saccharomyces cerevisiae,
1000 U/vial), acarbose (for pharm.), tyrosinase (from mushroom, ≥1000 U/mg, 25 kU/vial),
β-glucuronidase (from Escherichia coli, 5000 U/vial), imidazole (≥99.5%), acetylcholinesterase
(AChE, from Electrophorus electricus, ≥245 U/mg solid, 10 kU/vial), 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS, ≥98%), di-ammoniumhydrogen phos-
phate (99%), pepton from casein (tryptone, for microbio.), cyclohexane (HPLC grade),
sodium acetate, monopotassium phosphate, magnesium sulfate heptahydrate and sodium
chloride (all p. a. quality and waterfree) were obtained from Fluka or Sigma–Aldrich, Stein-
heim, Germany. Aliivibrio fischeri bacteria (no. 7151) were from the German Collection of Mi-
croorganisms and Cell Cultures, Düsseldorf, Germany. 2-Naphthyl-α-D-glucopyranoside
(95%) was delivered by Fluorochem, Hadfield Derbyshire, UK. Bovine serum albumin
(BSA, fraction V, ≥98%), acetic acid (Ph. Eur.), dipotassium hydrogen phosphate (waterfree,
≥99%), sodium dihydrogen phosphate monohydrate (≥98%), glycerol (86%), potassium
dihydrogen phosphate (99%), sodium hydroxide (≥98%), disodium hydrogen phosphate
(≥99%), polyethylenglycol (PEG) 8000, koji acid (>98%), acetic acid (Ph. Eur.), hydrochloric
acid (HCl, 37%, purest), tris(hydroxymethyl)aminomethane (Tris, ≥99.9%) were purchased
from Carl Roth, Karlsruhe, Germany. Methanol, ethanol and cyclohexane (all HPLC grade)
as well as formic acid (99%, LC–MS) were obtained from vwr, Darmstadt, Germany. Toluene
(HPLC grade) was from Promochem, LGC Standards, Wesel, Germany. HPTLC plates
silica gel 60 F254 MS grade (20 cm × 10 cm, Lot HX69361434) and citric acid monohydrate
were obtained from Merck, Darmstadt, Germany. 2-Naphthyl-β-D-glucopyranoside (95%)
and β-glucosidase (from almonds, 3040 U/mg) was purchased from ABCR, Karlsruhe,
Germany. 1-Naphthyl acetate (≥98%) was delivered by AppliChem, Darmstadt, Germany.
D-Saccharolactone (≥98%) and (2S)-2-amino-3-(3,4-dihydroxyphenyl)propanoic acid (L-
DOPA, 96%) was from Santa Cruz Biotechnology, Santa Cruz, CA. Ethyl acetate (≥99.8%)
and yeast extract powder (Chemsolute, for microbiol.) were purchased from Th. Geyer,
Renningen, Germany. Bidistilled water was prepared using the Destamat Bi 18 E system of
Heraeus, Hanau, Germany. For incubation, a polypropylene box (27 cm × 16 cm × 10 cm,
KIS, ABM, Wolframs–Eschenbach, Germany) was covered by wetted filter papers at the
bottom and sides.
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3.2. Production of Fortified Plant Powders

The harvest of each plant was performed at an optimal period as specified in Table
S1. From the respective field, each plant was collected and either frozen (grape pomace)
or dried within 12 h (roots were washed before treatment to remove soil). Thereby, each
plant material was specified (Table S1) and agricultural treatments were documented (data
not shown). Dried plants were bagged into paper or mesh bags, frozen grape pomace was
stored in plastic containers. Each extract was produced on an industrial scale (0.6–2.4 t
per batch), depending on the plant material (PiLeJe Industrie, Saint–Bonnet de Rochefort,
France). The same patented ipowder® process, in which a plant extract was added to the
same ground plant material [8], was applied to each plant. However, temperature and
duration of the extraction varied depending on the plant material (Table S1). Briefly, a
finely crushed dry plant material was extracted using water, except for the frozen grape
pomace, which was extracted using ethanol–water (3:7, v/v; for stability of the extract).
The ratio of plant to first native extract was 4–7 to 1 depending on the plant material. Each
plant extract was filtered, concentrated and spray-dried over a new batch of the same
ground plant material. For the resulting fortified ipowder® plant extracts, the final ratio of
dry plant to final extract was 2–5 to 1, depending on the plant material (listed in detail in
Table S1). For evaluation of the fortification success, the green tea raw material was also
investigated and compared with the respective ipowder® extract (Table S1, green tea leaf
powder ID 5 used to make the fortified extract ID 1). More than 95% of the plant powder
particles were less than 500 μm in size. The powders are stable for 5 years when stored at
room temperature in a dry and dark place.

3.3. Extraction of the Plant Powders

Each fortified plant powder (1 g each) and the green tea leaf powder were suspended
in 10 mL methanol, extracted by ultrasonication for 30 min and centrifuged at 3000× g
for 15 min. Each supernatant, of which an aliquot was transferred to a sampler vial for
analysis, was stored in the dark at −18 ◦C (stable for 2 years). Note that the analytical
extract of green tea leaf powder (the raw material ID 5 used to make the fortified extract ID
1, Table S1) is referred to as nonfortified extract in the text.

3.4. HPTLC–UV/Vis/FLD Method

All methanolic extracts (2 μL/band each, except 3 μL/band for the β-glucuronidase
assay and 4 μL/band for the tyrosinase assay) were applied as 8-mm band on the HPTLC
plate (distance to lower edge 8 mm, distance to side edge at least 15 mm, dosage speed
of 150 nL/s, Automatic TLC Sampler ATS 4, CAMAG, Muttenz, Switzerland). In a twin
trough chamber or Automated Development Chamber (ADC 2, CAMAG), the plate was
developed using one of the two solvent mixtures (10 mL each) up to a migration distance of
70 mm (measured from the lower plate edge, taking ca. 35 min). Either a more polar solvent
mixture MP 1 consisting of ethyl acetate–toluene–formic acid–water 16:4:3:2 (v/v/v/v), or
a more apolar solvent mixture MP 2 consisting of cyclohexane–ethyl acetate–formic acid
6:3.8:0.2 (v/v/v) was used. The chromatogram was dried in the ADC 2 for 20 min (MP 2)
or 30 min (MP 1). Documentation was performed at white light illumination (Vis), UV
254 nm and FLD 366 nm (TLC Visualizer, CAMAG).

3.5. Neutralization of Acidic Traces

The formic acid traces which remained on the chromatogram were neutralized. Briefly,
0.75 mL phosphate buffer solution (8 g disodium hydrogen phosphate in 60 mL water,
adjusted to pH 7.5–7.8 with 0.1 M citric acid, ad 100 mL) was piezoelectrically sprayed
(yellow nozzle, level 6, hood and tray for 20 cm × 10 cm plates, Derivatizer, CAMAG)
according to a recently optimized workflow [104]. The plate was dried in a stream of cold
air (2 min by hair dryer, then 15 min by ADC 2).
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3.6. Effect-Directed Profiling

Six chromatograms were prepared in parallel. For each assay, respective positive
controls were applied above the solvent front at the upper plate edge of the neutralized,
dried chromatogram [6]. For example, three bands of an aqueous saccharolactone solution
(100, 150 and 200 ng/band) were applied for the β-glucuronidase assay. Each plate was
subjected to the respective assay solutions or suspensions by piezoelectric spraying (placed
on a filter paper sheet, if not stated otherwise, yellow nozzle, level 6, Derivatizer, CAMAG).
After the first spraying, the bottom side of the nozzle was manually dried with a lint-free
tissue to avoid a dropping on the plate during the second spraying. For incubation (at 37 ◦C,
if not stated otherwise), each plate was placed horizontally in a humid poly-propylene box
(premoistened for 30 min at room temperature with 35 mL water spread on filter papers
aligned on walls and bottom). Drying was performed in a stream of cold air (hair dryer).
If not stated otherwise, documentation was performed at white light illumination in the
reflectance mode (TLC Visualizer, CAMAG). Aliquoted enzyme and L-DOPA substrate
solutions were stored at −18 ◦C, whereas other solutions were stored in the dark at 4 ◦C;
all were stable for several months.

3.6.1. HPTLC–A. fischeri Bioassay

The HPTLC–A. fischeri culture was prepared according to DIN EN ISO 11348–1, 2009.
After a day, the progress of the bacterial growth (increasing bioluminescence) was visually
controlled by shaking the culture flask in a dark room. When the emitted green-blue
light was brilliant, the A. fischeri suspension (3.5 mL) was piezoelectrically sprayed on the
chromatogram. Thereby, the vapor settling down phase was interrupted to take out the
plate (hood was closed again to suck out the rest of the vapor into the trap), which was
placed wet into the BioLuminizer cabinet CAMAG). The bioautogram was documented
over 30 min (exposure time 1.0 min, trigger interval 3.0 min). Dark or bright zones indicated
bioactive compounds acting against Gram–negative bacteria [11].

3.6.2. HPTLC–α-Glucosidase Inhibition Assay

The chromatogram was piezoelectrically sprayed with 1 mL substrate solution (12 mg
2-naphthyl-α-D-glucopyranoside in 9 mL ethanol and 1 mL 0.01 M sodium chloride solu-
tion) and dried (1 min). Then, it was sprayed with 0.5 mL sodium acetate buffer (10.3 g
of sodium acetate in 250 mL water, adjusted to pH 7.5 with 0.1-M acetic acid) used for
prewetting, and 1 mL α-glucosidase solution (10 U/mL sodium acetate buffer, pH 7.5).
After incubation (15 min), the plate was sprayed with 0.4 mL aqueous Fast Blue B salt
solution (2 mg/mL) used as chromogenic reagent and dried (3 min).

3.6.3. HPTLC–β-Glucosidase Inhibition Assay

The workflow was performed analogously to the HPTLC–α-glucosidase assay, except
for using β-glucosidase (1000 U/mL), 2-naphthyl-β-D-glucopyranoside and an incubation
of 30 min.

3.6.4. HPTLC–AChE Inhibition Assay

The chromatogram was piezoelectrically sprayed (green nozzle) with 0.5 mL Tris-
HCl buffer solution (pH 7.8, 0.05 M) used for prewetting and then 1.5 mL AChE solution
(6.66 U/mL). After incubation (25 min), the plate was sprayed with 0.5 mL of the 1:1
substrate/chromogenic reagent mixture (ethanolic 1-naphthyl acetate solution and aqueous
Fast Blue B salt solution, 3 mg/mL each) and dried (3 min).

3.6.5. HPTLC–Tyrosinase Inhibition Assay

The chromatogram was piezoelectrically sprayed (blue nozzle) with 1 mL L-DOPA
substrate solution (L-DOPA 4.5 mg/mL, CHAPS 2.5 mg/mL and PEG 8000 7.5 mg/mL
dissolved in 20 mM phosphate buffer of 0.7 g dipotassium phosphate and 0.84 g disodium
phosphate in 0.5 L deionized water, adjusted to pH 6.8 by appropriate salt addition) and
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dried (1 min). Then, it was sprayed with 1 mL tyrosinase solution (400 U/mL phosphate
buffer 20 mM, pH 6.8), incubated at room temperature (20 min) and dried (3 min).

3.6.6. HPTLC–β-Glucuronidase Inhibition Assay

The chromatogram was piezoelectrically sprayed with 0.25 mL phosphate buffer (pH
7.0) used for prewetting, and immediately with 1.5 mL β-glucuronidase solution (25 U/mL
phosphate buffer plus 0.25 g BSA). After incubation (15 min), the chromatogram was
sprayed with 0.5 mL X-Gluc substrate solution (2 mg/mL in water, red nozzle), incubated
(1 h) and dried (50 ◦C, heating plate, 10 min).

3.7. HPTLC–HRMS Analysis

All methanolic extracts (2 μL or 200 μg/band each) were applied twice as two sets
on the same HPTLC plate. The plate was cut (smartCut Plate Cutter, CAMAG) after
development, and one sample set was subjected to the bioassay to match/mark (soft pencil)
the coordinates of active zones on the other plate part inspected at UV 254 nm and FLD
366 nm. Each marked zone was tightly fixed by the oval elution head (4 mm × 2 mm, 320 N)
and online eluted for 30 s with methanol at 100 μL/min via the Plate Express (Advion,
Ithaca, NY, USA) or TLC–MS Interface 2 (CAMAG) into the Q Exactive Plus Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Dreieich, Germany).
All full scan HPTLC–HRMS spectra (m/z 100–1000) were recorded in the positive and
negative heated electrospray ionization (HESI) mode. Sodium diisooctyl phthalate at m/z
413.26623 was used as lock mass. The HRMS parameters were set as follows: spray voltage
3.5 kV, capillary temperature 270 ◦C and resolution 280,000. Data processing was done
with Xcalibur 3.0.63 software (Thermo Fisher Scientific). In between each zone elution, a
clean back piece of an aluminum plate was eluted to reduce cross contamination (rinse
the outline tube of the interface to HRMS). Several representative plate backgrounds were
recorded at a similar hRF position as the zones of interest. A respective plate background
was subtracted from the analyte mass spectrum to reduce the system signals.

4. Conclusions

The developed effect-directed profiling was found to be a generic procedure, as it
worked successfully for the assessment of 17 different fortified plant extracts. It pointed
directly to important multipotent candidates in the multicomponent mixtures. The initial
hypotheses were confirmed. The 17 fortified extracts showed characteristic effects in the six
selected assays, new information was obtained by the effect-directed profiles and the bioana-
lytical hyphenation complemented the toolbox. Multipotent compounds with antibacterial,
α-glucosidase, β-glucosidase, AChE, tyrosinase and/or β-glucuronidase-inhibiting effects
were detected in most extracts, and characterized further by HPTLC–HESI–HRMS. New
activities were observed and first assigned here, such as the antibacterial and enzymatic
activities of Eleutherococcus and diverse activities of cynaratriol and caffeine. Hence, the
profiling not only confirmed what was expected (considered as proof), but also revealed
new activities. As the same amounts of all 17 different fortified plant extracts were applied,
their comparative evaluation with regard to the effect was a great advantage. An image
is worth a thousand words. The top candidates among the plants with activity against
Gram–negative bacteria were Eleutherococcus, grape pomace, passiflora, Eschscholzia, rose-
mary and hops. Hops and rosemary especially were the top candidates for α-glucosidase
inhibition. The catechins in green tea turned out to be multitalented with regard to their
intense activities in all six assays. Each of the six effects was higher in the fortified green tea
sample when compared to the nonfortified one, which exemplarily confirmed the fortifica-
tion process. Given the global production chain of plant extracts, nontarget effect-directed
profiling is highly attractive for routine use. It added effect information to the present
chemical marker-oriented information, and thus provided comprehensive information on
the quality and safety of the plant extracts.
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Supplementary Materials: The following are available online: Table S1: Data on the raw material
and production process of the investigated plant extracts; Figure S1: HPTLC–UV/Vis chromatograms
used for the A. fischeri bioassay (bioautogram in Figure 2A); Figure S2: HPTLC–UV/FLD chro-
matograms used for the α-glucosidase inhibition assay (autogram in Figure 2B); Figure S3: Stability
check after two years, exemplarily shown for rosemary (ID 3) via HPTLC–FLD chromatograms and
HPTLC–Vis tyrosinase inhibition autograms.
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Abstract: Plum brandy (Slivovitz (en); Šljivovica(sr)) is an alcoholic beverage that is increasingly
consumed all over the world. Its quality assessment has become of great importance. In our
study, the main volatiles and aroma compounds of 108 non-aged plum brandies originating from
three plum cultivars, and fermented using different conditions, were investigated. The chemical
profiles obtained after two-step GC-FID-MS analysis were subjected to multivariate data analysis to
reveal the peculiarity in different cultivars and fermentation process. Correlation of plum brandy
chemical composition with its sensory characteristics obtained by expert commission was also
performed. The utilization of PCA and OPLS-DA multivariate analysis methods on GC-FID-MS,
enabled discrimination of brandy samples based on differences in plum varieties, pH of plum mash,
and addition of selected yeast or enzymes during fermentation. The correlation of brandy GC-FID-
MS profiles with their sensory properties was achieved by OPLS multivariate analysis. Proposed
workflow confirmed the potential of GC-FID-MS in combination with multivariate data analysis that
can be applied to assess the plum brandy quality.

Keywords: plum brandy; metabolomics; GC-FID-MS

1. Introduction

Plum brandy (Slivovitz (en); Šljivovica(sr)) is produced in Eastern and Central Europe,
and consumed worldwide. The quality of plum brandy depends on many factors, such as:
environmental characteristics of plum cultivation, characteristics of plum cultivars, and
technological characteristics of the production process [1]. Revenue in the brandy segment
was USD 63,620 million in 2020 worldwide, and the market is expected to exhibit a strong
6.9% compound annual growth rate over the forecast period from 2020 to 2023 [2]. Beside
ethanol, plum brandy contains a complex mixture of chemical compounds formed by plum
and yeast metabolism during the distillation process.

Domestic or European plum (Prunus domestica L.) is the most represented and tradi-
tionally the most important fruit species in Serbia. In the world production of plums, the
Republic of Serbia was ranked second in Europe in 2019 and third in the world, behind
China and Romania, with a production of 558,930 t [3]. The most popular plum cultivars in
Serbia are Požegača, Čačanska rodna, Stanley, Čačanska lepotica, Čačanska najbolja, and
Čačanska rana [4].

Plum fruits may be consumed fresh, dried, or prepared into preserves, compotes,
mousse, pulp, candied fruit, frozen fruit, jams, and jelly products [5]. The largest amount
of plum fruits produced in Serbia (more than 75%) is processed into brandy [6].

Serbia has a long tradition of manufacturing natural fruit brandies and plum spirits
called Rakija or Šljivovica are produced as a national drink.
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In the production of plum spirits with distinctive aromatic characteristics, old widespread
plum cultivars (such as plum cultivars Požegača (PZ)) have been traditionally used. Addi-
tionally, some previously rarely used and autochthonous cultivars have been used more
intensively as a raw material in the production of spirits. There are a number of old native
cultivars, such as Crvena ranka (CR) (P. domestica L.) and Trnovača (TR) (Prunus insititia L.),
which are suitable for high quality brandies. CR plum (also known as Darosavka, Šu-
madinka, Crvenjača, or Ranošljiva) is an autochthonous variety of Serbia [7].

Traditional fruit brandy production still mostly uses a simple distillation pot. In recent
years, column distillation has slowly entered the production of spirits in small distilleries
and two different types of distillation equipment are now commonly used in the production
of fruit spirits: the Charentais alembic pot (French style) and the batch distillation column
(German style) [8].

Apart from water and ethanol as the main constituents, brandy also contains a number
of other components, the concentration of which is mostly dependent upon the cultivar,
production still, and differences in microflora during fermentation. The quality of the
fruit spirits depends on the concentration and the relationship of the individual volatile
compounds. He et al. analyzed a traditional Chinese brandy using solid head microex-
traction and GC-MS. The obtained volatile profiles were then analyzed by OPLS-DA for
classification of the samples according to their aroma and region [9]. A number of studies
on the compositions of volatile compounds in both stone and pome fruit spirits, such as
plum brandy, apricot brandy, mirabelle brandy, and Cornelian cherry brandy have been
reported [9–16].

Volatile compounds are one of the main characteristics that determine a brandy’s
organoleptic quality and style. This is the result of the contribution of hundreds of volatile
compounds, including higher alcohols, esters, acids, aldehydes, ketones, terpenes, noriso-
prenoids, and volatile phenols. These compounds can be classified into four groups:
primary aromatic compounds (whose entire aroma appears exactly as in the fruit during
ripening); secondary aromatic components (formed during alcoholic fermentation); tertiary
aromatic compounds (formed during the distillation process); and quaternary aromatic
compounds (formed during the maturation process) [11–16].

In most cases, the producers make fruit brandies in the traditional way without using
selected yeast strains, enzymes, or other agents. However, in order to obtain good quality
fruit brandy, many producers use selected yeast strains.

The work reported by Satora and Tuszyński [17] showed that the samples obtained
after spontaneous fermentation were distinguished by a high content of acetoin, ethyl
acetate, and total esters, accompanied by a low level of methanol and fusel alcohols. They
have also found that non-Saccharomyces yeasts were responsible for higher concentrations of
esters and methanol, while S. cerevisiae strains resulted in increased levels of higher alcohols.
In comparison with isolated indigenous strains of S. cerevisiae synthesized relatively low
amounts of higher alcohols in regard to commercial cultures [11].

The quality of plum brandy is a complex concept. In addition to its chemical composi-
tion, the utmost importance is attributed to its sensory characteristics as one of the most
important factors of quality. The results of sensory evaluations together with the results of
chemical analysis may be used to make a final judgement on the quality of plum brandy
only after their processing by adequate mathematical-statistical methods [18].

M. Jakubíková et al. used synchronous fluorescence, UV−Vis, and near infrared (NIR)
spectroscopy coupled with chemometric methods to discriminate samples of high-quality
plum brandies of different varietal origins (Prunus domestica L.) [19]. Bajer et al. anal-
ysed volatile compounds profiles of various fruit spirits (plum, mirabelle, apricot, pear,
and apple spirits) by method of headspace solid-phase microextraction coupled to gas
chromatography with flame ionization detection (HS-SPME/GC-FID) and obtained chro-
matographic data used for authentication of fruit spirits [20]. Based on the results obtained
by HPLC–FLD analysis and using chemometric methods (principal component analysis
(PCA) and linear discriminant analysis LDA), Jakubíková et al. detected and quantified two
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volatile phenols (eugenol, 4-ethylphenol) and three anisoles (4-vinylanisole, 4-allylanisole,
4-propenylanisole) in plum brandies with different origins. Moreover, quantitative profiles
of the eugenol, 4-vinylanisole, and 4-ethylphenol showed high diversity between summer
and autumn plum brandy samples [21].

The chemical complexity and high alcohol content of fruit brandy make sensory
evaluation of the product very challenging. Moreover, sensory evaluation of brandy must
be strictly controlled to ensure valid results.

In our study, GC-FID-MS matabolomics was employed to discover fine differences
in non-aged plum brandies chemical composition establishing desirable and undesirable
metabolites that make differences between plum brandies of different quality. The main
volatiles and aroma compounds of 108 plum brandies originating from three plum cultivars,
and fermented using different conditions, were investigated. The chemical profiles obtained
after two-step GC-FID-MS analysis were subjected to multivariate data analysis to reveal
the peculiarity in different cultivars and fermentation process.

Finally, correlation of plum brandy chemical composition with its sensory characteris-
tics obtained by expert commission was performed.

2. Results and Discussion

2.1. GC-FID-MS Profiling of Plum Brandies

To follow the variability of plum brandies composition in regard to plum cultivars
and using different technological process prior fermentation, the qualitatively and quanti-
tatively measurements of all molecules present therein is needed. This approach is well
known in plant or human metabolomics studies, where GC-FID-MS in combination with
multivariate data analysis is the method of choice in case of volatile compounds [22]. In
case of plum brandies, it is an even more suitable method because both brandies and gas
chromatography share the same technology—the distillation process.

The 108 plum brandies were produced from three plum cultivars using different
fermentation conditions: two different pH adjustment of plum mash, addition of yeast
Lalvin QA23, addition of enzymes Lallzyme BETA™ and Lallzyme CUVÉE BLANC™.

In total, 89 compounds were identified and taken into account for aroma
metabolites profiling.

2.2. Multivariate Models Creation

All the 89 volatiles and aroma metabolites concentrations obtained from flame ion-
ization detector (FID) areas for 108 samples were subjected to multivariate data analysis.
Firstly, principal component analysis (PCA) as an unsupervised variable reduction tech-
nique to develop smaller number of novel variables that will account for most of the
variation in the observed variables was performed. It resulted in 13 principal components
(PCs) model explaining 83.1% of the total data variance. The optimal model dimensionality
is obtained after 7-fold internal cross-validation. If a new PC improved the predictive
power compared with preceding PC, the new PC is retained in the model. Based on PCA
score plot of the first two PCs (Figure 1a), three groups of samples were separated according
to the plum cultivars. Interestingly, the samples were also separated along PC5 due to
different pH value of plum mash prior the fermentation (Figure 1b).

Next, orthogonal partial least squares to latent structures-discriminant analysis (OPLS-
DA) was performed. In this supervised technique, novel variables will account for maxi-
mum separation between predefined classes. An additional advantage of the orthogonal
model is the facilitated interpretation due to separation of the systematic variation of the
variables into two parts: one linearly related to class information and one orthogonal to the
class information [23]. Thus, OPLS-DA is suitable for finding variables having the greatest
discriminatory power between classes. Two OPLS-DA models were created containing CG-
MS-FID data of brandies produced from different cultivars: CR versus PZ and TR versus
PZ. To investigate the influence of different technological process prior to fermentation,
more OPLS-DA was performed: pH value of plum mash (pH 3 versus pH 3.5), addition of
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yeast Lalvin QA23 versus natural occurring yeast, addition of enzyme Lallzyme BETA™
versus no addition of enzyme, and addition of enzyme Lallzyme CUVÉE BLANC™ versus
no addition of enzyme.

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Figure 1. (a) PCA score plot (PC1 versus PC2) of all studied samples. The scores are colored according to the cultivars:
CR—Crvena ranka, PZ—Požegača, TR—Trnovača; (b) PCA score plot (PC1 versus PC5) of all studied samples The scores
are colored according to the pH of plum mash; (c) OPLS-DA score plot comprising cultivars CR versus PZ; (d) OPLS-DA
score plot comprising cultivars TR versus PZ; (e) OPLS-DA score plot comprising different pH of plum mash, pH 3.0
versus pH 3.5; (f) OPLS-DA score plot comprising different yeast, natural versus Lalvin QA23™; (g) OPLS-DA score plot
comprising enzyme addition, no addition versus Lallzyme BETA™; (h) OPLS score plot comprising correlation of brandy
composition with its sensory properties. The scores are colored according to the grades of sensory evaluation.
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The quality of the obtained models was assessed by goodness of fit (R2) indicating how
well the variation of variables is explained using the predictive components and predictive
ability of the model (Q2) indicating how well the model predicts new data, as estimated
by cross validation. In the five OPLS-DA models concerning different cultivars, pH of
plum mash, yeast and Lallzyme BETA™ addition, R2 and Q2 values over 0.9 and close to 1
(maximum value) indicated remarkable goodness of fit, and predictivity (Table 1).

Table 1. Parameters of the multivariate analysis models.

Model No. Model Name
No. of

Samples
No. of

Components
R2 Q2 1 p (CV-ANOVA) F (CV-ANOVA)

M1 PCA 108 13 0.831 0.540 - -

M2
OPLS-DA
cultivars
CR/PZ 2

72 1 + 2 0.991 0.985 <1 × 10−6 710

M3
OPLS-DA
cultivars
TR/PZ

72 1 + 2 0.988 0.981 <1 × 10−6 567

M4 OPLS-DA pH
of plum mash 108 1 + 4 0.947 0.914 <1 × 10−6 103

M5
OPLS-DA natu-

ral/selected
yeast

108 1 + 4 0.966 0.943 <1 × 10−6 159

M6
OPLS-DA

with/without
Beta

72 1 + 8 0.983 0.907 <1 × 10−6 29

M7
OPLS-DA

with/without
Cuvee

72 1 + 0 0.228 -0.091 1 0

M8 OPLS sensory
evaluation 108 1 + 7 0.923 0.809 <1 × 10−6 24

1 Q2 values were determined by 7-fold internal cross-validation. Only the model related to Lallzyme CUVÉE BLANC™ addition with R2

around 0.2 and negative Q2 value cannot be considered valid for further analysis. 2 CR—Crvena ranka; PZ—Požegača; TR—Trnovača.

The OPLS-DA models were validated in two ways. Firstly, in permutation tests the
R2 and Q2 values of the original models were compared with the R2 and Q2 values of
several models based on data where the order of class information has been randomly
permuted. The adequate results were obtained for all the five OPLS-DA models since
regressions of Q2 lines intersected the vertical axis at below zero, and all Q2 and R2 values
of permuted Y vectors were lower than the original ones. Further validation was performed
by CV-ANOVA, where the significance of the five OPLS-DA models was clearly shown
with p values far less than 0.05, except the model related to addition of Lallzyme CUVÉE
BLANC™ (Table 1). In the misclassification tables (Table S4), performance metrics for
classifications of the OPLS-DA models are summarized.

The score plots of five OPLS-DA models are depicted in Figure 1c–g. This indicated
good separation between classes along to the predictive components.

Finally, orthogonal partial least squares to latent structures (OPLS) analysis was
applied to correlate brandy composition with its sensory properties. The jointed volatiles
and aroma metabolites concentrations obtained from FID areas were used as X variables,
while average grades from sensory analysis performed by expert commission were used as
Y variables. The goodness of fit and predictive ability were fairly good according to Q2

and R2 values. According to CV-ANOVA, the OPLS model was significant with p < 0.05
(Table 1). This is also in accordance with the results of permutation test. According to the
score plots of the OPLS model, brandy samples with lower grades (15−16) were clearly
separated from those with higher grades (17–18.5). The area of grades 17–18.5 were slightly
separated (Figure 1h).
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The selection of the most influential variables in OPLS and OPLS-DA models was
based on variable influence on projection scores of the predictive components (VIPpred).
Variables with the VIPpred score above 1.4 were considered as important for the correlation
or separation.

2.3. Cultivar Influence on Brandy Profiles

Since two OPLS-DA models containing data of brandies produced from three different
cultivars, shared and unique structure plot (SUS-plot) was used to reveal the metabolites
specific for each cultivar. The SUS-Plot represents a scatter plot of the loadings scaled as
a correlation coefficient (p(corr) (1)) from two separate OPLS-DA models [23] (Figure 2).
The negative values of loadings coresponded to the most influential variables responsible
for separation of CR and TR in models M2 and M3, respectively. Such loadings for PZ
important variables exhibited positive values in both models.

 

Figure 2. Shared and unique structure plot (SUS-plot) connecting two OPLS-DA models comprising
cultivars CR versus PZ (M2) and TR versus PZ (M3). The most influential variables are marked with
numbers corresponding to the metabolites depicted in Figure 3.
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Figure 3. Metabolites important for discrimination between brandies produced from different cultivars.

Thus, metabolites 11–17 found close to the extreme negative end of the X axis in the
SUS-plot having CR/PZ p(corr)(1) value close to −1 and TR/PZ p(corr)(1) value close
to zero were discriminating for CR cultivar. Similarly, the metabolites 4–10 with both
p(corr)(1) values close to 1 were discriminating for PZ cultivar. The metabolites (1–3) found
in the upper left corner were discriminating for CR and PZ relative to TR. In the same
manner, metabolites (18–20) in the lower left corner of the SUS-Plot were discriminating
for TR and CR relative to PZ.

The impact of cultivars on the volatile organic compounds composition of plum
brandy has been studied by Vyviurska et al. It was found that plum brandies distilled by
the same technology from 25 plum cultivars could be distinguished by two-dimensional
gas chromatographic analysis and sensory evaluation. The main differences were observed
in the presence of unsaturated fusel alcohols (3-methyl-3-buten-1-ol, trans-3-hexenol),
unsaturated aldehydes (2-butenal, 2-nonenal), monoterpene derivatives (linalool acetate,
geraniol acetate) and lactones, which were mainly detected at the trace level [24].

Ethyl esters present quantitatively the largest group of the aroma compounds in the
plum distillates. Esters are formed during alcoholic fermentation via yeast metabolism and
qualitatively present the major class of flavor compounds in distillates [12].

Our results showed that fatty acid ethyl esters 6, 8, 12, and 14 discriminated the plum
brandies obtained from cultivar CR. Ethyl butyrate (7) was discriminating ester for plum
brandies obtained from cultivar PZ. Ethyl stearate discriminated plum brandies obtained
from cultivar TR and CR, while ethyl laurate and ethyl benzoate discriminated brandies
from CR and PZ. The esters contents in the plum brandy were in agreement with the
previously reported data [10].

Higher alcohols are common constituents in alcoholic beverages and are formed
in small amounts by yeast, from sugars and from amino acids metabolism during the
alcoholic fermentation process. The most common fusel alcohols in distilled spirits include:
2-butanol, i-butanol, 1-butanol, 1-propanol, and amyl alcohols [17]. In our work, 1-butanol
discriminating brandy was obtained from CR, while i-butanol and (Z)-3-Hexen-1-ol were
discriminating in the distillates obtained from PZ cultivar.

Diethyl acetals derived from the reaction between the corresponding aldehydes and
ethanol, probably during the distillation process [25].

1,1-Diethoxyhexane was a discriminating component for the cultivar PZ and 1,1-
diethoxybutane for PZ and CV cultivar.
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2.4. Fermentation Process Influence on Brandy Profiles

The volatile profile, taste and flavor as well as yield of plum brandy is strongly
dependent on the unique aromatic profile of plum and the yeast present on the surface
of the fruit, as well as the yeast used for nutrition [26]. The majority flavor compounds
are formed during fermentation by the yeast. These compounds include volatile organic
acids, alcohols, aldehydes, and esters. The production and the amount of these compounds
found in the fruit brandy are yeast strain dependent.

Spontaneous fermentation of plum musts involves a sequential succession of yeasts.
During the first phase of fermentation Kloeckera apiculata and Candida pulcherrima are
dominated strains. However, as fermentation progresses, these non-Saccharomyces species
are naturally substituted by Saccharomyces ones, because the latter are good fermenters and
possess high alcohol tolerance [17].

In our study, the samples after spontaneous fermentation were distinguished by a
high content of fatty acid ethyl esters (32, 34–38) and nonyl acetate (33). Selected yeast was
responsible for higher concentrations of metabolites 23, 27 and 39–44 (Figure 4).

Figure 4. Metabolites important for discrimination between brandies produced under different
fermentation conditions.

Satora and Tuszyński have described plum must fermentations by different yeasts
isolated from fresh blue plum fruits (Aureobasidium sp.) and spontaneously fermenting
plum musts (Kloeckera apiculata and Saccharomyces cerevisiae), as well as commercial wine
and distillery strains non-Saccharomyces yeasts. They found that samples after spontaneous
fermentation were distinguished by a high content of acetoin, ethyl acetate, and total esters,
accompanied by a low level of methanol and fusel alcohols. Non-Saccharomyces yeasts were
responsible for higher concentrations of esters and methanol, while S. cerevisiae strains
resulted in increased levels of higher alcohols. It was also found that isolated indigenous
strains of S. cerevisiae synthesized relatively low amounts of higher alcohols compared to
commercial cultures [17]. Urošević et al. evaluated the influence of yeast and nutrients
on the quality of apricot brandy using five yeast strains S. cerevisiae and S. bayanus. The
best results were obtained with yeast strain S. cerevisiae ex r.f. bayanus and yeast strain
S. cerevisiae ex ph.r. bayanus, which gave a high content of linalool. The control sample
with no nutrients and selected yeast gave a distillate that was evaluated as having the
worst quality with higher concentration of ethyl acetate, 1-butanol, 1-hexanol, and amyl
alcohols [27].
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Among many constituent of plum are organic acids, which are of great importance
for alcohol fermentation chemical processes. Plum fruits do not contain higher amounts
of acids and their pH is over 3.5, in most cases [28]. pH value affects the growth and
fermentation rate of yeast. Our results have shown that pH value considerably influenced
the composition of fermentation products. Benzene derivatives (2, 19, 21, 23–25) were a
dominate group of volatile compounds in brandies obtained on pH = 3.5. Decreasing of
the pH value to pH = 3.0 led to increased levels of acetals (27, 30), monoterpenes (29, 31)
and esters 26, 28, and 32.

In alcoholic fermentation, enzymes act as catalysts for carbohydrate decomposition
reactions and the formation of specific compounds. The use of enzyme preparations also
has a significant impact on the quality of plum brandy [27].

Treatment of fermentation broths with pectic enzyme complex Lallzyme BETA™ con-
taining pectinases, beta-glucosidase, rhamnosidase, apiosidase, and arabinofuranosidase
provoked increased yield of ethyl esters (17, 28, 45, 48), acetates (33, 46, 47, 49), eugenole (24)
and propionic acid (50). On the other hand, the treatment with Lallzyme CUVÉE BLANC™,
which contains mainly pectinases, did not show any effect on brandy composition.

2.5. Correlation of Brandies Profiles with Their Sensory Properties

In general, the most common volatiles that contribute to the flavor and/or aroma pro-
file of fruit brandies can be broadly categorized into several main groups: higher alcohols,
esters, acetates, organic acids, etc. Nevertheless, there are many minor volatile and non-
volatile components such as aldehydes, ketones, acetals, lactones, terpenes, phenols, and
glycerol, which contribute to the full bouquet of flavors, aroma, and mouthfeel of brandies.

The most of the straight-chain alcohols have a strong pungent smell. At low concentra-
tions, they contribute to the aromatic complexity but at higher levels are characterized by
penetrating odors, which mask the aromatic finesse. In distilled spirits, such as brandies,
rum, and whisky, fusel alcohols provide most of their common aromatic character [29]. As
seen in Figure 5, higher alcohols propanol (39), amyl alcohols (51) and 1-hexanol (52) are
metabolites that contribute favorable sensorial properties of plum brandy. 1-Hexanol (52)
usually has a positive influence on the aroma of a distillate when its concentration reaches
20 mg/L [30], but it also will negatively affect the flavor of brandies by imparting a grass-
like note, when the concentration exceeds 100 mg/L [11]. The amyl alcohols/isobutanol
and isobutanol/propanol ratios are used in some alcoholic beverages such as whisky as a
quality index and should be greater than unity [31]. Studies by Satora et al. found that the
plum brandies contained more propanol than isobutanol, without any influence on quality
of the beverage [13].

Figure 5. Desirable and undesirable metabolites as determined from correlation of brandies profiles
with their sensory properties.
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Lactones (18, 54) were the second dominant class of desirable compounds in plum
brandies. These compounds, particularly γ-lactones, are important compounds in terms of
their contribution to the aroma and, in general, present fruity odor descriptors. γ-Lactones
are important flavor and aroma constituents and occur in fruits such as apricot, peach,
plum, and strawberry. Horvat et al. [14] found that lactones were also a major class of
volatile compounds in southeastern American plums. Studies reported by Gomez et al.
designate γ-dodecalactone as the major lactone in Japanese plum (P. salicina) [15].

Isopentenyl palmitate (53) was also obtained in plum brandy. This ester is rare in fruit
brandy, but may be responsible for the apple, pineapple, and banana whiskey odor [32].

Acetates (33, 46, 47, 55, and 57), esters (7, 28, 59), acetals (4, 60, 56), octanal (58), and
phenyl ethyl alcohol were marked as undesirable molecules, but this should be under-
stood conditionally, because for such a complex aroma mixture, the question of exact
concentration and synergistic effect are of great importance.

Ethyl acetate (47) is the most common and typical ester in fruit brandy. In small
concentrations, they have floral notes but at high concentration, they can be very repulsive,
exhibiting the odor of solvent [33].

3. Materials and Methods

3.1. Materials

Methanol, ethanol, 1-propanol, acetaldehyde, ethyl-acetate, iso-butanol, 1-butanol, isoamyl
alcohol, 1-hexanol, dichloromethane, 4-methyl-1-pentanol and methyl 10-undecenoate and
formic acid of were purchased from Sigma–Aldrich (Steinheim, Germany). Anhydrous
magnesium-sulfate was obtained from Merck (Darmstadt, Germany). All chemicals were
p.a. purity. Commercial enzymes β Lallzyme™, Lallzyme Cuvee Blanc™, and yeast Lalvin
QA23™ were supplied from Lallemand (Montreal, QC, Canada).

3.2. Plum Sample Collection

The plum fruits were collected at the stage of technological maturity near the town
Kosjerić (Western Serbia) in autumn 2017. Three cultivars were collected: Trnovača, Crvena
ranka, and Požegača; taking care that the fruits did not contain any impurities (e.g., soil,
leaves, branches) and without rotten or damaged fruits in order to avoid the influence of
factors that are not the subject of these experiments. Each variety was harvested from the
same localities and plantations, which eliminates the influence of the difference in results
due to different microclimates, soil composition, or agrotechnics applied in orchards.

3.3. Brandy Production

The amount of mashed fruits without stones in each experiment was 45 kg. A total of
twelve experiments in triplicate were set for each cultivar (Supplementary Materials, Table
S1). The addition of enzymes β Lallzyme™, Lallzyme Cuvee Blanc™, yeast Lalvin QA23™,
and pH value was varied. Concentration of enzyme β Lallazyme™ was 0.05 g/kg in
experiments II, V, VIII, and XI. The concentration of Lallzyme Cuvee Blanc™ was 0.02 g/kg
in experiments III, VI, IX, XII; and concentration of yeast Lalvin QA23™ was 0.22 g/kg in
experiments VII–XII. In experiments IV–VI, and X–XII the pH value was adjusted with
metatartaric acid to 3.0, or 3.5. Experiment I was control without the addition of enzymes
or yeast. Fermentations were conducted in 60 L plastic containers. When fermentation
was done all samples were distilled. Double distillation was conducted in a 15 L copper
pot. The first distillate was subjected to a second distillation, and three fractions were
collected: the first (“head”), the second (“heart”), and the third (“tail”). The “head” fraction
was collected until volume reach 1.5% of total volume of the first distillate. The “heart”
fraction was collected until the distillate reached a value of 65% (v/v) ethanol. The obtained
distillates were diluted with demineralized water to the strength of 45% (v/v). Total of 108
plum brandies, originated from three plum cultivars, were manufactured using different
fermentation conditions.
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3.4. Sample Preparation

A total of 108 plum brandies, originated from three plum cultivars, were manufac-
tured using different fermentation conditions. Main volatiles and aroma compounds
in the 108 manufactured plum brandies were determined by GC-FID and GC-FID-MS
analysis, respectively.

Sample preparation for determination of main volatiles (acetaldehyde, ethyl-acetate,
methanol, 1-propanol, i-butanol, 1-butanol, isoamyl alcohol, and 1-hexanol) in the plum
brandies by GC-FID was carried out by adding 3 μL of 4-methyl-1-pentanol as an internal
standard to 5 mL of brandy. A mixture of authentic standards is made by adding 3 μL of
each compound to 5 mL of 40% ethanol [12].

The extraction of aroma compounds for GC-FID–MS analysis was started by diluting
an aliquot of 100 mL of plum beverage with 100 mL distilled water, followed by adding
of 15 mL of dichloromethane, 1 mL of internal standard (methyl ester of 10-undecenoic
acid, 1.8 mg/mL in dichloromethane), and continuously extracted on vortex for 3 min. The
dichloromethane extract was dried over anhydrous magnesium sulfate, and concentrated
under nitrogen flow to final volume of 1.5 mL.

3.5. GC-FID and GC-FID-MS Analysis

The GC–FID analysis of main volatiles were conducting on Agilent 7890A gas chromato-
graph (Agilent Technologies, Santa Clara, CA, USA) equipped with polar HP-INNOWax
capillary column (30 m × 0.32 mm, 0.25 μm film thickness). The analyses were performed
in split mode 15:1 with helium as carrier gas at 15.74 psi in constant pressure mode. The
injection volume was 1 μL, the injector temperature was 220 ◦C, column temperature was
programmed linearly in the range of 40–90 ◦C at rate of 5 ◦C/min with initial 10 min hold,
then temperature increased to 240 ◦C at rate of 50 ◦C with final 10 min hold. The FID
temperature was 300 ◦C.

The GC–FID-MS analysis of aroma compounds were analyzed on Agilent 7890A GC
system (Agilent Technologies, Santa Clara, CA, USA) equipped with a 5975C mass selective
detector (MSD) and a FID connected by capillary flow technology through a two-way
splitter. A non-polar HP-5MSI capillary column (30 m × 0.25 mm, 0.25 μm film thickness)
was used. Column temperature was programmed linearly in the range of 60 ◦C to 270 ◦C
at a rate of 3 ◦C/min, then at a rate of 20 ◦C/min to 310 ◦C with final 8 min hold. Helium
was used as carrier, auxiliary and make up gas; inlet pressure was constant at 19.7 psi
(flow 1.0 mL/min at 210 ◦C), auxiliary pressure was 3.8 psi and FID make up flow was
25 mL/min. FID temperature was 300 ◦C, split ratio was 5:1 and injection volume was
1 μL for all analysis. Mass spectra obtained by electron ionization with 70 eV at 200 ◦C.
Quadrupole temperature was set to 150 ◦C and MS range was 40–550 amu. Transfer line
temperature was 315 ◦C.

3.6. Data Processing

Identification of main volatiles were done by comparison of retention times of authen-
tic standards in GC-FID chromatograms [10]. Concentrations of these components were
calculated, using the following equation:

Ci = (Ai/As) × Cs × RFi (1)

where:

Ci is the concentration of the component to be determined
Ai—the area below the peak of the component of unknown concentration
As—area below peak standard
Cs—concentration standard
RFi—relative response factor

Library search and mass spectral deconvolution and extraction of aroma compounds
were performed using the MSD ChemStation software, version E02.02 (Agilent Technolo-
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gies, Santa Clara, CA, USA), the NIST AMDIS (Automated Mass Spectral Deconvolution
and Identification System) software, version 2.70, and the commercially available Adams04,
NIST17, and Wiley07 libraries containing approximately 500,000 spectra. The concentration
of the aroma compounds was determined using the peak area of internal standard methyl
ester of 10-undecenoic acid, and calculated using the following equation:

Ci = (Ai/As) × Cs × DFi (2)

where:

Ci is the concentration of the component to be determined
Ai—the area below the peak of the component of unknown concentration
As—area below peak standard
Cs—concentration standard
DFi—dilution factor

The obtained concentrations of main volatiles and aroma compounds were merged in
one table, and subjected to multivariate data analysis. Principal component analysis (PCA),
orthogonal partial least squares to latent structures (OPLS), and orthogonal partial least
squares to latent structures-discriminant analysis (OPLS-DA) methods were performed
with SIMCA software (version 15, Sartorius, Göttingen, Germany). The data were mean
centered, and scaled to unit variance.

3.7. Sensory Analysis of Brandies

Sensory analysis was performed by Buxbaum modified method with a maximum of
20 points [18,28].

The sensory evaluation of brandies was performed in three repetitions. The eval-
uations were performed by three verified evaluators. The evaluation was anonymous,
according to the so-called point-type system. The main quality parameters were evaluated:
color, clarity, typicality, smell, and taste.

4. Conclusions

The GC-FID-MS-based metabolomics approach was used for the detection of pecu-
liarities in different cultivars and fermentation process, as well as in brandy sensory char-
acteristics. Furthermore, utilization of PCA and OPLS-DA multivariate analysis methods
on GC-FID-MS data revealed metabolites important for discrimination between brandies
produced under different fermentation conditions (differences in plum varieties, pH of
plum mash, and addition of selected yeast or enzymes during fermentation).

Correlation of brandy GC-FID-MS profiles with their sensory properties achieved by
OPLS multivariate data analysis. In total, six desirable and 13 undesirable metabolites
revealed to support fine tuning between non-aged plum brandies of different quality.

Proposed workflow confirmed the potential of GC-FID-MS in combination with
multivariate data analysis that can be applied to assess brandy quality and to understand
the chemistry behind the extraordinary plum brandy quality.

Though the authors studied brandies from three local plum cultivars, it is expected
that the results and multivariate models could be extended to other stone fruit spirits.

Supplementary Materials: The following are available online, Table S1: The plum mash experiments
of Požegača, Crvena ranka and Trnovača cultivars depending on the added of enzyme, yeast (0-not
added. 1-added) and pH values, Table S2: The main volatile compounds from plum brandy (GC-FID),
Table S3: Aroma compounds from plum brandy (GC-FID/MSA), Table S4: Misclassification tables of
the OPLS-DA models.
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28. Nikićević, N.; Tešević, V. Possibilities for methanol content reduction in plum brandy. J. Agric. Sci. Belgrade 2005, 50,
49–60. [CrossRef]

29. Tsakiris, A.; Kallithraka, S.; Kourkoutas, Y. Grape brandy production, composition and sensory evaluation. J. Sci. Food Agric.
2014, 94, 404–414. [CrossRef]

30. Apostolopoulou, A.; Flouros, A.; Demertzis, P.; Akrida-Demertzi, K. Differences in concentration of principal volatile constituents
in traditional Greek distillates. Food Control. 2005, 16, 157–164. [CrossRef]

31. Cortés, S.; Gil, M.L.; Fernández, E. Volatile composition of traditional and industrial Orujo spirits. Food Control. 2005, 16,
383–388. [CrossRef]

32. FlavorDb Whisky. Available online: https://cosylab.iiitd.edu.in/flavordb/entity_details?id=25 (accessed on 18 January 2021).
33. Urosevic, I.; Nikicevic, N.; Stankovic, L.; Andjelkovic, B.; Urosevic, T.; Krstic, G.; Tesevic, V. Influence of yeast and nutrients on

quality of apricot brandy. J. Serbian Chem. Soc. 2014, 79, 1223–1234. [CrossRef]

70



molecules

Article

NMR and LC-MS-Based Metabolomics to Study Osmotic Stress
in Lignan-Deficient Flax

Kamar Hamade 1, Ophélie Fliniaux 1, Jean-Xavier Fontaine 1, Roland Molinié 1, Elvis Otogo Nnang 1,

Solène Bassard 1, Stéphanie Guénin 2, Laurent Gutierrez 2, Eric Lainé 3, Christophe Hano 3, Serge Pilard 4,

Akram Hijazi 5, Assem El Kak 6 and François Mesnard 1,*

Citation: Hamade, K.; Fliniaux, O.;

Fontaine, J.-X.; Molinié, R.; Otogo

Nnang, E.; Bassard, S.; Guénin, S.;

Gutierrez, L.; Lainé, E.; Hano, C.; et al.

NMR and LC-MS-Based

Metabolomics to Study Osmotic

Stress in Lignan-Deficient Flax.

Molecules 2021, 26, 767. https://

doi.org/10.3390/molecules26030767

Academic Editors: Young Hae Choi,

Young Pyo Jang, Yuntao Dai and Luis

Francisco Salomé-Abarca

Received: 10 December 2020

Accepted: 28 January 2021

Published: 2 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 UMRT INRAE 1158 BioEcoAgro, Laboratoire BIOPI, University of Picardie Jules Verne, 80000 Amiens, France;
kamar.hamade@u-picardie.fr (K.H.); ophelie.fliniaux@u-picardie.fr (O.F.);
jean-xavier.fontaine@u-picardie.fr (J.-X.F.); roland.molinie@u-picardie.fr (R.M.);
elvisotogonnang@gmail.com (E.O.N.); solene.bassard@u-picardie.fr (S.B.)

2 CRRBM, University of Picardie Jules Verne, 80000 Amiens, France;
stephanie.vandecasteele@u-picardie.fr (S.G.); laurent.gutierrez@u-picardie.fr (L.G.)

3 USC INRAE 1328, Laboratoire LBLGC, Antenne Scientifique Universitaire de Chartres, University of Orleans,
28000 Chartres, France; eric.laine@univ-orleans.fr (E.L.); christophe.hano@univ-orleans.fr (C.H.)

4 Plateforme Analytique, University of Picardie Jules Verne, 80000 Amiens, France; serge.pilard@u-picardie.fr
5 Platform for Research and Analysis in Environmental Sciences (PRASE), Lebanese University,

Beirut 6573, Lebanon; akram.hijazi@ul.edu.lb
6 Laboratoire de Biotechnologie des Substances Naturelles et Produits de Santé (BSNPS), Lebanese University,

Beirut 6573, Lebanon; aelkak@ul.edu.lb
* Correspondence: francois.mesnard@u-picardie.fr; Tel.: +33-322-82-7787

Abstract: Lignans, phenolic plant secondary metabolites, are derived from the phenylpropanoid
biosynthetic pathway. Although, being investigated for their health benefits in terms of antioxidant,
antitumor, anti-inflammatory and antiviral properties, the role of these molecules in plants remains
incompletely elucidated; a potential role in stress response mechanisms has been, however, proposed.
In this study, a non-targeted metabolomic analysis of the roots, stems, and leaves of wild-type
and PLR1-RNAi transgenic flax, devoid of (+) secoisolariciresinol diglucoside ((+) SDG)—the main
flaxseed lignan, was performed using 1H-NMR and LC-MS, in order to obtain further insight into
the involvement of lignan in the response of plant to osmotic stress. Results showed that wild-type
and lignan-deficient flax plants have different metabolic responses after being exposed to osmotic
stress conditions, but they both showed the capacity to induce an adaptive response to osmotic stress.
These findings suggest the indirect involvement of lignans in osmotic stress response.

Keywords: lignans; secoisolariciresinol; RNA interference; flax; osmotic stress; metabolomics; 1H-
NMR; LC-MS

1. Introduction

Flax (Linum usitatissimum) has been extensively used as a plant model for lignan
biosynthesis studies. Flaxseed is a rich source of lignans and neolignans and contains
about 75–800 times more lignans than other plant-derived food [1]. Secoisolariciresinol
diglucoside (SDG) is the major lignan present in flaxseed and exists as a macromolecule in
the flaxseed hull. This polymer complex is composed of SDG, which are held together by
3-hydroxy-3-methylglutaric acid (HMGA) residues; The hydroxycinnamic acids, 4-O-β-D-
glucopyranosyl-p-coumaric glucoside (CouAG), and 4-O-β-D-glucopyranosyl ferulic acid
glucoside (FAG) are ester-linked to the glucosyl moiety of SDG as end units. Stereochem-
istry and enantiomeric composition of lignans vary between plant species, but also between
different organs and/or different developmental stages within the same species [2]. For
example, flax seeds contain almost 99% (+)- and 1% (−)-SDG, whereas its aerial parts
during flowering stage accumulate only (−)-enantiomers of lignans [3].
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In flax, the lignan biosynthesis pathway starts with the stereospecific coupling of
two coniferyl alcohol residues, in the presence of dirigent proteins (DIR), leading to the
formation of (−)-pinoresinol, which is step-wisely converted into (−)-lariciresinol and
then into (+)-secoisolariciresinol through the action of a NADPH-dependent pinoresinol-
lariciresinol reductase (PLR). In L. usitatissimum, five PLR genes are present in the genome
that encodes full PLR proteins, but only two have been widely studied: LuPLR1 and LuPLR2.
Both LuPLR1 and LuPLR2 transcripts were detected in the seeds and roots but only the
LuPLR2 transcript is detected in leaves and stems [4,5]. PLR1 and PLR2 showed opposite
enantiospecificity towards pinoresinol and lariciresinol. Further on, PLR1 catalyzes the
conversion of (−)-pinoresinol into (−)-lariciresinol and contributes to the synthesis of
(+)-secoisolariciresinol, whereas PLR2 catalyzes the conversion of (+)-pinoresinol into
(+)-lariciresinol and contribute to the synthesis of (−)-secoisolariciresinol [5,6].

Lignans are well recognized for their antioxidative, anti-inflammatory, and antiestro-
genic activities, key properties that contribute to their ability to reduce risk and protect
against various types of cancer, especially hormone-dependent cancers, like breast, colon,
and prostate cancer [7–9]. Lignans also exhibit an important role in the reduction of hyper-
cholesterolemia, atherosclerosis, hypertension and diabetes [10–13]. Furthermore, in the
last years, several research works demonstrated that dietary lignans could have beneficial
effects in the prevention of neurological disorders [14].

However, in plants, the exact biological role of the lignans still remains unclear.
They have potent defensive properties, including antiviral [15], antimicrobial [16], antifun-
gal [17,18], and antifeedant activities [19]. Along with these, lignans can act as phytoalexins:
they are synthesized in various plant species in response to fungal infections [20]. A pos-
sible phytoanticipin activity of lignans is also reported in heartwood where they act as
a protective post-lignification infusion [21]. In addition, due to their antioxidant activity,
lignans can protect the seed oil against oxidation by scavenging reactive oxygen species
(ROS) or maintaining seed dormancy [22–24]. Lignans have been proposed to have a
role in defense against oxidative stress during the process of lignification as it is the case
in poplar [25]. Additionally, a study by Corbin et al. [26] has shown a regulation of the
transcription of the LuPLR1 gene in flax by the hormone abscisic acid (ABA) suggesting a
role of lignan in stress response.

In a previous study, Renouard et al. [27], successfully used the RNAi-mediated gene
silencing approach to knock-down the LuPLR1 gene in flax. As a consequence, the accumu-
lation of the major lignan SDG was nearly suppressed in PLR1-RNAi seeds. These plants,
devoid of lignan, provide a tool to allow a comparison between wild-type and PLR1-RNAi
transgenic plants, under stress condition and give better insight into the role of lignan
in plants.

In the present work, we used the PLR1-RNAi transgenic flax to elucidate whether
lignan is involved in the response to osmotic stress (simulating drought stress). For
this purpose, we performed a comparative non-targeted metabolic analysis of the roots,
stems, and leaves of wild-type and PLR1-RNAi transgenic L. usitatissimum, using proton-
nuclear magnetic resonance spectroscopy (1H-NMR) and liquid chromatography-mass
spectrometry (LC-MS), to identify the common and specific metabolic responses in plants
under osmotic stress conditions induced by polyethylene glycol (PEG-6000).

2. Results and Discussion

2.1. Phenotype Analysis

The presence of the selectable marker gene NPTII was confirmed in the samples of all
homozygous Pi1AM plants selected for the study. Figure 1A shows the PCR analysis of ge-
nomic DNA of wild-type (LuT) and transgenic plants (Pi1AM). Plants expressing the NPTII
marker gene showed no significant morphological differences from the non-transgenic
plants, when they were grown under control conditions (Figure 1B). In addition, after
harvest, root, stem, and leaf dry weights were determined, and no significant differences
were shown between wild-type and PLR1-RNAi transgenic lines (Supplementary Data 1).
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These observations suggest that the lignans have no essential role in plant growth under
the present conditions.

Figure 1. (A) Amplification of NPTII sequence from genomic DNA of wild-type (LuT) and transgenic
plants transformed with pART-RNAiPLR binary vector (Pi1AM). PCR products obtained with a
specific set of primers designed for the amplification of a 0.7 Kb NPTII fragment were separated by
2.0% agarose gel electrophoresis and visualized with GelRed, under UV light. Ld, a 100 pb DNA
Ladder (Solis BioDyne). Flax housekeeping gene was used as a reference gene to normalize the PCR
data. (B) Phenotypes of wild-type and transgenic plants under control conditions. Pictures were
taken at 25 and 75 days after sowing (left and right respectively).

2.2. Metabolite Profiling
2.2.1. Difference of Metabolic Profiles between Wild-Type and PLR1-RNAi Transgenic
Lines under Control Conditions

Before studying the impact of osmotic stress on the L. usitatissimum metabolome, we
firstly compared the metabolite composition of each of the three parts (root, stem, and leaf),
of wild-type (LuT) and transgenic (Pi1AM) plants, in control conditions at different time
points (day 1 (D1) and day 5 (D5)).

Metabolomic profiles analysis was performed using LC-MS and NMR. While NMR is
less sensitive than LC-MS, it can be used for quantification and structural identification of
unknown compounds. NMR is, therefore, ideal for untargeted metabolomic studies. How-
ever, LC-MS is more sensitive than NMR, and can detect a higher number of metabolites,
particularly less abundant compounds such as secondary metabolites. Thus, applying both
NMR and LC-MS improves the coverage of the metabolome and enhances both metabolite
resolution and annotation.

The LC-MS and NMR spectral data obtained for each plant part, were subjected
separately to a multivariate non-targeted analysis-PLS-DA. The score plot of PLS-DA,
shown in Figure 2, shows that transgenic LuPLR1-RNAi samples (Pi1AM) were grouped
away from the wild-type samples, in various plant parts. These results highlight the
metabolomic variability between LuT and Pi1AM. The next step to compare LuT and
Pi1AM consisted of identifying the discriminant metabolites in each plant part.
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Figure 2. Score plot of partial least squares discriminant analysis (PLS-DA) of metabolite content in flax roots, stems, and
leaves, based on 1H-NMR and LC-MS data for LuT and Pi1AM, in control conditions. Samples represent LuT plants (circle)
and Pi1AM plants (triangle). Arrows indicate the increases in relative metabolite content in various parts of the wild-type
(LuT) or transgenic (Pi1AM) plants. Metabolites are listed in descending order of discrimination. Boldface text indicates
discriminant metabolites of the two lines in both control and stress conditions. Red text indicates metabolites measured in
common with LC-MS and 1H-NMR. Variable Importance in Projection (VIP) score and the Log10 (Ratio Pi1AM/LuT) of the
main discriminant metabolites for each PLS-DA model, are shown in supplementary data 2.

The results of statistical analysis (Wilcoxon Rank Sum test) indicate a significant
difference in 22 metabolites in roots, 32 in stems, and 33 in leaves, between LuT and Pi1AM.
Differences were observed in primary metabolites as well as in secondary metabolites in
different plant parts.

Changes in Primary Metabolism

The changes in primary metabolites are more evident by the PLS-DA model obtained
with NMR spectral data. Differences in the accumulation of these metabolites between

74



Molecules 2021, 26, 767

LuT and Pi1AM in different plant parts indicate that the change is not restricted to a few
chemical classes or categories, and involves different metabolic pathways.

Among primary metabolites, coniferyl alcohol displayed similar trends in different
plant parts: The amount of this compound although, exhibited to be 7.91, 8.65, and
10.32 times higher in Pi1AM than in LuT in roots, stems and leaves, respectively.

In addition, when compared to LuT roots, those of Pi1AM, the transgenic line, had
significantly higher contents of nine metabolites but significantly lower contents of four
metabolites. These up-accumulated metabolites were mainly glucose, fructose, succinic
acid, putrescine, serine, sucrose, glycine, fumaric acid and threonine. In contrast, LuT roots
were significantly higher in aspartic acid, glutamine, glutamic acid, and maltose contents.

Moreover, Pi1AM stems presented an up-accumulation of seven metabolites, which
include glycerol, tyrosine, phenylalanine, glucose, glutamic acid, aspartic acid, and galac-
tose, when compared to LuT stems while these latter showed an up-accumulation of seven
different metabolites identified as alanine, succinic acid, tartaric acid, asparagine, malic
acid, putrescine, and threonine.

In leaves, the Pi1AM line had significantly higher contents of nine metabolites than
LuT including many sugars such as fructose, glucose, sucrose, raffinose, but also tyrosine,
choline, glycerol, serine, and chicoric acid. Despite, LuT displayed a higher content in
10 metabolites including amino acids such as GABA, alanine, phenylalanine, threonine,
asparagine, and other compounds, such as uridine, adenosine, galactose, ethanolamine,
and tartaric acid.

Despite the genetic modification is in a part of the genome coding for compounds
that are involved in metabolic pathways away from the biosynthetic pathway of amino
acids, sugars, and organic acids, we observed major changes for these latter. These primary
metabolites are central molecules. Changes at these levels can therefore affect a large part
of the other metabolic pathways of the plant.

In the different plant parts, nitrogen metabolism showed changes in the content
of amino acids such as glutamic acid, glutamine, aspartic acid, and asparagine, in the
transgenic line compared to the wild-type. These amino acids are commonly involved in
nitrogen recycling and transport.

These observations lead to hypothesize that these amino acids can be affected by the
disruption of the activity of phenylalanine ammonia-lyase (PAL) which can be caused by
the accumulation of coniferyl alcohol, in the transgenic line.

PAL constitutes the point of connection between the primary metabolism of shikimate,
which leads to aromatic amino acids and the secondary metabolism of phenylpropanoids.
Generally, phenylpropanoid biosynthesis begins with the deamination of phenylalanine by
phenylalanine ammonia-lyase (PAL) to yield cinnamic acid [28]. In the second step, the
action of cinnamate 4-hydrolase (C4H) transforms the cinnamic acid into p-coumaric acid.
Then, 4-coumaroyl CoA ligase (4CL) catalyzes p-coumaric acid into p-coumaroyl-CoA. This
latter is a crucial branch point leading to the generation of various phenolic compounds
such as flavonoids, lignins and lignans [29]. In transgenic plants, coniferyl alcohol can
accumulate eventually to levels that could be toxic to the plant cells. Therefore, cells can
put in place a negative feedback to limit this accumulation. This regulation must act on the
pathway of phenylpropanoid, responsible for the production of coniferyl alcohol. PAL are
the most potential candidates for this process, since the regulation of PALs can also affect
nitrogen metabolism.

In fact, PALs are responsible for the release of NH4+ from phenylalanine which is
then incorporated into glutamate to form glutamine. Then, amino and amide groups
from glutamate and glutamine are transferred to other molecules by transamination and
transamidation reactions for the synthesis of amino acids [30].

Changes in Secondary Metabolism

On the other hand, and with regard to secondary metabolites, the loading plots
obtained from LC-MS data indicate that, the major change can be observed in the lignan
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metabolite group in the different plant parts. An 18.1, 5.31, and 13.78-fold increase in the
content of pinoresinol mono-glucoside (PMG), was observed in roots, stems, and leaves
of the Pi1AM line, respectively. The diglucosylated forms of this metabolite (PDG), also
showed a 12.27, 4.73 and approximately 15-folds increase in roots, stems, and leaves of
Pi1AM, respectively. The drastic accumulation of pinoresinol may initiate a downregulation
on the dimerization process of coniferyl alcohol that yield pinoresinol, as a negative
feedback, and that, as a consequence, can explain the coniferyl alcohol accumulation in the
transgenic line.

However, the accumulation level of pinoresinol in both its mono and diglucoside
forms, was higher than that of the coniferyl alcohol, in the transgenic line. This observation
suggests that coniferyl alcohol can be accumulated in a different form other than its free
form. This hypothesis was supported by an accumulation of coniferin observed in the three
parts of the transgenic plant compared to the wild-type.

Coniferin is a glycoside of coniferyl alcohol, and might serve as an alternative precur-
sor in lignan production. Coniferin is accumulated in Pi1AM compared to the LuT line,
with 2.32, 2.4, and 7.68-fold increases in roots, stems, and leaves, respectively. This accumu-
lation is also in accordance with the increase of coniferyl alcohol. Thus, it is likely that, the
coniferyl alcohol accumulates in both free and glycosylated forms in the transgenic line.

Lariciresinol mono-glucoside (LMG) showed to be lower in Pi1AM when compared to the
LuT line, with a Pi1AM/LuT ratios (calculated by the formula: ratio Pi1AM/LuT = content
Pi1AM plant/content LuT plant) of 0.31, 0.73, and 0.50 for roots, stems, and leaves, respectively.

In our study, lariciresinol in di-glycosilated form (LDG) is not detected, both in roots
and leaves of L. usitatissimum. However, LDG is detected in stems in a lower amount in
Pi1AM when compared to the LuT (Pi1AM/LuT ratio: 0.17)

The negative correlation between the accumulation of pinoresinol and lariciresinol
with the PLR activity confirmed that the accumulation of theses lignans occurred due to
the reduction of the PLR enzyme activity.

A remarkable reduction of secoisolariciresinol mono-glucoside (SMG) was observed
only in roots of the Pi1AM line compared with that in roots of LuT. Secoisolariciresinol
are usually found in a glycosylated form (SDG), its intermediate monoglucoside (SMG)
forms not being accumulated in the seed. In this study, the presence of SMG was detected
in roots. The decreased amount of SMG in the transgenic line is then, a consequence of
the PLR enzyme suppression. PLR, in fact, a bifunctional enzyme which catalyze the
reduction of pinoresinol to lariciresinol and then lariciresinol to secoisolaricirésinol [27].
By suppression of LuPLR1 expression, the lignan biosynthesis pathway from pinoresinol
to the end products would be blocked, leading to an accumulation of pinoresinol and a
decrease of both lariciresinol and secoisolariciresinol within the transgenic line.

Both PLR1 and PLR2 enzymes were detected in the seeds and roots. However, in stems
and leaves, only PLR2 was expressed. However, our results showed that the integration of
PLR1-RNAi in the L. usitatissimum genome leads to a different metabolome in roots, but
also in stems and leaves of wild-type and transgenic lines. Thus, it could be suggested
that the suppression of LuPLR1 expression is accompanied by the LuPLR2 cosuppression.
This can be theoretically, possible due to a major similarity of LuPLR1 sequence used to
synthetize PLR1-RNAi construct, with LuPLR2 gene (60.3% of sequence homology) as
already observed by Corbin et al. [6].

Herein it should be noted that, the decreased rate in both LMG and SMG is not
proportionally equivalent to the increased rate of pinoresinol, in the transgenic line. This
led us to hypothesize that, in the transgenic line, a compensation can occur with an increase
in the production of pinoresinol in order to recover the loss of LMG and SMG. This
compensation could be carried out by the cell to maintain the role of lignan.

Because lignans play an important role in plant defense, their content should be
maintained in the transgenic line. The low amounts of larciresinol in the cell can there-
fore activate regulators in order to transmit a signal into the cell to continue producing
pinoresinol. A possible regulation of dirigent proteins by abscisic acid ABA could be
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suggested, since this phytohormone appears to be involved in the regulation of lignan
biosynthesis as previously described in L. usitatissimum [31], as well as in the regulation of
dirigent proteins in response to abiotic stress as previously described in B. hygrometrica [32].

Furthermore, the presence of neolignan dehydrodiconiferyl alcohol glucoside (DCG)
was detected in roots, stems and leaves of the transgenic lines, but it was not found in
the wild-type plant. A similar result was seen in PLR1-RNAi transgenic flax seeds [27].
The aforementioned results can be attributed to a down-regulation of the LuPLR1 gene
expression, leading to the synthesis of the neolignans. Thus, the DCG formation could result
from the coupling of two monolignol moieties without the intervention of a dirigent protein,
a consequence of coniferyl alcohol accumulation or the dirigent protein retroinhibition as a
result of the pinoresinol accumulation caused by the LuPLR1 suppression.

Moreover, further change in secondary metabolites was also observed between LuT
and Pi1AM lines in each plant part.

In roots, cyanogenic compounds such as linamarin and lotaustralin showed signif-
icantly higher contents in Pi1AM than those in LuT. While in stems, Pi1AM showed a
lower content than LuT in linamarin and lotaustralin and a higher content in neolinustatin.
On the other hand, in leaves, these cyanogenic compounds did not show any statistically
significant changes, in the comparison between Pi1AM and LuT but linustatin, showed a
higher content in Pi1AM line. A previous study on NMR metabolomics performed on flax
seeds with different ω-3 fatty acid contents has shown that a decrease in secoisolariciresinol
glucoside (+)-SDG was accompanied with a decrease in linustatin [33]. Another study on
spatiotemporal distribution of lignans and cyanogenic glucosides in flaxseed revealed that
seeds devoid of (+)-SDG did not accumulate linustatin [34]. However, so far, no specific
and precise relation between lignans and cyanogenic compounds has been reported.

It should be noted that, although the majority of the metabolites listed above were
measured by one of the two analytical techniques. The cyanogenic glycosides including
linamarin, lotaustralin, linustatin, and neolinustatin, were detected in common with both
1H-NMR and LC-MS. Interestingly, for each of these metabolites, LC-MS data showed
almost a similar relative value (Pi1AM/LuT), when compared to those obtained with
1H-NMR, in each of the plant parts. This similarity confirms the robustness of these two
analytical methods. For example, for linamarin and lotaustralin: NMR data showed that
Pi1AM/LuT root ratios were 1.44 and 1.5, respectively. LC-MS analysis, showed very
similar values for Pi1AM/LuT ratios (1.41 for linamarin and 1.49 for lotaustralin). In stems,
according to NMR data, Pi1AM/LuT ratio was 0.82 for linamarin and 0.88 for lotaustralin.
While, using LC-MS, Pi1AM/LuT ratio were approximately 0.76 for linamarin and 0.76
for lotaustralin. In the case of leaves, both NMR and LC-MS data revealed no significant
difference in lotaustralin and linamarin contents between Pi1AM and LuT.

In addition, in stems, Pi1AM showed a higher content of carlinoside, lucenin-2,
orientin, caffeic acid glucoside (CAFG), chlorogenic acid, and ferulic acid glucoside (FAG)
than in LuT. However, a lower content than LuT in triticuside-A.

Leaves of Pi1AM line showed a higher content in chlorogenic acid, carlinoside, FAG,
lucenin-2 and CAFG, than shows the LuT. This latter showed, however, a higher content in
vitexin and vicenin-2.

Carlinoside, lucenin-2, vitexin, vicenin-2, orientin and triticuside-A, are flavone C-
glycosides derived from the same precursor of lignan, p-coumaroyl CoA, which in turn are
derived from the phenylpropanoid pathway. Chalcone synthase (CHS) uses p-coumaroyl-
CoA as a starter molecule to form the naringenin chalcone (4,2′,4′,6′-tetrahydroxychalcone),
which serves as precursor for a different class of flavonoids [35]. Thus, the changes observed
for these flavone C-glycosides in the transgenic line compared to the wild-type, could be
explained by the disruption of their precursors p-coumaroyl CoA, which might be caused
by the accumulation of coniferyl alcohol.

Ferulic and caffeic acids are also involved in phenylpropanoid metabolism. These
compounds are hydroxylated derivatives of cinnamic acid. For monolignol biosynthesis,
cinnamic acid is first hydroxylated by cinnamate 4-hydroxylase to yield p-coumaric acid.
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Then, p-coumaric acid and their derivates (caffeic and ferulic acid) are catalyzed by the
action of 4-coumaroyl CoA ligase (4CL) to form the p-coumaroyl CoA ester, which is a point
of divergence of different pathway leading to the biosynthesis of other phenylpropanoids.

The methylation of caffeoyl-CoA (activated form of caffeic acid) to feruloyl-CoA
(activated form of ferulic acid) is catalyzed by caffeoyl-CoA O-methyltransferase. Then,
feruloyl-CoA, is reduced by cinnamoyl-CoA reductase to form the coniferaldehyde and
further by cinnamyl alcohol dehydrogenase to yield coniferyl alcohol [36].

In plant cells, ferulic and caffeic acids rarely appear in their free form. Generally, they
are mostly found in glycosylated form, such as FAG and CAFG, or in esterified form, such
as chlorogenic acid and chicoric acid [37]. The accumulation of these acids in glucoside and
esterified forms in the transgenic line, can be due to the accumulation of coniferyl alcohol
caused by the disruption of lignan synthesis. Thus, there might be a negative feedback on
the activity of the coumaroyl CoA ligase (4CL), in order to reduce the biosynthesis of CoA
esters which represent the activated forms of the metabolism of phenylpropanoids.

Based on the above mentioned, we can hypothesize that, the integration of PLR1-RNAi
transgene in L. usitatissimum genome, affects flax metabolic activity and leads to a different
metabolome in various plant parts of wild-type and transgenic lines.

2.2.2. Metabolites Change in Response to Osmotic Stress in Wild-Type and PLR1-RNAi
Transgenic Line

Drought is becoming one of the major limiting factors in agriculture worldwide lead-
ing to vast reductions in crop yield. It affects physiological and molecular processes and
disrupt metabolic homeostasis, causing significant changes in the chemical composition of
many plants resulting from the adjustment of metabolic pathways for adaptation. Hence,
studying the metabolic response of transgenic line deprived for lignan production com-
pared to wild-type of flax under osmotic stress conditions seems crucial and will provide
important information about whether lignan play a role in the mechanism of the plants
against this abiotic stress.

The PCA score plot of wild-type (LuT) and transgenic lines (Pi1AM) of each of the
three parts (root, stem, and leaf), shows a characteristic grouping for control and stressed
samples (Supplementary Data 3). The effect of the kinetics of stressed samples in different
plant part was investigated. A Wilcoxon Rank Sum test was performed on the datasets
for LuT and Pi1AM stressed sample, to verify whether there was a significant difference
between the two periods of osmotic stress application. The test highlighted differences in
metabolite content during the osmotic stress period (Data not shown). Thus, D1 and D5
stressed samples could be considered as a separate group for both lines.

Metabolic Profiles in Response to Osmotic Stress in Roots

In roots, the metabolic response to osmotic stress differed between LuT and Pi1AM.
Statistical analysis highlighted 31 metabolite contents that change under osmotic stress
for LuT and 31 for Pi1AM (Figure 3). Among these, some responded similarly to osmotic
stress in both LuT and Pi1AM, some were specific to LuT and others to Pi1AM.

Thirteen amino acid (AAs) that increased significantly during osmotic stress applica-
tion period were common to both lines: proline, asparagine, leucine, GABA, tryptophane,
alanine, phenylalanine, valine, tyrosine, threonine, isoleucine, glycine, and serine. The
reorganization of almost all these AAs appeared after one-day post-treatment with PEG
and becomes more visible after five days, which indicates that metabolite content variation
in roots, occurred early in response to osmotic stress in both lines. The largest fold increase
in AAs content was observed for proline. This compound accumulated in a gradual manner
with stress period, and at D5, its content was multiplied by 4.99- and 4.52-fold (calculated
by the formula: ratio S/C = content plant treated by PEG-6000/content control plant), for
LuT and Pi1AM respectively. There was also an increase in the amount of putrescine, a
diamine derived from amino acid, in stressed samples compared to control samples in
both lines.
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Figure 3. Comparison of metabolite content reorganization in wild-type (LuT) and transgenic (Pi1AM) roots after osmotic
stress at different time-points: one and five days. Bars on logarithmic scale (log10) represent the mean relative response
ratio S/C (content plant treated by PEG 6000/content control plant). Negative values represent a lower content and positive
values a higher content of metabolites in stressed plants. Different time points are indicated by blue bars for D1 and red
bars for D5. Values are significantly different at: *** p < 0.001; ** p < 0.01; * p < 0.05 after the Wilcoxon Rank Sum test (n = 8).

Decreased aspartic and glutamic acid contents were also observed in both lines, after
PEG treatment. Only one AA changes specifically in LuT after PEG treatment: glutamine
decreased in stressed roots samples compared to control samples in LuT, while the content
of this metabolite was not affected in Pi1AM under osmotic stress.

In addition, LuT and Pi1AM showed different others kinds of primary metabolites that
decreased during osmotic stress, such as choline, fumaric acid, formic acid, and uridine, as
well as of secondary metabolites, such as trigonelline, vitexin, and LMG.

A significant accumulation of non-structural carbohydrates (NSCs) such as glucose
(ratio S/C: 1.77), sucrose (ratio S/C: 1.82) and fructose (ratio S/C: 1.84), was observed
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specifically for LuT stressed samples, compared with LuT control samples, after five days
of stress. Additionally, five days of treatment with PEG, led to a significant decrease in
the content of secoisolariciresinol monoglucoside (SMG) (ratio S/C: 0.68) on LuT roots.
However, this latter compound was not detected in Pi1AM roots.

For Pi1AM, five days of osmotic stress, induced a decrease in content of both lignans
such as PMG (ratio S/C: 0.49) and neolignans such as DCG (ratio S/C: 0.64). A decrease in
a similar manner was also observed for coniferyl alcohol content (ratio S/C: 0.7).

There were other metabolites that changed specifically in roots of Pi1AM, under
osmotic stress. This was the case for chicoric acid that decreased and for malic acid that
increased under osmotic stress conditions.

The content of linamarin and lotaustralin decreased in LuT, at D5 of stress conditions,
with an S/C ratios of 0.8 and 0.76, respectively, while they accumulated more in Pi1AM in
stress conditions with S/C ratios increased 1.45 and 1.67 folds respectively, after five days
of osmotic stress, which was observed on both 1H-NMR and LC-MS.

Metabolic Profiles in Response to Osmotic Stress in Stems

In stems, comparisons between the two datasets therefore reveal common responses
between LuT and Pi1AM, and responses specific. A total of 43 metabolites were observed
significantly influenced in the stressed LuT samples, compared to 29 in Pi1AM (Figure 4).

It appears that AAs content variation occurred early in stem of both lines (after one-
day post treatment with PEG) relatively compared to other metabolites, and becomes more
visible after five days post treatment with PEG.

Content of 12 among of these AAs increased (proline, isoleucine, asparagine, leucine,
valine, threonine, glycine, phenylalanine, tryptophane, tyrosine, alanine, GABA, and
serine), and for two of them it decreased (aspartic acid and glutamic acid). These reorga-
nization in AAs content are similar to those observed in roots under osmotic stress. The
highest increase also concerned the well-known osmorotectant proline that the content
increased by 5.8- and 4.59-fold in the stems of LuT and Pi1AM, respectively, after five days
of osmotic stress.

Other metabolites responded similarly to osmotic stress in the two lines. The contents
of caffeic acid, tartaric acid and putrescine, were significantly accumulated under osmotic
stress in both of the LuT and Pi1AM lines. In contrast, their contents in linamarin, lucenin-
2, carlinoside, orientin, and fumaric acid were significantly decreased in stems, after
osmotic stress.

The content of some kinds of sugar, including sucrose, and raffinose, was decreased
in stems, for both Pi1AM and LuT lines, under osmotic stress.

Furthermore, glucose, fructose and galactose, decreased specifically in stems of LuT,
after five days of osmotic stress.

The specific response to osmotic stress in LuT stems, was associated to the accu-
mulation of ferulic acid and glycerol, and the decrease of the accumulation of primary
metabolites such as succinic acid, choline, malic acid, uridine and ethanolamine, but also
phenolic acid such as chlorogenic acid, flavonoids, such as isovitexin, vitexin, and vicenin-2,
and cyanogenic glycosides, such as linustatin, lotaustralin, and neolinustatin, as well as
lignans, such as LDG.

While the specific metabolic response to stress in Pi1AM, mainly consisted in a de-
crease of the content of metabolites involved in lignan biosynthetic pathway including
DCG, coniferyl alcohol, PDG, and PMG.

Metabolic Profiles in Response to Osmotic Stress in Leaves

The response of metabolites to osmotic stress in leaves differed between LuT and
Pi1AM lines. There were 38 metabolites with a significant change in leaves content under
osmotic stress for each of LuT and Pi1AM (Figure 5). Most of up-regulated metabolites
in both lines belonged to AAs, including proline, leucine, tryptophane, valine, isoleucine,
phenylalanine, threonine, tyrosine, GABA, serine, asparagine, alanine, and glycine. In both

80



Molecules 2021, 26, 767

lines it seems that the intensity of change of these AAs is dependent of stress period. The
up-regulation had significantly been noticed after a single day of treatment with PEG and
become more visible after five days. The largest significant increase in LuT and Pi1AM was
proline with an S/C ratios of 10.29 and 6.8 respectively, after five days of osmotic stress.
The AAs reorganization in leaves under osmotic stress is also reflected by the decrease
in the content of aspartic acid in both lines. These trends in AAs changes are similar to
what has been observed previously in roots and stems of both lines, under osmotic stress.
A similar change in these AAs contents was reported by Quéro et al. in wild-type flax
(L. usitatissimum) leaves, under osmotic stress conditions [38].

Figure 4. Comparison of metabolite content reorganization in wild-type (LuT) and transgenic (Pi1AM) stems after osmotic
stress at different time-points: one and five days. Bars on logarithmic scale (log10) represent the mean relative response
ratio S/C (content plant treated by PEG 6000/content control plant). Negative values represent a lower content and positive
values a higher content of metabolites in stressed plants. Different time points are indicated by blue bars for D1 and red
bars for D5. Values are significantly different at: *** p < 0.001; ** p < 0.01; * p < 0.05 after the Wilcoxon Rank Sum test (n = 8).
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Figure 5. Comparison of metabolite content reorganization in wild-type (LuT) and transgenic (Pi1AM) leaves after osmotic
stress at different time-points: one and five days. Bars on logarithmic scale (log10) represent the mean relative response ratio
of S/C (content plant treated by PEG 6000/content control plant). Negative values represent a lower content and positive
values a higher content of metabolites in stressed plants. Different time points are indicated by blue bars for D1 and red
bars for D5. Values are significantly different at: *** p < 0.001; ** p < 0.01; * p < 0.05 after the Wilcoxon Rank Sum test (n = 8).
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Other compounds accumulated in the same way in leaves of both lines when plants
were submitted to osmotic stress. This was the case of ethanolamine, adenosine, and
glycerol and as well as sugars, including fructose, sucrose, glucose, and galactose.

In addition to aspartic acid, there were 12 metabolites that the content decreased
in leaves, under osmotic stress, which were common to both lines. This decrease was
observed for lucenin-2, PDG, orientin, chlorogenic acid, choline, chicoric acid, FAG, LMG,
and coumaric acid, but also for cyanogenic compounds including linamarin, linustatin, and
lotaustralin. However, LuT showed specifically, significant increase of the accumulation of
raffinose, vicenin-2, vitexin and schaftoside, and a decrease of the accumulation of CAFG
in leaves under osmotic stress.

Conversely, some metabolites such as uridine, tartaric acid, succinic acid, trigonelline,
and coniferyl alcohol were not affected by osmotic stress in LuT, but were significantly
involved in the Pi1AM osmotic stress response. Among these metabolites, the content of
coniferyl alcohol decreased while for the others, metabolites content in leaves increased
under osmotic stress.

In the present work, an evident difference in the metabolic response to osmotic stress
between different plant parts, as well as lines, was observed. These observations suggest
that the mechanism of osmotic stress response of transgenic line is somehow different of
that of wild-type, leading to the hypothesis that balanced lignan content may be important
for proper stress response.

Major changes in the primary and secondary metabolic pathways of roots, stems and
leaves of both wild-type and transgenic line after PEG treatment, as well as the proposed
relations between these metabolic pathways are presented in balance sheet shown in
Figure 6.

2.2.3. Comparison of the Metabolites in Wild-Type and PLR1-RNAi Transgenic Line under
Osmotic Stress Conditions

PLS-DA was performed with both NMR and LC-MS data corresponding to stressed
samples for LuT and Pi1AM for each of the three parts of the plant (Figure 7). The
representation reveals that, in roots, stems, and leaves, LuT and Pi1AM lines are still
separated because they still have a different metabolome under osmotic stress conditions.
The metabolites that discriminated LuT and Pi1AM under osmotic stress in each of the
three organs of these two lines, are represented in Figure 7, and their respective ratios, and
significance are reported in Table 1.

In roots, some metabolites were discriminant of the two lines in control conditions and
remained so, in the same range, in osmotic stress, due to a comparable increase or decrease
in these metabolites after osmotic stress for both lines. This was the case for glutamic acid,
aspartic acid, glutamine, SMG, and LMG that accumulated more in LuT, whereas glycine,
succinic acid, threonine, fructose, sucrose, fumaric acid, glucose, lotaustralin, linamarin,
coniferin, coniferyl alcohol, PDG, PMG, and DCG accumulated more in Pi1AM.

Some metabolites appeared to be discriminant for both lines only in stress conditions
while they were not discriminant in control conditions. This was the case for GABA,
tyrosine, alanine, uridine, formic acid, malic acid, chicoric acid, and trigonelline.

Some metabolites were discriminant for both lines in control conditions but no longer
discriminant in stress conditions. This was the case for maltose, serine, and putrescine.

In stems, glycerol, galactose, tyrosine, glucose, phenylalanine, LMG, LDG, triticuside-
A, CAFG, chlorogenic acid, FAG, neolinustatin, orientine, lucenin-2, carlinoside, DCG,
PDG, PMG, coniferin, and coniferyl alcohol were discriminant of the two lines in control
conditions and still discriminant under osmotic stress. All these metabolites are more
accumulated in Pi1AM than in LuT, except LMG, LDG, and triticuside-A, which are
accumulated more in LuT than in Pi1AM under stress conditions.

Ethanolamine, fumaric acid, uridine, fructose, vicenin-2 and vitexin appeared to be
discriminant for both lines only in stress conditions. The amount of these metabolites was
the same for both lines in control conditions:
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Alanine, succinic acid, tartaric acid, asparagine, malic acid, putrescine, threonine,
aspartic acid, glutamic acid, linamarin, and lotaustralin were discriminant for the two
lines, in control conditions, but they did not interact in the discrimination of both lines, in
stress conditions.

In leaves, some metabolites were discriminant of the two lines in both control and
stress conditions. This was the case for phenylalanine, GABA, alanine, serine, galactose,
LMG, vitexin, and vicenin-2 that were more accumulated in LuT and for glycerol, fruc-
tose, choline, glucose, lucenin-2, chicoric acid, CAFG, carlinoside, FAG, chlorogenic acid,
coniferyl alcohol, coniferin, PMG, PDG, and DCG that were more accumulated in Pi1AM.

 

Figure 6. Major changes in the primary and secondary metabolic pathways of roots, stems and leaves of LuT and Pi1AM,
after PEG treatment. The proposed metabolic pathways were based on the literature. Metabolites with red boxes represent
significant decreases, with green ones represent significant increases, and with empty ones represent no significant change.
The level of significance was set at p < 0.001, p < 0.01 and p < 0.05 after the Wilcoxon Rank Sum test.
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Figure 7. Score plot of partial least squares discriminant analysis (PLS-DA) of metabolite content in flax roots, stems and
leaves, based on 1H-NMR and LC-MS data for LuT and Pi1AM, in stress conditions. Samples represent LuT plants (circle)
and Pi1AM plants (triangle). Arrows indicate the increases in relative metabolite content in various parts of the wild-type
(LuT) or transgenic (Pi1AM) plants. Metabolites are listed in descending order of discrimination. Boldface text indicates
discriminant metabolites of the two lines in control and stress conditions. Red text indicates metabolites measured in
common with LC-MS and 1H-NMR. Importance in Projection (VIP) score and the Log10 (ratio Pi1AM/LuT) of the main
discriminant metabolites for each PLS-DA model, are shown in supplementary data 4.
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Table 1. Comparison of discriminant metabolite contents for LuT and Pi1AM in stress versus control conditions.

Roots Stems Leaves

Ratio Pi1AM/LuT Ratio Pi1AM/LuT Ratio Pi1AM/LuT

Metabolite Stress Control Metabolite Stress Control Metabolite Stress Control

Primary
metabolites

Primary
metabolites

Primary
metabolites

Glutamic Acid 0.5 *** 0.65 ** Glycerol 1.3 * 5.56 ** Phenylalanine 0.42 ** 0.7 **
Aspartic Acid 0.53 *** 0.55 *** Ethanolamine 1.38 ** _ GABA 0.47 * 0.63 *

GABA 0.53 *** _ Galactose 1.47 * 1.19 ** Threonine 0.47 ** _
Tyrosine 0.54 *** _ Fumaric Acid 1.5 ** _ Alanine 0.62 * 0.64 ***

Glutamine 0.56 *** 0.63 *** Uridine 1.68 ** _ Serine 0.64 * 1.13 *
Alanine 0.85 *** _ Fructose 1.87 * _ Galactose 0.66 ** 0.75 ***

Threonine 1.2 *** 1.23 * Tyrosine 2.01 *** 1.88 *** Succinic Acid 1.2 * _
Uridine 1.34 *** _ Glucose 2.31 ** 1.42 ** Glycerol 1.36 * 1.5 **
Glycine 1.38 *** 1.41 *** Phenylalanine 3.05 *** 1.6 ** Fructose 2.00 * 1.72 ***

Succinic Acid 1.42 *** 1.64 ** Coniferyl
Alcohol 7.72 *** 8.65 *** Choline 2.05 ** 1.75 ***

Formic Acid 1.43 *** _ Alanine _ 0.7 ** Glucose 2.15 ** 1.34 *

Sucrose 1.45 *** 2.07 *** Succinic Acid _ 0.73 *** Coniferyl
Alcohol 4.79 *** 10.32 ***

Fructose 1.69 *** 1.73 *** Tartaric Acid _ 0.74 ** Uridine _ 0.55 *
Glucose 1.79 *** 1.85 *** Asparagine _ 0.76 * Adenosine _ 0.6 ***

Malic Acid 2.03 *** _ Malic Acid _ 0.82 *** Threonine _ 0.76 **
Fumaric Acid 2.11 *** 1.34 * Putrescine _ 0.84 ** Ethanolamine _ 0.79 **

Coniferyl
Alcohol 5.51 *** 7.91 *** Threonine _ 0.87 * Asparagine _ 0.85 *

Maltose _ 0.87 * Aspartic Acid _ 1.27 * Tartaric Acid _ 0.91 *
Serine _ 1.48 *** Glutamic Acid _ 1.39 * Raffinose _ 1.28 **

Putrescine _ 1.6 *** Secondary
metabolites

Sucrose _ 1.32 **

Secondary
metabolites

LMG 0.46 *** 0.73 *** Tyrosine _ 3.73 ***

SMG 0.06 *** 0.15 *** LDG 0.64 *** 0.17 *** Secondary
metabolites

LMG 0.28 *** 0.31 ** Triticuside-A 0.8 * 0.8 ** LMG 0.27 *** 0.50 ***
Chicoric Acid 0.71 *** _ Vicenin-2 1.36 *** _ Vitexin 0.65 *** 0.69 ***
Trigonelline 1.21 *** _ CAFG 1.45 ** 1.42 ** Vicenin-2 0.7 ** 0.77**
Lotaustralin 1.81 ** 1.49 ** Vitexin 1.54 *** _ Schaftoside 0.9 *** _

Linamarin 1.75 ** 1.41 ** Chlorogenic
Acid 1.63 ** 1.32 ** Lucenin-2 1.27* 1.21 **

Coniferin 1.83 *** 2.32 *** FAG 1.81 *** 1.21 * Chicoric Ac 1.33 *** 1.23 ***
PDG 12.66 *** 12.27 *** Neolunistatin 2.04 ** 1.84 ** CAFG 1.42 * 1.11 **
PMG 18.63 *** 18.13 *** Orientin 2.67 *** 1.92 *** linamarin 1.45 *** _

Lucenin-2 3.07 *** 2.57 *** Carlinoide 1.5 *** 1.45 ***
Carlinoside 3.51 ** 2.8 *** FAG 1.66 *** 1.24 *

Coniferin 3.63 *** 2.4 *** Chlorogenic
Acid 2.19 *** 1.51 **

PDG 3.83 *** 4.73 *** Coniferin 6.45 7.68
PMG 4.25 *** 5.31 *** PMG 14.1 13.78 ***

Linamarin _ 0.76 *** PDG 14.5 *** 15.03 ***
Lotaustralin _ 0.76* Linustatin _ 1.27 **

Note: Results of the Wilcoxon Rank Sum test and ratios are reported for each discriminant metabolite; Values are significantly different at:
*** p < 0.001; ** p < 0.01; * p < 0.05. After the Wilcoxon Rank Sum test.

As for, threonine, succinic acid, schaftoside and linamarin, they appeared to be dis-
criminant for LuT and Pi1AM, only in osmotic stress conditions. The amount of these
metabolites was similar in LuT and Pi1AM, in control conditions.
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In addition, uridine, adenosine, threonine, ethanolamine, asparagine, tartaric acid,
raffinose, sucrose, tyrosine, and linustatin were discriminant for both lines, in control
conditions whereas they are not discriminant in stress conditions.

Herein, osmotic stress appears to affect the whole plant metabolome in the different
analyzed parts. Roots, stems, and leaves, display different responses in order to preserve
water status for survival.

However, several organic molecules, known as osmolytes, play a crucial role during
osmotic adjustment, including AAs, sugars, and organic acids, which potentially help in
maintaining osmotic balance within the plant cells.

Amino acids protect the plants cell membranes, stabilize the structure of biomolecules,
play a role as a scavenger of reactive oxygen species (ROS), and provide a reserve of nitrogen
and carbon, mainly for the synthesis of specific enzymes and precursors for secondary
metabolites such as flavonoids and lignins, during stress conditions [39–41]. Thus, an early
accumulation of amino acids contributes to a greater level of stress tolerance [42].

In the present work, for the most of the amino acids that were measured, no significant
differences in their concentrations have been reported between both lines, in control
conditions. Furthermore, under osmotic stress, they showed a rapid transient increase in
content, after one day of PEG treatment. This increase followed almost the same trend in
LuT and Pi1AM lines.

Proline has been repeatedly reported as one of the most important components of
osmotic adjustment in different plant species including flax [38,43]. A large variability exists
between and within plant species for their capacity to accumulate proline [44]. Genotypes
with high capacity to accumulate proline under osmotic stress are generally considered
to be tolerant to this type of stress [45]. In this study, no significant differences in proline
concentrations have been reported between both lines, in control conditions as well as after
exposure to osmotic stress.

In particular, branched-chain amino acids (BCAAs), such as leucine, valine, and
isoleucine, increase in response to osmotic stress, to enhance stress resistance. These com-
pounds can serve as precursors for cyanogenic glycosides and other secondary metabolites,
to acquire a defense response against abiotic stress [46]. In this study, the amount of leucine,
valine and isoleucine, in roots, stems, and leaves, was the same for LuT and Pi1AM lines
in control condition and remained so in stress conditions, due to a comparable increase
in these metabolites during osmotic stress for both lines. We can thus assume that both
LuT and Pi1AM showed the same capacity in producing AAs in their early response that
enhances tolerance and/or resistance to osmotic stress, in various flax parts.

In addition to amino acid, the breakdown of homeostasis caused by water deficit
induces the accumulation of carbohydrates. The accumulation of sugars mainly fructose
and glucose, is indeed considered as an adaptive response that may also contribute to
enhance plant stress tolerance [47]. Soluble sugar plays a major role in osmotic adjustment
of plants facing the conditions of drought stress [48]. It also maintains the turgidity of leaves
and prevent dehydration of membranes and proteins. Furthermore, sugar accumulation
reduces leaf photosynthetic rate, under drought stress [49]. However, glucose enhances
the plant adaptability under drought stress by inducing stomatal closure in leaves [50]. In
another study, Quéro et al. have shown that glucose and fructose increased in response to
osmotic stress in leaves of wild-type L. usitatissimum [38]. In this study, the glucose and
fructose content of leaves increased significantly, in the same manner in both LuT and
Pi1AM, in response to osmotic stress.

On the basis of the comparison of osmolyte contents between the two lines under
control and osmotic stress, we may conclude that the transgenic line has a similar capacity
with the wild-type line, in regulating osmotic stress by producing soluble sugars and AAs.
Additionally, no visible differences were detected in terms of leaf area, plant height and
plant dry weight in Pi1AM compared to LuT, when subjected to PEG-induced osmotic
stress. Overall, it may be assumed that the capacity of plant to induce an adaptative
response that improves osmotic stress tolerance was similar in both LuT and Pi1AM.
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Moreover, our results showed that the levels of some secondary metabolites, including
cyanogen, lignan, and flavonoids, differ between wild-type and transgenic plants in both
control and stress conditions.

Interestingly, a significant common decrease in the content of metabolites involved
in lignan biosynthetic pathway was observed at least in one part of plants subjected to
osmotic stress in comparison to control plants. This was the case for coniferyl alcohol, PMG
and DCG that decreased specifically in Pi1AM, for LMG that decreased in both lines, for
SMG and LDG that decreased only in LuT, and for PDG that decreased in both lines in
leaves, but only in Pi1AM in stems, under stress conditions. These results indicate that
osmotic stress response and lignan biosynthesis pathways may have a crosstalk with each
other in L. usitatissimum.

3. Materials and Methods

3.1. Plant Material

Flax seeds of the variety Barbara, for PLR1-RNAi transgenic (Pi1AM, homozygous),
and wild-type (LuT) lines, have been provided by the Laboratory of Woody Plants and
Crops Biology (LBLGC, INRAE USC 1328) in Chartres, France. Plants were grown in
a hydroponic cultivation system on Hoagland solution [51,52], in a growth chamber
with a hemeroperiod of 16 h at 21 ◦C, 70% relative humidity and a light intensity of
90 μmol·m−1·s−1. After 30 days, half of each line was grown on Hoagland medium sup-
plemented with PEG-6000 (30 mM) (stressed plants), while the half remaining plants still
grown on Hoagland medium (control plants). Then, control and treated plants were har-
vested at different time-points: one and five days (D1, D5) after osmotic stress application.
During the harvest, the aerial and root parts from each plant, were separated, immersed
in liquid nitrogen, stored at −80 ◦C, and freeze-dried. Leaves, stems, and roots of each
plant, were then separately ground to a fine powder. For each condition, eight independent
samples coming from different plants have been collected (n = 8) and were subjected to
further analysis.

3.2. PCR Analysis of Transgenic Plants

Genomic DNA was extracted from leaves (10 mg dried weight) of wild-type and
transgenic plants, using the E.Z.N.A.® Plant DNA DS Kit (Omega, Bio-teK (Norcross, GA
USA)), according to the manufacturer’s instructions, and quantified using a Nanodrop®

spectrophotometer. To confirm their transgenic nature, the extracted DNA from all isolates
were tested for the presence of NPTII selectable marker gene. Primers used for the am-
plification of a 0.7-Kb NPTII fragment were: P2, 5′-ATCGGGAGCGGCGATACCGTA-3′
(position 201) as 5′ primer and P1, 5′-GAGGCTATTCGGCTATGA CTG-3′ (position 900) as
3′ primer [25]. PCR amplification was carried out in a total volume of 25 μL containing
12.5 μL of Quick-Load® Taq 2X Master Mix, BioLabs, 0.5 μL of each primer (0.25 μM), 2 μL
of extracted DNA and 10 μl ultrapure water. Amplifications were performed with initial
denaturation step of 5 min at 95 ◦C, followed by 40 cycles of 10 s denaturation at 95 ◦C,
30 s annealing at 55 ◦C for the NPTII gene, and a final extension step of 1 min at 68 ◦C.
PCR products were run in 2% agarose gel electrophoresis, with 0.5X TBE (Tris, borate,
EDTA), at 100 V for 45 min, and bands were visualized with GelRed, under UV light, using
a ChemiDoc Imaging system.

3.3. Metabolite Wxtractions

Metabolites were separately extracted from 100 mg of powdered leaves or stems
and 60 mg of powdered roots. A total volume of 800, 700 and 600 μL Water/methanol
(1:1), used as extracting solvent, was added to leaves, stems and root powder respectively,
and the samples were mixed for 10 min at 60 ◦C, using a ThermoMixer® (Eppendorf AG,
Germany) at 2000 rpm, followed by 30 min of sonication at 60 ◦C using ultrasonic bath at
35 kHz. The samples were centrifuged at 4 ◦C for 10 min at 12,000 rpm. A total of 400 μL
of the supernatant were collected. The described extraction process was repeated two
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times by adding 400 μL of extraction solvent in the beginning of each new extraction. A
final volume of 1.2 mL was collected, of which 800μL were used for NMR analysis. The
remaining 400 μL were then used for LC-MS analysis.

3.4. Metabolite Analysis by NMR
3.4.1. Sample Preparation

The pH of each sample prepared for NMR analysis was adjusted to 6.00 ± 0.02, and
the samples were dried under vacuum and then dissolved in 800 μL of deuterated solvent
prepared in a mixture of (1:1) Methanol-d4: KH2PO4 buffer (0.1 M) in D2O at pH 6.0 with
TMSP (0.0125%), NaN3 (0.6 mg/mL), and 15 mM EDTA-d12. Then, samples were briefly
vortexed, sonicated, and centrifuged. The supernatant was placed in 5-mm NMR tubes
and then used for NMR analysis.

3.4.2. NMR Data Acquisition

All NMR spectra were acquired at 300 K with a Bruker Avance III 600 MHz spectrom-
eter operating at 600.13 MHz for 1H, and 150.91 MHz for 13C, using a 5-mm multinuclear
broadband, equipped with z-gradient (TXI 5 mm tube). CD3OD was used as the internal
lock. All 1D 1H-NMR spectra were collected using 32 scans of 131 K data points and a
spectral width of 8417 Hz with a relaxation delay of 13 s, and a water suppression pulse
sequence. The resulting spectra were automatically phased and baseline corrected, using
Bruker Topspin software (version 3.5) [51]. 2D J-resolved NMR spectra were processed
with a 2 s relaxation delay using 16 scans per 64 increments collected into 64K data points,
with spectral widths of 8417.5 Hz in F2 and 50 Hz in F1. 2D HSQC spectra were recorded
with a 2 s relaxation delay, using 64 scans per 256 increments that were collected into 4 K
data points using spectral widths of 8417.5 Hz in F2 and 50 Hz in F1. All spectra were
calibrated to TMSP at 0.0 ppm by the Topspin v3.5 (Bruker) software. Each of the 2 D
acquisitions were performed by analyzing one control and one stressed samples of each
part of plant corresponding to each of the two lines (Pi1AM and LuT).

3.4.3. NMR Data Treatment
1H-NMR spectra were automatically converted into ASCII format and the data from

each part of plant (roots, stems and leaves) were collected and imported into Matlab
software (version 2018a, the Mathworks Inc, Natick, MA, USA) where baseline correction
was performed with the algorithm “airPLS 2.0” [53–55]. All spectra were aligned using the
icoshift algorithm (v 1.2.1) with manually defined alignment bins. Then specific integration
intervals of the spectra “buckets” were defined manually, and each bucket was integrated.
Regions of the NMR spectra corresponding to the methanol-d4 (3.34–3.30 ppm), to residual
water (4.85–4.70 ppm), to TMSP (0.01–0 ppm) and to PEG-6000 (3.68–3.64 ppm), were
removed. All signals with intensities lower than 3.3 times the mean variance from such a
noise region were considered to be noise and were also removed. The obtained datasets
were then used for statistical analysis. Metabolites in the 1D and 2D NMR spectra of flax
extracts were identified based on comparison with spectra and chemical shifts of reference
compounds of database previously developed in the laboratory.

3.4.4. Metabolite Analysis by LC/MS
Sample Preparation

Extracts of stems and leaves were diluted 5 and 10 times, respectively, with methanol/
water (50/50), while no dilution was performed for root extracts. All samples were filtered
through 0.22 μm PTFE membrane filters and placed in glass vials for further LC-MS
analysis. For each plant part, a QC sample were prepared; 10 μL from 20 different samples
were taken and thoroughly mixed, reaching a total volume of 200 μL. For roots, stems, and
leaves, analysis samples were run in a randomized order.
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LC-MS Data Acquisition

The metabolomics analysis was performed using ACQUITY UPLC H-Class system
(Waters Micromass, UK), coupled to a SYNAPT G2-Si Q-TOF mass spectrometer (Waters-
Micromass, Manchester, UK), which was equipped with an electrospray ion source (ESI).
UPLC separation was performed using a Kinetex C18 (1.7 μm, 100 mm × 2.1 mm, Phe-
nomenex, Torrance, CA, USA) column. The column temperature was maintained at 50 ◦C.
The injected volume was 1 μL. Water (A) and methanol (B), both supplemented with 0.1%
formic acid, were used as mobile phases. A stepwise gradient method was used for elution
at a flow rate of 0.4 mL/min, with the following conditions: 5–95% B (0–7 min), followed
by 3 min of isocratic 95% solvent B, and 1 min gradient to 95% (A), followed by 5 min of
re-equilibrium at 100% A. MS data was collected in the negative ion mode, over a m/z
range of 50 to 1150. The parameters of electrospray ionization (ESI) source were set as
follows: capillary voltage at 3 keV, the cone voltage at 3 V, source temperature at 120 ◦C,
desolvation at 450 ◦C, the cone gas flow 6.5 bar and the desolvation gas flow 800 L/h.
Analyses of the samples were carried out in a mode of a full MS survey, at a resolution
of 2000 (FWHM). MSMS scans for most intense peaks were performed to produce high
resolution MSMS spectra, with a collision energy of 30 eV. Data acquisition was performed
by MasslynxTM v4.1 software (Waters, Milford, MA, USA). The QC samples were injected
at the beginning of the run to set up the system and then every eight samples, so they were
used to ensure system conditioning within the analytical sequence.

LC-MS/MS Data Processing

The acquired spectral data were converted to mzXML format using the Proteowizard
MSConvert tool from 0 to 10 min RT in order to avoid features coming from cleaning step
of the gradient.

Then, the mzXML files data of each part of the plant were loaded and pre-processed
with the XCMS package (v3.0.2) in the open-source R software (v3.2.2).

The centWave algorithm was used for peak detection with the following optimized pa-
rameters: minimum peak width = 3 s, maximum peak width = 15 s, ppm = 5, threshold = 2,
mzdiff = 0.005 and prefilter: (4,100,000), and noise filter = 1000. Peaks were well aligned
by XCMS, using the following parameters: bw = 5.0 and mzwid = 0.025. Retention time
correction was performed by the Obiwarp algorithm, which aligns multiple samples by
using a center sample.

A filling step was included to reduce the number of missing peaks, using the fill-
Peaks tool. For each sample, Peak area, retention time and peak widths, calculated as
the difference between the end and start of the integration points, were extracted from
XCMS data.

After the whole data processing, a table (matrix) including retention time and m/z,
sample names, and ion intensities, was obtained for each sample set. Then, before the
statistical analysis, these matrices were prepared in order to remove the features before the
injection peak (less than 1 min).

The percentage of relative standard deviation (%RSD) was calculated for all metabolic
features in QC samples and the features with %RSD greater than 30% were removed due
to its variability.

Metabolites were principally identified by matching masses, retention times and
fragment patterns of pure standards.

Statistical Treatment of Data

The obtained datasets for NMR and LC-MS were imported into SIMCA-P software
(version 15.0; Umetrics, Umea, Sweden), and applied to principal component analysis
(PCA) and partial least squares discriminant analysis (PLS-DA) for multivariate statistical
analysis. The UV scaling method was used.
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The Wilcoxon Rank Sum test was used in R’s statistics base-package in order to test
the significant difference in metabolite content, between analyzed groups, with different
p-values (p < 0.05; p < 0.01; p < 0.001).

4. Conclusions

In the present study, the wild-type and transgenic flax plants displayed different
metabolic behaviors after being subjected to osmotic stress conditions, which could be due
to their different metabolic backgrounds but also to different metabolic rearrangements. In
the last case, we can suggest that an altered lignan composition in transgenic plant changes
the metabolic response of the plant to osmotic stress.

In addition, our experimental observations revealed that wild-type and transgenic
line showed the same morphological response to osmotic stress. Moreover, they showed
the same capacity to induce an adaptive response that improves osmotic stress tolerance.
Thus, we can assume that lignan perturbations did not affect plant stress response leading
to osmotic stress resistance. Taken together, our findings indicate that the lignans could not
be directly involved in osmotic stress resistance, but in the metabolic pathways responsible
of the osmotic stress response.
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of different part (roots, stems and leaves) of wild-type (LuT) and transgenic (Pi1AM) flax lines, at
D1 and D5 in control conditions (n = 8). Table S2. The VIP score and Log10 (Ratio Pi1AM/LuT) of
the discriminant metabolites between LuT and Pi1AM of different plant part, in control conditions.
Figure S1. Score plot of principal component analysis (PCA) based on 1H-NMR and LC-MS data for
LuT control or stressed samples in flax roots, stems and leaves. Figure S2. Score plot of principal
component analysis (PCA) based on 1H-NMR and LC-MS data for Pi1AM control or stressed samples
in flax roots, stems and leaves. Table S3. The VIP score and Log10 (Ratio Pi1AM/LuT) of the
discriminant metabolites between LuT and Pi1AM of different plant part, in stress conditions.
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Abstract: Mass spectrometry-based molecular imaging has been utilized to map the spatial distri-
bution of target metabolites in various matrixes. Among the diverse mass spectrometry techniques,
matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) is the most popular for
molecular imaging due to its powerful spatial resolution. This unparalleled high resolution, however,
can paradoxically act as a bottleneck when the bio-imaging of large areas, such as a whole plant, is
required. To address this issue and provide a more versatile tool for large scale bio-imaging, direct
analysis in real-time-time of flight-mass spectrometry (DART-TOF-MS), an ambient ionization MS,
was applied to whole plant bio-imaging of a medicinal plant, Ephedrae Herba. The whole aerial
part of the plant was cut into 10–20 cm long pieces, and each part was further cut longitudinally to
compare the contents of major ephedra alkaloids between the outer surface and inner part of the stem.
Using optimized DART-TOF-MS conditions, molecular imaging of major ephedra alkaloids of the
whole aerial part of a single plant was successfully achieved. The concentration of alkaloids analyzed
in this study was found to be higher on the inner section than the outer surface of stems. Moreover,
side branches, which are used in traditional medicine, represented a far higher concentration of
alkaloids than the main stem. In terms of the spatial metabolic distribution, the contents of alkaloids
gradually decreased towards the end of branch tips. In this study, a fast and simple macro-scale MS
imaging of the whole plant was successfully developed using DART-TOF-MS. This application on
the localization of secondary metabolites in whole plants can provide an area of new research using
ambient ionization mass spectroscopy and an unprecedented macro-scale view of the biosynthesis
and distribution of active components in medicinal plants.

Keywords: molecular imaging; direct analysis in real-time mass spectrometry; ephedra alkaloids;
ephedrine; methylephedrine; Ephedra sinica

1. Introduction

Mass spectrometry-based molecular imaging has been used as a powerful analytical
technique to visualize the distribution of endogenous and/or exogenous biomolecules in
diverse tissues. This kind of image analysis can provide some information on the spatial
location of metabolites, increasing the quality of the data obtained with conventional
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metabolomics. Using this technique, various molecules, such as lipids [1], proteins [2],
peptides [2,3], and many specialized metabolites, e.g., flavonoids and glucosinolates [4],
have been successfully imaged directly in the animal or plant tissue. It is Matrix-Assisted
Laser Desorption/Ionization (MALDI) that, among many ionization techniques of mass
spectroscopy, is undoubtedly one of the most popular ionization methods used in molecular
imaging due to its efficiency in the ionization of large molecules, such as proteins and
peptides. The popularity of MALDI for molecular imaging is due mainly to its uniquely
high spatial resolution that makes micro-scale tissue imaging possible. Its use has been
reported in many previous studies, such as the successful identification of candidates of
tumoral markers of prostate cancer [5], the characterization of the spatial distribution of
lens proteins and their modifications in lens sections [6], the knowledge of the distribution
of neuropeptides in mouse pituitary glands [7], and understanding the distribution of
specific drugs in tissue [8]. On the other hand, the limitations of MALDI imaging are well
known. It requires a series of sample preparation steps, including embedding, section,
mounting, matrix coating, and each step has a significant impact on the quality of the
results [9].

Notwithstanding the potential of MALDI-based molecular imaging in mammalian
tissues, there are only a few applications involving plants, and if any, these are limited
to specific organs, such as leaves, stem, and grain tissue, which have been analyzed,
for example, for their content of metabolites, such as flavonoid and saponins [10,11].
Thus, the use of MALDI techniques in plant imaging is mainly limited to a small area
of the sample. For plant studies, particularly when molecular imaging is applied at a
macro-scale to determine the distribution of metabolites at an organ level, the high spatial
resolution power of MALDI limits the area of analysis due to the unacceptably lengthy
sample preparation and analysis time needed for large-surface samples. Regarding sample
preparation, MALDI analysis requires a step in which the tissue has to be covered with a
matrix solution for the ionization and co-crystallized with this matrix [12]. The ionization
efficiency of the molecules, however, varies according to the type of matrix [8].

As explained, the extension of the imaging area is an important criterion in plant
research applications. This is especially crucial considering that mapping the distribution
of compounds in a whole plant is necessary to obtain significant information about the
biosynthesis, transportation, and biological functions of metabolites. With this in mind,
different types of ionization sources were tested for the macro-scale molecular imaging to
widen the analytical range.

A number of MS-methods based on ambient desorption ionization techniques have
been developed to circumvent these limitations and increase the efficiency in terms of
the time involved in the analysis, namely, direct analysis in real-time (DART), desorption
electrospray ionization (DESI) [13], and atmospheric solids analysis probe (ASAP) [14].
Especially, DART has the edge over other techniques as the coverage of area and ease of
sample preparation results in reduced analysis time. In the DART ion source, metastable
helium gas reacts with atmospheric water to produce protonated water clusters, and the
molecules on the sample surface are directly ionized by the transfer of protons from these
water clusters [15]. Since the analysis takes place in open-air conditions, samples can be
analyzed in diverse states or formats, i.e., as gases, liquids, solids, or powdered, without
any specific sample pre-treatment. The ion source of DART can ionize various types
of compounds directly from the surface of samples with little fragmentation, allowing
molecular ion peaks to be efficiently detected from diverse surfaces, such as human skin,
paper money, glass, thin layer chromatography (TLC) plates, clothing, and metals [16–18].
The DART ion source has, however, a relatively low spatial resolution of 1–2 mm as it is
limited by the width of the helium gas beam [19]. Nevertheless, as an image screening tool,
it is considered to have a high throughput capacity of analysis, which can be efficiently
adapted to the large-scale analysis of samples, such as whole plants.

In this paper, we reported an application of the DART ion source to image contents
of active components in a medicinal plant with the purpose of testing the feasibility of
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the DART ion source as a tool for the macro-scale localization of plants’ metabolites. The
whole aerial part of a single Ephedra sinica (Ephedraceae), a plant traditionally used for
weight loss and for its diaphoretic, stimulant, and antiasthmatic properties, was selected
for this study. The major ephedra alkaloids—ephedrine/pseudoephedrine and methyle-
phedrine/methylpseudoephedrine (Figure 1)—were imaged throughout the whole aerial
part of this plant, and their spatial distributions were determined.

Figure 1. Major alkaloids of ephedra plants. Ephedrine and its diastereomer pseudoephedrine have
the same molecular weight, so it is not differentiated by a mass spectrometer, and the same is true in
the case of methylephedrine and methylpseudoephedrine. Ephedrine/pseudoephedrine: C10H15NO,
methylephedrine/methylpseudoephedrine: C11H17NO.

2. Results

In DART analysis, the temperature of helium gas largely affects the ionization sensitiv-
ity and data quality. Therefore, prior to the analysis of ephedra alkaloids in the samples, a
number of experiments were implemented to determine its optimum temperature. The two
targeted ephedra alkaloids were not clearly detected at 250 ◦C, and when the temperature
was increased to 350 ◦C, some surface of the sample started to burn; thus, the temperature
of helium gas was set to 300 ◦C for all the data measurement. The spatial resolution of the
system employed in this study was evaluated by separate experiments using a standard
solution on a TLC plate, and the maximum resolution was determined to be approximately
1.0 mm. The total experimental time of plant analysis was around 10 h that was still
reasonable for the image analysis of the whole aerial part of a single ephedra plant.

Representative DART-TOF-MS spectra obtained from the outer and inner surface of
both ephedra side branches and the main stem can be observed in Figure 2. The outer
surface of the branch showed the strong peak of the protonated molecule [M + H]+ of
methylephedrine and/or methylpseudoephedrine (m/z 180.1323) with a very weak peak of
protonated ephedrine (Figure 2A). The inner section of the branch produced both peaks of
protonated ephedrine/pseudoephedrine (m/z 166.1126) and protonated methylephedrine
and methylpseudoephedrine (Figure 2B). The mass accuracies of observed mass values
for the alkaloids are represented in Table 1. Interestingly, there was a large variation of
the alkaloid concentrations according to the location since these alkaloids were barely
detectable on both the outer and inner surfaces of the main stem, and the MS spectra
showed a completely different pattern to those of the side branch (Figure 2C,D).

Molecular imaging of active components in a whole, single ephedra plant was success-
fully carried out by the integration of imaging data of the parts. Being diastereoisomers,
ephedrine and pseudoephedrine and methylephedrine and methylpseudoephedrine have
the same molecular mass. It was thus impossible to distinguish ephedrine and methyle-
phedrine from their diastereomers only by MS analysis. Therefore, the total contents of
the diastereomers pairs of ephedra alkaloids were used for molecular imaging. Imaging
for total contents of ephedrine and pseudoephedrine (m/z 166) is presented in Figure 3.
The green color (ion intensity of ca. 15 × 103 and less) represented the lowest detectable
intensity of alkaloids, and the color gradually changed to blue (ion intensity of 50 × 103–90
× 103), purple (ion intensity of 90 × 103–110 × 103), and red (ion intensity of ca. 120 x 103

and more) as the ion intensity increased. Most parts of the outer surface of ephedra aerial
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parts appeared as green, while major parts of the inner surface were colored blue or red.
These results mean that the content of ephedrine and pseudoephedrine in the inner section
surface was much higher than on the outer surface. It was also observed that the side
branches of the plant had a much higher content of ephedrine and pseudoephedrine than
the main stem of the ephedra plant. Interestingly, it is not a woody stem but a side branch
that is medicinally used in Korea [20]. The total content of ephedrine and pseudoephedrine
decreased towards the end tip of the branch, where primary metabolism generating essen-
tial primary metabolites is believed to dominate over secondary metabolism, synthesizing
ephedra alkaloids. As N-methyltransferase has been known as the key enzyme family in
the biosynthesis of ephedra alkaloids, spatial existence and/or activities of these enzymes
need to be evaluated to unveil the reason for the differential location of these alkaloids [21].
Molecular imaging for the total content of methylephedrine and methylpseudoephedrine
(m/z 180) is presented in Figure 4. The molecular imaging of m/z 180 showed a similar
pattern to that observed for ephedrine and pseudoephedrine. The content of methyle-
phedrine and methylpseudoephedrine also showed higher intensity on the inner surface,
decreasing towards the tip of the branch. In contrast to the images for ephedrine and
pseudoephedrine, some ion peaks of methylephedrine and methylpseudoephedrine were
observed on the outer surface, as represented by blue and red color. While the maximum
ion intensity for ephedrine/pseudoephedrine was around 150,000, the maximum ion inten-
sity for methylated ephedrine/pseudoephedrine was significantly higher (ca. 250,000), and
this represented that the content of methylephedrine and methylpseudoephedrine was
higher than the sum of ephedrine and pseudoephedrine. This result seems to be opposite
to that reported in a previous study using HPLC in which the content of ephedrine and
pseudoephedrine in Ephedrae Herba was reported to be about 10 times that of methyle-
phedrine and methylpseudoephedrine [22]. Due to the characteristic of DART-MS, only
the compounds present on the surface are ionized and detected, so the quantitative results
cannot be compared to those from the whole extract of the sample. In this study, it is not
possible to generalize this to the amount contained in the whole plant, as only the relative
amount of alkaloids present in some particular areas can be obtained. Nevertheless, it is
significant that the distribution of some alkaloids present on the outer and inner surfaces
of the entire plant can be seen as a whole. It is a great advantage that the distribution of the
compounds of interest in the whole plant can be mapped as an overall picture, even if the
accuracy is compromised.

Figure 2. Representative direct analysis in real time-time of flight-mass spectrometry (DART-TOF-MS) spectra of the outer
surface (A) and an inner surface (B) of a branch and outer surface (C) and an inner surface (D) of the main stem (woody
stem) of ephedra aerial parts.
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Table 1. Molecular formula, theoretical mass, and observed mass of major ephedra alkaloids and their protonated molecules.
The mass difference was represented as millidalton (mDa).

Alkaloid Molecular Formula Theoretical Mass (Da) Observed Mass (Da) Mass Difference (mDa)

Ephedrine/Pseudoephedrine C10H15NO 165.1154

Protonated ephedrine [C10H15NO + H]+ 166.1227 166.1226 −0.1

Methylephedrine/
Methylpseudoephedrine C11H17NO 179.1310

Protonated methylephedrine [C11H17NO + H]+ 180.1383 180.1323 −6.0

 

Figure 3. DART-MS images of total contents of ephedrine/pseudoephedrine (m/z 166) on the outer
surface (A) and an inner surface (B) of ephedra aerial part. The color range is from 1000 to 150,000
ion intensity.

 

Figure 4. DART-MS molecular images for total contents of methylephedrine/methylpseudoephedrine
(m/z 180) on the outer surface (A) and an inner surface (B) of ephedra aerial part. The color range is
from 1000 to 250,000 ion intensity.
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3. Discussion

In this work, we showed that rapid and simple macro-scale molecular imaging could
be achieved using DART-TOF-MS. This could constitute an improvement in MALDI-MS
bio-imaging, which requires a long time to scan large surfaces of a whole plant. On the
contrary, this method could be used effectively to image the target compounds in whole
plants in a relatively short time without the need of a specific chemical matrix nor a specific
probe. This experiment broadens the area of applications of DART-MS, allowing the bio-
imaging of the whole plant, thus providing an overall view of the distribution of metabolites
in whole plants. The results of the implementation of this technique can also be used to
gain a deeper understanding of biological or physiological functions of plant secondary
metabolites, the identification of biological markers, biosynthesis, and the transportation
of metabolites upon biotic and/or abiotic stress, among many other applications.

4. Materials and Methods

4.1. DART-TOF-MS Measurement of Ephedrae Herba

A single Ephedra sinica was harvested from the herbal garden of the College of Phar-
macy, Kyung Hee University, and stored in a deep freezer (Thermo Fisher Scientific,
Asheville, NC, USA) at −70 ◦C. A voucher specimen (KHUP-0801) was deposited in the
Museum of Korean Traditional Herbal Medicines located in the College of Pharmacy,
Kyung Hee University. The aerial part, branch, and woody stem were cut into 10–20 cm
pieces, and each piece (diameter range: 2–5 mm) was cut in half vertically so that similar
parts of the center were exposed. The measurement was carried out using a DART ion-
source (IonSense, Sangus, MA, USA) coupled to an Accu-TOF-MS (JMS-T100TD, JEOL,
Tokyo, Japan). The optimized MS operating conditions were as follows: samples were
analyzed in the positive ion mode; voltage of first orifice lens was 15 V, ring lens voltage
was 5 V, and helium gas flow rate was 3 L/min. Mass scale calibration was accomplished
by introducing a glass capillary with polyethylene glycol 600 (PEG 600, Sigma-Aldrich,
St. Louis, MO, USA) in the DART. The analyzer was set with a peak voltage of 1000 V, a
bias voltage of 28 V, a pusher bias voltage of −0.55 V, and a detector voltage of 2200 V.
Mass detection range was m/z 50 to 1000.

The helium gas (Shinyang, Seoul, Korea) temperature and sample module were
optimized before molecular imaging. The temperature of the helium gas in the ionization
source was chosen according to the ionization efficiency of the target alkaloids among six
different temperatures, i.e., 100 ◦C, 150 ◦C, 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C. Since there
was no specific sample module for molecular imaging with the DART-MS, a house-made
module was used for the analysis. A piece of dissected branch and stem of ephedra plant
was fixed on a glass plate with double-sided adhesive tape and introduced into the ion
source using the appropriate sample module. In order to acquire accurate and reliable MS
data, the glass plate bearing the plant sample was introduced using a sample module on a
rail under the helium gas flow. Among the three different sample modules available, the 12
DIP-it holder module (IonSense, Sangus, MA, USA) was able to move the plate consistently,
exposing the surface of the plant sample just beneath the helium gas jet. Three slide glass
plates had to be stacked and glued to align them exactly with the helium gas jet (Figure 5).
The analysis was conducted on both the outer surface and inner surface of Ephedrae Herba
to compare its contents in ephedra alkaloids. The rail speed was set to 0.2 mm/s.

4.2. Data Processing

The raw data resulting from the spectral analysis were processed for molecular imag-
ing. For this, selected ion chromatograms for the targeted ephedra alkaloids were extracted.
As protonated molecular ion ([M + H]+) is mainly generated in DART ionization, selected
ion chromatograms of m/z 166 and m/z 180 were extracted for ephedrine/pseudoephedrine
and methylephedrine/methylpseudoephedrine, respectively. The identities of alkaloids
were confirmed by direct comparison of the experimental high-resolution mass number
with their theoretical mass numbers. The extracted chromatograms were converted to an
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ASCII file table in which the intensity of specific ions was recorded at 0.4 s intervals. The
average of ten data points, which corresponded to 0.8 mm of the sample, was used for the
imaging and assigned different colors using a specific function in the Excel program known
as ‘conditional formatting’, which assigns different colors according to their numerical
value. Whole plant imaging was completed by applying the corresponding colors to the
photo of the plant using Adobe Photoshop (Adobe CS6). Each herb part had a length of
10~20 cm, and 1250~2500 data points were acquired and processed for the imaging.

 

Figure 5. House-made sample module for DART-TOF-MS imaging system.
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Abstract: In the search of new natural products to be explored as possible anticancer drugs, two
plant species, namely Ononis diffusa and Ononis variegata, were screened against colorectal cancer
cell lines. The cytotoxic activity of the crude extracts was tested on a panel of colon cancer cell
models including cetuximab-sensitive (Caco-2, GEO, SW48), intrinsic (HT-29 and HCT-116), and
acquired (GEO-CR, SW48-CR) cetuximab-resistant cell lines. Ononis diffusa showed remarkable
cytotoxic activity, especially on the cetuximab-resistant cell lines. The active extract composition was
determined by NMR analysis. Given its complexity, a partial purification was then carried out. The
fractions obtained were again tested for their biological activity and their metabolite content was
determined by 1D and 2D NMR analysis. The study led to the identification of a fraction enriched in
oxylipins that showed a 92% growth inhibition of the HT-29 cell line at a concentration of 50 μg/mL.

Keywords: cytotoxic activity; natural products; NMR; Ononis diffusa; Ononis variegata; oxylipins

1. Introduction

Natural products play a crucial role in the discovery of anticancer compounds even
today, when new technologies are available to easily obtain a wide range of drug candidates.
The success of natural products is inherent to their structure: they possess a well-defined
three-dimensional scaffold with functional groups precisely oriented in space. Furthermore,
they are characterized by an enormous structural and functional diversity [1,2]. These
features confer them with extraordinary selectivity and specificity, when compared to
artificially designed molecules [3]. Plants, in particular, are a unique source of chemicals
since they use specialized metabolites to interact with the environment and in response to
several biotic and abiotic stresses [4,5]. Humankind has, therefore, always exploited this
ability to produce a wide and diversified array of chemicals [6].

In recent years, the need for anticancer compounds has become particularly pressing
and, in this context, colorectal cancer is definitely under the spotlight. This cancer is indeed
one of the leading causes of cancer-related death worldwide and one of the most frequently
diagnosed malignant diseases in Europe [7]. Although the outcomes of patients with
metastatic colorectal cancer (mCRC) has improved in recent years [8], new challenges
are on the horizon. Nowadays, resistance to both chemotherapy and molecularly tar-
geted therapies represents a major problem for setting up effective treatments. Specifically,
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clinical data highlight the emergence of acquired resistance to anti-EGFR therapies [9].
EGFR (Epithelial Growth Factor Receptor) is a transmembrane tyrosine kinase receptor
that, once activated, triggers two main signaling pathways that are involved in cell pro-
liferation, survival and motility [10]. Drugs like the monoclonal antibody cetuximab are
effective at blocking the EGFR receptor. However, patients carrying mutations at some of
the intracellular effectors of EGFR activation have intrinsic resistance to cetuximab treat-
ment [11]. Furthermore, around 25% of cetuximab-sensitive mCRC patients develop, after
an initial response, secondary resistance to this drug [11,12]. Therefore, it is urgent to find
chemotherapeutic agents to prevent or overcome the limit imposed by these resistances to
the effectiveness of the anticancer drug.

In the search for compounds with anticancer activity in plants of Mediterranean region,
we recently screened a set of plants of the Fabaceae family with a metabolomics-based
approach [13]. This study led to the identification of candidate molecules that are currently
under further investigation. In fact, there appears to be a link between members of the
Fabaceae family and colon cancer prevention and therapy [13].

Herewith, we undertook the study of two further Fabaceae plants which were not
analyzed in our previous study: Ononis diffusa Ten. and Ononis variegata L. Ononis is a large
genus of perennial herbs and shrubs, including food, foraging and medicinal plants [14].
Several Ononis species have been studied, and bioactive compounds including flavonoids,
isoflavonoids, alkylresorcinols, coumarin derivatives, and terpenes have been reported
from them [14–17]. However, no phytochemical studies have been previously carried out
on O. diffusa and O. variegata.

Extracts from the two species which are the objects of this study were first screened for
their antiproliferative activity on colorectal cancer cell lines (Caco-2, HT-29, and HCT-116)
characterized by different genetic profiles. Specifically, the Caco-2 cell line is sensitive
to cetuximab as it has no genetic defects associated with anti-EGFR therapy resistance.
Meanwhile, the HT-29 and HCT-116 cell lines are intrinsically resistant to cetuximab since
they harbor BRAF V600E and KRAS/PIK3CA mutations, respectively [18]. Ononis diffusa
showed a marked cytotoxic effect in all the cell lines and especially in those exhibiting drug
resistance. Thus, O. diffusa crude extract was further tested on cetuximab-sensitive (GEO
and SW48) and on acquired cetuximab-resistant (GEO-CR and SW48-CR) human colon
cancer cell lines. GEO-CR and SW48-CR represent a preclinical model for the study of
acquired resistance to cetuximab. The potential cytotoxicity of the extracts was evaluated
through MTT assays. In the attempt to identify the metabolites responsible for the activity,
NMR profiles of the extracts were obtained. Furthermore, a partial purification, always
paired with the NMR analysis, and biological tests led to the identification of a mixture of
oxylipins as putative bioactive compounds responsible for the antiproliferative properties
of the crude extract.

2. Results

2.1. Cytotoxic Activity
2.1.1. Cytotoxic Activity of Crude Extracts

Plant extracts were obtained with a mixture of methanol and water (1:1). The potential
antiproliferative activity of the plant crude extracts was evaluated on a panel of colon
cancer cell lines (Caco-2, HT-29 and HCT-116). While O. variegata showed no inhibition
of cell proliferation at any of the tested concentrations, O. diffusa showed a significant
inhibition against all of the cell lines, beginning at a concentration of 50 μg/mL (Figure 1).
Ononis diffusa extract exhibited a more pronounced effect on HT-29 cell line.

2.1.2. Cytotoxic Activity of the Crude Extract against Colon Cancer Cell Lines with
Acquired Resistance to Cetuximab

Based on the significant activity shown by O. diffusa extract on the three colon cancer
cell lines, including the intrinsically cetuximab-resistant ones, this extract was further
explored for its activity against both cetuximab-sensitive (GEO and SW48) and secondary
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cetuximab-resistant cancer cell lines (GEO-CR and SW48-CR). The extract showed a re-
markable inhibition of the proliferation of the acquired resistant cell lines (Figure 2). Indeed,
while a growth inhibition of 50% on SW48 cells was observed at the highest tested concen-
tration (250 μg/mL), a 50% inhibition of the corresponding secondary resistant cell line
was observed at a dose as low as 50 μg/mL.
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Figure 1. Antiproliferative activity evaluation of O. diffusa and O. variegata on the Caco-2, HT-29, and HCT-116 cell lines.
Cell growth is expressed as percentage from control, and is plotted on the vertical axis, while doses of plant extracts are
reported on the horizontal axis.
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Figure 2. Antiproliferative activity evaluation of O. diffusa against the SW48, SW48-CR, GEO, and
GEO-CR cell lines. Cell growth is expressed as percentage from control, and it is plotted on the
vertical axis, while doses of plant extracts are reported on the horizontal axis.

On the other hand, the activity on the GEO and GEO-CR cell lines was comparable;
important effects were observed starting from a concentration of 150 μg/mL of the extract.

2.2. NMR Profiling of the Extracts

NMR spectra were obtained for the extracts of the two Ononis species. The plant
material was extracted with a mixture of methanol-d4 and phosphate buffer in D2O (1:1)
and the solution thereby obtained was analyzed by NMR.

Although O. variegata showed no activity in the biological tests, a comparison of
the profiles of the two species helped us narrow down the set of the possible bioactive
compounds. It was clear, indeed, from the comparison of the 1H-NMR spectra (Figure 3),
that there were metabolites present in both species that, furthermore, were the main
components of O. variegata. These metabolites could not be considered responsible for the
activity observed for O. diffusa extract. Besides several sugars, amino acids, and organic
acids identified on the basis of literature data [19,20], O. variegata also showed signals of
caffeic acid and of trigonelline (Figure 3) [20,21].

105



Molecules 2021, 26, 3266

 

tr tr tr

tr

ca ca
ca

ca

sucr

sucr

glc

glc

asn ci
ala

aa

O. variegata

O. diffusa

Figure 3. Stacked 1H-NMR spectra of O. variegata (green) and O. diffusa (blue). Spectra were acquired at 300 MHz, in 1:1
methanol-d4: buffer. Diagnostic signals of the main metabolites detected in both extracts are indicated on O. variegata
spectrum by the following abbreviations: aa = amino acids, ala = alanine, asn = asparagine, ca = caffeic acid, ci = citric acid,
glc = glucose, sucr = sucrose, tr = trigonelline.

All these metabolites were also detected in the O. diffusa extract. Other signals only
present in O. variegata were very likely attributable to caffeoylquinic acids. However, as
these signals were not detected in the active extract, the identification of the metabolites
generating them was beyond the scope of the present work.

The aromatic and olefinic region of O. diffusa 1H-NMR spectrum showed several peaks
that were not detected in O. variegata (Figure 3). Further differences were observed in the
aliphatic region; protons at δH 1.23 and a triplet at δH 0.83 indicated the presence of alkyl
chains. These signals are usually attributed to fatty acids. However, the solvent mixture
herewith used would not explain the extraction of these compounds, which seem to be
rather abundant in the extract.

In the attempt to assign signals to metabolites only present in O. diffusa, and therefore
very likely responsible for the activity, an extensive 2D-NMR study of the extract was
carried out. However, the main correlations detected for the signals in the aromatic region
did not allow us to further identify the unknown metabolites. While the HSQC and COSY
(Figures S1 and S2) experiments suggested the presence of further 1,2,4-trisubstituted ring
systems, the long-range correlation experiments were not determining, since the main
correlations detected were those of the already-known compounds (whose identity was
therefore confirmed, Figure S3). Concerning the signals in the aliphatic region, the presence
of an alkyl chain was undoubtful, based on the NMR data previously discussed. However,
long-range correlations of protons resonating in this region with carbon signals in the range
of 60–80 ppm suggested the possibility that the fatty acids present in the extracts could be
oxygenated, as in the case of oxylipins.

2.3. Partial Purification of the Extract and Biological Activity

Since the 2D NMR of O. diffusa extract was dominated by the signals of the already-
known compounds, a partial purification of a larger quantity of extract was carried out.
The extract was first partitioned with water and ethyl acetate. The water fraction obtained
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was chromatographed on amberlite (XAD-4 and XAD-7). The columns were eluted with
methanol first, and then with water. The methanolic fractions were joined together due
to their very similar TLC profiles. The fraction (OdM) thereby obtained was analyzed
by NMR and the 1H-NMR spectrum, along with the HSCQ experiment, clearly showed
that the aim was achieved (Figure 4). The OdM spectra did not show signals of primary
metabolites, caffeic acid, or trigonelline (eluting in the water fraction).

 
Figure 4. HSQC and 1H-NMR spectra of the OdM fraction.

However, the spectrum was still rich in signals, especially in the aromatic region.
The HSQC experiment (Figure 4) and the other 2D NMR experiments revealed several
correlations. In particular, it was observed that the singlet proton at δH 8.14 was not
bound to a carbon atom; this value was in good agreement with a hydrogen atom of an
amidic functional group. This signal heterocorrelated, in the CIGAR-HMBC experiment
(Figure S4), with a carbonyl carbon at δC 176.5. Furthermore, it also correlated, in the same
experiment, with the quaternary carbon at δC 124.2, which was in turn correlated with two
protons of a 1,2,4-tribubstituted aromatic system resonating at δH 6.90 (dd, J = 8.2; 2.0 Hz)
and 6.97 (d, J = 2.0 Hz). The latter signal showed cross peaks with two oxygenated aromatic
carbons at δC 147.8 and 146.1, both of which correlated with a third aromatic proton at
δH 6.76 (d, J = 8.2 Hz) and with a singlet methylene at δH 5.87 (δC 101.2), indicating the
presence of a 3,4-dioxymethylenephenyl group bound to the amide nitrogen. In addition,
in the CIGAR experiment, the amidic proton correlated with a further aromatic carbon at
δC 157.9, which in turn displayed cross-peaks with a proton at δH 8.01 (d, J = 9.0 Hz), as an
indicator of a second 1,2,4-tribubstituted aromatic system. This proton correlated in the
long-range experiment with the amide carbonyl and with a quaternary aromatic carbon
at δC 118.8, which in turn correlated with other two aromatic protons resonating at δH
7.07 (d, J = 2.4 Hz) and 7.22 (dd, J = 9.0; 2.4 Hz), showing cross-peaks with an oxygenated
aromatic carbon at δC 162.2. This carbon correlated with an anomeric proton at δH 4.98,
therefore suggesting the presence of a sugar moiety, putatively identified, on the basis of
an HSQC-TOCSY experiment, as glucose. These data were in agreement with the presence
of a glucopyranosyl-2-hydroxy-N-(3,4-dioxymethylenephenyl)benzamide. However, the
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isolation and complete structural elucidation of this compound will be needed to confirm
the hypothesized structure.

More signals were detected in the aromatic region. Signals belonging to the A-ring of
flavonoids were observed as two COSY-correlating doublets (J = 2.0 Hz) at δH 6.20 and 6.39.
These protons were correlated in the HSQC experiment to the carbons at δC 93.1 and 98.4,
respectively. Furthermore, the former proton also showed long-range correlations with the
two carbons resonating at δC 161.2 and 165.0. This second carbon was also correlated to
the δH 6.39, which showed further long-range correlations with the carbons at δC 156.9 and
104.0. It was not possible to unambiguously identify these metabolites, due to the lack of
further correlations, but the NMR data here described prompted us to hypothesize that the
flavonoids were all characterized by a hydroxy function bound to the C-3 [21].

Finally, the signals in the range of 6.8–7.4 ppm were correlated, in the HSQC exper-
iment, with the carbons in the range of 125–145 ppm, suggesting the presence of olefinic
protons. These protons also showed COSY correlations with protons resonating in the range
of 5.9–6.1 ppm bound to carbons in the range of 120–125 ppm (Figure S5). The proton sig-
nals at 5.9–6.1 ppm showed further COSY correlations with signals in the aliphatic region
(2.4–2.8 ppm), in turn correlating with protons geminal to oxygen. Since the mixture was
complex and these compounds were minor components, it was not possible to definitely
identify the compounds. However, it is plausible that these signals belonged to oxylipins.

The OdM fraction was tested on HT-29 cells (Figure 5), but no activity was observed.
Two possible explanations were then taken into consideration: (i) the occurrence of syner-
gistic effects in the crude extract or (ii) the fact that the OdM fraction obtained from the
amberlite chromatography, although enriched in several specialized metabolites, did not
contain a significant amount of the active compounds. These active metabolites could
be then found either in the water fraction obtained from the same chromatography, or in
the ethyl acetate fraction (OdE) obtained in the previous step. By comparing the NMR
profiles of the OdM and the crude extract (Figures 3 and 4), it was clear that, besides the
signals belonging to metabolites also detected in the crude extract of the inactive species
O. variegata, there was also a significant decrease in the intensity of signals so far putatively
attributed to oxylipins. These oxylipins could have been in the OdE fraction, which was
therefore assayed. The ethyl acetate fraction showed activity on HT-29 cells (Figure 5).
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Figure 5. Antiproliferative activity evaluation of the O. diffusa partially purified fractions on HT-29
cell lines. Cell growth is expressed as percentage from control, and it is plotted on the vertical axis,
while doses of plant extracts are reported on the horizontal axis.

The inhibition was of 92% at a concentration of 50 μg/mL, and around 40% at the
concentration of 10 μg/mL. The 1H-NMR of the ethyl acetate extract confirmed that this
fraction was enriched in signals that were only detected in traces in the methanol fraction,
and that could be attributed to oxylipins (Figure 6).
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Figure 6. 1H-NMR spectrum of the OdE fraction. A tentative general structure for the oxylipins is proposed, and diagnostic
signals are indicated by colored arrows.

Besides the triplet at δH 0.83 and the methylene signals at δH 1.23, signals belonging
to two olefinic protons conjugated to a carboxylic function were detected at δH 5.90 and δH
7.00. Allylic protons were instead resonating in the range 2–3 ppm, while signals in the
region between 3 and 5 ppm were attributable to protons geminal to hydroxyl groups. The
hypothesized structure is reported in Figure 6. This hypothesis was drawn based on the
analysis of the 2D-NMR spectra of the extract previously discussed.

A complete structural elucidation of these metabolites was not possible in mixture,
because it is very likely to have been made up of compounds with variable chain lengths.
However, it is also clear that compounds with different substitution patterns were present
in the mixture, including compounds that might bear acetyl groups (as shown by singlets
at around 2 ppm).

3. Discussion

The present study demonstrates that O. diffusa is a source of potential anticancer
compounds acting on drug-resistant colon cancer cell lines. The aim of the present work
was not only to identify cytotoxic extracts, but particularly sources of compounds able to
overcome anti-EGFR therapy resistance in mCRC.

EGFR is a very important target in cancer therapy [11], being a central regulator of
tumor progression in a variety of human cancers, including mCRC [22], one of the leading
causes of cancer-related death worldwide. One way to inhibit the activation of EGFR is
with monoclonal antibodies like cetuximab [23]. Unfortunately, primary resistance (due
to specific mutations) to cetuximab in mCRC patients, who therefore do not respond to
this treatment, has been reported [24]. Furthermore, it has been shown that one fourth of
cetuximab-sensitive mCRC patients develop secondary resistance [11,12]. The emergence
of secondary resistance might be due to the selection of drug-insensitive subclones imposed
by the continuous EGFR blockade [24]. Finding drugs acting with alternative modes of
action, able to overcome or bypass these innate and acquired resistances is therefore crucial.
In this study, we used Caco-2, GEO, and SW48 cells as cetuximab-sensitive models, HT-29
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and HCT-116 as intrinsically cetuximab-resistant models and GEO-CR and SW48-CR as
cell models with acquired resistance to cetuximab. Although the data here reported are
preliminary and extensive tests on pure compounds are needed to assess their activity,
toxicity, and modes of action, the extract herewith analyzed showed a strong inhibition of
cell growth on all the cell lines. Of note, the activity on cetuximab-resistant human cancer
cell lines was remarkable. In particular, the extract strongly inhibited the growth of HT-29,
a cell line harboring a BRAF mutation, which is a strong negative prognostic biomarker for
patients suffering from mCRC [12].

Based on the partial purification and on the fraction testing and profiling, we could
identify the class of compounds potentially responsible for the activity exerted by the
extracts. It was therefore suggested that the oxylipin components of the extract could be
the compounds responsible for the biological activity. The crude extract demonstrated
strong cytotoxicity (Figures 1 and 2). Based on a comparison to the inactive extract of the
related plant O. variegata (Figure 3), which was also tested and analyzed, it was possible to
exclude some of the metabolites from the list of candidate bioactive compounds. These
compounds (caffeic acid, caffeoyl derivatives, trigonelline, and several primary metabolites)
were, indeed, the main components of the O. variegata extract (Figure 3), which however
showed no activity even at the highest tested concentration. A second level of selection
was obtained after the partial purification of the crude extract: OdE and OdM fractions
were obtained when the extract was partitioned with ethyl acetate/water and then the
aqueous fraction therefrom was further purified on amberlite. Although the OdM fraction
was particularly enriched in phenolic compounds, it did not show activity against HT-29
cells (Figures 4 and 5). On the other hand, the OdE fraction was very active and even more
strongly inhibiting of HT-29 cell growth than the crude extract. Based on the NMR analysis,
it was possible to tentatively identify the main compounds in this fraction as oxylipins
(Figure 6 and Figures S1–S3).

Oxylipins are oxidized fatty acids, used by plants mostly as signaling molecules [25,26],
to the best of our knowledge. Jasmonic acid is by far the most studied oxylipin, due to its
central role as a plant hormone involved in the regulation of developmental and defense-
related processes [27]. Given these roles in signaling and as plant hormones, oxylipins are
usually present at low concentrations [25] and therefore have also been seldom studied for
further biological activities. It has been suggested that these molecules promote apoptosis
in animal cells by altering the intracellular calcium signaling and inducing cytoskeletal
instability [28], although the molecular mechanism is not yet known. Besides jasmonates,
different substitute oxylipins have been reported, including oxylipins with cytotoxic, anti-
inflammatory, and potential anticancer properties [29,30]. The oxylipins in O. diffusa extract
seemed to be polyoxygenated compounds. This hypothesis was supported by their polarity
and chromatographic behavior.

Although the oxylipins were the most abundant compounds in the active fraction,
we cannot completely exclude the possibility that less-abundant compounds could have
been responsible for the observed activity. However, a further effort to perform a complete
isolation and structural elucidation of the pure compounds will be carried out as the object
of future studies. The observed biological activity makes the OdE fraction a potential source
of compounds that could be further explored with the aim of finding drug candidates able
to overcome either intrinsic or acquired drug resistance in colorectal cancer cells.

4. Materials and Methods

4.1. Plant Sampling

Plant samples belonging to the two species, O. diffusa and O. variegata were harvested
in the spring at the “Castel Volturno” Nature Reserve (40◦57.587′ N, 14◦00.105′ E; southern
Italy) and identified by Prof. Assunta Esposito. Voucher specimens were deposited at the
Herbarium of DiSTABiF of Università degli Studi della Campania “Luigi Vanvitelli.” Leaf
samples were collected and immediately frozen in liquid N2 to avoid unwanted enzymatic
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reactions, and stored at −80 ◦C before the freeze-drying process. Lyophilized samples were
powdered in liquid nitrogen and stored at −20 ◦C.

4.2. Plant Chemical Profile
4.2.1. Extraction

An aliquot (50 mg) of freeze-dried and powdered plant material extracted with 1.5 mL of
phosphate buffer (Fluka Chemika, Buchs, Switzerland; 90 mM; pH 6.0) in D2O (Cambridge
Isotope Laboratories, Andover, MA, USA) containing 0.1% w/w trimethylsilylpropionic-2,2,3,3-
d4 acid sodium salt (TMSP, Sigma-Aldrich, St. Louis, MO, USA) and CD3OD (Sigma-Aldrich,
St. Louis, MO, USA) (1:1). The mixture was vortexed at room temperature for 1 min, ultrasoni-
cated (Elma Transsonic Digital, Hohentwiel, Germany) for 40 min, and centrifuged (Beckman
Allegra™ 64R, F2402H rotor; Beckman Coulter, Fullerton, CA, USA) at 13,000 rpm for 10 min.
A volume of 0.65 mL was transferred to a 5 mm NMR tube and analyzed by NMR [31].

4.2.2. NMR Analysis

NMR spectra were recorded at 25 ◦C on a Varian Mercury Plus 300 Fourier transform
NMR operating at 300.03 MHz for 1H and 75.45 MHz for 13C. CD3OD was used as the in-
ternal lock. 1D and 2D NMR spectra were acquired using Varian standard pulse sequences
and as previously described [13].

4.3. Partial Purification of O. diffusa Extract

Dried leaves (60 g) of O. diffusa were powdered and underwent three cycles of an
ultrasound-assisted extraction with a MeOH:H2O (1:1) solution (1.8 L), obtaining a crude
extract (16 g), which was dissolved in H2O and separated by liquid–liquid extraction using
EtOAc as an extracting solvent, obtaining an ethyl acetate fraction (OdE; 3 g) and a water
fraction. The aqueous fraction was chromatographed on Amberlite XAD-4 and XAD-7
with water and then with methanol. The two alcoholic eluates were joined together to give
the OdM fraction (1.7 g). Aliquots were used for bioassays and NMR analyses.

4.4. Cell Lines
4.4.1. Cell Cultures

Human HCT-116, HT-29, Caco-2, and SW48 colorectal cancer cell lines were obtained
from the American Type Culture Collection (ATCC) (Manassas, VA, USA). The human GEO
colon cancer cell was a gift of Dr. N. Normanno (National Cancer Institute, Naples, Italy).
The HCT-116 and HT-29 cancer cells were cultured in RPMI 1640 medium (Lonza, Cologne,
Germany), and supplemented with 10% FBS, 2 mM L-glutamine, 50 U/mL penicillin, and
100 μg/mL streptomycin (Lonza, Cologne, Germany). Caco-2 cell line was cultured in
DMEM medium (Lonza, Cologne, Germany), and supplemented with 10% FBS, 2 mM
L-glutamine, 1% non-essential amino acid, 50 U/mL penicillin, and 100 μg/mL strepto-
mycin (Lonza, Cologne, Germany). The GEO and GEO-CR clones were grown on DMEM
medium supplemented with 20% FBS, 1% penicillin/streptomycin (Lonza, Cologne, Ger-
many). The SW48 and SW48-CR cells were cultured in RPMI 1640 medium supplemented
with 10% FBS and 1% penicillin/streptomycin. All cell lines were maintained in a humified
atmosphere of 95% air and 5% CO2 at 37 ◦C, and routinely screened for the presence of
mycoplasma (Mycoplasma Detection Kit, Roche Diagnostics, Basel, Switzerland).

4.4.2. Proliferation Assay

Cell proliferation was measured with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay [32]. Briefly, cells in the logarithmic growth phase were plated in 96-well
plates and incubated for 24 h before exposure to increasing doses of plant extracts (10, 50, 100,
150, 200 and 250 μg/mL). At 48 h after treatment, 50 μL of 1 mg/mL (MTT) were mixed with
200 μL of medium and added to the well. At 1 h after incubation at 37 ◦C, the medium was
removed, and the purple formazan crystals produced in the viable cells were solubilized in
100 μL of dimethyl sulfoxide and quantitated by measurement of absorbance at 570 nm with
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a plate reader. Results were reported as mean +SD of % of cell growth respect to the control,
from six replicates. The control was represented by 0.25% DMSO treatment, corresponding to
the higher amount of DMSO used for the tests.

4.4.3. Statistical Analyses

Bioassays were carried out in six replicates. Statistical analyses were performed using
Excel 2010 (Microsoft Corporation; Redmond, WA, USA). A Student’s t test (p < 0.001) was
used to determine the statistical significance of the experimental results.

Supplementary Materials: The following are available online. Figure S1: HSQC of O. diffusa extract.
Figure S2: COSY of O. diffusa extract. Figure S3: HMBC of O. diffusa extract. Figure S4: CIGAR-HMBC
of OdM fraction. Figure S5: COSY of OdM fraction.
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Abstract: Psychotria malayana Jack has traditionally been used to treat diabetes. Despite its
potential, the scientific proof in relation to this plant is still lacking. Thus, the present study
aimed to investigate the α-glucosidase inhibitors in P. malayana leaf extracts using a metabolomics
approach and to elucidate the ligand–protein interactions through in silico techniques. The plant
leaves were extracted with methanol and water at five various ratios (100, 75, 50, 25 and 0% v/v;
water–methanol). Each extract was tested for α-glucosidase inhibition, followed by analysis using
liquid chromatography tandem to mass spectrometry. The data were further subjected to multivariate
data analysis by means of an orthogonal partial least square in order to correlate the chemical profile
and the bioactivity. The loading plots revealed that the m/z signals correspond to the activity of
α-glucosidase inhibitors, which led to the identification of three putative bioactive compounds,
namely 5′-hydroxymethyl-1′-(1, 2, 3, 9-tetrahydro-pyrrolo (2, 1-b) quinazolin-1-yl)-heptan-1′-one (1),
α-terpinyl-β-glucoside (2), and machaeridiol-A (3). Molecular docking of the identified inhibitors
was performed using Auto Dock Vina software against the crystal structure of Saccharomyces cerevisiae
isomaltase (Protein Data Bank code: 3A4A). Four hydrogen bonds were detected in the docked
complex, involving several residues, namely ASP352, ARG213, ARG442, GLU277, GLN279, HIE280,
and GLU411. Compound 1, 2, and 3 showed binding affinity values of −8.3, −7.6, and −10.0 kcal/mol,
respectively, which indicate the good binding ability of the compounds towards the enzyme when
compared to that of quercetin, a known α-glucosidase inhibitor. The three identified compounds that
showed potential binding affinity towards the enzymatic protein in molecular docking interactions
could be the bioactive compounds associated with the traditional use of this plant.

Keywords: Psychotria malayana Jack; type 2 diabetes; α-glucosidase inhibitors; LC-MS; metabolomics;
molecular docking
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1. Introduction

Diabetes mellitus (DM) is the most common chronic and metabolic disease, which affects a
large number of populations in the world. Currently, more than 150 million people are suffering
from diabetes, and this number is expected to reach 300 million by 2025 [1]. It is characterized by
an elevated blood glucose level due to defects in insulin secretion and insulin resistance, or both.
DM is associated with eye, renal, cardiovascular, and neurological complications in the long term
and is also associated with symptoms such as polyuria, fatigue, weight loss, delayed wound healing,
blurred vision, increases in plasma and urine glucose levels [2–4]. Generally, DM can be categorized
into two types; type 1 and type 2. Many synthetic medicines like insulin and oral hypoglycemic
drugs available on the market are used to treat type 2 diabetes, but the long term use of insulin
therapy and oral synthetic medicines may cause severe side effects [5]. Furthermore, oral anti-diabetic
drugs are costly; hence, it is very difficult for low and middle-income people to continually use these
medications [6]. Taking into account the side effects of synthetic anti-diabetic drugs, the interest
in herbal medicinal products for DM treatment is growing [7]. Several phytochemical constituents,
including flavonoids, phenolic, coumarins, and other compounds that are plentiful in medicinal
herbs have been evaluated as being capable of lowering blood glucose levels [8]. The capability of
medicinal plants in treating DM relates to their ability to improve the action of pancreatic tissue by
increasing insulin secretion or reducing intestinal glucose absorption [9]. Decreasing postprandial
hyperglycemia is a therapeutic approach used for the treatment of DM. This goal can be achieved by
inhibiting the carbohydrate hydrolyzing enzyme, α-glucosidase (AG). The AG enzyme plays a vital
role in carbohydrate metabolism by breaking starch and disaccharides into glucose [10]. Therefore,
inhibition of AG is an effective therapeutic approach for the management of DM.

Psychotria malayana Jack plant, which belongs to the Rubiaceae family, is widespread throughout
tropical and subtropical countries. This plant is largely distributed in the west Indonesian archipelago
and known to Lombok people as “lolon jarum” [11]. Lombok people traditionally used this plant for the
treatment of wounds, skin infections and other skin diseases [11]. People in India, Indonesia and Brazil,
have conventionally used this plant to treat digestive problems, stomach pain and infections of the
female reproductive system [12]. Karo people in North Sumatra used the species of Psychotria, which is
locally known as “loning” for the treatment of diabetes [13]. Khaled et al. [12] showed the anti-diabetic
property of this plant on diabetic-induced zebrafish. Although several alkaloids in this plant have been
reported, none of these alkaloids have been found to exert anti-diabetic activity. More research should
be performed to identify bioactive compounds related to the anti-diabetic properties of this plant.

LC-MS-based metabolomics has been used to identify bioactive compounds in medicinal herbs [14].
Condensed tannins and flavonoid derivatives have been identified as antioxidant metabolites from the
leaves of Fragaria vesca by using LC-MS based metabolomics [15]. Furthermore, Kamalrul et al. [16]
identified eight compounds from Wedelia trilobata leaves that exhibited potential allelopathic effects.
Liquid chromatography (LC) combined with quadrupole time-of-flight (Q-TOF) mass spectrometry (MS)
was used to annotate metabolites that could act as α-glucosidase (AG) inhibitors [17]. Suganya et al. [17]
reported AG inhibitors from Clinacanthus nutans leaves using a similar technology. Additionally,
Gilda et al. [18] identified 35 metabolites, along with antioxidant and AG inhibitory effects of the
fruits of both Morus alba and Morus nigra. Similar technology has been applied to evaluate the activity
of Clinacanthus nutans leaves against cisplatin toxicity [19]. In addition, potential thrombin/factor
Xa inhibitors were reported from Salvia miltiorrhiza Bunge and Ligusticum chuanxiong Hort using
the LC-MS-based multivariate data analysis technique [20,21]. Chromatographic technique-based
metabolomics was also applied to compare and reveal the chemical profiles of raw and fermented
Chinese Ge-Gen-Qin-Lian decoction (a traditional chinese medicine formula) during investigation
of its anti-diabetic effects on high-fat diet and streptozotocin-induced rats [22]. The choice of using
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LC-MS is due to the technique having a high mass resolution and detection sensitivity in regard to
mass detection, thus, it can precisely measure the mass [23,24]. LC-Q-TOF-MS provides improved
detection for fragmented ions with a high resolution and mass precision in comparison to many other
tandem mass spectrometries [23].

Molecular docking plays an important role in predicting the binding modes and binding abilities
of small molecules towards the targeted proteins, which is crucial in designing potential drugs [25].
In the present study, the activity of P. malayana Jack leaf extracts were investigated through an AG
inhibition assay. Subsequently, the AG inhibitors in this herb were identified using LC-MS-based
metabolomics. An in silico study was carried out to predict the molecular interaction between the
AG enzyme (protein) and the tentative AG inhibitors (ligands) that were identified in P. malayana
leaf extracts.

2. Results

2.1. α-Glucosidase Inhibition (AGI) of the Plant Extract

Figure 1 shows the α-glucosidase inhibition (AGI) activity of five extracts of P. malayana leaves at
the assay concentration of 10 μg/mL. The highest AGI activity (93.1% inhibition) was shown by 100%
methanol, followed by the 25% methanol extract with an AGI activity of 73.5% inhibition. However,
the AGI activity of the 25% methanol was not statistically significant (p < 0.05) from 50% methanol
(61.6% inhibition). The AGI activity of 50% methanol and water extract (61.2% inhibition) was not
significantly different (p < 0.05), but was lower than that of the 25% methanol extract. The lowest AGI
activity was shown by the 75% methanol extract (48.5% inhibition). The AGI activity of the different
P. malayana leaf extracts exhibited the following trend: 100 > 25 > 50 > 0 > 75% v/v methanol extract.

 
Figure 1. Percentage of α-glucosidase inhibition at the concentration of 10 μg/mL of P. malayana leaves
extracts. The values that do not share the same letter are significantly different (p < 0.05), as measured
by Tukey’s comparison test.

2.2. Multivariate Data Analysis

Supervised multivariate data analysis, by means of orthogonal partial least square (OPLS),
was used to correlate the x variables (LC-MS signals) and the y variable (AGI activity) of each sample.
The mass to charge ratio (m/z) and retention time were considered as the x variables and resulted from
the pre-processing of LCMS data using an online Mzmine platform. Pareto scaling was used in order
to suppress the effect of m/z noise in the statistical calculation, thus avoiding a biased result.

117



Molecules 2020, 25, 5885

The Y-axis in Figure 2A represents the variation explained by the calibration model, while the
R2(cum)progression is the degree of variation that can be explained by each of the components.
The variation was calculated as a cumulative score and thus, described in a progression manner.
The OPLS model produced four principal components (PC), explaining 91% of the total variation
(see Figure 2A). PC1 explained the largest variation of the samples (58%), while PC2, PC3, and PC4
represented 16%, 29%, and 33% of the sample variation, respectively. The difference between the
R2Y and Q2Y of all the PCs in this study was not larger than 0.3, confirming the validation of this
multivariable calibration model, according to Eriksson et al. [26]. Another validity evaluation of this
model was performed through the analysis of the regression coefficient (R2) between the predicted
and actual AGI activities of the samples (Figure 2B). The R2 value obtained was 0.91, indicating the
validity of this model since it was higher than 0.90 [26]. The permutation test showed that the R2Y
and Q2Y intercept values of this model were lower than 0.4 and 0.05, respectively, confirming that this
calibration model was valid [26].

 
Figure 2. (A) Summary of fit of established orthogonal partial least square (OPLS) model for P. malayana
leaf extracts; (B) Observed vs. predicted α-glucosidase inhibition (AGI) activity with R2 value of 0.91
from 20 extracts of P. malayana leaves.

Figure 3A shows a score scatter plot that displays the separation among the samples. The sample
separation can be viewed well through a combination of OPLS component one and two. The most
active extract (100% methanol) was separated in the positive side, while the others—except part of the
25% methanol extract—were separated in the negative side of OPLS component one. While OPLS
component two could not separate the most active extract from the less active extracts.
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Figure 3. (A) Score scatter plot of validated OPLS model for 20 extracts of P. malayana leaves; (B) The
loading scatter plot of OPLS model.

The loading scatter plot, as shown in Figure 3B, maps out the correlation of the x variables (m/z) to
the y variable (AGI activity). The m/z values being closer to the AGI activity indicates their positive
correlation to the bioactivity. Plenty of m/z vindicated this property. However, only three of them
(m/z of 315.2, 317.2, and 349.2) could be identified after comparison with the available databases
and publications. The detailed explanation of compound identification is described in Section 2.3.
The three identified putative compounds are (5′-hydroxymethyl-1′-(1, 2, 3, 9-tetrahydro-pyrrolo [2, 1-b]
quinazolin-1-yl)-heptan-1-one) (1), α-terpinyl-β-glucoside (2), and machaeridiol-A (3).

2.3. Identification of Putative Compounds

Identification of putative compounds was performed by analyzing the m/z spectrum of fragmented
ions of each compound which was obtained from the LC-MS/MS instrument with a positive ionization
mode (see Table 1). The fragmentation pathway of three compounds is shown in Figure S1,
the supplementary file. The chemical structures of the identified compounds are shown in Figure 4.
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Table 1. Tentative metabolites identified in the P. malayana Jack leaves through LC-MS/MS fragmentation
using positive ionization.

Compound M +H MS2 Fragments Ion Tentative Metabolites Reference

1
315.1775

(C19H27N2O2)

[M-CH2]+ at m/z 300, [M-CH3]+ at m/z
299, [M-CH5]+ at m/z 297, [M-C2H4]+

at m/z 286, [M-CH3O]+ at m/z 283,
[M-CH4O]+ at m/z 282, [M-C4H2]+ at

m/z 264, [M-C4H9]+ at m/z 257,
[M-C4H9O]+ at m/z 241, [M-C6H3]+ at

m/z 239, [M-C5H11O]+ at m/z 227,
[M-C7H15O]+ at m/z 199,
[M-C7H13O2]+ at m/z 185,
[M-C9H19O]+ at m/z 171,
[M-C10H21O]+ at m/z 157,
[M-C12H15O]+ at m/z 139,
[M-C11H18O2]+ at m/z 132,
[M-C12H17O2]+ at m/z 121,
[M-C14H21O2]+ at m/z 93,

[M-C13H19N2O2]+ at m/z 79,
[M-C17H23N2O2]+ at m/z 27

5′-hydroxymethyl-1′-(1, 2, 3,
9-tetrahydro-pyrrolo (2, 1-b)

quinazolin-1-yl)-heptan-1′-one
[27,28]

2
317.2882

(C16H29O6)

[M-HO]+ at m/z 299, [M-H3O2]+ at m/z
281, [M-CH3O2]+ at m/z 269,

[M-CH5O3]+ at m/z 251, [M-C4H5]+ at
m/z 263, [M-C9H17O6]+ at m/z 95,

[M-C10H19O6]+ at m/z 81,
[M-C11H19O6]+ at m/z 69,
[M-C11H21O6]+ at m/z 67,
[M-C14H23O4]+ at m/z 61,
[M-C14H24O4]+ at m/z 60

α-terpinyl-β-glucoside [29–33]

3
349.2127

(C24H29O2)

[M-HO]+ at m/z 331, [M-H3O2]+ at m/z
313, [M-C3H3]+ at m/z 309, [M-C4H5]+

at m/z 295, [M-C5H7]+ at m/z 281,
[M-C6H9]+ at m/z 267, [M-C10H17]+ at

m/z 211, [M-C17H14O]+ at m/z 114

machaeridiol-A [34,35]

Figure 4. Chemical structures of compound 1, 2, and 3.

Compound 1, an alkaloid, consists of a quinazoline ring with an aliphatic side chain containing
carbonyl and hydroxyl groups. Compound 1 was protonated at the oxygen attached to the O-H
functional groups to form the parent ion [M + H]+ having an m/z of 315. Subsequent removal of C2H5,
C4H3, C4H10, C4H10O, C11H19O, C13H20N2O2 and C17H24N2O2 from the parent ion resulted in ions
with m/z values of 286, 264, 257, 241, 132, 79, and 27, respectively. Removal of a methyl group from the
parent ion produced an ion with an m/z of 300. The loss of methane (CH4) from the parent ion results in
the formation of an ion with an m/z of 299 from which dihydrogen was removed to produce an ion with
an m/z of 297. Removal of CH4O from the parent ion produced an ion with an m/z of 283, and the further
loss of hydrogen caused the formation of an ion with an m/z of 282. In another pathway, the parent ion
lost pentanol (C5H12O) to form an ion with an m/z of 227, which was further fragmented to produce an
ion with an m/z of 185 by removal of ethenone (C2H2O). The loss of heptanol (C7H16O) from the parent
ion leads to the formation of an ion with an m/z of 199, from which, further loss of ethylene (C2H4)
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forms an ion with an m/z of 171. Further fragmentation of this ion leads to the formation of an ion with
an m/z of 157 by removal of methylene (CH2). The parent ion lost benzene (C6H4) to produce an ion
with an m/z of 239 that was further fragmented to produce an ion with an m/z of 139 by removal of
hexanal (C6H12O). Later on, a water molecule was removed to produce an ion with an m/z of 121 that
led to the production of another ion with an m/z of 93 by removal of ethylene (C2H4).

Compound 2 is a diterpenoid glucoside which was protonated at the oxygen atom of one of the
hydroxyl groups of glycoside during positive Electrospray Ionisation (ESI) to form the parent ion
[M + H]+ with an m/z of 317. The removal of C4H6, C11H20O6, C14H24O4, and C14H25O4 from this ion
led to the formation of ions with m/z values of 263, 69, 61, and 60, respectively. The loss of C9H18O6

from the parent ion produced an ion with an m/z of 95, which was further fragmented to form an ion
with an m/z of 81 by removal of methylene (CH2). In another pathway, the loss of C9H18O6 led to
the formation of an ion with an m/z of 95. While an ion with an m/z of 67 was formed from the ion
with an m/z of 95 by removal of C2H4. Removal of water from the parent ion produced an ion with
an m/z of 299, this was followed by the loss of another water molecule to form an ion with an m/z of
281. The removal of CH4O2 from the parent ion formed an ion with an m/z of 263, which was further
fragmented to produce an ion with an m/z of 251 by the removal of water.

Compound 3, a phenolic compound with two hydroxyl groups in its structure, contains cyclic
hydrocarbon with methylene and methyl. In the ESI positive ionization mode, compound 3 was
protonated at the oxygen atom of one of the hydroxyl groups to form the parent ion [M + H]+ with an
m/z of 349. The cyclic rearrangement and removal of C4H6, C5H8, C6H10, and C10H18 from the parent
ion produced ions with an m/z of 295, 281, 267, and 211, respectively. Removal of a water molecule
from the parent ion produced an ion with an m/z of 331, which was further fragmented to produce an
ion with an m/z of 313 by removal of another water molecule. The loss of C3H4 from the parent ion led
to the formation of an ion with an m/z of 309, this was followed by the loss of C14H11O to form an ion
with an m/z of 114.

2.4. Molecular Docking

Molecular docking was performed on the three compounds that were identified using LC-MS
based metabolomics to identify a potential binding mode of the compounds that could justify their
inhibitory activity. Table 2 shows the binding affinities of the control ligand, the detected bioactive
compounds and the standard competitive inhibitor (quercetin) towards the AG enzyme. A control
docking procedure was performed using the co-crystallized control ligand, alpha-D-glucose (ADG) in
order to validate the docking parameters, while quercetin was used as a comparison with the identified
compounds. In this work, the complex with a more negative value (i.e., stronger binding affinity) is
considered as the best-docked complex. The re-docked ADG was found to bind with 3A4A in a manner
identitical to its crystallographic configuration. The value of the root mean square deviation (RMSD) of
the re-docked ADG was found to be 0.633 Å, suggesting that the chosen docking parameters are able
to reproduce the crystallised conformation. The docking parameters are considered to be acceptable if
the RMSD value of the redocked ligand, with respect to the crystallised one, is less than 1.5 Å [36].
The control docking showed that the control ligand exerts a binding affinity of −6.0 kcal.mol towards
the enzyme. Seven amino acid residues (ASP352, GLH277, ASH215, HIE112, ASH69, ARG442, HIE351)
were involved in the hydrogen bond interactions with ADG. For quercetin, it exerts the binding affinity
of −8.4 kcal/mol. The binding is assisted by two residues (ASH215, GLH277) via a hydrogen bond and
three residues (PHE303, ASP352, and ARG442) via other types of interactions.

All of the three identified compounds exerted greater binding affinity towards the enzyme than
that of the control ligand. Among the three identified compounds, compound 3 showed the highest
binding affinity towards the enzyme, with -10.00 kcal/mol. It also had a higher binding affinity value
when compared to quercetin (−8.4 kcal/mol). In contrast, compounds 1 and 2 showed binding affinities
of −8.3 and −7.6 kcal/mol, respectively, which are lower than that of quercetin. The superimposed
3D docking visualization (Figure 5A) describes the predicted binding site of the three identified
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compounds, quercetin, and the control ligand (ADG) in the enzymatic protein. According to the figure,
all compounds are predicted to bind at domain A of the enzyme, where the catalytic site is located.
The same site is also occupied by ADG and quercetin, suggesting that a similar inhibition mechanism
might be followed by the identified compounds.

Table 2. Binding affinities of the α-glucosidase enzyme (3A4A) with control ligand, the known
competitive inhibitor (quercetin), and the identified active compounds.

Compound
Binding Affinity,

kcal/mol

Control ligand (ADG) −6.0
Quercetin −8.4

1 −8.3
2 −7.6
3 −10.0

 

Figure 5. (A) Superimposed 3D diagram of control ligand (ADG), positive control (quercetin),
the docked compounds 1, 2, and 3. (B) 2D binding interactions of the docked compound 1, 2, and 3

with α-glucosidase (3A4A).

Table 3 shows the binding interactions of compounds 1, 2, and 3. Along with the H-bond
interaction, other interactions such as pi-sigma, pi-alkyl, pi-pi t-shaped were also involved in the
docked complexes. The binding interaction analysis showed that the hydroxyl moiety of compound 1

interacts with ARG213, ASP352 and protonated GLU277 residues, whereas the carbonyl moiety of
compound 1 interacts with the ARG442 residue through hydrogen bond interaction. Among the
four hydrogen bonds, the strongest hydrogen bond is the one involving ASP352 with a distance of
2.08 Å. Meanhile, TYR72 and PHE178 interact with the aliphatic chain of compound 1 through pi-alkyl
and pi-sigma interactions, respectively. Whereas, the pyrrolidines moiety of compound 1 exhibited a
pi-alkyl interaction with the PHE303 residue of α-glucosidase.
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Table 3. Data for the molecular docking of compounds 1, 2, and 3 in 3A4A.

Compound Structure
Interacting Amino

Acid Residues
Bond Type Bond Distance(Å)

Compound 1

ASP352 Hydrogen bonding 2.08

ARG213 Hydrogen bonding 2.82

GLH277 Hydrogen bonding 2.60

ARG442 Hydrogen bonding 2.64

TYR72 Pi-Alkyl 4.49

PHE178 Pi-Sigma 3.68

PHE303 Pi-Alkyl 4.76

Compound 2

GLN279 Hydrogen bonding 2.36

HIE280 Hydrogen bonding 2.28
2.45

GLU411 Hydrogen bonding 3.39

PHE303 Pi-Alkyl 4.59

PHE178 Pi-Alkyl 4.82
5.25

TYR158 Pi-Alkyl 5.24

Compound 3

GLN279 Hydrogen bonding 2.58

HIE280 Hydrogen bonding 2.78

ASP352 Pi-Anion 4.50

ASH215 Pi-Anion 4.80

ARG442 Pi-Cation 3.66

TYR72 Pi-Pi T-shaped 5.30

TYR158
Pi-Pi T-shaped

Pi-Alkyl
Pi-Alkyl

4.85
4.16
4.09

ARG315 Alkyl 4.50
3.84

In the complex containing compound 2, the tetrahydronpyran moeity of the compound was
observed to form two hydrogen bonds with HIE280, with distances of 2.28 Å and 2.45 Å, respectively.
The other two hydrogen bonds were established between the tetrahydropyran moiety of compound 2

and GLU411, and GLN279. Whereas, the alicyclic moiety of compound 2 interacted with TYR158 and
PHE178 via pi-alkyl interactions. Furthermore, the aliphatic moiety of compound 2 interacted via a
pi-alkyl bond with the PHE303 residue at a distance of 4.59 Å.

In the docked complex of compound 3–AG enzyme, the hydroxyl moiety of the aromatic ring
of compound 3 showed interactions with HIS280 and GLU279 residues through hydrogen bonding
at distances of 2.78 Å and 2.58 Å, respectively. The aromatic ring of the phenolic and the aliphatic
moieties of compound 3 were observed to involve pi–pi t-shaped and pi–alkyl interactions with
TYR158. On the other hand, ASP352 and protonated ASP215 showed a pi–anion, and ARG442 showed
a pi–cation interaction with the aromatic segment of compound 3. Furthermore, the aromatic moiety
of compound 3 also interacted with the TYR72 residue through a pi–pi t-shaped interaction. ARG315
interacted with the alicyclic moiety of compound 3 through two alkyl interactions at a distance of
4.50 Å and 3.84 Å (Table 3). The two-dimensional (2D) binding interactions of compounds 1, 2, and 3

with the active site of the 3A4A enzyme are depicted in Figure 5B.
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3. Discussion

Various extraction methods using a methanolic solvent have been applied to enhance the content
of the bioactive compounds possessing anti-diabetic and antioxidant activities in medicinal herbal
extracts. Kidane et al. [37] reported that the extraction of Psiadia punctulata leaves in a methanolic
solvent produced an extract with high AGI activity. A similar result was found by Bhatia et al. [38] who
reported the high AGI activity of a methanolic extract of Cornus capitata Wall leaves. Extraction with
aqueous methanol was shown to be better for the recovery of the largest amount of phenolic compounds
from Moringa oleifera and rice bran, which are related to antioxidant activity [39,40]. In another study,
80% methanol solvent was used to extract antioxidants from numerous natural sources such as rice
bran, wheat bran, oat groats and hull, coffee beans, citrus peel and guava leaves [41]. In this study,
different ratios of aqueous methanolic solvent were investigated, which led to obtaining an extract
with high AGI activity in 100% methanol. The trend of AGI activity (100 > 25 > 50 > 0 > 75% v/v
methanol–water) is caused by the difference of metabolite profiling among the extracts which were
affected by the solvent used during extraction [42–45].

The loading scatter plot obtained using OPLS (Figure 3B) pinpointed three putative compounds
correlating to the AGI activity of P. malayana leaves. The presence of these compounds in this plant
had not been recorded elsewhere; thus, this study reports it for the first time. The presence of
compound 1 has been reported by Sutradhar et al. [28], who isolated it from the methanol and water
extract of Sida cordifolia. Linn. aerial sections. This compound was reported to possess analgesic and
anti-inflammatory effects in an animal model [27]. Although no research has been performed on the
anti-diabetic effect of this compound, the plant (S. cordifolia) that is rich in this compound has been
shown to ellicit both hypoglycemic and antioxidant activities [46,47].

Compound 2 is commonly known asα-terpineol-β-D-O-glucopyranoside orα-terpinyl-β-glucoside.
Nhiem et al. [31] isolated this compound from a methanol extract of Acanthopanax koreanum leaves,
although it did not possess antioxidant activity. This compound is also found in other plant parts such
as apricot fruits [29], sweet potatoes [30], the aerial parts of Ligularia alticola [32], and an ethyl acetate
extract of Saccocalyx satureioides [33].

Compound 3 was isolated from the stem bark of Machaerium multiflorum [34]. However,
no anti-diabetic activity has been reported so far for this compound. Most of the reports indicate its
antimicrobial activity against Candida albicans, Cryptococcus neoformans, Mycobacterium intracellularae,
Aspergillus fumigatus [35], and Staphylococcus aureus [34].

This present study appears to be the first to investigate the potential anti-diabetic effect of these
compounds through an in silico approach. The best method to confirm the AGI activity of these
compounds is through an in vitro AGI test on each of the pure compounds. However, these compounds
are not commercially available, and the isolation of these compounds is difficult due to their low
abundnace in this plant. Thus, in silico computational analysis, evaluating the binding characteristic
between the identified compounds and the active site of the enzyme, was carried out.

The S. cerevisiae isomaltase is made up of 589 aminoacids. Itconsistsof three domains, namely domain
A (1–113 and 190–512), domain B (114–189) and domain C (513–589) [48]. There are three catalytic
residues ASP215, GLU277 and ASP352, which are situated on the side of the C-terminal of domain
A [17,48]. The catalytic residues indicate the active site of the enzymatic protein and all the residues
involved in the molecular interaction during re-dock of ADG with 3A4A, contributing the actual catalytic
reaction [17]. Based on the results obtained, all compounds demonstrated binding affinities comparable
to that of the known AG inhibitor, quercetin, suggesting their potential to inhibit the enzyme.

Compounds 1 and 2 showed higher binding affinities than ADG, but slightly lower binding
affinities compared to that of quercetin. Good binding affinity of these compounds to the active site
of the enzyme was indicated, which is the same site used by ADG [17]. Among the seven residues
that are involved in the binding of ADG towards the AG enzyme, three residues (ASP352, GLH277,
and ARG442) were involved in the interactions with compound 1, however, no active site residues
of the control ligand interacted with compound 2. This might explain the difference in the binding
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affinity (0.7 kca/mol) between compound 1 and compound 2. It is anticipated that once the enzyme’s
active site is blocked, the enzyme is unable to break down carbohydrates, resulting in lower quantities
of glucose absorption and eventually lower blood glucose levels [10].

Compound 3 showed the highest binding affinity among the three compounds, quercetin,
and ADG. This high binding affinity is attributed to its chemical structure which contains three
main parts (aromatic, alicyclic, and aliphatic parts). This allows the compound to interact with
three catalytic residues (ASP352, ARG442, and ASH215) via pi–anion and pi–cation interactions,
in addition to hydrogen bond interactions. The higher number of hydrophobic interactions between
compound 3 and the enzyme may lead to a high affinity towards the active site of the enzyme, which is
in line with previous research [49]. Ahmed et al. [49] reported a higher number of hydrophobic
interactions between questin (an identified α-glucosidase inhibitor) and 3A4A that indicated a high
affinity towards the enzyme’s active site by exhibiting a more negative binding affinity value of
−8.3 kcal/mol. Three residues (ASP352, ASH215, and ARG442) that are present in the ADG-AG enzyme
complex are also involved in the docked complex of compound 3–AG enzyme, supporting the high
binding affinity exerted by compound 3. Given the above findings, it is anticipated that compound 3

may serve as potential lead compound for the development of an AG inhibitor.

4. Materials and Methods

4.1. Materials

Organic chemicals (methanol, dimethyl sulfoxide) of analytical and chromatography grade
and the AG (yeast maltase) enzyme were obtained from Merck (Darmstadt, Germany) and
Megazyme (Megazyme, Bray, Ireland), respectively. Quercetin as the standard and ρ-nitrophenyl-ρ-D-
glucopyranosidase (PNPG) as the substrate were procured from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Plant Sample Collection

The P. malayana Jack leaves were collected from Cermin Nan Gedang at Sarolangun district,
Jambi, Indonesia. These were identified by a taxonomist, Dr Shamsul Khamis from the University of
Putra, Malaysia. The specimen was deposited at the Kulliyyah of Pharmacy (KOP) Herbarium, IIUM,
Kuantan (voucher specimen #PIIUM008-2). The plant samples were allowed to dry for seven days at
room temperature (25 ± 5 ◦C) in the shade and were converted into powder form using a Universal
cutting mill (Fritsch, Idar-Oberstein, Germany). The powdered leaves were stored at −80 ◦C until
further analysis [50].

4.3. Preparation of P. malayana Leaves Extracts

Crushed powdered leaves of P. malayana (1 g) were subjected to extraction. The extraction was
conducted by sonication. The powdered leaves were immersed in 30 mL of methanol–water at various
ratios (0, 25, 50, 75, and 100%, v/v) and allowed to sonicate for 30 min. Subsequently, the extracts were
filtered using Whatman filter paper No.1. A rotary evaporator was used at 40 ◦C to remove the solvent.
To clear any residual solvents, the extracts were then freeze-dried and stored at −80 ◦C. For this study,
a total of 20 samples were prepared (4 replicates for each of the 5 separate extracts).

4.4. AGI Assay

The method reported by Javadi et al. [50] was followed with minor modifications. Quercetin (2 mg
in 1 mL DMSO) and ρ-nitrophenyl-ρ-D-glucopyranosidase (PNPG, 6 mg in 20 mL of 50 mM phosphate
buffer, pH 6.5) were used as the positive control and substrate, respectively. The yeast, glucosidase,
was used in this study under the consideration that its substrate specificity, inhibitor sensitivity,
and optimum pH are similar to the mammalian glucosidase [51].

The sample was prepared following the same preparation protocol for quercetin. While the
negative control was prepared by replacing the sample with DMSO. A total of 10 μL of the samples,
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quercetin and DMSO; 100 μL of 30 mM phosphate buffer and 15 μL of 0.02 U/μL AG enzyme were
transferred into 96-well plate. A blank was prepared following the same protocol but without the
enzyme. The samples and the blank mixture were both incubated at room temperature for 5 min and
then treated with 75 μL of PNPG, followed by addition of glycine (pH 10) and another incubation time
of 15 min at room temperature to stop the reaction. The absorbance reading was recorded at 405 nm
by the microplate reader (Tecan Nanoquant Infinite M200, Männedorf, Switzerland). The inhibition
percentage was obtained from the following equation:

Inhibition activity (%) = [(Acontrol − Asample)/Acontrol] × 100% (1)

where, the absorbance of the negative control is Acontrol, and the absorbance of a sample or positive
control is Asample.

4.5. LCMS-QTOF Analysis

The method used by Murugesu et al. [17] was followed in this study with a slight modification.
LCMS-QTOF instrument (Agilent 1290 Infinity and 6550 iFunnel, Santa Clara, CA, USA) fitted with an
electrospray interface (ESI) with positive ion modes was used to analyze the sample. The sample was
prepared using 250 μL of methanol to dissolve 1 mg of each plant extract. The mixture was vortexed
and sonicated for 15 min, followed by the addition of 250 μL of water. Subsequently, it was centrifuged
for 15 min to obtain a clear supernatant which was transferred into an insert glass vial through syringe
filtration. Phenomenex Kinetex C18 core-shell technology 100 Å (250 mm × 4.6 mm, 5 μm, California,
United States) column was used for sample injection. The column temperature was 27 ◦C. The column
was initially washed with methanol before sample injection. A total of 10 μL sample was injected
through an autosampling system. Samples were eluted with a gradient system from 5% methanol
in water with 0.1% formic acid to absolute methanol in 20 min. The machine was then operated for
another 10 min with absolute methanol at a flow rate of 0.7 mL/min for a total running time of 30 min.
The MS/MS data were recorded between m/z values of 50 to 1500 with a scanning rate of 1 spectrum per
scan, and the MS/MS spectra were collected by a collision energy ramp of 35 eV. The source parameter
was set to the following: gas temperature = 200 ◦C, gas flow = 14 L/min, nebulizer= 35 psig, sheat gas
temperature = 350 ◦C, sheat gas flow = 11 L/min.

ACD/Spec Manager v.12.00 (Advanced Chemistry Development, Inc., ACD/Labs Toronto,
ON, Canada) software was used for analyzing the acquired LCMS-QTOF data and for in silico
analysis of fragmention pathway. The raw (*.xms) data were converted into CDF (*.cdf) format by
ACD/Spec manager. The data were subsequently pre-processed using MZmine software (VTT Technical
Research Centre, Oulu, Finland) for baseline correction, peak detection, peak filtering, alignment,
smoothing and gap filling and saved as a (*.csv) format [52] following the parameters shown in Table 4.
The results were analyzed with SIMCA-P+ 14.0 (Umetrics, Umeå, Sweden) software for multivariate
data analysis.

4.6. Molecular Docking

Docking was carried out using AutoDock Vina (version 1.1.2) to predict the binding affinity of
the identified compounds to the active site of the enzyme. From Protein Data Bank (PDB), the AG
crystal structure was combined (PDB code: 3A4A) [17,53–57]. The 3D structures of the identified
compound were collected from the Super Natural II database as *.mol files and quercetin was collected
from Pub Chem in *.sdf format. All the structures of the identified compounds were changed to *.pdb
format by Open Babel (version 2.3.1) [17]. Then AutoDock Tools (version 1.5.6) was used to convert
the compounds in *.pdb format to *. Pdbqt, prior to docking. Gasteiger charges and hydrogen atoms
were added [53]. The rotatable bonds were set using AutoDock Tools. The co-crystallized ligand,
alpha-D-glucose (ADG), was re-docked into the enzyme (PDB ID: 3A4A). The top-levelled docking
conformations were compared with the actual crystallographic conformation based on the values of
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root mean square deviation (RMSD). The same parameters as in the control docking were applied
for the docking of quercetin, as well as compounds 1, 2 and 3 against the enzyme [36,58]. The grid
box parameters were centered at the coordinate of 21.272, −0.751 and 18.634. The sizes of the grid
box for X, Y, and Z were 20 Å, 26 Å and 22 Å, respectively, while the exhaustiveness was set as 16.
The docking was performed in triplicate. The enzyme crystal structure was protonated at a pH of
6.5 with the PDB2PQR Server, version 2.0.0, to simulate the real state of the bioassay [17,59]. The 3D
superimposed diagram of the standard and the detected compounds were rendered using PyMOL TM
1.7.4.5 (Schrödinger, LLC, New York, NY, USA) [17]. All docking outcomes were analyzed by Biovia
Discovery Studio Visualizer (San Diego, CA, USA) [17,36,58].

Table 4. Parameter setting for pre-processing of LC-MS data using MZmine software (VTT Technical
Research Centre, Finland).

Parameters Details

Baseline correction

Mass Spectrometry (MS) level = 1
m/z bin width = 1

Asymmetric baseline corrector (smoothing = 100,000,
asymmetry = 0.5)

Mass detection Mass detector = centroid (noise level = 200)

Chromatogram builder
Min time span = 0.2 min

Min height = 200
m/z tolerance = 1.0 mz or 2500 ppm

Peak detection Filter width = 11

Isotopic peaks grouper

m/z tolerance = 1.0 mz or 2500 ppm
Retention time (RT) tolerance = 0.2 min

Monotonic shape
Maximum charge = 1

Duplicate peak filter m/z tolerance = 1.0 mz or 2500 ppm
RT tolerance = 0.2 min

Normalization Linear Normalization
Peak measurement type = peak area

Alignment (Join aligner)

m/z tolerance = 1.0 or 2500 ppm
Weight for m/z = 85

RT tolerance = 0.2 min
Weight for RT = 15

Require same charge state

Gap filling Same RT and m/z range gap filler
m/z tolerance = 1.0 or 2500 ppm

4.7. Statistical Analysis

Minitab 16 (Minitab Inc., State College, PA, USA) was used for the statistical analysis of the
obtained data. One-way variances (ANOVA) and Tukey’s test were used to analyze the data with
a significance level of p < 0.05. The data are interpreted as a mean ± standard deviation (SD).
Multivariate data analysis was carried out using SIMCA P + 14.0 (Umetrics, Umeå, Sweden) software
where the pareto scaling method was applied.

5. Conclusions

LC-MS-based multivariate data analysis and molecular docking is a promising technique
for investigating bioactive compounds associated with folk medicine, for example those from
herbal plants. In the present study, three AG inhibitor compounds were identified from methanolic
extracts of P. malayana leaves by using this approach. The compounds were identified
as 5′-hydroxymethyl-1′-(1, 2, 3, 9-tetrahydro-pyrrolo (2, 1-b) quinazolin-1-yl)-heptan-1′-one,
α-terpinyl-β-glucoside, and machaeridiol-A, being reported for the first time in this plant in this
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study. Their AG inhibitory activity was confirmed through in silico molecular studies, which predicted
the binding mode and binding interactions between the identified compounds and the binding site
on the enzyme. This information is useful for future studies on the bioassay assessment of these
compounds for exploration of their potential uses as novel anti-diabetic agents. Purification and
identification of the unknown compounds suspected to possess AG inhibitory activities in this study
are required to be conducted in the future study.

Supplementary Materials: The following is available online, Figure S1: Fragmentation pathway of three
identified compounds.
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Abstract: Colorectal cancer (CRC) is the most common cancer among males and females, which is
associated with the increment of telomerase level and activity. Some plant-derived compounds
are telomerase inhibitors that have the potential to decrease telomerase activity and/or level in
various cancer cell lines. Unfortunately, a deeper understanding of the effects of telomerase inhibitor
compound(s) on CRC cells is still lacking. Therefore, in this study, the aspects of telomerase inhibitors
on a CRC cell line (HCT 116) were investigated. Screening on HCT 116 at 48 h showed that berberine
(10.30 ± 0.89 μg/mL) is the most effective (lowest IC50 value) telomerase inhibitor compared to
boldine (37.87 ± 3.12 μg/mL) and silymarin (>200 μg/mL). Further analyses exhibited that berberine
treatment caused G0/G1 phase arrest at 48 h due to high cyclin D1 (CCND1) and low cyclin-
dependent kinase 4 (CDK4) protein and mRNA levels, simultaneous downregulation of human
telomerase reverse transcriptase (TERT) mRNA and human telomerase RNA component (TERC)
levels, as well as a decrease in the TERT protein level and telomerase activity. The effect of berberine
treatment on the cell cycle was time dependent as it resulted in a delayed cell cycle and doubling
time by 2.18-fold. Telomerase activity and level was significantly decreased, and telomere erosion
followed suit. In summary, our findings suggested that berberine could decrease telomerase activity
and level of HCT 116, which in turn inhibits the proliferative ability of the cells.

Keywords: colorectal cancer; HCT 116; telomerase; telomerase inhibitor; berberine; downregulation;
cell cycle arrest; telomere erosion

1. Introduction

Colorectal cancer (CRC) (10.2% incidence) is the third most common cancer among
males and females worldwide after lung (11.6% incidence) and breast cancers (11.6% inci-
dence) [1]. CRC is often associated with an elevated telomerase level [2] and activity [3].
Telomerase is an enzyme responsible for adding the repetitive sequence (TTAGGG) at
telomeric ends for telomere maintenance in humans [4]. Telomerase is a prognostic marker
of CRC progression [3,5]. Patients with high telomerase activity have poorer prognosis and
disease-free survival rates compared to those with low and moderate telomerase activity.

It has been previously suggested that human telomerase consists of six subunits,
namely the human telomerase reverse transcriptase (hTERT or TERT), human telomerase
RNA component (hTR or TERC), telomerase-associated protein 1 (TEP1), heat shock pro-
tein 90 (HSP90), prostaglandin E synthase 3 (P23), and dyskerin (DKC) [6]. However,
recent review articles discussed that telomerase, which is synthesized during the S phase,
has more than just six subunits [7]. It has been shown that telomerase activity changed
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proportionally with the level of TERT but not with the other five subunits [6]. This could
be due to the fact that TERT is the catalytic subunit of telomerase [8]. TERC is a functional
RNA sequence that is responsible for providing a template for 3′TTAGGG5′ addition at
telomere ends [4]. It was also stated that TERT and TERC are enough for telomerase to
function [6]. Due to this reason, TERT and TERC serves as the prime target for telomerase
level and activity inhibition. The most recent publication on the telomerase structure of
the colorectal cancer cell line, HCT 116, surprisingly revealed that there were no TEP1,
P23, and HSP90 subunits present [9]. This evidence agrees with the previous statement,
whereby only TERT and TERC are required for telomerase to function. It might also suggest
that telomerase could adopt different structures.

Since telomerase is the hallmark of CRC, targeting telomerase could be a potential
treatment for telomerase-positive cancers, specifically CRC in this case. Many natural
products have been listed as telomerase-targeting compounds or, in other words, telom-
erase inhibitors [10]. Boldine, silymarin, and berberine are some that are included in the
list. Boldine is an alkaloid that could be found abundantly in the leaves of Peumus boldus,
which has been used as a traditional medicine in Chile [11]. Silymarin is a collective name of
seven flavonolignans, namely silydianin, isosilchristin, silychristin, silibinin (or silybin) A,
isosilibinin (or isosilybin) A, silibinin B, and isosilibinin B, as well as one flavonoid named
taxifolin [12,13], which is present in Silybum marianum (milk thistle) [14]. On the other hand,
berberine is an alkaloid that can be found in the outer bark, roots, and rhizhome of Berberis
spp, such as B. aristata, B. aquafolium, and B. vulgaris [15]. Besides that, berberine could also
be extracted from Tinospora spp, such as T. sinensis and T. cordifolia [16]. These compounds
have been reported to be able to downregulate telomerase activity and/or level in various
cancer cell lines [10].

Telomerase is highly expressed in proliferative cells, such as cancer, stem, and gamete
cells, but not in normal cells [17]. However, telomerase activity is higher in cancer cells
compared to most stem cells except for embryonic stem cells [18]. It is challenging to
determine whether telomerase inhibition will affect gamete and stem cells as cancer cells
are affected; however, due to the shorter length of telomere as well as the difference of
the metabolism in cancer cells, it would have undergone apoptosis even before it could
adversely affect germ line and stem cells [17]. The aim of this study was to investigate the
effects of telomerase inhibitor compound treatment on the cell cycle, doubling time (td),
telomerase activity, and level as well as on the telomere length of a colorectal cancer cell
line, using HCT 116 as a model.

2. Results

2.1. Effect of Different Time Points on the Percentage of Cell Cycle Distribution and Relative
Telomerase Activity (RTA)

It has been hypothesized that telomerase activity peaked during S phase [19,20], thus it
was necessary to determine the time point that possessed the highest percentage of S phase.
Cell cycle analysis was done on HCT 116 cells at different time points to determine the
percentage of cell cycle phases (Figure 1). Here, 72 h exhibited the highest percentage of
G0/G1 phase (35.13 ± 0.25%) compared to 24 h and 48 h (27.17 ± 5.14% and 24.63 ± 0.67%,
respectively). Based on the results, the percentage of S phase was significantly highest at
48 h (50.10 ± 1.15%), followed by 24 h (43.43 ± 1.59%) and 72 h (36.70 ± 0.75%). The RTA
of HCT 116 indeed peaked at 48 h (114.26 ± 1.26%) followed by 24 h (98.69 ± 0.42%) and
72 h (90.24 ± 0.91%). All three time points gave an insignificant percentage of G2/M phase.
Thus, 48 h was chosen for the treatment duration for subsequent experiments since it
showed the highest percentage of S phase and RTA.
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Figure 1. Effects of different time points on relative telomerase activity (RTA) and percentage of HCT 116 cell cycle
distribution. (A) Telomerase activity of HCT 116 harvested at different time points relative to telomerase-positive control
(HEK293). Values are mean ± standard error of triplicate. Mean with different symbols (†, ※, or ‡) differ significantly at
p < 0.001. (B) Representative cell cycle histogram of HCT 116 harvested at different time points stained with DAPI and
analyzed by flow cytometry. (C) Percentage of cell cycle distribution of HCT 116 at different time points analyzed by
FlowJo version 10. Values are mean ± standard error of triplicate. Mean with different letters differ significantly at p < 0.05
(subject to different cell cycle phases). G: Growth, S: Synthesis, M: Mitosis.

2.2. Effect of Different Telomerase Inhibitor Compounds on IC50

HCT 116 cultured in 96-well plates treated with different concentrations of boldine,
silymarin, or berberine for 48 h were subjected to SRB assay to determine the percentage of
inhibition and the results were interpreted as IC50 (compound concentration required to
inhibit HCT 116 by 50%). Berberine was found to be the most effective, as it showed the
lowest IC50 compared to boldine and silymarin (Table 1). Hence, berberine was chosen to
be used for subsequent analysis.

Table 1. Effect of different telomerase inhibitor compound treatments on IC50. Values are mean ± stan-
dard error of 6 replicates. Mean with different letters differ significantly at p < 0.05.

Compound Boldine Silymarin Berberine

IC50 (μg/mL) 37.87 ± 3.12 b >200 c 10.30 ± 0.89 a

2.3. Effect of Berberine Treatment on Cell Cycle Distribution

The cells were treated with berberine for 48 h and were analyzed for cell cycle distri-
bution. Treatment with berberine was observed to cause a cell cycle arrest at G0/G1 phase,
as shown by the significant increase in the number of cells in G0/G1 compared to that of
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untreated sample (Figure 2). The cells in S phase remained unchanged while the cells also
did not proceed to G2/M, as indicated by a significant decrement of G2/M.

Figure 2. Effect of 10.54 μg/mL berberine treated HCT 116 at 48 h on the percentage of cell cycle
distribution. Values are mean ± standard error of triplicate. Mean with different letters differ
significantly at p < 0.001 (subject to different cell cycle phases).

The cells were also exposed to berberine at various time points, to determine if the
effects observed were time dependent. Based on Figure 3, the G0/G1 percentage started to
increase gradually after 12 h and became constant after 48 h. The percentage of cells in S
phase significantly decreased from 0 to 6 h after treatment, then started to increase again
from 12 to 24 h, then became stable at 48 h followed by a slight decrement at 72 h; however,
the percentages of S phase at 24 and 72 h were not significantly different. G2/M started to
increase from 0 to 6 h after treatment, then decreased from 12 to 24 h, stabilized at 48 h,
and then slightly increased at 72 h. This scenario showed that the effect of berberine on cell
cycle was time dependent.

Figure 3. Changes in the percentage of HCT 116 cells in G0/G1, S, and G2/M phases at different
durations following treatment with 10.54 μg/mL berberine. Values are mean ± standard error of
triplicate. Mean with different letters differ significantly at p < 0.001 (subject to different cell cycle phases).

2.4. Effect of Berberine Treatment on Cell Growth and Berberine Cellular Localization

The time-dependent effect of berberine on HCT 116 could also be observed microscop-
ically. Based on Table 2, it was observed that the cell growth was inhibited by berberine
treatment. The difference in growth could be clearly observed at 48 and 72 h. Figure 4A
also showed that berberine treatment caused the doubling time (td) of HCT 116 to be
delayed. The green fluorescence intensity observed under the UV channel peaked at 24 h,
then decreased at 72 h (see Figure 4B). It was also noted that at 24 h, the nuclei appeared as
black round hollows surrounded by green fluorescence, which potentially indicates that
berberine had permeated and accumulated in the cytoplasm. The black hollows were no
longer observed after 48 and 72 h, suggesting that berberine had permeated and accumu-
lated in the nuclei. Untreated HCT 116 did not fluoresce at all under the UV channel and
the image only appeared as black.
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Table 2. Effect of 10.54 μg/mL berberine treatment on HCT 116 growth at different durations. Berberine emitted green
fluorescence under the ultraviolet (UV) channel of an inverted microscope. White arrows indicate nuclei appeared as black,
round hollows surrounded by green fluorescence. Black scale bar = 100 μm. Yellow scale bar = 20 μm.

Duration (Hour)
Cell Growth Berberine Cellular Localization

Untreated Treated Phase Contrast UV Channel Merged

0

6

12

24

48

72
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Figure 4. (A) Growth curve of untreated and 10.54 μg/mL berberine-treated HCT 116. Values are
mean ± standard error of biological quadruplicate. td: doubling time. (B) Corrected Total Cellular
Fluorescence (CTCF) of berberine-treated HCT 116 at different durations. Values are mean ± standard
error of biological triplicate. a.u.—arbitrary unit. Mean with different letters or symbols (‡, †, or ※)
differ significantly at p < 0.001.

2.5. Effect of Berberine Treatment on Relative Telomerase Activity (RTA)

Berberine-treated HCT 116 at 48 h were analyzed by using TELOTAGGG Telomerase
PCR ELISA. The telomerase activity was observed to significantly decrease with berberine
treatment (Figure 5). Compared to untreated HCT 116, the RTA in berberine-treated HCT
116 was decreased by 63.22%. To evaluate cell-free telomerase inhibition, berberine was
added into the TRAP reaction mixture to the same final concentration and the results
showed that berberine only decreased the RTA by 16.10% (see Figure A1). This might
suggest that the inhibition of telomerase–TTAGGG interaction was not the only reason for
the decrement in the RTA, whereby the level of telomerase might be affected, which caused
the RTA to decrease even further. As such, we are interested in investigating the effect of
berberine on TERT and TERC levels.

Figure 5. Effect of 10.54 μg/mL berberine-treated HCT 116 at 48 h on relative telomerase activ-
ity (RTA). Values are mean ± standard error of triplicate. Means with *** (triple asterisks) differ
significantly at p < 0.001.

2.6. Effect of Berberine Treatment on CCDN1, CDK4, TERT, and TERC RNA Levels

In cell cycle progression, CCND1 and CDK4 are important regulators for G1 to S
phase transition, whereby the binding of CCND1 to CDK4 is a rate-limiting event [21].
Since G0/G1 phase arrest was observed (Figure 2), we are keen to know the effect of
berberine on the RNA levels of these regulators. Based on the RT-PCR results (Figure 6),
surprisingly, 10.54 μg/mL berberine treatment caused CCND1 level to be upregulated by
1.71-fold. Besides that, CDK4, TERT, and TERC levels were downregulated by 1.26-, 108.15-,
and 2.80-fold, respectively.
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Figure 6. Effect of 10.54 μg/mL berberine-treated HCT 116 at 48 h on (A) CCND1, (B) CDK4, (C) TERT,
and (D) TERC levels. Changes in RNA levels are expressed as fold change in RNA levels relative to
untreated HCT 116 at 48 h. Values are mean ± standard error of quadruplicate. Mean with ** (double
asterisks) or *** (triple asterisks) differ significantly at p < 0.01 or p < 0.001, respectively.

2.7. Effect of Berberine Treatment on CCND1, CDK4, and TERT Protein Levels

Parallel to the downregulation of CDK4 and TERT mRNA levels, validation by Western
blot results (Figure 7) also showed that berberine treatment at 48 h caused CDK4 and TERT
protein levels to decrease significantly by 45.16% and 73.29%, respectively. Besides this,
the CCND1 protein level increased significantly by 95.77%.

Figure 7. Effect of 10.54 μg/mL berberine-treated HCT 116 at 48 h on (A) CCND1, (B) CDK4,
and (C) TERT protein levels. Changes in CCND1, CDK4, and TERT protein levels are expressed
as fold change in CCND1, CDK4, and TERT signal intensities, respectively, normalized to ACTB
relative to untreated HCT 116 at 48 h. (D) Representative Western blot images of TERT, CCND1,
CDK4, and ACTB. Values are mean ± standard error of triplicate. Mean with * (single asterisk) or ***
(triple asterisks) differ significantly at p < 0.05 or p < 0.001, respectively.

2.8. Effect of Berberine Treatment on Relative Telomere Length

Consistent with the significantly impaired telomerase activity and level by berberine
treatment, telomere attrition also occurred as anticipated (Figure 8), whereby the relative
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telomere length of berberine-treated HCT 116 after 48 h was 0.81 ± 0.08, compared to
untreated HCT 116 (with a relative telomere length of 1.0).

Figure 8. Effect of 10.54 μg/mL berberine-treated HCT 116 at 48 h on the relative telomere length.
Changes in telomere length are expressed as fold change relative to untreated HCT 116 at 48 h.
Values are mean ± standard error of octuplicate. Mean with * (single asterisk) differ significantly at
p < 0.05.

3. Discussion

The cytotoxicity of drugs could be classified into cytotoxic (less than 2 μg/mL), mod-
erately cytotoxic (between 2 to 89 μg/mL), and not cytotoxic (more or equal to 90 μg/mL)
based on their IC50 values [22]. In the present study, berberine and boldine were found
to be moderately cytotoxic, while silymarin was not cytotoxic to HCT 116 after 48 h of
treatment. Since silymarin did not reach IC50, the value was reported as >200 μg/mL,
which was greater than the highest tested concentration as suggested by the National
Cancer Institute [23].

In several telomerase-positive cancer cell lines, berberine treatment has been shown
to cause G0/G1 phase arrest in MCF-7 (breast cancer) after 48 h [24], Huh-7 and HEPG2
(liver cancers) in a dose-dependent manner after 24 h [25], and A2780 (ovarian cancer) after
48 h of treatment [26]. Either too high or too low CCND1 levels would compromise cell
cycle progression [27]. In the present study, it was revealed that an abnormal level of cell
cycle regulators, in this case high CCND1 levels and low CDK4 levels, would lead to G0/G1
phase arrest in HCT 116. Since the binding of CCND1 to CDK4 is a rate-limiting event in
G1 to S phase transition [21], theoretically, the effect of berberine on G0/G1 arrest would
depend mainly on these two proteins instead of other cyclins and CDKs. Besides that,
telomerase is mostly active during S phase, hence the reason the study was focused more on
CCND1 and CDK4 instead of other cyclins and CDKs. Due to this reason, the experiments
were designed in such flow, so that the study was more focused to the factors that are
associated within the telomerase aspect.

Wang, et al. [28] reported that G0/G1 arrest in U87 and LN229 (brain cancer) was
caused by the downregulation of miR-21, which caused a decrement of STAT3 phosphoryla-
tion and protein level, thus causing the TERT protein level to decrease. In a separate study,
berberine showed the ability to repress the miR-21 level in oral squamous cell carcinoma
cancer stem cell lines (OECM-1 and SAS), which decreased aldehyde dehydrogenase 1
(ALDH1) activity, cell migration, invasion capability, and self-renewal [29]. Moreover,
G0/G1 phase arrest in HL-60 (leukemia) is also associated with a decrement of telomerase
activity as well as TERT and TERC levels [30]. It was also previously shown that berberine
treatment for 24 h induced G0/G1 phase arrest in HCT 116 in a dose-dependent man-
ner [31]. Based on these previous findings, it would be fair to remark that the inhibition
of cell proliferation (Figure 4) and G0/G1 phase arrest in HCT 116 induced by berberine
treatment were not exclusively caused by the downregulation of TERT.

Based on various references, the average duration of untreated HCT 116 cell cycle
was about 17 h (16.88 ± 2.56 h) [32–36]. Therefore, theoretically, the second round of HCT
116 cell cycle would take place approximately after 34 h. Based on Figure 4A, the average
doubling time (td) for untreated HCT 116 was 16.39 ± 2.36 h, similar to the average td
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of previous findings. The average td of berberine-treated HCT 116 was 35.65 ± 6.50 h,
significantly higher than the average td of untreated HCT 116. Data analysis revealed that
the td of berberine-treated HCT 116 was overdue by approximately two-fold (2.18-fold).

The localization of berberine in nuclei after 48 h further strengthens our justification of
choosing this time point for further investigation. This is due to the fact that the transcription,
synthesis, and activity of telomerase mainly takes place in the nucleus [7,37]. Since we
are targeting the telomerase, berberine should be present in the nucleus for telomerase
inhibition to occur. Here, we have demonstrated that berberine cellular localization is
time dependent. Similarly, berberine cellular localization has also been shown to be
concentration [38] and cell line dependent [39].

It was previously established that berberine treatment on HCT 116 inhibits cell pro-
liferation in a dose- and time-dependent manner [31,40], and induced apoptosis in a
dose-dependent manner at 24 [40] and 72 h [31]. Downregulation of TERT levels has been
associated with a decrement in telomerase activity [19,30,41] and vice versa [42]. Berberine
intervenes in the function of telomerase through binding to the telomeric G-quadruplex
structure [43,44], thus preventing the interaction between telomerase and telomere [45].
It was revealed in previous studies that berberine had the potential to regulate gene tran-
scription [46,47]. Other than that, the decrement of the TERT protein level was often
associated with downregulation of TERT mRNA [28] and vice versa [42]. Berberine could
downregulate the TERT protein level in the non-small-cell lung cancer cell line, A549 [48],
and cervical cancer cell lines, SiHa and HeLa [15]. Previous studies mostly focused only on
the potential of berberine in downregulation of the TERT level; however, in the present
study, we demonstrated that berberine could also downregulate the TERC level.

Berberine has been shown to decrease the telomerase level and activity, which is
significantly followed by telomere erosion. Interestingly, by conducting telomere restriction
fragment (TRF) analysis, Xiong et al. [49] revealed that prolonged exposure to berberine
for 16 days did not significantly cause telomere shortening in SiHa and HL-60. This could
possibly be due to the limitation of TRF, which could potentially overestimate the telomeric
length compared to RT-PCR, which is more sensitive and specific [50]. Other than the
potential to regulate gene transcription, berberine could interact directly with the telomeric
G-quadruplex, whereby the interaction occurred between the negatively charged oxygen of
guanine and positively charged nitrogen of berberine [51] with a molar ratio of 2:1 (berber-
ine to G-tetrad) [52], as it stabilized the structure by increasing the melting temperature and
as a result, telomerase activity was inhibited [53]. Berberine has been extensively studied
in various cancer cell lines; however, in animal models, evidence to support the effects of
berberine as a telomerase inhibitor on colorectal cancer is still lacking [54]. Berberine is
effective at inhibiting polyps formation [55] and colon tumorigenesis in mice [40], however,
currently, there is no in vivo study that validates berberine’s presence in the nucleus of
in vivo cancer cells of mice after oral administration of berberine. Since berberine is cur-
rently used in clinical trials (NCT03281096 and NCT03333265), there is an urge to elucidate
berberine mechanisms as an anti-colorectal cancer drug.

In this study, cells from four flasks (biological replicates) were pooled to obtain suf-
ficient material for several different analyses. All extractions and preparations were also
performed from the same set of samples for the sake of uniformity. Although pooling of
samples may rightfully raise some concerns, it is still widely viewed as a valid method,
saves cost, and reduces biological variance, while not seriously affecting the results when
compared to un-pooled samples [56–58]. Biological replicates and independent experi-
ments are important to validate the effect of any anticancer drug due to the existence of
heterogeneity the within cancer cell population. It was fully acknowledged that the lack
of an independent experiment is a limitation in the current study. Though the potential
mechanism of telomerase inhibition by berberine using HCT 116 as a model has been
shown in the current study, further deeper understanding is vital to elucidate the potential
of berberine as a telomerase inhibitor in CRC.
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4. Materials and Methods

4.1. Reagents, Primers, and Antibodies

Berberine was diluted in autoclaved Milli-Q® water and sterilized by filtration through
a Minisart® 0.22 μm polyethersulfone filter syringe (Sartorius Stedim Biotech, Göttingen,
Germany). Boldine and silymarin was dissolved in dimethylsulfoxide (DMSO) and filtered
as well. All primers were synthesized by Integrated DNA Technologies (IDT, Coralville, IA,
USA). Monoclonal antibodies of CCND1 (A-12), CDK4 (DCS-31), TERT (A-6), and β-actin
(ACTB) (AC-15) as well as mouse IgG kappa binding protein conjugated to horseradish
peroxidase (m-IgGκ BP-HRP) were obtained from Santa Cruz Biotechnology (Santa Cruz,
Dallas, TX, USA). Molecular-grade absolute ethanol (Merck, Darmstadt, Germany) was
diluted with autoclaved Milli-Q® water. All reagents were from Sigma-Aldrich unless
mentioned otherwise.

4.2. Cell Culture and Harvesting

Colorectal cancer cell line, HCT 116, was cultured in Roswell Memorial Institute
(RPMI) medium 1640 (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal bovine
serum (Tico Europe Ltd., Amstelveen, The Netherlands), 1% Antibiotic-Antimycotic solu-
tion (Nacalai Tesque, Kyoto, Japan), maintained at 37 ◦C in a humidified 5% CO2-enriched
atmosphere (ESCO, Horsham, PA, USA). Cells were rinsed by using 1× phosphate-buffered
saline (PBS) (Nacalai Tesque, Kyoto, Japan), repeated three times, and cells were detached
by using trypsin-EDTA (Life Technologies, Burlington, Canada), followed by RPMI addi-
tion to stop the trypsinization; cells were pelleted by centrifugation at 1000 rpm, resus-
pended in RPMI for sub-culturing or seeding purpose, or 1× PBS was used to resuspend
for harvesting as a washing step, followed by second-time pelleting of the cells. During har-
vesting, after observation under the microscope and cell count was conducted, cells from
four flasks were pooled and pelleted in the amount as required for further analyses. The
microcentrifuge tubes containing a pelleted known number of cells were immediately flash
frozen in liquid nitrogen before storage in −80 ◦C until further usage.

4.3. Cell Cycle Analysis

In total, 1 × 106 pelleted cells in 2 mL microcentrifuge tube were washed with 1 mL of
sample buffer (1× PBS containing 1 g/L glucose) once by vortexing briefly, followed by
centrifugation at 17,000× g for 5 min. The supernatant was removed and about 0.1 mL was
left in the tube. Then, 1 mL of 70% ethanol (−20 ◦C) was slowly added, 100 μL at a time,
drop by drop while vortexing. The suspension was stored at 4 ◦C for 24 h. After fixation,
1 mL of sample buffer was added while vortexing, followed by centrifugation at 17,000× g
for 10 min. Staining solution made up of 0.5 μg/mL 4′,6 -diamidino-2-phenylindole (DAPI)
(Miltenyi Biotec, Bergisch Gladbach, Germany), 5 μg/mL RNase A, and 0.1% Tween 20
(Classic Chemicals, Shah Alam, Selangor, Malaysia) in 1× PBS was prepared immediately
before incubation. The supernatant was removed, and 1 mL of staining solution was added
followed by vortexing and incubation at room temperature for 40 min. Flow cytometry was
done by using a MACSQuant® Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany)
following the protocol suggested by Miltenyi Biotec with optimizations. The fluorescence
channel was set to V1 and measured by linear acquisition. The V1 voltage was set to 334 V
and the trigger was set to 128.00. The number of events was set to 10,000 events for each
replicate. The data was analyzed by using FlowJo version 10.

4.4. Sulforhodamine B (SRB) Assay

In total, 5000 cells/100 μL per well were seeded in 96-well plates, incubated at 37 ◦C in
a humidified 5% CO2-enriched incubator for 24 h before compound treatments. The spent
medium was pipetted out and replaced with 150 μL of RPMI containing either boldine,
silymarin, or berberine at various concentrations (0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50,
25.00, 50.00, 100.00, and 200.00 μg/mL) achieved by serial dilutions as well as RPMI without
any of the named compounds as untreated (control). The treatments were done for 48 h.
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After 48 h, each plate was subjected to Sulforhodamine B (SRB) assay [59]. Total protein
content of viable cells was assessed in this assay. The plate was shaken on an ELISA
microplate reader (Tecan, Männedorf, Switzerland) for 5 min and the absorbance was read
at 492 nm. The percentage of inhibition was calculated as the following:

Percentage of inhibition (%) =
Absuntreated − Abstreated

Absuntreated
× 100% (1)

where Absuntreated = Absorbance of untreated cells at 492 nm; and Abstreated = Absorbance
of berberine treated cells at 492 nm.

Graphs of the percentage of inhibition against the concentration were plotted by using
GraphPad Prism 7.00 by performing the 4-parameter logistic model (4PL) [60] and the IC50
values was determined by using the software. The cells were also cultured in T75 flasks
to scale-up the production of HCT116 cells for subsequent analysis and were also used to
determine a new IC50 value (for berberine).

4.5. Cell Count and Growth Curve Analysis

Cell count was done by using Trypan blue (TB) exclusion assay. In total, 100 μL of
the cell suspension were pipetted into a microcentrifuge tube and 100 μL of Trypan blue
(Nacalai Tesque, Kyoto, Japan) were gently mixed by pipetting in and out. The Trypan
blue-dyed cells were then pipetted to fill up both chambers of a hemocytometer (Electron
Microscopy Sciences, Hatfield, PA, USA), followed by observation and cell counting under
an inverted microscope. Dead cells were stained blue while living cells were not stained.
The average number of cells at each time point was used to plot the exponential growth
curve following this equation:

y = y0eλt (2)

where y = Final number of cells; y0 = Initial number of cells; e = Euler’s number; λ = Growth
rate; t = Time that has passed; and the td was calculated using the following equation:

td = ln2/λ (3)

4.6. Berberine Cellular Localization

Cells were observed by using a Leica DMI6000 B inverted microscope (Leica Microsys-
tems, Wetzlar, Germany) under the phase contrast channel. Without changing the position,
the channel was changed to UV to observe berberine fluorescence. To avoid cellular dam-
age by UV radiation, the exposure was kept as minimal as possible, whereby the channel
was shut off within 30 s (or less) after capturing the image by using a Digital Color Camera
Leica DFC310 FX (Leica Microsystems, Wetzlar, Germany). The corrected total cellular
fluorescence (CTCF) was determined by using a free software, ImageJ version 1.52a [61],
by using the following equation:

CTCF = IntDencell −
(

Acell × Xbackground

)
(4)

where IntDencell = Integrated density of selected cell; Acell = Area of selected cell; and
Xbackground = Average background fluorescence reading.

4.7. TELOTAGGG Telomerase PCR ELISA

Protein extraction was done based on the protocol of the TELOTAGGG Telomerase PCR
ELISA kit (Roche, Mannheim, Germany) with minor adjustments, whereby 5 × 105 cells
were used. The protein content was assessed by Bradford Assay (Bio-Rad Laboratories,
Hercules, CA, USA) as suggested by the Bio-Rad protocol. The Telomeric Repeat Ampli-
fication Protocol (TRAP) reaction was done using a thermal cycler, StepOnePlus™ Real
Time-Polymerase Chain Reaction (RT-PCR) Systems (Applied Biosystems, Foster City, CA,
USA). In total, 2 μg of lysate were used in this reaction.
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4.8. RT-PCR

RNA extraction was conducted using the protocol of the ReliaPrep™ RNA Cell
Miniprep System (Promega, Madison, WI, USA) with minor adjustments, whereby
1 × 106 cells harvested were lysed and DNase I treatment was done for 1 h 30 min at
30 ◦C. RNA extracted was quantified by using a NanoDrop™ 2000 (Thermo Fischer Sci-
entific, Waltham, MA, USA). The purity was also assessed using the same instrument
based on the A260/280 and A260/230 ratios. RNA integrity was evaluated using 1% native
agarose gel electrophoresis containing 5 μL of RedSafe™ (iNtRON Biotechnology, Kirkland,
WA, USA) conducted in 1× Tris-Borate-EDTA (TBE) (1st BASE Biochemicals, Singapore
Science Park II, Singapore) buffer at 70 V until the tracking dye travelled three-quarters of
the gel. Gel picture was visualized, and the image was captured using Gel Documentation
System Fusion FX7-7026 (Vilber Lourmat, Marne-la-Vallée, France).

The RNA is said to be intact if the band intensity (28S:18S ratio) is 2:1. Complementary
DNA (cDNA) was synthesized using the protocol of the GoTaq® 2-Step RT-qPCR System
(Promega, Madison, WI, USA) with minor adjustments, whereby 2500 ng of RNA were
transcribed in 20 μL of total reaction mixture. In total, 250 ng of RNA equivalent cDNA were
used in RT-PCR reaction mixture and 50 nM of primers (Table 3) were used for each gene.
The reaction was conducted using StepOnePlus™ RT-PCR Systems (Applied Biosystems,
Foster City, CA, USA) following the cycling conditions shown in Table 4. For no template
control (NTC), the cDNA template was replaced with nuclease-free water. For no reverse
transcriptase control (NORT), RNA mixture without GoScript™ Reverse Transcriptase,
random, and oligo(dT)15 primers was used in place of the cDNA template. CCND1, CDK4,
TERT, and TERC levels were normalized to the geomean of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and ACTB.

Table 3. Primer sequences used in RT-PCR.

NCBI ID Gene Forward (5′ to 3′) Reverse (5′ to 3′) Amplicon Size (bp)

7015 TERT ACTGCGTGCGTCGGTATGC CGGCTGGAGGTCTGTCAAGGTA 97
7012 TERC AGAGGAACGGAGCGAGTC GCATGTGTGAGCCGAGTC 80
595 CCND1 AACACGGCTCACGCTTACC GCCCCATCACGACAGACAAAG 94

1019 CDK4 ATGTGGAGTGTTGGCTGTATC CTGGTCGGCTTCAGAGTTTC 78
2597 GAPDH TTGGTATCGTGGAAGGACTCA CCAGTAGAGGCAGGGATGAT 133
60 ACTB CGTCTTCCCCTCCATCGT GCCTCGTCGCCCACATAG 87

Table 4. Cycling conditions for RT-PCR.

Step Cycles Temperature (◦C) Duration

GoTaq® Hot Start Polymerase activation 1 95 2 min

Denaturation
40

95 15 s
Annealing 53.5 30 s
Extension 60 30 s

Dissociation 1 60 to 95 5 min
Hold 10 ∞

4.9. Relative Telomere Length Quantification

Genomic DNA (gDNA) extraction was conducted using the protocol of the Quick-
DNA™ Miniprep Plus Kit (Zymo Research, Irvine, CA, USA). In total, 1 × 106 harvested
cells were used for the gDNA extraction. A NanoDrop™ 2000 was used for gDNA quan-
tification and quality assessment. The quantification of the relative telomere length was
done according to Vasilishina et al. [62] with minor adjustments, whereby 10 ng of gDNA
and a GoTaq® 2-Step RT-qPCR System were used. The amplification was done for 40 cycles
and conducted using StepOnePlus™ RT-PCR Systems. Single copy gene (SCG), interferon
beta 1 (IFNB1) was used for normalization.
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4.10. Western Blot

In total, 1 × 106 harvested cells were lysed in 60 μL Radio Immunoprecipitation Assay
(RIPA) lysis buffer containing 1% protease inhibitor cocktail, sonicated on ice bath for 1 min,
incubated for 30 min on ice, followed by centrifugation at 14,000× g for 15 min to pellet the
cell debris, and subjected to protein estimation by employing Bradford Assay. Then, 20 μg
of total protein denatured at 70 ◦C were separated on 4% and 12% SDS-polyacrylamide
stacking and resolving gels, respectively. Electrophoresis was done at 80 V for 30 min,
followed by 100 V for 1 h 40 min using pre-chilled (4 ◦C) 1× SDS running buffer, followed
by protein transferring onto 0.22-μm nitrocellulose membrane (Pall Corp., Morelos, Mexico).
Electroblotting was conducted using a Mini-Protean® Tetra System (Bio-Rad Laboratories,
Hercules, CA, USA) with pre-chilled (-20 ◦C) 1× SDS transfer buffer and ice pack (−80
◦C) for 1 h 40 min on ice. The membrane was removed and incubated in Blocking One
(Nacalai Tesque, Kyoto, Japan) for 1 h at room temperature, on a shaker at 100 rpm. The
membrane was incubated for at least 13 h in a cold room (5–10 ◦C) and was constantly
shaken at 90 rpm in monoclonal primary antibody at 1:1000 dilution for ACTB and 1:100
dilution for CCND1, CDK4, and TERT, respectively, in Blocking One. The membrane was
then washed 3 times with 1× Tris-buffered saline containing 0.1% Tween 20 (TBST), 5 min
each time, and on a shaker at 120 rpm. The membrane was incubated on a shaker at 90
rpm with m-IgGκ BP-HRP at 1:10,000 dilution in Blocking One for 2 h at room temperature.
The 1× TBST washing step was repeated as previously stated. The membranes were
incubated in chemiluminescence solution of Western Bright Sirius (Advansta, San Jose, CA,
USA) following the manufacturer’s protocol before the membrane was visualized, and the
image was captured using Gel Documentation System Fusion FX7-7026 (Vilber Lourmat,
Marne-la-Vallée, France). ACTB was used as the loading control. Protein signal intensities
were analyzed by using ImageJ version 1.52a. CCND1, CDK4, and TERT protein signal
intensities were normalized to the loading control.

4.11. Statistical Analysis

All data obtained in this study were subjected to either t-test or one-way ANOVA. Sta-
tistical values were expressed as mean ± standard error. p-values < 0.05, < 0.01, and < 0.001
were considered as statistically significant, very statistically significant, and highly statisti-
cally significant, respectively. Mean values were compared using Duncan’s Multiple Range
Test (DMRT). Most statistical analyses were conducted using either Microsoft® Office Excel
version 365 or IBM SPSS Statistics version 23.

5. Conclusions

In summary, our study demonstrated that berberine decreased the telomerase activity
in HCT 116 by simultaneous downregulation of TERT and TERC levels, which resulted in a
decrease of the TERT protein level. Berberine induced G0/G1 arrest by the upregulation of
CCND1 and downregulation of CDK4, whereby the effect of berberine on the cell cycle was
time dependent. Telomerase activity of HCT 116 was decreased by berberine treatment
and the telomere length was also significantly eroded. Elucidation of berberine’s potential
as a telomerase inhibitor in CRC would require further extensive and elaborative efforts in
the future.
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Appendix A

Figure A1. Cell-free telomerase inhibition by direct addition of berberine in the TRAP reaction
mixture of untreated HCT 116 cell lysate. The relative telomerase activity (RTA) of untreated HCT
116 cell lysate added with berberine was 83.90 ± 0.34%. Berberine only decreased the RTA of
untreated HCT 116 cell lysate by 16.10%. Values are mean ± standard error of triplicate. Mean with
*** (triple asterisks) differ significantly at p < 0.001.

References

1. Ferlay, J.; Colombet, M.; Soerjomataram, I.; Mathers, C.; Parkin, D.M.; Piñeros, M.; Znaor, A.; Bray, F. Estimating the global cancer
incidence and mortality in 2018: Globocan sources and methods. Int. J. Cancer 2019, 144, 1941–1953. [CrossRef] [PubMed]

2. Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.; Varambally, S.
Ualcan: A portal for facilitating tumor subgroup gene expression and survival analyses. Neoplasia 2017, 19, 649–658. [CrossRef]
[PubMed]

3. Tatsumoto, N.; Hiyama, E.; Murakami, Y.; Imamura, Y.; Shay, J.W.; Matsuura, Y.; Yokoyama, T. High telomerase activity is an
independent prognostic indicator of poor outcome in colorectal cancer. Clin. Cancer Res. 2000, 6, 2696–2701. [PubMed]

4. Zvereva, M.I.; Shcherbakova, D.M.; Dontsova, O.A. Telomerase: Structure, functions, and activity regulation. Biochem. Biokhim.
2010, 75, 1563–1583. [CrossRef] [PubMed]

5. Bertorelle, R.; De Rossi, A. Telomerase as biomarker in colorectal cancer. In Biomarkers in Cancer; Preedy, V.R., Patel, V.B., Eds.;
Springer: Dordrecht, The Netherlands, 2015; pp. 659–683.

6. Chang, J.T.C.; Chen, Y.L.; Yang, H.T.; Chen, C.Y.; Cheng, A.J. Differential regulation of telomerase activity by six telomerase
subunits. Eur. J. Biochem. 2002, 269, 3442–3450. [CrossRef] [PubMed]

7. MacNeil, D.; Bensoussan, H.; Autexier, C. Telomerase regulation from beginning to the end. Genes 2016, 7, 64. [CrossRef]
8. Wyatt, H.D.M.; West, S.C.; Beattie, T.L. Intertpreting telomerase structure and function. Nucleic Acids Res. 2010, 38, 5609–5622.

[CrossRef]
9. Nguyen, T.H.D.; Tam, J.; Wu, R.A.; Greber, B.J.; Toso, D.; Nogales, E.; Collins, K. Cryo-em structure of substrate-bound human

telomerase holoenzyme. Nature 2018, 557, 190–195. [CrossRef]
10. Ganesan, K.; Xu, B. Telomerase inhibitors from natural products and their anticancer potential. Int. J. Mol. Sci. 2018, 19, 13.

[CrossRef]
11. O’Brien, P.; Carrasco-Pozo, C.; Speisky, H. Boldine and its antioxidant or health-promoting properties. Chem. Biol. Interact. 2006,

159, 1–17. [CrossRef]
12. Brantley, S.J.; Oberlies, N.H.; Kroll, D.J.; Paine, M.F. Two flavonolignans from milk thistle (silybum marianum) inhibit cyp2c9-

mediated warfarin metabolism at clinically achievable concentrations. J. Pharmacol. Exp. Ther. 2010, 332, 1081–1087. [CrossRef]
[PubMed]

13. Davis-Searles, P.R.; Nakanishi, Y.; Kim, N.-C.; Graf, T.N.; Oberlies, N.H.; Wani, M.C.; Wall, M.E.; Agarwal, R.; Kroll, D.J.
Milk thistle and prostate cancer: Differential effects of pure flavonolignans from silybum marianum on antiproliferative end
points in human prostate carcinoma cells. Cancer Res. 2005, 65, 4448–4457. [CrossRef] [PubMed]

14. Surai, P. Silymarin as a natural antioxidant: An overview of the current evidence and perspectives. Antioxidants 2015, 4, 204–247.
[CrossRef]

146



Molecules 2021, 26, 376

15. Mahata, S.; Bharti, A.C.; Shukla, S.; Tyagi, A.; Husain, S.A.; Das, B.C. Berberine modulates ap-1 activity to suppress hpv
transcription and downstream signaling to induce growth arrest and apoptosis in cervical cancer cells. Mol. Cancer 2011, 10, 39.
[CrossRef]

16. Srinivasan, G.V.; Unnikrishnan, K.P.; Rema Shree, A.B.; Balachandran, I. Hplc estimation of berberine in tinospora cordifolia and
tinospora sinensis. Indian J. Pharm. Sci. 2008, 70, 96–99. [CrossRef] [PubMed]

17. Eskandari-Nasab, E.; Dahmardeh, F.; Rezaeifar, A.; Dahmardeh, T. Telomere and telomerase: From discovery to cancer treatment.
Gene Cell Tissue 2015, 2, e28084. [CrossRef]

18. Hiyama, E.; Hiyama, K. Telomere and telomerase in stem cells. Br. J. Cancer 2007, 96, 1020–1024. [CrossRef] [PubMed]
19. Noureini, S.K.; Wink, M. Dose-dependent cytotoxic effects of boldine in hepg-2 cells-telomerase inhibition and apoptosis

induction. Molecules 2015, 20, 3730–3743. [CrossRef]
20. Zhu, X.; Kumar, R.; Mandal, M.; Sharma, N.; Sharma, H.W.; Dhingra, U.; Sokoloski, J.A.; Hsiao, R.; Narayanan, R. Cell cycle-

dependent modulation of telomerase activity in tumor cells. Proc. Natl. Acad. Sci. USA 1996, 93, 6091–6095. [CrossRef]
21. Klein, E.A.; Assoian, R.K. Transcriptional regulation of the cyclin d1 gene at a glance. J. Cell Sci. 2008, 121, 3853–3857. [CrossRef]
22. Ioset, J.-R.; Brun, R.; Wenzler, T.; Kaiser, M.; Yardley, V. Drug screening for kinetoplastids diseases. In A Training Manual for

Screening in Neglected Diseases; Department for International Development: London, UK, 2009.
23. National Cancer Institute. Nci-60 Screening Methodology. Available online: https://dtp.cancer.gov/discovery_development/

nci-60/methodology.htm (accessed on 19 May 2019).
24. Barzegar, E.; Fouladdel, S.; Movahhed, T.K.; Atashpour, S.; Ghahremani, M.H.; Ostad, S.N.; Azizi, E. Effects of berberine on

proliferation, cell cycle distribution and apoptosis of human breast cancer t47d and mcf7 cell lines. Iran. J. Basic Med. Sci. 2015,
18, 334. [PubMed]

25. Li, F.; Dong, X.; Lin, P.; Jiang, J. Regulation of akt/foxo3a/skp2 axis is critically involved in berberine-induced cell cycle arrest in
hepatocellular carcinoma cells. Int. J. Mol. Sci. 2018, 19, 327.

26. Chen, Q.; Qin, R.; Fang, Y.; Li, H. Berberine sensitizes human ovarian cancer cells to cisplatin through mir-93/pten/akt signaling
pathway. Cell. Physiol. Biochem. 2015, 36, 956–965. [CrossRef] [PubMed]

27. Jirawatnotai, S.; Hu, Y.; Livingston, D.M.; Sicinski, P. Proteomic identification of a direct role for cyclin d1 in DNA damage repair.
Cancer Res. 2012, 72, 4289–4293. [CrossRef]

28. Wang, Y.Y.; Sun, G.; Luo, H.; Wang, X.F.; Lan, F.M.; Yue, X.; Fu, L.S.; Pu, P.Y.; Kang, C.S.; Liu, N. Mir-21 modulates h tert through a
stat3-dependent manner on glioblastoma cell growth. CNS Neurosci. Ther 2012, 18, 722–728. [CrossRef]

29. Lin, C.-Y.; Hsieh, P.-L.; Liao, Y.-W.; Peng, C.-Y.; Lu, M.-Y.; Yang, C.-H.; Yu, C.-C.; Liu, C.-M. Correction: Berberine-targeted mir-21
chemosensitizes oral carcinomas stem cells. Oncotarget 2018, 9, 24870. [CrossRef]

30. Xin, X.; Senthilkumar, P.; Schnoor, J.L.; Ludewig, G. Effects of pcb126 and pcb153 on telomerase activity and telomere length in
undifferentiated and differentiated hl-60 cells. Environ. Sci. Pollut. Res. 2016, 23, 2173–2185. [CrossRef]

31. Wu, K.; Yang, Q.; Mu, Y.; Zhou, L.; Liu, Y.; Zhou, Q.; He, B. Berberine inhibits the proliferation of colon cancer cells by inactivating
wnt/β-catenin signaling. Int. J. Oncol. 2012, 41, 292–298.

32. Brattain, M.G.; Fine, W.D.; Khaled, F.M.; Thompson, J.; Brattain, D.E. Heterogeneity of malignant cells from a human colonic
carcinoma. Cancer Res. 1981, 41, 1751–1756.

33. Owa, T.; Ozawa, Y.; Semba, T. Joint Use of Sulfonamide Based Compound with Angiogenesis Inhibitor. EP Patent 2,364,699,A1,
14 September 2011.

34. Jain, M.; Nilsson, R.; Sharma, S.; Madhusudhan, N.; Kitami, T.; Souza, A.L.; Kafri, R.; Kirschner, M.W.; Clish, C.B.; Mootha, V.K.
Metabolite profiling identifies a key role for glycine in rapid cancer cell proliferation. Science 2012, 336, 1040–1044. [CrossRef]

35. Pereira, P.D.; Serra-Caetano, A.; Cabrita, M.; Bekman, E.; Braga, J.; Rino, J.; Santus, R.; Filipe, P.L.; Sousa, A.E.; Ferreira, J.A.
Quantification of cell cycle kinetics by edu (5-ethynyl-2′-deoxyuridine)-coupled-fluorescence-intensity analysis. Oncotarget 2017,
8, 40514. [CrossRef] [PubMed]

36. National Cancer Institute. Cell Lines in the in vitro screen. Available online: https://dtp.cancer.gov/discovery_development/
nci-60/cell_list.htm (accessed on 10 April 2019).

37. Nguyen, D.; Grenier St-Sauveur, V.; Bergeron, D.; Dupuis-Sandoval, F.; Scott, M.S.; Bachand, F. A polyadenylation-dependent
3′ end maturation pathway is required for the synthesis of the human telomerase rna. Cell Rep. 2015, 13, 2244–2257. [CrossRef]
[PubMed]

38. Serafim, T.L.; Oliveira, P.J.; Sardao, V.A.; Perkins, E.; Parke, D.; Holy, J. Different concentrations of berberine result in distinct
cellular localization patterns and cell cycle effects in a melanoma cell line. Cancer Chemther. Pharmacol. 2008, 61, 1007–1018.
[CrossRef] [PubMed]

39. Guaman Ortiz, L.M.; Croce, A.L.; Aredia, F.; Sapienza, S.; Fiorillo, G.; Syeda, T.M.; Buzzetti, F.; Lombardi, P.; Scovassi, A.I. Effect of
new berberine derivatives on colon cancer cells. Acta Biochimica Biophysica Sinica 2015, 47, 824–833. [CrossRef]

40. Li, W.; Hua, B.; Saud, S.M.; Lin, H.; Hou, W.; Matter, M.S.; Jia, L.; Colburn, N.H.; Young, M.R. Berberine regulates amp-activated
protein kinase signaling pathways and inhibits colon tumorigenesis in mice. Mol. Carcinogenes. 2015, 54, 1096–1109. [CrossRef]

41. Noureini, S.K.; Tanavar, F. Boldine, a natural aporphine alkaloid, inhibits telomerase at non-toxic concentrations. Chem.-Biol. Interact.
2015, 231, 27–34. [CrossRef]

42. Ko, E.; Seo, H.W.; Jung, G. Telomere length and reactive oxygen species levels are positively associated with a high risk of
mortality and recurrence in hepatocellular carcinoma. Hepatology 2018, 67, 1378–1391. [CrossRef]

147



Molecules 2021, 26, 376

43. Moraca, F.; Amato, J.; Ortuso, F.; Artese, A.; Pagano, B.; Novellino, E.; Alcaro, S.; Parrinello, M.; Limongelli, V. Ligand binding
to telomeric g-quadruplex DNA investigated by funnel-metadynamics simulations. Proc. Natl. Acad. Sci. USA 2017, 114,
E2136–E2145. [CrossRef]

44. Bhadra, K.; Kumar, G.S. Interaction of berberine, palmatine, coralyne, and sanguinarine to quadruplex DNA: A comparative
spectroscopic and calorimetric study. Biochimica Biophysica Acta 2011, 1810, 485–496. [CrossRef]

45. Neidle, S. Quadruplex nucleic acids as novel therapeutic targets. J. Med. Chem. 2016, 59, 5987–6011. [CrossRef]
46. Wang, Y.; Kheir, M.M.; Chai, Y.; Hu, J.; Xing, D.; Lei, F.; Du, L. Comprehensive study in the inhibitory effect of berberine on gene

transcription, including tata box. PLoS ONE 2011, 6, e23495. [CrossRef] [PubMed]
47. Yuan, Z.-Y.; Lu, X.; Lei, F.; Chai, Y.-S.; Wang, Y.-G.; Jiang, J.-F.; Feng, T.-S.; Wang, X.-P.; Yu, X.; Yan, X.-J. Tata boxes in gene

transcription and poly (a) tails in mrna stability: New perspective on the effects of berberine. Sci. Rep. 2015, 5, 18326. [CrossRef]
48. Fu, L.; Chen, W.; Guo, W.; Wang, J.; Tian, Y.; Shi, D.; Zhang, X.; Qiu, H.; Xiao, X.; Kang, T. Berberine targets ap-2/htert, nf-κb/cox-2,

hif-1α/vegf and cytochrome-c/caspase signaling to suppress human cancer cell growth. PLoS ONE 2013, 8, e69240. [CrossRef]
[PubMed]

49. Xiong, Y.X.; Su, H.F.; Lv, P.; Ma, Y.; Wang, S.K.; Miao, H.; Liu, H.Y.; Tan, J.H.; Ou, T.M.; Gu, L.Q.; et al. A newly identified
berberine derivative induces cancer cell senescence by stabilizing endogenous g-quadruplexes and sparking a DNA damage
response at the telomere region. Oncotarget 2015, 6, 35625–35635. [CrossRef] [PubMed]

50. Gutierrez-Rodrigues, F.; Santana-Lemos, B.A.; Scheucher, P.S.; Alves-Paiva, R.M.; Calado, R.T. Direct comparison of flow-fish and
qpcr as diagnostic tests for telomere length measurement in humans. PLoS ONE 2014, 9, e113747. [CrossRef] [PubMed]

51. Arora, A.; Balasubramanian, C.; Kumar, N.; Agrawal, S.; Ojha, R.P.; Maiti, S. Binding of berberine to human telomeric quadruplex—
Spectroscopic, calorimetric and molecular modeling studies. FEBS J. 2008, 275, 3971–3983. [CrossRef] [PubMed]

52. Bazzicalupi, C.; Ferraroni, M.; Bilia, A.R.; Scheggi, F.; Gratteri, P. The crystal structure of human telomeric DNA complexed with
berberine: An interesting case of stacked ligand to g-tetrad ratio higher than 1:1. Nucleic Acids Res. 2013, 41, 632–638. [CrossRef]
[PubMed]

53. Zhang, W.J.; Ou, T.M.; Lu, Y.J.; Huang, Y.Y.; Wu, W.B.; Huang, Z.S.; Zhou, J.L.; Wong, K.Y.; Gu, L.Q. 9-substituted berberine
derivatives as g-quadruplex stabilizing ligands in telomeric DNA. Bioorg. Med. Chem. 2007, 15, 5493–5501. [CrossRef]

54. Xu, J.; Long, Y.; Ni, L.; Yuan, X.; Yu, N.; Wu, R.; Tao, J.; Zhang, Y. Anticancer effect of berberine based on experimental animal
models of various cancers: A systematic review and meta-analysis. BMC Cancer 2019, 19, 589. [CrossRef]

55. Zhang, J.; Cao, H.; Zhang, B.; Cao, H.; Xu, X.; Ruan, H.; Yi, T.; Tan, L.; Qu, R.; Song, G. Berberine potently attenuates intestinal
polyps growth in apcmin mice and familial adenomatous polyposis patients through inhibition of wnt signalling. J. Cell. Mol. Med.
2013, 17, 1484–1493. [CrossRef]

56. Assefa, A.T.; Vandesompele, J.; Thas, O. On the utility of rna sample pooling to optimize cost and statistical power in rna
sequencing experiments. BMC Genom. 2020, 21, 1–14. [CrossRef]

57. Metzger, K.; Tuchscherer, A.; Palin, M.-F.; Ponsuksili, S.; Kalbe, C. Establishment and validation of cell pools using primary
muscle cells derived from satellite cells of pig skeletal muscle. In Vitro Cell. Dev. Biol. Anim. 2019, 1–7. [CrossRef] [PubMed]

58. Diz, A.P.; Truebano, M.; Skibinski, D.O. The consequences of sample pooling in proteomics: An empirical study. Electrophoresis
2009, 30, 2967–2975. [CrossRef] [PubMed]

59. Phang, C.-W.; Karsani, S.A.; Sethi, G.; Malek, S.N.A. Flavokawain c inhibits cell cycle and promotes apoptosis, associated with
endoplasmic reticulum stress and regulation of mapks and akt signaling pathways in hct 116 human colon carcinoma cells.
PLoS ONE 2016, 11, e0148775. [CrossRef] [PubMed]

60. Sebaugh, J. Guidelines for accurate ec50/ic50 estimation. Pharm. Stat. 2011, 10, 128–134. [CrossRef] [PubMed]
61. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. Nih image to imagej: 25 years of image analysis. Nature Methods 2012, 9, 671–675.

[CrossRef]
62. Vasilishina, A.; Kropotov, A.; Spivak, I.; Bernadotte, A. Relative human telomere length quantification by real-time pcr. In Cellular

Senescence; Springer: Berlin/Heidelberg, Germany, 2019; pp. 39–44.

148



molecules

Article

Identification of a Prenyl Chalcone as a Competitive
Lipoxygenase Inhibitor: Screening, Biochemical Evaluation
and Molecular Modeling Studies

Maria Luiza Zeraik 1,2,*, Ivani Pauli 3, Luiz A. Dutra 2, Raquel S. Cruz 2, Marilia Valli 2,3, Luana C. Paracatu 4,

Carolina M. Q. G. de Faria 4, Valdecir F. Ximenes 4, Luis O. Regasini 2,5, Adriano D. Andricopulo 3

and Vanderlan S. Bolzani 2,*

Citation: Zeraik, M.L.; Pauli, I.;

Dutra, L.A.; Cruz, R.S.; Valli, M.;

Paracatu, L.C.; de Faria, C.M.Q.G.;

Ximenes, V.F.; Regasini, L.O.;

Andricopulo, A.D.; et al.

Identification of a Prenyl Chalcone as

a Competitive Lipoxygenase

Inhibitor: Screening, Biochemical

Evaluation and Molecular Modeling

Studies. Molecules 2021, 26, 2205.

https://doi.org/10.3390/

molecules26082205

Academic Editors: Young Hae Choi,

Young Pyo Jang, Yuntao Dai and Luis

Francisco Salomé-Abarca

Received: 28 February 2021

Accepted: 7 April 2021

Published: 12 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratório de Fitoquímica e Biomoléculas (LabFitoBio), Departamento de Química,
Universidade Estadual de Londrina (UEL), Londrina, PR 86051-990, Brazil

2 Núcleo de Bioensaios, Biossíntese e Ecofisiologia de Produtos Naturais (NuBBE), Departamento de Química
Orgânica, Instituto de Química, Universidade Estadual Paulista (UNESP), Araraquara, SP 14800-060, Brazil;
luizdutra_qf@yahoo.com.br (L.A.D.); raqsabara@hotmail.com (R.S.C.); mariliava@gmail.com (M.V.);
luisregasini@gmail.com (L.O.R.)

3 Laboratório de Química Medicinal e Computacional (LQMC), Centro de Pesquisa e Inovação em
Biodiversidade e Fármacos (CIBFar), Instituto de Física de São Carlos, Universidade de São Paulo (USP),
São Carlos, SP 13563-120, Brazil; ivanipauli@gmail.com (I.P.); aandrico@ifsc.usp.br (A.D.A.)

4 Departamento de Química, Faculdade de Ciências, Universidade Estadual Paulista (UNESP),
Bauru, SP 17020-360, Brazil; luanachiquetto@hotmail.com (L.C.P.);
carolina.quinello@gmail.com (C.M.Q.G.d.F.); valdecir.ximenes@unesp.br (V.F.X.)

5 Instituto de Biociências, Letras e Ciências Exatas, Universidade Estadual Paulista (UNESP),
São José do Rio Preto, SP 15054-000, Brazil

* Correspondence: zeraikml@uel.br (M.L.Z.); bolzaniv@iq.unesp.br (V.S.B.)

Abstract: Cyclooxygenase (COX) and lipoxygenase (LOX) are key targets for the development of new
anti-inflammatory agents. LOX, which is involved in the biosynthesis of mediators in inflammation
and allergic reactions, was selected for a biochemical screening campaign to identify LOX inhibitors
by employing the main natural product library of Brazilian biodiversity. Two prenyl chalcones were
identified as potent inhibitors of LOX-1 in the screening. The most active compound, (E)-2-O-farnesyl
chalcone, decreased the rate of oxygen consumption to an extent similar to that of the positive control,
nordihydroguaiaretic acid. Additionally, studies on the mechanism of the action indicated that
(E)-2-O-farnesyl chalcone is a competitive LOX-1 inhibitor. Molecular modeling studies indicated the
importance of the prenyl moieties for the binding of the inhibitors to the LOX binding site, which is
related to their pharmacological properties.

Keywords: inflammation; docking; NuBBE database; chalcones

1. Introduction

Lipoxygenases are a family of iron-containing dioxygenases which are widely dis-
tributed in both animal and plant species. Human 5-lipoxygenase (5-LOX) is involved
in the metabolism of arachidonic acid to leukotrienes, which are potent mediators of inflam-
mation and allergic reactions [1,2]. Plants also contain numerous lipoxygenases, with at
least eight having been identified in soybean (Glycine max), such as soybean lipoxygenase-1
(LOX-1), all of which use linoleic acid as a substrate [3,4]. Two important approaches for the
design and synthesis of anti-inflammatory agents are based on the inhibition of two enzymes,
cyclooxygenase (COX) and lipoxygenase, both of which are involved in the metabolism of
arachidonic acid. Cyclooxygenase (COX) catalyzes the conversion of arachidonic acid to
prostaglandins, with COX-1 being the constitutive isoform that is expressed in most tissues,
while COX-2 is only expressed when induced by the response to inflammation [5].
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Selective inhibitors of the COX-2 isoform have been developed as anti-inflammatory
drugs, such as celecoxib (Celebrex) and rofecoxib (Vioxx), and are characterized as non-
steroidal anti-inflammatory drugs (NSAIDs). However, their use is associated with an
increased risk of ulcerations, heart attacks, and strokes [6,7]. The inhibition of lipoxygenase
is an alternative for the treatment of inflammatory processes, and it can also be a combi-
nation strategy in conjunction with COX-2 inhibitors [8–11]. Zileuton (Zyflo®), which is
available in the USA for the treatment of asthma, is currently the only 5-LOX inhibitor
marketed for therapy in humans. Nevertheless, zileuton shows low potential in other
diseases, such as allergic rhinitis, rheumatoid arthritis, and inflammatory bowel disease,
revealing a great need for novel inhibitors of 5-LOX [12].

As has been extensively reviewed, biodiversity provides exclusive chemical scaffolds for
drug discovery [13,14]. Chalcones are known for their various biological activities, including
antioxidant, anticancer, antimicrobial, anti-inflammatory, and antiprotozoal activities [15–20].
Prenylated chalcones are found as natural products, such as the derricidin and isocordoin used
in this work as an inspiration, and they and others could be retrieved from the natural product
database of Brazilian biodiversity (Nuclei of Bioassays, Ecophysiology and Biosynthesis of
Natural Products Database, NuBBEDB) [21,22]. In the present work, we report the screening
for LOX-1 inhibitors and the identification of a chalcone scaffold with prenyl groups as
competitive inhibitors. The use of a polarography assay was applied in order to further
explore the anti-inflammatory potential of the most potent compounds. Together with the
in vitro experiments, molecular modeling studies were also conducted in order to reveal the
molecular features related to the binding of this inhibitor to the LOX binding site.

2. Results and Discussion

The present work is part of a screening campaign to identify biologically-active natural
products from Brazilian biodiversity to be used as models for further optimization in a
drug discovery pipeline. A combination of in vitro assays, enzyme kinetics, and molecular
modeling studies were used to evaluate the molecular reasons for the LOX inhibition
activity of the most promising compound.

For the in vitro screening to identify the inhibitors of the enzymatic activity of LOX-
1, a spectrophotometric assay was employed in order to measure the conjugated diene
formed by linoleic acid oxidation. Soybean LOX-1, which converts linoleic acid to 13-
hydroperoxylinoleic acid, is inhibited by NSAIDs in a qualitatively similar way to that
of the rat mast cell line 5-LOX, and it may be used as a reliable screening target for this
activity [23]. The screening was performed with compounds from Brazilian biodiversity
(NuBBEDB) [15,16] and synthetic derivatives previously synthesized by using natural
products as models. In this context, a variety of natural products were evaluated, such as
triterpenes, chalcones, casearins, alkaloids, guanidines, and flavonoids. Among all of the
screened compounds, prenyl chalcones were identified as LOX-1 inhibitors.

Hydroxyl chalcones (1–3) were previously obtained by Claisen–Schmidt condensa-
tion [24] followed by prenylation to obtain chalcones 4–6. Prenyl chalcones and their
precursor hydroxyl chalcones were evaluated in order to verify the relevance of the prenyl
group for LOX-1 inhibition. Prenyl units are frequently found in natural products, and
are associated with an increase in hydrophobicity and facilitated interaction with cell
membranes. LOX-1 inhibition by (E)-2-O-farnesyl chalcone (6, IC50 = 5.7 μM) was twofold
more potent than 3-O-geranyl chalcone (5, IC50 = 11.8 μM), and >10-fold more potent than
2-O-prenyl chalcone (4, IC50 > 50.0 μM). Chalcones containing hydroxyl groups did not
show significant inhibitory effects on LOX-1, regardless of the position of these groups
(Table 1). Compound 6 was almost twofold more potent than the positive control, curcumin
(IC50 = 10.1 μM), and twofold less potent than the positive control, nordihydroguaiaretic
acid (NDGA) (IC50 = 2.7 μM). The graph demonstrating the inhibitory activity of the
compounds on LOX-1 at different concentrations is available online in the Supplementary
Materials (Figure S1).
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The results indicate that a larger extension of the prenyl chains is directly related to an
enhanced inhibition of LOX-1. The extension of this chain results in higher lipophilicity
and an increase in the capacity to perform hydrophobic interactions in the binding site. The
binding site of LOX shows that it is primarily composed of hydrophobic amino acids, as
will be discussed further in this paper within the molecular docking evaluation, specifying
its preference for hydrophobic ligands, such as 6 and 5. Lipophilicity is an important
physicochemical property which is often related to the bioactivity of the compounds. The
tendency observed herein is similar to that previously reported for curcumin analog LOX
inhibitors [25]. The log P values were calculated based on the consensus method provided
by the SwissADME web tool [26,27]. The increase in the molecular hydrophobicity of
prenyl chalcones (log P) was correlated with the more potent inhibitory activities of the
compounds, as shown in Table 1. A higher hydrophobicity was also previously correlated
with a more potent antileishmanial activity for these compounds [24].

The catalytic activity of LOX-1 comprises the conversion of its substrate to polyun-
saturated molecules by the consumption of oxygen atoms, which is a limiting rate of that
mechanism. A polarography-based assay was used to evaluate the rate of the oxygen
consumption during LOX-1 inhibition, during which oxygen consumption is associated
with the formation of a hydroperoxyl group [28]. In order to evaluate the decrease in
oxygen consumption upon LOX-1 inhibition by the prenyl chalcone 6, an O2-selective
electrode coupled to an oxygen monitoring probe was employed. A delay of the oxygen
consumption was detected in the presence of prenyl chalcone 6 at 10 μM, to a similar extent
to that of the positive control NDGA, which suggests a decline in LOX-1 catalysis and a
decrease in the detectable polyunsaturated product (Figure 1).

Figure 1. The activity of LOX-1 (1 μM) was monitored by O2 consumption. LOX-1 inhibition led to a
lower rate of oxygen consumption, which was observed in the presence of (E)-2-O-farnesyl chalcone
(6) and nordihydroguaiaretic acid (NDGA), both at 10 μM.

Enzyme kinetics studies were carried out in order to determine the mechanism of
inhibition of the most potent compound 6. Primarily, the Michaelis–Menten constant (KM)
and maximum velocity values (Vmax) were determined for the enzymatic activity without
an inhibitor (KM = 45.8 μM and Vmax = 10 μmol/min). Increasing the concentrations of
6 (5–10 μM) allowed us to confirm the competitive mechanism against LOX-1 inhibition,
with a Ki = 7 μM.
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Table 1. IC50 values for the inhibition of lipoxygenase-1.

Compound Structure IC50 (μM) a Calculated log P b

1 >50 3.09

2 >50 2.87

3 >50 2.87

4 >50 4.52

5 11.8 ± 0.9 5.94

6 5.7 ± 0.8 7.46

Curcumin 10.1 ± 0.5

Nordihydroguaiaretic acid
(NDGA)

2.7 ± 0.5

a The values represent the mean and standard deviation of three independent experiments. b Calculated by the consensus method provided
by the SwissADME web tool [26,27].
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Molecular docking studies were performed in order to assess the molecular connec-
tions related to the experimental results obtained. In general, the binding site of eukaryotic
LOXs is conservative, allowing us to use LOX-5 as structural model to determine ligand
interactions [29,30]. The binding site of LOX-5 is primarily composed (approximately 50%)
of hydrophobic amino acids (Trp147, Phe169, Phe177, Leu179, Phe229, Leu368, Ile406,
Ala410, Phe555, Ala603, Leu607, Phe610, Val671, and Ala672), clarifying the increased
potency for the hydrophobic compounds 6 and 5. The increased potency of 6 compared
to 5 is justified by the enhanced number of hydrophobic interactions due to the increased
length of the prenyl chain, as shown in Figure 2. The docking simulations showed that
5 (Figure 2A), a chalcone with two prenyl groups at position 3 of ring B, interacts with
the LOX binding cavity, where the chalcone moiety interacts with His367, Phe555, Tyr558,
Leu607, and Phe610, while the prenyl chain is stabilized by the nonpolar residues Phe177,
Ala410, Gln413 and Lys409. Compound 6 (Figure 2B) adopts a similar conformation to that
of 5 in the LOX binding cavity. The same residues—His367, Phe555, Tyr558, Leu607, and
Phe610—interact with the chalcone moiety; an additional hydrogen bond, formed between
the chalcone carbonyl oxygen and the Asn554 side-chain nitrogen atom, contributes to
the stabilization of the compound. Compound 6 presents a longer and more hydrophobic
substituent in ring B at position 2, which is composed of three prenyl groups. Conse-
quently, a higher number of protein-ligand hydrophobic interactions take place. In this
case, the hydrophobic chain is stabilized by the nonpolar residues Trp147, Leu368, Ile406,
Ala410, and Ala672, in addition to the basic amino acids Arg411, His372, and His550. The
molecular docking study corroborated the previous experimental results by revealing an
increased number of intermolecular interactions of 6 (ΔGbinding = −41.84) and the binding
site compared to that of compound 5 (ΔGbinding = −38.15).

 

Figure 2. 3D representation of the top-scored docking poses of 5 in cyan (A) and 6 in yellow (B), rendered as stick models in the
human 5-LOX binding site (PDB ID: 3V99). The relevant binding site residues are highlighted and represented by the respective
letter code: A (Ala) = alanine; F (Phe) = phenylalanine; H (His) = histidine; I (Ile) = isoleucine; K (Lys) = lysine; L (Leu) = leucine;
N (Asn) = asparagine; Q (Gln) = glutamine; R (Arg) = arginine; S (Ser) = serine; Y (Tyr) = tyrosine; W (Trp) = tryptophan.

153



Molecules 2021, 26, 2205

Previous studies performed computational approaches to screen chalcone and flavone
derivatives for their potential as inhibitors of 5-LOX, and showed the lipoxygenase activity
inhibition. This study was important to identify prenyl chalcones as inhibitors of LOX.
The mode of binding for chalcones was assessed in order to verify the importance of the
prenyl moieties for binding. The mode of binding was similar to other chalcones previously
reported in the literature [31].

3. Materials and Methods

3.1. Synthesis of Compounds

Compound 1–3 and prenylchalcones 4–6 were synthesized as described previously [24].
The NMR data for compound 3 are shown below:

(E)-4-hydroxychalcone (16). Yellow solid, 33% yield. 1H NMR (500 MHz, DMSO-d6),
δH 7.62 (d; J = 7.5 Hz, H-2/H-6), 6.82 (d; J = 8.5 Hz, H-3/H-5), 8.08 (dd; J = 1.5, 7.5 Hz,
H-2′/H-6′), 7.53 (dd; J = 7.5, 7.5 Hz, H-3′/H-5′), 7.69 (m; H-4′/H-α/H-β). 13C NMR
(500 MHz, DMSO-d6), δC 125.7 (C-1), 128.3 (C-2/C-6), 115.8 (C-3/C-5), 160.1 (C-4), 137.9
(C-1′), 130.9 (C-2′/C-6′), 128.6 (C-3′/C-5′), 132.7 (C-4′), 118.4 (C-α), 144.5 (C-β), 189.0 (C-β’).

3.2. LOX Bioassay

The ability of chalcones 1–6 to act as LOX-1 inhibitors was evaluated according to a
method from Ha et al. (2004) [28]. Initially, 2.910 mL Tris-HCl buffer (0.1 mM (pH 8.0),
Sigma-Aldrich, Brazil) was added to a quartz cuvette, followed by the addition of 25 μL
LOX-1 (final concentration 1 μM, Sigma-Aldrich, Brazil) and 10 μL of the compounds
tested (the final concentration ranged from 1 to 20 μM). The solution was incubated for
5 min at 25 ◦C. The reaction was started with the addition of linoleic acid (55 μL, 1 mM,
Sigma-Aldrich, Brazil), and the LOX-1 activity was monitored at λ = 221 nm, pH 8.0,
and 25 ◦C by an absorbance spectrophotometer in UV-Vis (Perkin Elmer Lambda 22,
Waltham, MA, USA). For the determination of KM, varying substrate concentrations were
used (linoleic acid, 13.7–91.7 μM) and 1 μM LOX-1. Nordihydroguaiaretic acid (NDGA,
CAS Number: 500-38-9, Sigma-Aldrich, St. Louis, MO, USA ≥97%) was used as a positive
control. The spectrophotometric measurements at λ = 221 nm are associated with the
conjugated double bonds formed from the linoleic acid substrate.

3.3. Oxygen Consumption by the Catalytic Activity of LOX

The oxygen consumption was monitored using an O2-selective electrode coupled to a
YSI 5300 Oxygen Monitor (Yellow Springs, OH, USA) at 25 ◦C. The reactions were initiated
by adding O2 (100 μM), followed by the addition of LOX (20 nM) in 0.1 M Phosphate
buffered saline (PBS), with pH 7.4 at 25 ◦C and the compounds being tested [32].

3.4. Docking Simulation

The 3D chemical structure of each compound was generated using the standard tools
available in the molecular modeling software package Sybyl 8.0 [33]. The conformational
energy was minimized using the Tripos force field and Powell’s method. The partial atomic
charges were calculated using the Gasteiger–Hückel method, which is available in Sybyl 8.0,
considering the molecules to be in an implicit aqueous environment (a dielectric constant
of 80.0). The simulations were carried out using GOLD [34], a software package based
on a genetic algorithm to explore the ligand conformational space. The protein structure
of 5-LOX was PDB ID: 3V99, available at the Protein Data Bank (PDB). The protein was
prepared for the docking studies by adding hydrogen atoms, removing the water, and
cocrystallizing the inhibitors. The enzyme–inhibitor interactions within a radius of 12 Å
centered on the PHE177 CZ atom were evaluated. The binding site was defined according
to co-crystalized ligand arachidonic acid. The docking poses were obtained by applying
the ChemScore fitness function. LIGPLOT [35] was used to identify the contacts among the
inhibitors and LOX.
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3.5. Theoretical Calculation of log P

The molecular hydrophobicity of the chalcone derivatives was calculated based on
their log P values (partitioning coefficient in n-octanol/water) based on the consensus
method (arithmetic mean of the values predicted by the following proposed methods:
XLOGP3, WLOGP, MLOGP, SILICOS-IT, and iLOGP), and was performed using the Swis-
sADME web tool [26,27].

4. Conclusions

This paper contributes to the field of inflammatory diseases with information on the
molecular features which are most important for the development of LOX inhibitors. The
LOX inhibition strategy is an important advancement to overcome the unwanted effects of
anti-inflammatories that are selective for COX-2 inhibition. The research on LOX inhibitors
published herein is important to address the treatment of inflammatory diseases for which
the current drugs lack efficacy. The initial approach employing an in vitro screening was
effective in identifying potent LOX-1 inhibitors, namely, (E)-2-O-farnesyl chalcone (6,
IC50 = 5.7 μM) and 3-O-geranyl chalcone (5, IC50 = 11.8 μM). Next, the enzyme kinetics
study allowed for the determination of the mode of action of the competitive inhibitor 6,
providing information on the binding site to be explored in the computational studies. The
molecular reasons for the binding of compounds 5 and 6 to lipoxygenase were analyzed
by computational molecular docking studies, highlighting the contribution of the prenyl
moieties to the binding.

Finally, it is worthy to note that compound 6 was not more effective than NDGA,
a well-established control for lipoxygenase inhibition. However, some advances can be
expected, as chalcone derivatives showed lower cell toxicity [36]. On the other hand, the
usefulness of NDGA is limited due to its toxicity. For example, its long-term use has been
correlated with liver damage and kidney dysfunction [37].
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Abstract: Inhibition of the megakaryocyte protein tyrosine phosphatase 2 (PTP-MEG2, also named
PTPN9) activity has been shown to be a potential therapeutic strategy for the treatment of type
2 diabetes. Previously, we reported that PTP-MEG2 knockdown enhances adenosine monophosphate
activated protein kinase (AMPK) phosphorylation, suggesting that PTP-MEG2 may be a potential
antidiabetic target. In this study, we found that phloridzin, isolated from Ulmus davidiana var. japon-
ica, inhibits the catalytic activity of PTP-MEG2 (half-inhibitory concentration, IC50 = 32 ± 1.06 μM)
in vitro, indicating that it could be a potential antidiabetic drug candidate. Importantly, phloridzin
stimulated glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle cells compared to
that by the control cells. Moreover, phloridzin led to the enhanced phosphorylation of AMPK and
Akt relevant to increased insulin sensitivity. Importantly, phloridzin attenuated palmitate-induced
insulin resistance in C2C12 muscle cells. We also found that phloridzin did not accelerate adipocyte
differentiation, suggesting that phloridzin improves insulin sensitivity without significant lipid
accumulation. Taken together, our results demonstrate that phloridzin, an inhibitor of PTP-MEG2,
stimulates glucose uptake through the activation of both AMPK and Akt signaling pathways. These
results strongly suggest that phloridzin could be used as a potential therapeutic candidate for the
treatment of type 2 diabetes.

Keywords: protein tyrosine phosphatases (PTPs); PTP-MEG2; phloridzin; type 2 diabetes; glucose-uptake

1. Introduction

Protein tyrosine phosphatases (PTPs) constitute a diverse family of enzymes and
control the cellular protein tyrosine phosphorylation levels associated with cell growth,
metabolism, and apoptosis [1]. Loss of the regulation in protein tyrosine phosphorylation
has been implicated in many diseases, including cancer, diabetes, and autoimmune dis-
orders, suggesting that PTPs may act as potential drug targets [1,2]. Some PTPs, such as
PTPN1, PTPN9, PTPN11, PTPRF, PTPRS, and dual specificity phosphatase 9 (DUSP-9), lead
to type 2 diabetes associated insulin resistance through antagonism of insulin action [3,4].
Since the activation of adenosine monophosphate -activated protein kinase (AMPK) stimu-
lates glucose uptake by promoting GLUT4 translocation, antidiabetic effects are associated
with AMPK phosphorylation, suggesting that AMPK is a target for the treatment of type 2
diabetes [5–8]. We have previously shown that knockdown of the megakaryocyte protein
tyrosine phosphatase 2 (PTP-MEG2, also named PTPN9) enhances AMPK phosphorylation
in 3T3-L1 preadipocytes, suggesting that PTP-MEG2 can be a potential antidiabetic drug

Molecules 2021, 26, 1612. https://doi.org/10.3390/molecules26061612 https://www.mdpi.com/journal/molecules

159



Molecules 2021, 26, 1612

target [9]. In addition, it has been reported that PTP-MEG2 is an antagonist of liver insulin
signaling and that depletion of PTP-MEG2 in the liver of diabetic (db/db) mice leads
to insulin sensitization and normalization of hyperglycemia [10]. Moreover, PTP-MEG2
inhibitor has shown to enhance Akt phosphorylation in primary hepatocytes and improve
insulin resistance and glucose homeostasis in diet-induced obese C57BL/6 mice, suggest-
ing that the inhibition of PTP-MEG2 activity may be a potential therapeutic approach in
treating type 2 diabetes [1]. Based on previous research, identification of the PTP-MEG2
inhibitors may be an effective strategy for treating type 2 diabetes. In this study, phloridzin
was identified as a slow binding inhibitor of PTP-MEG2, suggesting that it could potentially
be used as an antidiabetic drug.

Phloridzin, phloretin 2′-O-glucoside (sometimes also referred to as phlorizin), is a
flavonoid belonging to the chemical class of dihydrochalcones and is associated with
flavonoid biosynthesis [11]. Phloridzin is one of the major polyphenols found in apple
(Malus sp.), and it is mainly present in the leaves and bark of apple trees. Low amounts
of phloridzin exist in apple fruits as well. A few other species belonging to Rosaceae
and Ericaceae also possess this compound, but only in low amounts [11]. Phloridzin
has been widely used as an alternative medicine and possesses various pharmacological
traits: scavenging effect for superoxide anions [12], inhibitory effect on lipid peroxida-
tion [13], melanogenesis stimulatory effect through the inhibition of protein kinase C
activity [14], and proliferative effect on human CD49f+/CD29+ keratinocytes [15]. In par-
ticular, the effects of phloridzin on glucose uptake and diabetes have been intensively
investigated [11,16–18]. Phloridzin lowered the blood glucose levels and reversed Sglt1
expression in streptozotocin-induced diabetic mice [17], and was able to inhibit the sodium-
dependent glucose-linked transporter, SGLT [18]. Due to its potential applicability as a
pharmacological agent, phloridzin has recently received significant attention from many
research groups. However, the direct target for the antidiabetic function of phloridzin re-
mains unknown. In this study, phytochemical analysis of the root barks of Ulmus davidiana
var. japonica led to the isolation of phloridzin. We observed that phloridzin inhibited the
enzymatic activity of PTP-MEG2 in vitro, indicating that phloridzin targets PTP-MEG2.
We subsequently examined the effects of phloridzin in insulin-responsive cell lines such
as mouse 3T3-L1 adipocytes and C2C12 muscle cells. Herein, we describe the isolation of
phloridzin and its potential as an inhibitor of PTP-MEG2 relevant to insulin resistance.

2. Results

2.1. Isolation and Identification of Phloridzin

The crude extract of the root barks of U. davidiana var. japonica was sequentially sol-
vent partitioned between water and organic solvents, including hexane, dichloromethane,
ethyl acetate (EtOAc), and n-butanol of increasing polarity, yielding four fractions. Phy-
tochemical analysis of the EtOAc-soluble fraction was performed using repeated column
chromatography and semi-preparative HPLC separation, resulting in the isolation of
phloridzin. The structure of phloridzin (Figure 1) was determined by comparing the 1H
and 13C-NMR spectra with those previously reported in the literature [11,14,17], and by
LC/MS analysis.

 
Figure 1. The chemical structure of phloridzin.

160



Molecules 2021, 26, 1612

2.2. Suppression of PTP-MEG2 Enhanced AMPK Phosphorylation

To identify the antidiabetic target of phloridzin, we performed PTP-MEG2 knockdown
in 3T3-L1 preadipocytes using PTP-MEG2 siRNA for 72 h. Scrambled siRNA was used
as a negative control. At the same time, we also incubated cells with 10 μM phloridzin
for 72 h. Efficient suppression of PTP-MEG2 was confirmed by quantitative RT-PCR or
Western blotting (Figure 2A,B). Consistent with our previous findings [9], we found that
PTP-MEG2 knockdown significantly increased AMPK phosphorylation, suggesting that
PTP-MEG2 can be a potential antidiabetic drug target (Figure 2B,C). In addition, AMPK
phosphorylation was also enhanced in 10 μM phloridzin-treated cells, as compared to
the control (Figure 2B,C). Furthermore, concurrent treatment with PTP-MEG2 siRNA and
10 μM phloridzin increased AMPK phosphorylation less than that of PTP-MEG2 siRNA
knockdown alone, indicating that phloridzin targets PTP-MEG2 (Figure 2B,C).

Figure 2. Suppression of PTP-MEG2 enhanced AMPK phosphorylation. (A,B) 3T3-L1 preadipocytes were transfected with
30 nM PTP-MEG2 siRNA or scrambled siRNA as a control (con). After 72 h, cells were lysed and analyzed by quantitative
real-time PCR (A) or Western blotting (B). (C) Quantification of phospho-AMPK/total-AMPK using the ATTO image
analysis software (CS analyzer 4). All experiments were independently repeated at 3 times. Results are presented as mean
± standard error of the mean (SEM). *** p < 0.001, * p < 0.05 compared to the control siRNA condition (con siRNA).

2.3. Phloridzin Inhibited the Catalytic Activity of PTP-MEG2 In Vitro

Next, PTP-MEG2 was overexpressed and purified using a cobalt affinity resin (Figure 3A).
To measure its catalytic activity, kinetic constants of PTP-MEG2 were determined using
DiFMUP as a fluorogenic PTP substrate (Table 1). Phloridzin showed better inhibition
of DiFMUP hydrolysis by PTP-MEG2 than other PTPs such as PTPN1, PTPRS, PTPRF,
and DUSP9 (Table 2). The progress curves of DiFMUP hydrolysis by PTP-MEG2 were
linear in the absence of an inhibitor but hyperbolic progress curves were observed in the
presence of phloridzin, indicating that phloridzin acted as a slow-binding inhibitor of
PTP-MEG2 (Figure 3B). To estimate its half-inhibitory concentration (IC50), PTP-MEG2 was
pre-incubated with phloridzin for 20 min and then a DiFMUP solution was added to it. The
IC50 value of phloridzin against PTP-MEG2 was determined to be 32 ± 1.06 μM (Figure 3C).
Since the Hill coefficient (n) obtained based on the slope of the Hill plot represents the
degree of cooperativity in ligand–protein interactions (n > 1, positively cooperative binding;
n = 1, noncooperative binding; n < 1, negative cooperative binding) [19], we estimated the
extent of cooperativity between phloridzin and PTP-MEG2. We found that n was estimated
to be 2.5 for PTP-MEG2, indicating positive cooperation in the binding of phloridzin
to PTP-MEG2 (Figure 3D). Moreover, surface plasmon resonance (SPR) analysis was
performed to measure the molecular interaction between phloridzin and PTP-MEG2. To
this end, the association (k = 48.4 M−1s−1) and dissociation (k = 2.26 × 10−4 s−1) constants
were estimated. SPR analysis revealed the specific interaction of phloridzin with PTP-
MEG2, which had an equilibrium constant (K = k/k) value of 4.66 μM (Figure 3E). In
addition, we measured the enzymatic activity of purified PTP-MEG2 by antidiabetic agents
such as rosiglitazone and metformin. We found that both rosiglitazone and metformin
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did not inhibit the catalytic activity of PTP-MEG2 in vitro, indicating that inhibition of
catalytic activity of PTP-MEG2 was phloridzin-specific among glucose-lowering agents
(Supplementary Materials Figure S1).

Figure 3. PTP-MEG2 inhibition by phloridzin. (A) Polyacrylamide gel electrophoresis (PAGE) analysis of PTP-MEG2
(molecular weight: 37.8 kDa). M: molecular weight marker, lane 1: total sample before induction, lane 2: supernatant before
induction, lane 3: total sample after induction, lane 4: supernatant after induction, lane 5: sample passed through the column
after sonication, lane 6: sample after washing the column using lysis buffer, lane 7: sample after washing the column using
10 mM imidazole, lanes 8–9: protein eluted using 100 mM imidazole. (B) Progress curves showing inhibition of PTP-MEG2
by phloridzin at 800 μM (�), 400 μM (+), 200 μM (•), 100 μM ( ), 50 μM (�), and 0 μM (�). (C) IC50 values estimated by
fitting the sigmoid plot for % inhibition versus various concentrations of phloridzin (200, 100, 50, 25, 12.5, 3.125, and 0 μM).
(D) Hill coefficient (nH) was calculated from the slopes of the Hill plots created according to the Hill equation. (E) SPR
analysis was performed in running buffer (5% DMSO in PBS) using a Reichert SR7500DC system. Purified PTP-MEG2 was
injected for 3 min at a flow rate of 20 μL/min. Interaction analyses were performed by injection of increasing concentrations
(12.5 to 200 μM) of phloridzin at a flow rate of 30 μL/min. Association and dissociation signals were monitored for 300 and
420 s, respectively. All experiments were independently repeated at 3 times.

Table 1. Kinetic constants for 6,8-difluoro-4-methylumbelliferyl phosphate (DiFMUP )hydrolysis by
PTP-MEG2. Kinetic constants of PTP-MEG2 for measuring enzyme activity were determined using
DiFMUP as a fluorogenic PTP substrate.

[E] (pM) K (μM) V (μMmin−1) k (min−1) k/K (μM−1 min−1)

PTP-MEG2 62.5 163.1 2.166 3.47 × 104 2.12 × 102

Table 2. Inhibition of PTPs by phloridzin treatment. PTPs were added to solutions containing 200 μM
phloridzin in reaction buffer with DiFMUP (2 × K).

PTPs PTPN1 PTPRS PTP-MEG2 PTPRF DUSP9

Inhibition (%) 39 ± 3 18 ± 1 81 ± 1 11 ± 2 13 ± 2

2.4. Glucose Uptake Is Increased Following Phloridzin Treatment

Previously, PTP-MEG2 inhibitors have been shown to increase insulin signaling and
improve glucose homeostasis in diet-induced obese mice [1]. Since glucose uptake by
insulin target tissues, such as skeletal muscle, liver, and fat, plays an important role in
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maintaining glucose homeostasis [6], we examined the effects of phloridzin in 3T3-L1
adipocytes and C2C12 muscle cells. To assess the appropriate concentrations of phloridzin
for use in cell-based studies, its cytotoxicity was studied using an EZ-Cytox assay kit.
Incubation of 3T3-L1 adipocytes and C2C12 muscle cells with 1 or 10 μM phloridzin for
48 h had no effects on cell viability, indicating that these concentrations were suitable for
cell treatment (Figure 4A,B).

+

Figure 4. Phloridzin increases glucose uptake. (A,B) 3T3-L1 adipocytes (A) and C2C12 muscle cells
(B) were incubated with the indicated concentrations of phloridzin for 2 days and cell viability was
assessed by the EZ-Cytox assay kit. (C–E) Differentiated 3T3-L1 preadipocytes (C) and C2C12 muscle
cells (D,E) were incubated for 1 h or 72 h (E) with 1 or 10 μM phloridzin, 0.1 μM insulin, or 2 μM
rosiglitazone, and then treated with the fluorescent glucose indicator, 2-NBDG, for 30 min. For the
detection of 2-NBDG, cells were washed with PBS and the fluorescence intensity was evaluated using
a fluorescence microplate reader. All experiments were independently repeated at 3 times. Results
are expressed as mean ± SEM. Data were analyzed using a two-tailed unpaired t-test. ** p < 0.01,
* p < 0.05 compared to the control group.

We next elucidated the effects of phloridzin on the glucose uptake of differentiated
3T3-L1 adipocytes and C2C12 muscle cells using the fluorescent glucose probe, 2-(N-(7-
nitrobenz-2-oxa-1, 3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG). Cells were incubated
with 1 or 10 μM phloridzin, 0.1 μM insulin (positive control), or 2 μM rosiglitazone (an
antidiabetic drug used as the positive control) for 1 h. After changing the culture medium,
the cells were treated with 2-NBDG for 30 min. After washing the cells with PBS, the
fluorescence intensity (excitation/emission = 485/535 nm) was measured. We found that
the phloridzin-treated cells had significantly enhanced fluorescence intensity as compared
to the control, suggesting that phloridzin stimulated glucose uptake by differentiated
3T3L1 adipocytes as well as C2C12 muscle cells (Figure 4C,D). In addition, C2C12 muscle
cells were cultured with 10 μM phloridzin or 0.1 μM insulin for 72 h and glucose uptake
was assessed. We found that incubation with 10 μM phloridzin enhanced glucose uptake.
Furthermore, concurrent treatment with 10 μM phloridzin and 0.1 μM insulin increased
glucose uptake, as compared to cells treated with 0.1 μM insulin alone (Figure 4E). In
addition, treatment with 10 μM phloridzin for 72 h induced the translocation of glucose
transporter type 4 (GLUT4) in C2C12 muscle cells, similar to 0.1 μM insulin-treated effects
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(Supplementary Materials Figure S2). Treatment with 2 μM rosiglitazone or 0.1 μM insulin
also increased the cellular glucose uptake, indicating that the fluorescent probe worked
properly in our cell systems (Figure 4C–E).

2.5. Phloridzin Enhanced the Phosphorylation of AMPK and Akt

We next investigated the cellular mechanisms associated with increased glucose up-
take. AMPK controls glucose homeostasis by regulating cellular metabolism of peripheral
tissues, such as skeletal muscle, liver, and adipose tissues. Activation of AMPK leads to the
stimulation of glucose uptake and lipid oxidation [7,8]. Akt signaling is associated with
insulin-stimulated glucose uptake and Akt phosphorylation promotes GLUT-4 transloca-
tion and glucose uptake [20,21]. In this study, mature 3T3-L1 adipocytes were incubated
with 1 or 10 μM phloridzin for 72 h and Western blotting was performed. We found that
treatment with 10 μM phloridzin markedly induced AMPK phosphorylation compared to
the control (Figure 5A,B).

Figure 5. Phloridzin enhances the phosphorylation of AMPK and Akt. (A,D) Mature adipocytes were incubated with
1 or 10 μM phloridzin or 2 μM rosiglitazone. After 72 h, the cells were lysed, and Western blotting was performed
using antibodies against phosphorylated AMPK, total AMPK, phosphorylated Akt, total Akt, and beta-actin. (B,C,E,G)
Quantification of phospho-AMPK/total-AMPK (B,E) and phospho-Akt/total-Akt (C,G) using the ATTO image analysis
software (CS analyzer 4). (F) 50 μM LY294002 or 10 μM phloridzin were treated in mature 3T3-L1 adipocytes. After 24 h,
cells were lysed and analyzed by Western blotting. All experiments were independently repeated at 3 times. Results are
presented as mean ± SEM. Data were analyzed using two-tailed unpaired t-test. ** p < 0.01, * p < 0.05 compared to the
control group.

In agreement with this result, incubation with 10 μM phloridzin significantly enhanced
Akt phosphorylation compared to the control (Figure 5A,C). Rosiglitazone also remarkably
increased AMPK phosphorylation, indicating that the Western blotting experiments were
properly performed (Figure 5D,E). These results indicate that phloridzin increases glucose
uptake through activation of both AMPK and Akt signaling pathways.
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2.6. Phloridzin Restored LY294002-Blocked Akt Phosphorylation

We next examined the role of phloridzin in the PI3K/Akt pathway. Since LY294002, a
chemical inhibitor of phosphatidylinositol-3-kinase (PI3K), reduces Akt phosphorylation,
it is commonly used to study the role of the PI3K/Akt pathway [22]. In our study, we
incubated mature 3T3-L1 adipocytes with 50 μM LY294002 for 24 h. Treatment with 50 μM
LY294002 markedly decreased Akt phosphorylation, while 10 μM phloridzin restored
LY294002-reduced Akt phosphorylation (Figure 5F,G). Our study of the PI3K inhibitor
revealed that phloridzin significantly stimulated the downstream Akt signaling pathway.

2.7. Phloridzin Ameliorated Palmitate-Induced Insulin Resistance in C2C12 Muscle Cells

Next, we investigated whether phloridzin might attenuate insulin resistance in C2C12
muscle cells. Palmitate, a saturated fatty acid, has been shown to decrease insulin-
stimulated glucose uptake and reduce the insulin-stimulated phosphorylation of Akt,
suggesting that palmitate causes insulin resistance in C2C12 muscle cells [23,24]. When we
incubated C2C12 muscle cells with 500 μM palmitate for 48 h, palmitate-treated cells de-
creased insulin-stimulated glucose uptake, indicating that palmitate contributes to insulin
resistance (Figure 6A).

Figure 6. Phloridzin attenuates palmitate-induced insulin resistance in C2C12 muscle cells. (A,B)
Differentiated C2C12 muscle cells were treated with 10 μM phloridzin or 500 μM palmitate for 48 h
and then incubated with and without 0.1 μM insulin for 30 min. Cells were analyzed by glucose
uptake (A) or Western blotting (B). (C) Quantification of phospho-Akt/total-Akt using the ATTO
image analysis software. All experiments were independently repeated at 3 times. Results are
expressed as mean ± SEM. Data were analyzed using two-tailed unpaired t-test. * p < 0.05 compared
to the control group.

Importantly, 10 μM phloridzin attenuated palmitate-induced insulin resistance by
markedly increasing glucose uptake (Figure 6A). In addition, palmitate inhibited the insulin-
stimulated phosphorylation of Akt in C2C12 muscle cells using Western blotting (Figure 6B,C).
Interestingly, incubation with 10 μM phloridzin ameliorated palmitate-induced insulin resis-
tance by enhancing Akt phosphorylation (Figure 6B,C). These results indicate that phloridzin
attenuates palmitate-induced insulin resistance in C2C12 muscle cells.
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2.8. Phloridzin Did Not Enhance Lipid Accumulation

We next elucidated the effect of phloridzin on lipid accumulation. 3T3-L1 preadipocytes
were differentiated in the presence of phloridzin or rosiglitazone. On day 6 of differen-
tiation, the degree of adipocyte differentiation was evaluated by Oil Red O staining. In
addition, we performed quantification of lipid accumulation. To this end, Oil Red O dye
was eluted by incubation with isopropanol and the absorbance was measured using a
microplate reader. Adipogenesis is associated with CCAAT/enhancer-binding protein α

(C/EBPα) and peroxisome proliferator-activated receptor-γ (PPARγ) [25]. Rosiglitazone, a
PPARγ agonist, is an insulin-sensitizing agent with side effects such as rodents and human
weight gain [26,27]. In line with this, we found that rosiglitazone significantly stimulated
the formation of lipid droplets compared to the control (Figure 7A,B).

Figure 7. Phloridzin does not accelerate lipid accumulation. (A) 3T3-L1 preadipocytes were differentiated into mature
adipocytes in the presence of phloridzin or rosiglitazone. The extent of lipid droplets was monitored by Oil Red O
staining on day 6 of differentiation. Images of fat accumulation were acquired using an EVOS FL Imaging System. (B)
For quantification of lipid accumulation, Oil Red O dye was eluted by incubation with isopropanol and the absorbance
was measured at 490 nm using a microplate reader. All experiments were independently repeated at 3 times. Results are
presented as mean ± SEM. Data were analyzed using two-tailed unpaired t-test. *** p < 0.001 compared to the control
group. Scale bar: 200 μm.

On the contrary, phloridzin treatment did not accelerate adipocyte differentiation
compared to the control, indicating that phloridzin does not enhance fat accumulation
(Figure 7A,B). These results indicate that phloridzin may act as a glucose lowering agent
through the PPARγ-independent signaling pathway, suggesting that phloridzin stimulates
glucose uptake without significant lipid accumulation.

3. Discussion

Since PTPs are associated with diverse diseases, including cancer, diabetes, and
autoimmune dysfunctions [2–4], they are suggested as next-generation drug targets. Some
reports have shown that treatment with PTP-MEG2 inhibitors results in improved insulin
action in both in vitro and in diet-induced obese mice [1,28], and a decrease in PTP-MEG2
in hepatocytes increases insulin sensitivity [10]. In line with our previous findings [9], we
also showed that PTP-MEG2 knockdown increased AMPK phosphorylation, suggesting
that PTP-MEG2 may be a potential antidiabetic drug target. Therefore, the use of PTP-
MEG2 inhibitors is considered an effective strategy for the treatment of type 2 diabetes.
In this study, phloridzin was identified as an inhibitor of PTP-MEG2, and, therefore, a
potential anti-diabetes candidate.

Phloridzin is one of the dihydrochalcones usually found in apples and contributes
to the inhibition of oxidative stress [11,17]. Some reports have shown that phloretin and
phloridzin improve insulin sensitivity and enhance glucose uptake by inhibiting Cdk5

166



Molecules 2021, 26, 1612

activation and corresponding PPARγ phosphorylation in differentiated 3T3L1 cells [29],
and that phloretin exerts beneficial effects on the skeletal system in estrogen-deficient
mice [30]. On the other hand, long-term intake of products containing high doses of
phloridzin has been reported to adversely affect the musculoskeletal system in type 2
diabetic rat models [31]. Sodium–glucose co-transporter-2 (SGLT2) plays an important
role in reabsorption of glucose in the kidney, and inhibition of SGLT2 has been reported
as a new therapeutic strategy for diabetes [32]. Phloridzin has been shown to lack speci-
ficity for SGLT2, and phloridzin has been reported previously to improve hyperglycemia
through the reduction of the blood glucose level and reverse the streptozotocin-mediated
induction of SGLT1 rather than SGLT2 in the small intestine in streptozotocin-induced
diabetic mice [17,32–34]. In addition, it has been reported that phloridzin has the pro-
liferative effects on CD49f+/CD29+ keratinocytes via the extracellular signal-regulated
kinase (ERK)-dependent mammalian target of rapamycin (mTOR) pathway [15]. How-
ever, the direct target for the antidiabetic function of phloridzin is unknown. Here, we
found that phloridzin inhibited the enzymatic activity of PTP-MEG2 in vitro, indicating
that phloridzin targets PTP-MEG2. Moreover, in the present study, we demonstrated that
phloridzin enhances glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle
cells through the activation of both AMPK and Akt signaling pathways.

Insulin binds to the insulin receptor on the surface of insulin-responsive tissues
such as liver, adipose tissue, and skeletal muscle to induce membrane translocation of
GLUT4 [35]. The activation of AMPK stimulates glucose uptake by promoting GLUT4
translocation, and reduction of GLUT4 is associated with cellular insulin resistance in
diabetic animal models [5,8,36]. We also found that phloridzin induced translocation of
GLUT4 in C2C12 muscle cells, suggesting that phloridzin stimulates glucose uptake by
promoting GLUT4 translocation.

Insulin resistance is a major feature of type 2 diabetes and refers to insulin dysfunction
in peripheral tissues, such as skeletal muscles, liver, and adipose tissues [37]. Palmitate, a
saturated fatty acid, has been found to induce insulin resistance through downregulation
of the insulin-stimulated phosphorylation of Akt [23,24]. Some reports have indicated that
cis-9, trans-11-conjugated linoleic acid attenuates palmitate-induced insulin resistance by
increasing glucose and fatty acid consumption [38], and that palmitate-induced insulin
resistance was blocked by salsalate and adiponectin through inhibition of selenoprotein p
in HepG2 cells [24]. In line with this, we also found that phloridzin ameliorated palmitate-
induced insulin resistance by significantly enhancing Akt phosphorylation.

Rosiglitazone, a member of the thiazolidinedione class, is commonly used as an
antidiabetic drug. Rosiglitazone has been shown to enhance glucose uptake into muscle
and adipose tissue via activation of AMPK [26,39]. Rosiglitazone has adverse effects, one
of which is weight gain, and has been shown to cause fat accumulation through activation
of PPARγ [26,27,40]. Consistent with these findings, we found that rosiglitazone induced
lipid accumulation. In contrast, phloridzin does not enhance fat accumulation compared
to the control, suggesting that phloridzin improves insulin sensitivity without significant
lipid accumulation.

4. Materials and Methods

4.1. Chemicals

Phloridzin (purity ≥98%, by LC/MS) was obtained from the root barks of U. davidiana
var. japonica in the continuing systematic projects to isolate natural products from medicinal
plants in our group. The root barks of U. davidiana var. japonica were collected from
Wonhwasan-ro, Jecheon-si, Korea, in 2016, and authenticated by one of the authors (K. H.
Kim). A voucher specimen (SKKU-NR 0401) of the plant was deposited at the herbarium
of the School of Pharmacy, Sungkyunkwan University, Suwon, Korea. Briefly, extracts
of dried root barks of U. davidiana var. japonica were prepared in 50% aqueous EtOH
for 2 days at 70 ◦C and filtered. The filtrate was concentrated under a reduced pressure
to obtain the EtOH extract, which was successively solvent-partitioned using hexane,
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dichloromethane, ethyl acetate (EtOAc), and n-butanol. The EtOAc-soluble fraction was
subjected to chromatography in a Diaion HP-20 column in a gradient solvent system of
MeOH (100% H O, 20% MeOH, 40% MeOH, 60% MeOH, 80% MeOH, and 100% MeOH) to
yield six fractions (E0, E2, E4, E6, E8, and E10). Fraction E8 was separated by preparative
reversed-phase HPLC using a gradient solvent system of MeOH-H O (45–100% MeOH) to
yield six fractions (E8A–E8F). Fraction E8D was separated by preparative reversed-phase
HPLC using a gradient solvent system of MeCN-H O (25–40% MeCN) to further yield six
fractions (E8D1–E8D6). Phloridzin was purified from fraction E8D3 using semi-preparative
HPLC using a solvent system of MeOH-H O (formic acid 0.1% (v/v)) (46% MeOH).

Phloridzin: Colorless gum; 1H NMR (400 MHz, CD OD): δ 2.90 (2H, t, J = 7.5 Hz,
H-9), 3.41 (1H, m, H-5”), 3.45 (1H, m, H-2”), 3.46 (1H, m, H-3”), 3.47 (1H, m, H-4”), 3.48
(2H, m, H-8), 3.73 (1H, dd, J = 5.0 and 12.0 Hz, H-6”), 3.93 (1H, d, J = 12.0 Hz, H-6”),
5.06 (1H, d, J = 7.0 Hz, H-1”), 5.98 (1H, d, J = 2.0 Hz, H-5), 6.20 (1H, d, J = 2.0 Hz, H-3),
6.70 (2H, d, J = 8.5 Hz, H-2′ and H-6′), 7.08 (2H, d, J = 8.5 Hz, H-3′ and H-5′); 13C NMR
(100 MHz, CD OD): δ 30.8 (t, C-9), 46.9 (t, C-8), 62.2 (t, C-6”), 71.3 (d, C-4”), 74.6 (d, C-2”),
78.1 (d, C-5”), 78.3 (d, C-3”), 95.2 (d, C-5), 98.3 (d, C-3), 102.1 (d, C-1”), 106.8 (s, C-1), 115.8
(d, C-2′ and C-6′), 130.2 (d, C-3′ and C-5′), 133.6 (s, C-10), 156.3 (s, C-4′), 162.2 (s, C-4), 165.6
(s, C-6), 167.5 (s, C-2), 206.5 (s, C-7); Electrospray ionization mass spectrometry (ESIMS)
(positive-ion mode) m/z: 457.1 [M + Na]+.

4.2. Cell Culture

C2C12 muscle cells and 3T3-L1 preadipocytes obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA) were cultured as previously described [5,25].
3T3-L1 preadipocytes were grown in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; Welgene, Seoul, Republic of Korea) containing 10% bovine calf serum (BCS;
Thermo Fisher Scientific, Massachusetts, USA) and an antibiotic-antimycotic solution (Wel-
gene). C2C12 muscle cells were cultured in DMEM supplemented with 15% fetal bovine
serum (FBS; Welgene) and the antibiotic-antimycotic solution. Cells were incubated at
37 ◦C in a 5% CO incubator.

4.3. Cell Differentiation

The methods used for differentiating 3T3-L1 preadipocytes and C2C12 cells were as
described previously [5,25]. Once 3T3-L1 preadipocytes reached 100% confluency, they
were cultured in DMEM supplemented with 10% FBS, antibiotic-antimycotic solution,
0.5 mM isobutylmethylxanthine (IBMX; Merck KGaA, Darmstadt, Germany), 1 μM dex-
amethasone (Sigma-Aldrich, Saint Louis, MO, USA), and 5 μg/mL insulin (Merck KGaA,
Darmstadt, Germany) for 2 days. Cells were then maintained in DMEM supplemented
with 10% FBS, antibiotic-antimycotic solution, and 5 μg/mL insulin for 2 days. Next,
cells were incubated for 4 days in DMEM containing 10% FBS and antibiotic-antimycotic
solution. When C2C12 muscle cells reached 100% confluency, they were differentiated
into myotubes in DMEM supplemented with 2% horse serum (Thermo Fisher Scientific),
antibiotic-antimycotic solution, and 5 μM insulin for 4 days. In all the experiments, the
culture medium was replenished daily.

4.4. Glucose Uptake Assay

The methods used for evaluating glucose-uptake in C2C12 muscle cells and 3T3-L1
preadipocytes were as described previously [5]. Differentiated cells were grown in low-
glucose DMEM (Gibco BRL) for 4 h and then incubated with phloridzin or rosiglitazone
(an antidiabetic drug used as a positive control [41]) in glucose-depleted DMEM (Gibco
BRL) for 1 h. The cells were treated with 5 μM of the fluorescent glucose probe 2-[N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG; Thermo Fisher Scientific)
for 30 min. After washing the cells with phosphate-buffered saline (PBS, Welgene), the cell
pellets were resuspended in PBS and passed through a 40 μm cell strainer. The fluorescence
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intensity (excitation/emission = 485/535 nm) of the cells was measured using a fluorescence
microplate reader (VictorTM X4, PerkinElmer, Waltham, MA, USA).

4.5. Overexpression and Purification of Recombinant PTPs

The methods used for the overexpression and purification of PTPs were as described
previously [21]. The N-terminal His6-tagged human PTP-MEG2 and PTPN1 were trans-
formed into Escherichia coli (E. coli) Rosetta (DE3) (Merck Millipore, Darmstadt, Germany).
The human genes of PTPRS, PTPNF, and DUSP9 with both an N-terminal maltose-binding
protein (MBP) and a C-terminal His6-tag were transformed into E. coli Rosetta (DE3). For
the expression of the recombinant PTPs, cells were induced for 16 h at 18 ◦C using 0.1 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were then harvested by centrifugation
(3570× g for 15 min at 4 ◦C), washed with buffer A consisting of 50 mM Tris pH 7.5, 500 mM
NaCl, 5% glycerol, 0.025% 2-mercaptoethanol, and 1 mM phenyl-methylsulfonyl fluoride
(PMSF), and then lysed in buffer A by ultrasonication. After centrifugation (29,820× g
at 4 ◦C for 30 min), the supernatant was incubated with a cobalt affinity resin (TALON®,
Takara Korea, Seoul, Korea) on a shaker at 4 ◦C for 1 h. The resin was then washed with
buffer A containing 10 mM imidazole. PTPs were eluted with buffer A supplemented with
100 mM imidazole and stored at −80 ◦C until further use.

4.6. Measurement of Enzymatic Activity and Half-Inhibitory Concentration (IC50) Value

The enzymatic activity of purified PTP-MEG2 was assayed using 6,8-difluoro-4-
methylumbelliferyl phosphate (DiFMUP) (100 μM), a commonly used PTP substrate,
as previously described [42]. To determine the K values, 62.5 pM of PTP-MEG2 was added
to the reaction buffer (20 mM tris pH 6.0, 150 mM NaCl, 2.5 mM dithiothreitol (DTT), 0.01%
Triton X-100) containing DiFMUP (800, 400, 200, 100, 50, 25, 12.5, or 6.25 μM) in 96-well
plates (to a final volume of 100 μL). Fluorescence intensities were measured continuously
for 10 min (excitation/emission = 355/460 nm) using a VictorTM X4 multi-label plate reader
(Perkin Elmer, Norwalk, CT, USA), and K values were determined using Lineweaver-Burk
plots. To identify the mode of inhibition of phloridzin, phloridzin at concentrations of 800,
400, 200, 100, 50, and 0 μM was added to DiFMUP (2 × K; 326.2 μM) in the reaction buffer.
After addition of 62.5 pM of PTP-MEG2, progress curves were plotted against the product
concentration. To estimate IC50 values, various concentrations of phloridzin (200, 100,
50, 25, 12.5, 3.125, and 0 μM) were pre-incubated with 62.5 pM of PTP-MEG2 for 20 min,
following which, the solution containing 326.2 μM DiFMUP was added to these mixtures.
IC50 values were determined by fitting the sigmoid plots for the % inhibition versus various
concentrations of phloridzin (KaleidaGraph, Synergy Software, Reading, Pennsylvania,
USA) used. The Hill coefficient (n), which measures the degree of cooperativity between
phloridzin and PTP-MEG2, is defined as the slope of the Hill plot created using the Hill
equation [22].

4.7. Surface Plasmon Resonance

Surface plasmon resonance (SPR) analysis was performed in running buffer (5% dimethyl
sulfoxide, DMSO in PBS) using a Reichert SR7500DC system (Reichert Technologies, Depew,
NY, USA). For immobilization of PTP-MEG2, carboxymethyl dextran hydrogel (CMDH) sur-
face sensor chips were activated with a mixture of 0.1 M EDC (N-ethyl-N′-(3-dimethylaminop-
ropyl)carbodiimide) and 0.05 M NHS (N-hydroxysuccinimide) for 7 min and purified PTP-
MEG2 (32 μg/mL 10 mM sodium acetate, pH 6.0) was injected for 3 min at a flow rate of
20 μL/min. Deactivation of the surface was performed using 1 M ethanolamine (pH 8.5) for
8 min. Interaction analyses were performed by injection of increasing concentrations (12.5 to
200 μM) of Phloridzin at a flow rate of 30 μL/min. Association and dissociation signals were
monitored for 300 and 420 s, respectively. For the analysis, background signal recorded in
reference channel was subtracted and then binding signals were fitted. Data was analyzed
using Scrubber2 software (BioLogic Software, Campbell, Australia).
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4.8. Western Blotting

Proteins were extracted using the lysis buffer containing 25 mM hydroxyethylpiper-
azine ethane sulfonic acid (HEPES), 150 mM NaCl, 1% Triton X-100, 10% glycerol, 5 mM
EDTA, 10 mM NaF, 2 mM Na VO, and a protease inhibitor cocktail (Roche Korea, Seoul,
Republic of Korea). Proteins were separated by electrophoresis using a 10% sodium
dodecyl sulfate-polyacrylamide gel and transferred to a polyvinylidene fluoride mem-
brane (Merck KGaA, Darmstadt, Germany) using a wet transfer system. Membranes were
incubated overnight at 4 ◦C with the following primary antibodies: anti-total AMPK,
anti-phosphorylated AMPK, anti-total Akt, anti-phosphorylated Akt (Cell Signaling Tech-
nology, Beverly, MA, USA), PTP-MEG2 (Santa Cruz Biotechnology, Dallas, TX, USA), and
anti-beta-actin (AbFrontier, Seoul, Republic of Korea). Membranes were then probed with
an anti-rabbit-IgG-horseradish peroxidase-conjugated secondary antibody (Santa Cruz
Biotechnology). Antibody–antigen complexes were detected using enhanced chemilumi-
nescence (ECL) reagents (GE Healthcare Korea, Songdo, Republic of Korea).

4.9. RNA Interference

Knockdown of PTP-MEG2 in 3T3-L1 preadipocytes was performed using small in-
terfering RNAs (siRNA, Bioneer, Daejeon, Korea). Scramble siRNA was used as the
negative control (Bioneer). Transfections were performed using Dharmafect (Dharmacon,
GE Healthcare Korea, Songdo, Korea) according to the manufacturer’s instructions.

4.10. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Total RNA was isolated from 3T3-L1 preadipocytes using NucleoSpin RNA Plus
(Macherey-Nagel, Duren, Germany) and treated with DNase (Macherey-Nagel) to remove
genomic DNA. The total RNA (1 μg) was used to synthesize cDNA with the High-Capacity
Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). PCR was performed
on a CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using
SsoAdvanced Universal SYBR green super-mix (Bio-Rad) according to the manufacturer’s
instructions. Gene expression levels of PTP-MEG2 were normalized to levels of the con-
trol gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primer information is
provided in Supplementary Materials Table S1.

4.11. Oil Red O Staining

Lipid droplets of 3T3-L1 adipocytes were assessed by Oil Red O staining, as described
previously [25]. On day 6 after differentiation, cells were washed with PBS, and fixed with
4% paraformaldehyde for 15 min. The cells were then washed with PBS and stained with
filtered 0.3% Oil Red O solution in isopropanol for 30 min. After washing the cells with PBS,
images of fat accumulation were acquired using an EVOS FL Imaging System (Thermo
Fisher Scientific Korea Ltd., Seoul, Korea). For quantification of lipid accumulation, Oil
Red O dye was eluted by incubation with isopropanol and the absorbance was measured
at 490 nm using a microplate reader (VictorTM X4).

4.12. Statistical Analysis

Statistical significance (p < 0.05) was determined using a two-tailed unpaired t-test
(GraphPad Software, San Diego, CA, USA). All experiments were independently repeated
at 3 times. ATTO image analysis software (CS analyzer 4) was used for protein quantifi-
cation. Results are presented as mean ± standard error of the mean (SEM). *** p < 0.001,
** p < 0.01, * p < 0.05 compared to the control group.

5. Conclusions

We previously reported that PTP-MEG2 knockdown enhances AMPK phosphoryla-
tion, suggesting that PTP-MEG2 may be a potential antidiabetic target [9]. Here, phloridzin
was obtained from the root barks of U. davidiana var. japonica as part of our ongoing research
projects to discover bioactive natural products [43–49], and for the first time, we found that
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phloridzin inhibited the catalytic activity of PTP-MEG2 in vitro, indicating that phloridzin
targets PTP-MEG2. Through our cell-based studies, we demonstrated that phloridzin
stimulated glucose uptake by differentiated 3T3-L1 adipocytes and C2C12 muscle cells
through the activation of both AMPK and Akt signaling pathways. Importantly, phlo-
ridzin ameliorated palmitate-induced insulin resistance in C2C12 muscle cells. Moreover,
we found that phloridzin did not promote fat accumulation, suggesting that phloridzin
improves insulin sensitivity without significant lipid accumulation. Taken together, our
results suggest that phloridzin, an inhibitor of PTP-MEG2, could be a potential therapeutic
candidate for the treatment of type 2 diabetes.

Supplementary Materials: Figure S1: Rosiglitazone and metformin do not inhibit the catalytic
activity of PTP-MEG2, Figure S2: GLUT4 translocation was increased by 10 μM phloridzin. Table S1:
Primer sequences used to target mouse genes, Table S2: Kinetic constants for DiFMUP hydrolysis
by PTPs.
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Abstract: Detailed knowledge on natural dyes is important for agronomy and quality control as
well as the fastness, stability, and analysis of dyed textiles. Weld (Reseda luteola L.), which is a
source of flavone-based yellow dye, is the focus of this study. One aim was to reduce the required
amount of dyed textile to ≤50 μg for a successful chromatographic analysis. The second aim was
to unambiguously confirm the identity of all weld flavones. By carrying out the extraction of 50 μg
dyed wool with 25 μL of solvent and analysis by reversed-phase UHPLC at 345 nm, reproducible
chromatographic fingerprints could be obtained with good signal to noise ratios. Ten baseline
separated peaks with relative areas ≥1% were separated in 6 min. Through repeated polyamide
column chromatography and prepHPLC, the compounds corresponding with the fingerprint peaks
were purified from dried weld. Each was unequivocally identified, including the position and
configuration of attached sugars, by means of 1D and 2D NMR and high-resolution MS. Apigenin-4′-
O-glucoside and luteolin-4′-O-glucoside were additionally identified as two trace flavones co-eluting
with other flavone glucosides, the former for the first time in weld. The microextraction might be
extended to other used dye plants, thus reducing the required amount of precious historical textiles.

Keywords: weld; Reseda luteola L.; natural yellow dye; μ-analysis; micro-extraction of wool; UHPLC;
fingerprinting; flavones; NMR; structure elucidation

1. Introduction

Since the stone age, mankind has dyed his clothes for decoration. Later also rugs and
tapestries were dyed. For this purpose, minerals, insects, and especially plant extracts
have been used. The most used dye plants in Europe throughout the ages include madder
(Rubia tinctorum L.), weld (Reseda luteola L.) and woad (Isatis tinctoria L.) [1]. During the
second half of the 19th century, natural dyes were replaced by cheaper, synthetic dyes.
However, in recent times for various reasons there is a renewed interest in natural dyes.
To facilitate the re-introduction of natural dyes, over the last 25 years many papers have
appeared, for instance on screening methods for agronomic studies of dye plants [2,3], the
fastness of dyed textiles [4], the colorimetric properties of dye plants and their individual
constituents [5], mild extraction methods for textiles [6–8], degradation of dyes [9–11],
safety of natural dyes [12], the development of new production routes [13], and analysis of
dyed textiles [1,14]. Concerning the latter topic, natural dye analysis is of great importance
for historians and conservators. Detailed knowledge about natural dyes used in old
garments and tapestries can provide answers concerning the plant(s) used for dyeing,
dyeing practices, age, origin, original colour, and trade routes. It can also help to shed light
on previous restorations and help future restorations [1].
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As historic textiles are precious, non-destructive analysis is preferred. Fibre optics
reflectance spectroscopy (FORS) for the detection of dye molecules in the visible wave-
length spectrum is such a technique. Unfortunately, the discriminatory power is limited
and moreover the method is not suitable for distinguishing between different yellow
dyes [15–17]. Surface-enhanced Raman scattering (SERS) has been used as a micro invasive
technique [18,19]. SERS has also been coupled on-line with HPLC for greater resolution [20].
This methodology is better at distinguishing between yellow dyes. Jurasekova et al.
have shown that different ratios of the flavones luteolin and apigenin generate differ-
ent spectra [18]. A disadvantage of this method is that the textile has to be coated with
silver nanoparticles.

Still the most powerful—albeit destructive—technique to obtain highly detailed knowl-
edge on which dye plants have been used is HPLC after the extraction of one or more dyed
threads. Each plant has its own unique blend of major and minor dye molecules and this
fingerprint is thus specific even if some compounds are partially the same. Analyses can
become more complex when significant decomposition has occurred. A prerequisite for a
successful analysis is the intact isolation of all dyes. Until fairly recently strong mineral
acids were employed to release dyes [9,21,22], e.g., from metals used for mordanting.
Unfortunately, this leads to the hydrolysis of glycosidic dyes, such as those present in
weld, and then no representative fingerprint is obtained. However, much progress has
been made in developing milder yet efficient extraction methods [6]. Formic acid or EDTA
instead of HCl provide higher recovery and glycosidic dyes remain intact. Moreover, other
acids, such as oxalic acid, citric acid, or trifluoroacetic acid, have been proposed [23,24].

Detection after the HPLC separation can be by UV-Vis or UV-Vis followed by MS. The
amount of material typically taken for HPLC analysis varies from 0.1-3.9 mg with 0.2 mg
as average [1,6,7,9,21–29]. Obviously, the less material is needed, the better. On the other
hand, analyte quantities are minute. Rosenberg estimated that typically less than 1 mg
of dye is present per gram of fabric [7] and this estimate is in good correspondence with
actual measurements on pure compounds [5]. This translates to 50 ng per 50 μg of wool.
Even with 100% extraction efficiency—Willemen et al. have shown it might actually be
<50% [5]—this equals, with a final sample volume of 125 μL and a 10 μL injection, about
4 ng on column. For a 1% component this amounts to only 40 pg. Thus, concentrations
should be as high as possible. Earlier we have shown that by using short UHPLC columns
for dye substances significant time reduction and sensitivity gains are possible [30]. Since
then, UHPLC has been used for dye separations by several other groups [27,31,32]. Thus,
the first aim was to investigate if it was possible by combining miniaturisation of the
extraction step and using a modern UHPLC for the separation and detection to obtain
clear chromatograms while using significantly less than 0.1 mg of textile. Modern UV
detectors have become significantly more sensitive with femtogram (fg) limits of detection
(LOD) [33]. Weld-dyed wool was taken as test material.

Upon going through assigned weld chromatograms in the literature, different as-
signments were found, and not always all stereochemical features of the glycosides were
clear. Although ESI-MS is a powerful tool, it is less suited to assign where sugars are
attached to the aglycone or to determine the configuration of sugars (α or β). Thus, several
partial identifications of weld flavone mono and diglucosides have been reported after
LC-MS studies [25,26,28]. The most detailed studies so far are those by Moiteiro et al.,
Marques et al., Mantzouris et al. and Otłowska et al. [24,26,28,34]. In contrast, the study by
Burger is confusing with the major peaks reported as unknown [35]. Further, it is unclear
where exactly luteolin-4′-O-glucoside elutes. According to Otlowska et al., it elutes just
prior to luteolin while Moiteiro et al. place it before apigenin-7-O-glucoside [28,34]. Later,
the group of Gaspar switched the assignment of the luteolin-3′ and 4′-O-glucosides [36].
The study by Serrano et al. is confusing as luteolin-3′,7-di-O-glucoside 3, apigenin-7-O-
glucoside 5, and apigenin 9 are each assigned to two different peaks in the chromatogram,
which is plainly impossible [32]. Moreover, monoglucosides elute before diglucosides [32],
which is highly unlikely in a reversed-phase system. To arrive at an unambiguously as-
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signed weld fingerprint these knowledge gaps have to be filled. Thus, the second aim
was to carry out a preparative extraction of weld plant material to enable the isolation
and purification of all flavonoids corresponding with peaks having a normalised peak
area ≥1% in the weld fingerprint chromatogram. This was to be followed by the unequiv-
ocal identification of each isolated compound by means of 1-dim and 2-dim NMR and
HRMS. Results on the micro-extraction work and the structure elucidation of all weld
flavones are reported below.

2. Results

2.1. UHPLC Separation

As a first step, a UHPLC method for obtaining a fast chromatographically well-
resolved fingerprint chromatogram of weld was developed. Starting point was the chro-
matogram obtained earlier with a 50 mm × 3.0 mm UHPLC column in combination with a
standard HPLC pump [37]. To obtain more resolution of the three minor flavones eluting
in between lut-7-O-glu and lut (see Figure 1 for structures), a 100 × 2.1 mm 1.8 μm UHPLC
column was used instead. To obtain less band broadening, higher reproducibility and
higher sensitivity, the column was mounted in a modern UHPLC set-up. The A (40 mM
formic acid buffer pH = 3 with 0.04 mM EDTA) and B (acetonitrile) solvents remained the
same as before [37] but gradient and flow were adapted because of the increased length and
decreased diameter of the new column. With a gradient from 15% to 45% of acetonitrile in
8 min, the chromatogram shown in Figure 2 was obtained for the weld extract showing
baseline resolution of the ten peaks with ≥1% relative abundance (based on normalized
peak areas at UV 350 nm). Weld extracts appear to be remarkably constant in their composi-
tion as this chromatogram shows much correspondence with LC-UV weld chromatograms
published by other groups [3,23,25,26,28]. The profiles published by Moiteiro et al. and
Gaspar et al. somewhat deviate, but this could be due to a different selectivity of the
used C18 stationary phase [34,36]. A simple quadrupole mass spectrometer operating in
negative mode was connected in series and provided useful initial data about the MW of
the different peaks, especially in extracted ion chromatography (EIC) mode.

 
luteolin-7,4 -di-O- -D-glucopyranoside 2 (lut-7,4’-di-O-glu): R1 = glu, R2 = H, R3 = glu 
luteolin-7,3 -di-O- -D-glucopyranoside 3 (lut-7,3’-di-O-glu): R1 = glu, R2 = glu, R3 = H 
luteolin-7-O- -D-glucopyranoside 4 (lut-7-O-glu): R1 = glu, R2 = H, R3 = H 
luteolin-4 -O- -D-glucopyranoside tr2 (lut-4’-O-glu): R1 = H, R2 = H, R3 = glu 
luteolin-3 -O- -D-glucopyranoside 7 (lut-3’-O-glu): R1 = H, R2 = glu, R3 = H 
luteolin 8 (lut): R1 = H, R2 = H, R3 = H 

 
apigenin-6,8-di-C- -D-glucopyranoside 1 (api-6,8-di-C-glu): R1 = glu, R2 = H, R3 = glu, R4 = H 

Figure 1. Cont.
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apigenin-7-O- -D-glucopyranoside 5 (api-7-O-glu), R1 = H, R2 = glu, R3 = H, R4 = H 
apigenin-4 -O- -D-glucopyranoside tr1 (api-4’-O-glu): R1 = H, R2 = H, R3 = H, R4 = glu 
apigenin 9 (api): R1 = H, R2 = H, R3 = H, R4 = H 

 
chrysoeriol-7-O- -D-glucopyranoside 6 (chry-7-O-glu): R1 = glu 
chrysoeriol 10 (chry): R1 = H 

Figure 1. Structures of all flavones identified in weld (R. luteola). Numbers in bold, refer to peak numbers in Figure 2; tr1 &
tr2 = two trace flavones not visible in Figure 2; glu = β-D-glucopyranoside.

 

Figure 2. Reversed phase UHPLC profile of an extract of weld; UV detection at 345 nm. Peaks of the ten main flavones are
numbered and correspond with the bold numbers in Figure 1.

2.2. Microextraction Method for Weld-Dyed Wool

As a next step, the extraction procedure (300 μL of solvent in a 2 mL vial) used earlier
by Villela et al. for weld-dyed wool was downscaled to enable the analysis of 50 μg
of sample [30]. Initially, we attempted to use a procedure used for the extraction of ng
amounts of sex pheromone [38]. Said procedure used 5 μL of solvent in a shortened melting
point tube to extract an SPME needle. Although successful analyses of weld-dyed wool
were obtained, in practice it proved extremely difficult to transfer <100 μg of wool threads
into a melting point tube. Additionally, due to the small volume available for injection,
the standard UHPLC autosampler could not be used and hardware adaptations to enable
manual injection were required. For the same reason, filtration posed a problem. Because
of these limitations, this approach was abandoned and 250 μL commercially available
inserts for autosampler vials were tried instead.

A minute amount of yellow lab-dyed wool was taken by means of chirurgic scissors
and transferred into an empty insert previously weighed on a μg balance (readable up to
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0.1 μg) (Figure 3a). After weighing again, 0.5 μL of extraction solvent (methanol-water-
formic acid (80:15:5, v/v/v) was added per μg of wool. After a 30 min extraction step at
60 ◦C, the extract was diluted five times with water and filtered through a 5-μm zero-dead
volume needle filter into a clean empty insert (Figure 3b). This dilution step enabled the
filtration step. A filtration step is advisable to avoid clogging of the UHPLC column with
wool fibres. The dilution step did not affect the sensitivity as the higher water content of
the sample allowed a five times bigger injection volume. Ten μL were injected into the
UHPLC by means of the standard autosampler.

  
(a) (b) 

Figure 3. (a) bottom part of 250 μL insert for 1.8 mL HPLC autosampler vial with <0.1 mg weld-dyed
wool sample at the very bottom; (b) autosampler vial with insert containing ~100 μL of extracted
wool sample after filtration through a zero dead volume 5 μm syringe filter. The purple needle filter
can still be seen.

In Figure 4a,b, the chromatograms of 56.6 μg and 49.2 μg of weld-dyed wool respec-
tively are depicted. The fingerprints are qualitatively identical to the one of weld extract
in Figure 2. Quantitatively the flavone diglucosides (peaks 1, 2, and 3) are less prominent
in the extracted wool sample as compared to the original weld extract (Figure 2). This
can be due to either the dyeing or the extraction. Willemen et al. noted that flavone
diglucosides are less well bound during the dyeing process than the monoglucosides and
aglycones [5]. The total sample volumes (~125 μL) allowed for duplicate injections into
the UHPLC. As expected, intraday retention times were constant within 0.003 min and
variation of relative peak areas was ≤1% (Supplementary Figures S68 and S69). In both
chromatograms, the 10 peaks constituting the fingerprint are clearly resolved and well
above background noise. Although peak 1 appears small, it can still be integrated. To deter-
mine whether the proposed technique is capable of differentiating wool samples dyed with
another natural yellow dye, onion-dyed wool was extracted in duplicate. This also served
to see if even smaller samples can be processed and successfully analysed. In Figure 4c, a
chromatogram of 28.3 μg onion-dyed wool is shown. From the UHPLC profile, it can be
concluded that the microextraction methodology also works for other yellow flavonoid-
based dyes and that wool quantities <50 μg can be processed. Onion contains flavonoids
of the flavonol type, with quercetin-3,4′-di-O-glucoside, quercetin-4′-O-glucoside, and
quercetin as major compounds [39].
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(a) 

 
(b) 

Figure 4. Cont.
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(c) 

Figure 4. UHPLC profiles of extracted wool samples (a). extract of 56.6 μg weld-dyed wool. (b). extract of 49.2 μg weld-dyed
wool. Peak numbers refer to Figure 1. (c). extract of 28.3 μg of onion-dyed wool.

2.3. Preparative Isolation of Major and Minor Flavones of Weld

As the literature on the identity of weld flavones was not 100% clear, next it was
decided to isolate at least a few mg of each flavone corresponding with peaks 1–10 in
Figures 2 and 4a. This should suffice to record 1-dim and 2-dim NMR spectra as well as
high-resolution mass spectra (HRMS). This was carried out by extracting 200 g of weld
followed by repeated column chromatography on polyamide and preparative RP-HPLC.
In addition to the successful isolation of the ten flavones corresponding to peaks 1–10,
two additional trace flavones (<1% normalised peak area), named tr1 & tr2 (Figure 1)
were isolated. So, in total, 12 flavones were isolated from weld in pure form, five of
which elute between 2.8 and 3.4 min. Due to their low concentration and overlap, the
two trace flavones are not visible in the UHPLC fingerprint, but their NMR spectra were
recorded nonetheless.

2.4. Identification of Isolated Flavones by NMR and HRMS

The 12 compounds isolated were expected to be flavones based on the extraction
method, retention times and especially their distinctive on-line UV spectra (see for ex-
ample Figures S73–S75). Their 1-dimensional and 2-dimensional 600 or 700 MHz NMR
spectra were recorded in DMSO-d6 and fully assigned. All spectra can be found in the
supplementary materials (Supplementary Figures S1–S67). In Table 1, 1H NMR shifts and
coupling constants are presented together with 13C NMR shifts. Particular attention was
given to the point of attachment of sugar units and the configuration of the sugar units.
When available, retention times were compared with those of authentic standards. In
all cases, high-resolution mass spectra (HRMS) were also recorded to confirm the NMR
assignments. In the following three paragraphs, starting with aglycones and ending with
the diglucosides, results are discussed and also compared with published NMR spectra.
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2.4.1. Flavone Aglycones

The literature indicates that the three aglycones present in weld are luteolin, apigenin
and chrysoeriol [40]. Based on their lower polarity and correspondence with a published
fingerprint [40], the three last eluting peaks were thus expected to be luteolin (lut, peak 8

in Figure 2)—the main aglycone of weld—apigenin (api, 9) and chrysoeriol (chry, 10). The
structures of all flavones are depicted in Figure 1. For lut and api, the peak assignment
could be confirmed by authentic references. Their identity was further fully confirmed by
comparison with 1H and 13C NMR data published in literature [41–44] and full interpreta-
tion of their HMBC spectra (see Supplementary Figures S3, S7 and S12). The NMR data
of chry were in good agreement with the literature except for the assignment of H-6 and
H-8 by Kim [44,45]. Assignment based solely on 1-dim NMR data are less reliable than
those based on both 1-dim and 2-dim NMR data as in this study. This has been shown
for other flavones too [42]. The position of the methyl group in chry was unequivocally
assigned to be 3′ based on its ROESY spectrum (Supplementary Figure S13). The HRMS
data (Supplementary Table S1) further substantiated the NMR data and assignments. The
NMR data of the three aglycones were useful for the interpretation of the NMR spectra of
the monoglucosides and diglucosides discussed in the next two paragraphs.

2.4.2. Flavone Monoglucosides

Based on the literature, the following flavone monoglucosides were expected: lut-7-O-
glucoside, lut-3′-O-glucoside, lut-4′-O-glucoside, api-7-O-glucoside and a chry-O-glucoside
with the main component being lut-7-O-glu (peak 4 in Figure 2). Again, all NMR data
can be found in the Supplementary Materials. Based on their intermediate polarity, the
monoglucosides (peaks 4–7, Figure 2) elute in between the diglucosides (peaks 1–3) and
aglycones (peaks 8–10). Their identification is discussed below, peak by peak in order of
increasing retention times.

The major compound (peak 4) should be lut-7-O-glucoside. This was confirmed by
comparison of its retention time with a reference and HRMS. Additionally, there was a
good correspondence with published NMR data except for the assignments of H-3, H-6
and H-8 by Chung, which seem erroneous [41,43,46,47]. This confirmed the hexose to be
glucose. The HMBC spectrum further substantiated the attachment of the glucose unit to
O-7. As J1′′2′′ is 7.6 Hz, lut-7-O-glu isolated from weld is lut-7-O-β-D-glucopyranoside 4.
This exactly matches an earlier assignment [48].

The HRMS and 1H NMR spectrum of the flavone corresponding with peak 5 suggested
the presence of both apigenin and a hexose unit. The downfield shift of H-6 and H-8
indicated that the sugar unit was probably attached to O-7. The C-7/H-1′′ cross-peak in the
HMBC spectrum confirmed this. Its 13C NMR spectrum was virtually identical to the one
reported by Oyama and Kondo for api-7-O-β-glu [49]. This, and a J1′′2′′ of 7.7 Hz, proved
that peak 5 corresponded with api-7-O-β-D-glucopyranoside 5.

The HRMS and 1H NMR of the flavone corresponding with peak 6 pointed in the
direction of chrysoeriol as aglycone and a hexose. Again, the downfield shift of H-6 and
H-8 made it clear that the sugar was attached to O-7. This was confirmed by a C-7/H-1′′
cross-peak in the HMBC spectrum. The location of the methoxy group at C-3′ as well
as that of the sugar moiety to C-7 were confirmed based on the ROESY spectrum. The
13C NMR spectrum gave a good match with the one reported by Harput et al. [47] for
chry-7-O-glucopyranoside. This, and a J1′′2′′ of 7.6 Hz, confirmed the main compound of
the sample to be chry-7-O-D-glucopyranoside 6.

The HRMS as well as the 1H NMR data of the trace flavone tr1 were indicative of
an apigenin-hexose. Relative to the 1H NMR of apigenin itself, H-3′ and H-5′ had shifted
downfield suggesting the hexose to be attached to O-4′. The C-4′ and H-1′′ cross-peak in
the HMBC confirmed this. The spectra matched those reported by Oyama and Kondo [49]
and Ding et al. [50] for api-4′-O-β-D-glucopyranoside well. This, and a J1′′2′′ of 7.4 Hz, led
to the conclusion that this minor compound is api-4′-O-β-D-glucopyranoside tr1. This
compound has not yet been reported to occur in R. luteola.
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The mass of the second trace flavone tr2 was that of a luteolin-hexose. Based on
the identification of lut-7-glu (peak 4) and lut-3′-glu (peak 7, vide infra) in combination
with the identification of api-4′-glu, lut-4′-O-glu appeared a plausible candidate. The
0.3 ppm downfield shift of H-5′ supported this hypothesis. Furthermore, C-4′ can be
discriminated from C-3′ by long range couplings in the HMBC of C-4′ to both H-2′and
H-6′. The anomeric proton couples with C-4′ and therefore this compound was confirmed
as lut-4′-O-glu. A good fit with the 13C spectrum published by Lee et al. [51] for lut-4′-O-
β-D-glucopyranoside and a J1′′2′′ of 7.3 Hz, led to the identification of this second minor
compound as lut-4′-O-β-D-glucopyranoside tr2.

The HRMS indicated that peak 7 corresponded with a luteolin-hexose. In the 1H
NMR H-3, 6 and 8 had the same chemical shifts as in luteolin 8 itself but H-2′ and 6′ had
shifted suggesting attachment of the sugar to O-3′. This was proven by a C-3′ and H-1′′
cross-peak in the HMBC spectrum. The 1H data matched published data [43]. The 13C
data of lut-3′-O-glu differed less than 1 ppm (sugar moiety C-atoms) and less than 3 ppm
(other C-atoms) from those reported by Markham et al. [41]. This confirmed the identity of
the main compound of the sample, including the nature of the hexose. As L-glucose does
not occur in nature, the sugar moiety of the flavonoid is D-glucose. Furthermore, as the
magnitude of the coupling constant H-1′′/H-2′′ is in the range 7–8 Hz, the configuration
of the anomeric C-atom could be ascertained as β, and the cyclic form of the glucose as
pyranosidic [43]. Thus, lut-3′-O-glu isolated from weld is lut-3′-O-β-D-glucopyranoside
7. Whereas this configuration of the anomeric C-atom is the same as that of an earlier
assignment [48], the glucose is in the pyranose form, and not in the furanose form as
claimed by Batirov et al. [48].

In the past, also HPLC has been used by us to separate the weld flavones [37]. With a
run time of one hour, lut-4′-O-glu tr2 can be observed as a minor peak eluting just after
chry-7-O-glu 6 while api-4′-O-glu tr1 co-elutes with both with chry-7-O-glu 6 and lut-4′-
O-glu tr2 (Supplementary Figure S70). According to the Extracted Ion Chromatograms
(EICs), the UHPLC system has a slightly different selectivity, which could be due to a
different C18 phase, different gradient, or the use of acetonitrile instead of methanol. In
the UHPLC system the trace flavones api-4′-O-glu tr1 and lut-4′-O-glu tr2 partially coelute
with api-7-O-glu 5. For EICs see Figures S76–S83.

2.4.3. Flavone Diglucosides

Based on the literature, the following diglucosides were expected: lut-7,3′-di-O-
glucoside 3, an isomer thereof (peak 2), and api-6,8-di-C-glucoside (peak 1). The identifica-
tion is discussed in order of decreasing retention times (Figure 2).

The mass of the main diglucoside (peak 3) was in agreement with lut-7,3′-di-O-
glucoside, one of the main flavones of weld. In the 1H NMR spectrum H-2′, H6′ and
H-5′ had near identical shifts as the same protons in lut-3′-O-glu 7 while the shifts of H-3,
H-6, H-8 corresponded well with those of the same protons in lut-7-O-glucoside 4. The
attachment of hexoses to O-7 and O-3′ was further confirmed by cross-peaks in the HMBC
between C-7 and H-1′′, and C-3′ and H-1′′′. The 13C NMR was in excellent agreement
with the one reported by Markham et al. [41] for lut-7,3′-di-O-glu. This confirmed both
hexoses to be glucose. As J1′′2′′ is 7.2 Hz and J1′′′2′′′ is 7.1 Hz, the compound isolated from
weld is lut-7,3′-di-O-β-D-glucopyranoside 3. The spectral identification was confirmed by
chromatographic evidence: an authentic reference had the same retention time.

The mass of the compound corresponding with peak 2 was the same as that of the
major diglucoside lut-7,3′-di-O-glu (peak 3). In the 1H NMR spectrum H-2′, H6′ and H-5′
had near identical shifts as the same protons in lut-4′-O-glu while the shifts of H-3, H-6,
H-8 corresponded well with those of the same protons in lut-7-O-glucoside 4. This pointed
in the direction of lut-7,4′-di-O-glu. Cross-peaks in the HMBC spectrum between C-7 and
H-1′′, and C-4′ and H-1′′′ proved that the sugar moieties were indeed attached to O-7, and
O-4′. The NMR data of the compound are consistent with the aglycone being lut. As there
are no 1H- or 13C-NMR data reported for lut-7,4′-di-O-glu in the literature, the 13C shifts
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of its sugar moieties were compared with those obtained for lut-7-O-glu and lut-4′-O-glu
(Table 1). The differences between them were <1.0 ppm, confirming both hexoses to be
glucose. Similarly, there were excellent matches with the shifts of C-2 to C-8a of lut-7-O-glu
4 and of C-1’ to C-6′ of lut-4′-O-glu tr2 (Table 1). As J1′′2′′ is 7.7 Hz and J1′′′2′′′ is 7.1 Hz, the
compound is lut-7,4′-di-O-β-D-glucopyranoside 2.

The HRMS corresponding with peak 1 gave as elemental composition C27H30O15
(Supplementary Table S1), which is the composition of the expected api-6,8-di-C-glucoside
1. The absence of H-6 and H-8 signals in the 1H and HSQC spectra suggested that the sugar
moieties were indeed attached to C-6 and C-8. This was supported by cross-peaks in the
HMBC spectrum between C-5 and H-1′′, C-6 and H-1′′, C-8a and H-1′′′, and C-8 and H-1′′′.
The remaining 1H NMR data were consistent with the aglycone being api and the presence
of two hexoses. The 13C shifts of the anomeric carbons further supported the assignment
as their signals (~75 ppm) appeared more upfield than those of the O-glycosides (~100
ppm), see Table 1. Additionally, there was an excellent fit with the 13C NMR spectrum
reported by Sato et al. [52] for api-6,8-di-C-β-D-glucopyranoside in DMSO-d6 at 90 ◦C.
The H-1′′ and H-1′′′ shifts of 4.9 ppm, and the J1′′2′′ and J1′′′2′′′ of 10 Hz were consistent
with 6- and 8-C-β-D-glucosyl moieties [43]. The combined data show this flavone to be
api-6,8-di-C-β-D-glucopyranoside 1 (synonym: vicenin 2).

3. Discussion

Starting from only 50 μg of weld-dyed wool and using a simple extraction proce-
dure, high quality chromatographic fingerprints consisting of ten peaks can be obtained
(Figure 4a,b), whereby “high quality” is defined in terms of overall baseline stability, chro-
matographic resolution, peak shape and signal-to-noise ratio. Due to the mild extraction
conditions, the flavone aglycones and glucosides originally present in a weld extract are
all detectable in the wool extract. This makes the fingerprint representative for weld. For
instance, distinction from another yellow dye proved easy (Figure 4c). After membrane
filtration to remove extracted wool threads, the final volume available for injection suffices
for duplicate injections. As the injections are highly reproducible, one could also resort to
single injections. This could in principle increase the sensitivity further, either by injecting a
larger volume or by decreasing the initial extraction volume. However, the current sensitiv-
ity is sufficient as exemplified by an estimated signal-to-noise ratio of at least 100 for a 1%
component like chrysoeriol 10. Actually, the limiting factor appears to be chemical noise
and baseline stability rather than electronic noise. Telling UV spectra could be obtained
as evidenced by the those of luteolin 8, apigenin 9 and even chrysoeriol 10, which has a
peak height <0.25 mAU (Supplementary Figures S73–S75). Starting with smaller quantities
of wool would be possible too, but amounts smaller than 25 μg are in practice difficult to
handle. If needed, another possibility for increasing the sensitivity would be to mount a 60
mm flow cell, which has a five times lower LOD [33]. The current surplus sensitivity could
facilitate the investigation of historic textiles, which possibly contain lower concentrations
of dye components due to decomposition. The method might also be used for following
artificial ageing of dyed textiles as relative changes in flavone concentrations can be easily
monitored even if decomposition products do not absorb at 345 nm.

The separation was carried out by UHPLC with diode-array detection (DAD). This
allowed for a fast (6 min), efficient (baseline separation of all 10 flavones), selective and
sensitive detection. Mass spectrometric detection in series with the DAD was attempted,
but for this particular analysis, the simple quadrupole MS was less sensitive than a modern
DAD. ESI-MS in negative mode could be used for the original weld extract but not for
extracts of 50 μg of dyed wool as these contain 100 times less material. A more expensive
MS will be able to provide the required sensitivity. Although on-line MS was still useful for
peak assignments, for dye analysis mass spectrometry is perhaps slightly less selective than
UV-Vis, as it may detect also non-dye compounds and is poorly suitable for distinguishing
between different isomers such luteolin 3′- and 4′-glucosides. Thus, when only MS [27] is
used for dye analyses instead of the combination DAD-MS, important information is lost.
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To distinguish between isomers, NMR is a much more powerful method. A disadvan-
tage of NMR is that it requires many preliminary purification steps. In this study 1-dim
and 2-dim NMR successfully allowed the unequivocal identification of the ten flavones
corresponding with the ten fingerprint peaks. Additionally, two trace flavones were iden-
tified. All of the twelve flavones had been reported for weld earlier with the exception
of apigenin-4′-O-β-D-glucopyranoside tr1. The analysis of weld by Marques et al. is cor-
rect [26] although they did not detect either lut-3′-O-glu or lut-4′-O-glu. The correction
by Gaspar et al. [36] of their earlier assignment [34] of these two compounds is justified,
indeed the 3′-isomer elutes later than 4′-isomer. In the chromatographic system used by
Gaspar et al., these two isomers are much better separated than in our system. Thus, some
controversy with regard to the elution order of the different flavones was solved and this
may assist future analyses of weld-dyed textiles. Future work should focus on expansion
of the micro-extraction and UHPLC approach to other dye plants like madder.

4. Materials and Methods

4.1. Chemicals and Materials

Luteolin-7-monoglucoside and luteolin-7,3′-diglucoside (analytical control grade)
were from Extrasynthèse. Luteolin was from Extrasynthèse or Sigma. Ammonium for-
mate was from Aldrich or Fluka and EDTA tetrasodium salt dihydrate was from Aldrich.
Aluminum chloride and formic acid were from Acros. The purity of formic acid used in
extractions was 98%+ and for wool treatment 99%. Methanol (LC-MS grade) was from Pro-
labo and ultrapure water was prepared with an EasyPure system of Barnstead/Thermoline.
Other chemicals were of analytical grade. Wool was weighed on a Mettler UM3 μg balance.
Reseda luteola L. plants were grown in the province of Groningen, The Netherlands.

4.2. Wool Dyeing

Wool was dyed by students with weld as described by Villela et al. [30]. Five by five
cm pieces of Kova medium weight wool sateen white (with a sateen finish on one side;
natural cream colour; fabric is ready for dyeing and/or printing; approximately 290 g/m2;
from Whaleys, Bradford) were pre-mordanted with aluminum potassium sulphate dodec-
ahydrate (alum). Reseda extract was prepared by sonicating 1.5 g of dried and ground
weld with 30 mL of 96% alcohol-water 3:1 (v/v) for 10 min in an ultrasonic bath for the
filtration and removal of alcohol. The resulting extract was diluted with 60 mL of water,
heated to 80 ◦C, after which 4 pieces of pre-soaked, pre-mordanted wool were added and
stirred during 15 min. Afterwards the pieces were rinsed with hot and cold water and
dried. Wool was dyed in 2011 and stored in the dark at room temperature until extracted
in 2019. Wool threads were removed just prior to the analysis. Onion-dyed wool: alum
pre-mordanted wool was dyed during educational activities with the outer (paper-like)
scales of onions in the same way as weld with the exception of starting from dry onion
extract. The onion extract–wool ratio was approximately 1:100. Photos of both weld-dyed
and onion-dyed wool can be found in Supplementary Figures S71 and S72 respectively.

4.3. Wool Micro-Extraction

Approximately 50 μg of weld-dyed wool was taken by means of chirurgic scissors and
transferred into an empty 250 μL insert for a standard 1.8 mL autosampler vial previously
weighed on a μg balance (readable up to 0.1 μg) (Figure 3a). After weighing again to
determine the amount of wool taken, 0.5 μL of extraction solvent (methanol-water-formic
acid (80:15:5, v/v/v) was added per μg of wool. After firmly closing the cap with an inert
seal to avoid any evaporation of solvent during the extraction, a 30 min extraction step at
60 ◦C followed by placing the vial in a water bath. Next, the extract was diluted five times
with ultrapure water and filtered through a 5 μm zero-dead volume needle filter (Sol-M
blunt needle fill needle, W/5 micron filter, 110022F, Sol-Millennium) into a clean and empty
250 μL insert (Figure 3B). This dilution step enabled the filtration step. A filtration step is
advisable to avoid clogging of the UHPLC column. Ten μL were injected into the UHPLC
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by means of the standard autosampler. The photo of dyed wool in the insert (Figure 3a)
was taken by means of a digital microscope (DNT, The Netherlands).

4.4. Preparative Isolation and Purification of Weld Flavones

Aerial parts of dried Reseda luteola L. (cultivar code B) plants were used. The plants
were grown, harvested and dried as described by Villela [37]. This plant material was
ground with a cutting mill (Retsch GmbH, type SM1, Haan/Germany) equipped with a
0.5 mm sieve.

Compounds of low polarity were removed from 200 g of the ground plant material
by stirring overnight with 2 L of petroleum ether 40◦/60◦-MTBE (1:1). After removal of
solvents, the compounds of interest were extracted from the defatted plant material by
stirring overnight with 2 L of 96% alcohol-water (8:2). The next morning, the solvent
was heated till near boiling after which the plant material was removed by vacuum
filtration through a glass filter (por 40). The plant material was extracted anew with
0.5 L of fresh alcohol-water (8:2) and filtered through the same glass filter. The two
extracts were combined after which all solvent was removed with a rotary evaporator. The
hydroalcoholic extract was fractionated via repeated polyamide column chromatography
using different water–acetone gradients as eluent. Final separation and purification took
place by preparative RP-HPLC (Shimadzu prepHPLC, Altima C18 column, 250 × 22 mm,
5 μm, A eluent: 2.1 L of water with 12.9 mL of formic acid and 5.05 g of ammonium
bicarbonate, B eluent: methanol, various gradients were used, DAD monitoring wavelength
350 nm). Eluents were removed by rotary evaporation and freeze drying. The progress of
the purification was monitored by TLC, RP-HPLC–UV, and 1H-NMR.

4.5. UHPLC

An Agilent 1290 Infinity system equipped with binary pumps (G4220A), autosampler
(G4226A), thermostatted (25 ◦C) column compartment (G1316C) and DAD (G4212A) in
combination with a 60008 10 mm flow cell was used. The column was an Agilent Zorbax
Eclipse Plus C18, 2.1 × 100 mm 1.8 μm). Mobile phase A: 40 mM formic acid buffer pH = 3
in water with 0.04 mM EDTA; mobile phase B: acetonitrile. Flow rate: 0.45 mL/min, initial
pressure 511 bar. Linear gradient: 0 min 15% B; 8 min 45% B; Monitoring wavelength:
345 nm. Injection volume: 10 μL. For some analysis of the extract, the effluent of the DAD
was connected to an Agilent Mass Spectrometer Detector (G6125B). The MSD was operated
in negative mode with a m/z 150–800 scan range. Data were viewed as TIC and EIC plots.

4.6. NMR Spectroscopy

All 1-dim and 2-dim NMR spectra were recorded either on a Bruker Avance III
600 MHz NMR spectrometer or a Bruker Avance III 700 MHz NMR. Both were equipped
with a 5 mm cryoprobe. Spectra were recorded in either 5 or 3 mm NMR tubes. The
temperature of the sample was kept at 300 K. HSQC and HMBC spectra were recorded
with standard pulse sequences. ROESY spectra were recorded on a Bruker Avance III
700 MHz NMR spectrometer with a standard pulse sequence and 225 μs mixing time. The
1H spectra of api-7-O-glu 5, api-4′-O-glu tr1 and chry-7-O-glu 6 were acquired with the
standard Bruker pulse sequence zgcppr for suppression of the water signal. 1H spectra
of api-6,8-di-C-glu 1 were recorded in DMSO-d6 in a 3 mm probe at 300 and 320 K prior
to dilution of the sample with 2 volumes MeOH-d4 and transfer of the solution to a 5 mm
tube; the 1H spectrum and 2D spectra of api-6,8-di-C-glu 1 in DMSO-d6—MeOH-d4 (1:2)
were recorded at 300 K.

Between 0.7 and 2.7 mg of each of the 12 flavones was dissolved in 0.6 mL (5 mm probe)
or 0.2 mL (3 mm probe) of DMSO-d6. Data interpretation: C–H pairs were assigned in the
HSQC spectrum and assignments were confirmed using the HMBC spectrum. 13C δ of
methine C-atoms reported in Table 1 were obtained from the HSQC experiment, and those
of the quaternary C-atoms from the HMBC experiment. Chemical shifts were referenced
against the peak of DMSO (δ (1H) = 2.55 ppm and δ (13C) = 40.45 ppm).
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4.7. High-Resolution Mass Spectrometry

The twelve fractions containing the purified flavones were analysed by high-resolution
mass spectrometry. The solutions were directly infused at a flow rate of 3 μL/min via a
syringe pump into a Thermo Fisher Exactive Orbitrap mass spectrometer. The analyses
were carried by electrospray, in negative ionisation mode. Settings were: 250–2000 m/z
(scan range), ultrahigh resolution, 3.50 kV (spray voltage), 400 ◦C (capillary temperature),
−25.00 V (capillary voltage). Measurements were carried out continuously during 0.6–1.7
min, and the data displayed in Supplementary Table S1 were obtained from 31–70 scans
averaged spectra.

Supplementary Materials: The following are available online. Figures S1–S67: 1-dim and 2-dim
NMR spectra of all 12 flavones; Figures S68–S69: UHPLC profiles of duplicate injections of extracted
wool samples; Figure S70: HPLC profile of weld extract; Figures S71 and S72: photos of weld
and onion dyed wool; Figures S73–S75: on-line UV spectra of luteolin, apigenin and chrysoeriol;
Figures S76–S84: EICs and TIC of HPLC-DAD-MS analysis of weld extract; Table S1: High-resolution
mass spectrometric data of all 12 flavones.
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Abstract: The role and importance of the identification of natural products are discussed in the
perspective of the study of secondary metabolites. The rapid identification of already reported com-
pounds, or structural dereplication, is recognized as a key element in natural product chemistry. The
biological taxonomy of metabolite producing organisms, the knowledge of metabolite molecular
structures, and the availability of metabolite spectroscopic signatures are considered as the three
pillars of structural dereplication. The role and the construction of databases is illustrated by refer-
ences to the KNApSAcK, UNPD, CSEARCH, and COCONUT databases, and by the importance of
calculated taxonomic and spectroscopic data as substitutes for missing or lost original ones. Two
NMR-based tools, the PNMRNP database that derives from UNPD, and KnapsackSearch, a database
generator that provides taxonomically focused libraries of compounds, are proposed to the commu-
nity of natural product chemists. The study of the alkaloids from Urceolina peruviana, a plant from the
Andes used in traditional medicine for antibacterial and anticancer actions, has given the opportunity
to test different approaches to dereplication, favoring the use of publicly available data sources.

Keywords: natural products; dereplication; databases; spectroscopy; taxonomy; molecular structures

1. Introduction

1.1. General Considerations

Organic natural products are produced by living organisms to ensure their own basic
functional requirements through primary metabolism and to fine-tune the relationships
with their surrounding through specialized or secondary metabolism. The term “natural
product” (NP) generally refers to an organic specialized metabolite. NP biosynthesis
is controlled by the genes and therefore depends on organism species. The biological
evolution led to the preservation of some NPs across related species while others were left
over. A set of species may consequently share a set of identical specialized metabolites. The
taxonomic classification of species relied on phenotype comparison at the time biologists
would not even dream to have access to the genome of living organisms. The identification
of preserved NP structures or structural features could then assist the classification task
through chemotaxonomic studies, as NP structures are part of the phenotype.

The investigation of NPs is not only bound to taxonomic studies but is motivated by
the uses human beings make of them. NPs with therapeutic, organoleptic, psychoactive,
poisonous, tinctorial (non-exhaustive list) properties were generally not produced to be
used by humans for the purposes organisms produce them. Most of NP properties are
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related to their interaction with other biologically produced systems, referred to as NP
targets. An NP would thus more likely interact with a target of therapeutic interest (an
enzyme to be inhibited, for example) than with a randomly chosen molecule drawn from
the chemical space of organic molecules, due to the co-evolution of all living species over
hundreds of millions of years.

The understanding of the interaction between an NP and a target is a challenging
task and is often a necessary step for the design of chemical compounds with enhanced
properties [1]. This step requires a precise knowledge of the structure of the NP (and of its
target) at the atomic level, a concern that converges with the one of chemotaxonomy.

Finding the structure of a compound that is already known should be, at least seem-
ingly, much easier than the one of an unknown compound. The tentative identification of
known compounds is one of the aspects of what is covered by the term “dereplication”,
because earlier efforts for purification and/or structure determination have not to be repli-
cated [2]. Undertaking dereplication in first place makes sense because an organism for
which nothing is known about its chemistry may share compounds with an already studied
organism with close taxonomic relationship for the reason invoked in the first paragraph.
Compounds that resist dereplication may be false (known) unknowns when the employed
dereplication tools fail or true (unknown) unknowns [3], for which isolation and structure
elucidation tools have to be deployed [4]. The determination of the molecular structure of
NPs by dereplication constitutes an important part of this article.

Dereplication is a matter of collective memory by essence. This raises the questions of
what information has to be preserved and of how to do it. Proving that two substances
are identical at the atomic level is currently achieved by physico-chemical methods. The
data produced by the analytical instruments and the related conditions in which they are
obtained, namely the meta-data, are of prime importance. By language abuse, the analytic
data and their associated meta-data will be referred to here as “spectroscopic data”. If the
molecular structure of compound A is known and if compound B is proved to be identical
to compound A by spectroscopic data comparison, then the structure of compound B
can be asserted as being also the one compound A, without having to interpret the data
obtained from compound B, hence providing the expected time and effort gain.

Obviously, structures must be preserved along with associated spectroscopic data
as the end of the currently described dereplication process is the labeling of a sample
with the structure of a compound (compound naming will be discussed hereafter). A
theoretical dereplication strategy would be to preserve the structure and spectroscopic
data of all, probably less than 400,000, known NPs to date, and to compare the data from a
presumably known compound with all the preserved data. If ever possible, this approach
would be highly inefficient and it would be more efficient to limit the comparison work
to the compounds from organisms that are taxonomically close to the one from which
the currently considered NP comes from, in the way used by NP chemists during the
pre-computer age [5]. This means that a link should be preserved between a NP structure
and the taxonomy of the organism(s) it originates from. It clearly appears at this point
that structure description, spectroscopy and taxonomy constitutes the three pillars of
dereplication. Selected aspects of each of them are detailed hereafter.

1.2. The Three Pilars of Dereplication
1.2.1. Molecular Structures

The structure of purely organic compounds, excluding organometallic species, is
remarkably well described by mathematical graphs, with atoms as nodes and bonds
as edges. The idea of matching a single compound with a single structure is valid at
least when a compound cannot be described by more than one tautomeric form. While
InChI [6] and SMILES [7] linear notations retain all the necessary structural features of a
compound, including chirality, the text-based MOL format (and the derived SDF format) is
widely used as it includes atom coordinates necessary either for 2D depictions or for 3D
viewing [8]. The three representation modes evoked here may coexist in order to avoid

194



Molecules 2021, 26, 637

conversion operations, even though a computer tool can facilitate them [9]. Structures
may be surrounded by various calculated properties (molecular formula, molecular mass,
chemical classification, topological descriptors, for example) coded as tag-value pairs.
The compound name may be also considered as calculated property. Aspirin is indeed
acetylsalicylic acid (another compound name for the same substance) for which IUPAC [10]
indicates it is 2-acetoxybenzoic acid in English but “acide 2-acétoxybenzoïque” in French
and “2-(Acetyloxy)benzoesäure” in German, thus precluding any kind of simple character-
by-character name comparison. Considering the name as a molecular property, a compound
is better referenced by a list of synonyms rather than by a single name. A structure that
is proposed to be a new one because dereplication did not prove it was already known
must be searched for in the literature, a task that is simplified by looking, if possible, in
comprehensive structure collections such as the one provided by CAS [11] or PubChem [12].

1.2.2. Spectroscopy

Spectroscopy is considered here in the broadest sense, namely as any physico-chemical
methods of characterization. This includes the methods that truly rely on the interaction
between electromagnetic waves and matter (UV-visible, IR, Raman, NMR, vibrational
and electronic dichroism spectroscopies, optical rotation measurements) but also mass
spectrometry (MS), fusion and boiling temperature measurements, and others. Even a
single optical rotation value has to be associated to meta-data, such as the nature of the
used solvent, the sample concentration, the temperature, and possibly the model of the
measurement device. Reporting in NMR spectroscopy is a much more complex task as
it must encompass the conditions of raw data acquisition, the nature of the processing
operations that lead to spectra and the feature recognition processes that produce “reduced
data” (a list of chemical shift values correspond to the position of spectral peaks, for
example) and ultimately contributes to molecular structure proposals [13]. The diversity
of spectrometer manufacturers, each proposing its own file formats, clearly precludes
the easy comparison of spectroscopic data, even though a universal, text-based format
named JCAMP [14] is supported by the IUPAC but could be possibly superseded in a near
future by the ADF format of the Allotrope foundation [15]. The result of spectroscopic
analysis is only meaningful if the link between data and compound structure is preserved,
possibly leading to spectra interpretation, thus making possible to associate a particular
spectral feature (the mass of a molecular fragment in MS) and a structural feature (a
fragment of a molecular structure). There is no easy way to access the spectroscopic data of
known natural products [16]. Most of visible efforts in this direction were devoted to the
characterization of primary metabolites in the perspective of metabolomic studies [17,18].

A set of NMR and of MSn spectra constitute a better way to identify a known com-
pound than a fusion temperature and an optical rotation value, even though the two
latter may suffice to rule out an incorrect structure hypothesis. Dereplication by MS-based
methods has earned a high level of interest with the advent of MS2-driven molecular
network analysis [19,20]. Alternatively, a molecular (elemental) formula deduced from
high-resolution MS (HRMS) associated to 1D and 2D NMR spectra may suffice to identify
a known compound with a high level of confidence if reference data are available. A
workaround to the lack of experimental spectroscopic data can be found, more or less
accurately depending on the analytical technique, by means of computerized prediction
tools. Dereplication of NPs based on 13C-NMR predicted data has been reported and
discussed [21,22]. Such predictions may be carried out by various software, including
proprietary or free methods, available on local computers or through web interfaces, with
possible automated use or not, and with performances that can be difficult to evaluate.
CNMR Predictor, NMRPREDICT, ChemDraw, nmrshiftdb2 are such software, among
which nmrshiftdb2 may be used for free in an automated may on a local computer while
CNMR Predictor is a commercial product renowned for its accuracy.
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1.2.3. Taxonomy

Taxonomy of living beings is a science in permanent evolution, where the findings
of molecular biology separate species that were assumed to be close parents according to
phenotype similarity and possibly finds similarities where none was apparent, while taxa
names might evolve during time. Tools such as “NCBI Taxonomy Browser” [23] and “Tree
of Life” [24] are of great help to navigate through taxonomic information and to locate
species belonging to a given taxon. Answering the question of which species produce a
given compound and of which compounds are known to be produced by an organism of
a given species is possible by means of the Dictionary of Natural Products (DNP) with
limitations inherent to a commercial product.

1.2.4. Databases

The results of the chemical study of living beings are diluted among a profusion of
specialized scientific journals. The construction of a collective memory about NPs is not
a spontaneous process, so that the initial dilution of results has to be counterbalanced
by efforts for the re-concentration of the knowledge at some well-defined places named
databases. Databases that link structural, spectroscopic and taxonomic knowledge should
constitute the basis of well-managed NP chemistry. A must-read article recently published
focuses on where to find data about NPs in 2020 [25]. Open databases for NP research
containing structural and spectroscopic data were reported earlier in [26]. The grouping
of structural, taxonomic, and experimental spectroscopic data of natural products was
undertaken in the ‘90s in the framework of the SISTEMAT project [27]. The data and
software resulting from this visionary undertaking are unfortunately not accessible to the
general public [28]. Other databases dedicated to the study of NP chemistry always miss
some aspect. Biological activity studies are purposely left aside in this article as they do
not constitute an entry point for dereplication. As well, bibliographic databases are not
considered here, as the creation of NP databases from primary literature is not discussed,
even though everyone understands that this is an important aspect of NP research.

2. Results

This article reports the availability of a computer software for the creation of taxonomy-
focused NP databases named KnapsackSearch and of a database named PNMRNP, exem-
plified by the study of alkaloids from Urceolina peruviana.

2.1. KnapsakSearch

The KNApSAcK website exposes multiple databases searchable by organism name,
metabolite name, and other commonly used compound identifiers [29]. Searching KNAp-
SAcK for a given genus name displays a series of lines, each one showing a compound
identifier, the related CAS identifier, metabolite name, molecular formula, molecular
weight, and the name of the species in which it was reported. A genus name refers to
a set of species names and each species is related to a set of compounds, each one, as
discussed earlier, being possibly present in organisms from different species. Directly
querying KNApSAcK for family names of organisms fails. About 54,000 compounds are
referenced in KNApSAcK, thus giving access to an incomplete but still non-negligible part
of the chemical space of NPs.

When starting the chemical study of an organism, the search for taxonomy-related
ones may not be limited to those of the same species and may extend to the entire family, to
parts of it, or to super-sets of it. The goal of the KnapsackSearch (KS) project is to process a
list of user-defined genera to produce a list of chemical compounds that are related to one
or more of these genera. The result is obtained as an SDF file, so that each compound is
associated to a 2D molecular structure with chiral center flags and to a taxonomic and a
spectroscopic description. The SDF chemistry file format is not a database format by itself
but is sufficiently widespread to be read by most of chemistry software and computational
toolkits. The source code of KS is made of Python scripts that rely on the RDKit library of
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functions for cheminformatics [30]. The freely available EdiSDF software is useful for the
viewing of 2D structures and related tag-value pairs [31].

The workflow of KS (Figure S1) starts with the collection of all pairs made of a
compound identifier and a binomial name obtained as replies to queries for the queried
genus names. Each compound identifier (C_ID) is associated to a list of organism binomial
names. As an example, Figure S2a shows the beginning of the list of compounds (columns
1–5) and organisms (column 6) related to genus Galanthus. C_IDs are then used as keys for
compound search. Figure S2b shows the result of such a query for galanthamine, C_ID
C00001570. The resulting in data aggregates containing a compound name, a molecular
formula, a molecular weight, a CAS number (if any), an InChI string, the InChIKey hashed
form of the InChI, and a SMILES string. The latter is decoded to produce atom and bond
lists reshaped as a 2D MOL block. A compound is validated at this stage if the InChI
calculated from the MOL block is identical to the one given by KNApSAcK. Molecular
formula calculated from the MOL blocks are also compared to the KNApSAcK ones
because the latter always lack the electric charge indication if there is one and because they
may correspond to [M+H]+ ion formula; in these cases, the retained molecular formula
are deduced from the ones of [M+H]. All InChiKeys are recalculated as it may happen
that compounds with different C_IDs yield identical InChIKeys. Such compounds are
withdrawn from the regular compound list and processed separately to produce compound
aggregates in which the alternative attributes, such as C_IDs and names, are joined together.
Each compound is then associated to the taxonomic information retrieved during the first
stage of the data collection process and to the 13C-NMR chemical shifts as predicted by
the nmrshiftdb2 software. The data record of galanthamine, as displayed by the EdiSDF
software, is presented in Figure S2c.

The source code of KS is freely available [32] and a few KS-generated SDF files are
given with the corresponding lists of organism genera related to a taxonomic family. The
13C-NMR chemical shifts included in KS files may be reformatted to be imported by NMR
spectroscopy software by ACD/Labs and to facilitate compound selection according to
chemical shift values, thus allowing the user to benefit from the easy prediction of 13C-
NMR chemical values on a massive scale (massive meaning without one-by-one manual
operation on structure records) by nmrshiftdb2 and from the friendly graphical interface of
software from ACD/Labs. The future of the web-based approach to family-focused NP
databases in KS obviously relies on the continuation of the KNApSAcK web service [33].
Database, service, and software discontinuations obviously constitute serious threats,
whatever the considered domain of scientific activity.

2.2. Predicted NMR Data for Natural Products (PNMRNP)

This section reports the transformation of a discontinued NP database, the Universal
Natural Product Database (UNPD), into a “two-pillar” NP database, PNMRNP, in which
biological taxonomy data is missing. Chemical classification is tentatively proposed as a
remedy to this lack. The initial data used in this process is a set of Comma Separated Value
(CSV) files from UNPD, provided as a part of the In Silico Data Base (ISDB) dedicated
to MS-based dereplication [34]. Most of the data transformations were carried out using
RDKit and locally developed Python scripts.

The Comma Separated Values (CSV) files from UNPD contain SMILES and InChI
character strings as structure descriptors of NPs (213,210 compounds). Attempts to decode
the SMILES chains led to the detection of a non-negligible amount of badly formed chains,
so that only InChIs were considered for 2D structure generation with retained chirality
information. A set of 43 compounds was discarded, containing duplicate or organometallic
or inorganic compounds.

Decoding an InChI is achieved through the dedicated software library linked to RDKit
and may result into unexpected results. For example, aliphatic amides were reconstructed
from their InChI as their iminol tautomer, which is correct because all tautomers of a given
molecule share the same InChI. Transforming aliphatic iminols into alphatic amides was
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undertaken using a chemical transformation rule coded as a reaction “SMILES arbitrary
target specification” also known as reaction SMARTS or SMIRKS [35]. A set of such rules
was applied to fix unlikely tautomeric forms. This step would have benefited from the
application of a recent molecule standardization software related to RDKit [36].

RDKit does not handle the axial chirality of substituted allenes or spirans, possibly
resulting in incorrect structures upon InChI decoding. Structures of compounds for which
the InChI to structure conversion and back-conversion to InChI (the so-called “round-trip”)
fails to be consistent were tentatively obtained by means of the ChemDraw software driven
by a python for win32 script. An identifier resolution using the Chemical Identifier Resolver
(CIR) from the US National Health Institute (NIH) is attempted in case of persisting
failure [37]. After final checking of round-trip consistency, the nmrshiftdb2-predicted 13C-
NMR chemical shift lists [38] were appended to compound data, resulting in a SDF file
containing 211,280 records.

Even though the initial CSV files assigned a chemical name to some of the compounds
in UNPD, an alternative naming procedure was carried out. The PubChem website offers
a file that relates InChI and PubChem Compound Identifier (CID) and another one that
relates CID and synonym lists. A set of synonyms was associated by this means to the
PNMRNP compounds that are named in PubChem.

The assignment of chemical classification data to NPs in PNMRNP does not replace
genuine but unavailable biological taxonomic data but may assist NP chemists to reduce
the size of the chemical space to investigate when facing a dereplication problem. The link
between biological and chemical taxonomy was already exploited in SISTEMAT [39]. The
production of chemical classification data constitutes a remedy to the absence of a way to
associate easily and at no cost a set of living organism names to an NP identifier. Chemical
classification in itself is a fuzzy concept. Discussing about the definition of an alkaloid may
result in an answer such as “an alkaloid is like my wife. I can recognize her when I see
her, but I can’t define her” [40]. Two independent classification systems are available in
PNMRNP, one (CL1) is the result of a locally developed attempt that is not comprehensive
but that may meet some needs while the other one (CL2) relies on the well-established
ClassyFire software [41].

Chemical classes in CL1 are defined according to the presence of specific substructures
(subgraphs or molecular graphs) and are identified using SMILES that are interpreted
as SMARTS [42]. Chemical classification is organized in PNMRNP with four levels, so
that menthol is reported to be a secondary metabolite, a terpene, a monoterpene, and
a menthane compound. More precisely substructures are identified as deriving from
primary metabolites (identifier: 01) such as amino-acids, sugars, or lipids and are otherwise
classified as being specifically related to secondary metabolites (identifier: 02). Terpenes
(02-02) include monoterpenes (02-02-01) that share the menthane skeleton (02-02-01-001).
Sugar containing compounds (01-01) were identified through a set of 1296 SMILES chains
covering open chain and cyclic sugars with possible features such as deoxy- and amino-
substitution (63 classes of sugars, overall). Hexopyranoses (01-01-14), with their five
asymmetric carbons, thus featuring alpha- and beta-anomeric forms, are identified by
a set of 32 SMILES chains to which a generic one without chirality indicator is added.
The rather ubiquitous α- and β-D-glucopyranose molecular sub-units are identified as
01-01-14-005 and -006, respectively. The idea of searching for sugars in NPs was put into
practice recently in the framework of the COCONUT NP database development and the
possible in silico deglycosylation [43]. The CL1 data items in PNMRNP include the lists of
atoms concerned by each detected substructure. A part of the classification was inspired
by “Pharmacognosy”, a book by J. Bruneton [44], and another part from the skeleton
library included in the resource files of the LSD software, a library itself borrowed from the
SISTEMAT knowledge base [45]. The catalog of SMILES that resulted from the CL1 effort
toward a chemical classification of NPs is available as a supplementary information file in
Excel format.
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Chemical taxonomy in the second classification system (CL2) in PNMRNP results
from replies to queries sent to the web interface of ClassyFire. This system deals with
chemistry as a whole, distinguishing between organic and inorganic compounds at the
first level, named “Kingdom” by reference to the classification of living beings. The overall
hierarchy of chemical classes covers up to eleven levels. The recently reported classification
tool named NPClassifier specifically targets NPs [46]. Classification CL2 was introduced
with version 2 of PNMRNP [47]. The link between biological and chemical classifications is
highlighted by considering that a molecule can be recognized by ClassyFire as a Strychnos
alkaloid (i.e., from a plant of the Strychnos genus) on a sole structural basis, without
any reference to its source, possibly natural or synthetic. The natural origin of so-called
“organic” compounds has become difficult to ascertain without resorting to proprietary
databases, so that a NP-likeness score, a calculated molecular property, is invoked in order
to evaluate to which extent a natural product is natural [48]. This approach fits with the
current belief according to which a human being is better known by the algorithm of a
popular social network than by her- or himself.

2.3. CSEARCH

The web interface of CSEARCH was also considered for NP structure dereplication
besides of KS and PNMRNP. The CSEARCH web server accepts requests made of a list of
13C-NMR chemical shifts, at best with each value associated to a multiplicity indication
(number of attached hydrogen atoms, as deduced from DEPT or multiplicity-edited 2D
HSQC spectra) and returns within a few minutes a list of structures sorted in the decreas-
ing order of likelihood, proposed from a database containing several tens of millions of
compounds and their predicted chemical shift values [49]. This database mostly contains
structures of synthesized molecules and has no built-in concept of NP, resulting in hard
to exploit results if the query is not accurate enough but may also give the solution of the
submitted problem ranked in the first places, if not in first place.

2.4. Databases and Dereplication

To sum up briefly, KnapsachSearch may be considered as a part of a “two-pillars and
half” approach to dereplication, while a “true three pillars” would have been achieved
if spectroscopic data were of experimental origin instead of being predicted. PNMRNP
can be qualified as “two-pillars” with its predicted spectroscopic data (a half-pillar) and
biological taxonomy replaced by chemical taxonomy (a second half-pillar). The “one-pillar
and half” NMRPREDICT/CSEARCH approach, dealing with structures and predicted
13C-NMR spectroscopy only, should be considered before any other one, if pertinent. A
tentatively exhaustive (and even more than that) source of NP data, COCONUT, collects
structures from various sources to propose a publicly available document-oriented database
of about 400,000 compounds, some of them being clearly not so natural. COCONUT
version 1 was a “one-pillar” database, devoid of spectroscopic and taxonomic data but was
recently supplemented with chemical classification (a half-pillar) and could be possibly
supplemented in the future with predicted spectroscopic data (another half-pillar) to
provide a useful “two-pillar” tool for NP structural dereplication.

2.5. Application to the Alkaloids of Urceolina peruviana (Amaryllidaceae)

Urceolina peruviana (C. Presl) J.F. Macbr., also known as Stenomesson miniatum (Herb.)
Ravenna, is a bulbous perennial plant, which grows wild in the Andean regions of Peru
and Bolivia (Figure 1). It has a scape up to 40 cm long, an umbrella of six or more red or
orange tubular flowers, blooms in the spring or summer, the leaves are narrow, long until
28 cm.
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Figure 1. Urceolina peruviana.

There is scarce information on this species of Amaryllidaceae in the scientific literature.
The only article about the alkaloid composition of its bulbs was written in 1957 by Boit
and Döpke, who reported the identification of three alkaloids (tazettine, haemanthamine
and lycorine) and two others that could be traced back to nerinine and albomaculine [50].
Girault, in his book “Kallawaya, guérisseurs itinérants des Andes: recherches sur les
pratiques médicinales et magiques”, on a survey carried out in the Andes on the uses
of medicinal plants by the indigenous South Americans, mentions Urceolina peruviana
whose fresh bulbs were mixed with pork or llama fat and used in the form of ointment
to treat tumors and abscesses [51]. Amaryllidaceae alkaloids constitute a set of about
600 compounds, some of them, such as galanthamine, having been intensively studied for
their therapeutic action [52]. The present article illustrates the use of the aforementioned
NMR-based dereplication tools by the study of U. peruviana and on its alkaloids.

The freeze-dried bulbs of U. peruviana were ground before being subjected to extraction.
Extract 1 (11 mg) resulted from a non-selective solid-liquid extraction of a single bulb by
methanol followed by acid-base liquid-liquid extractions for basic compound isolation.
Extract 2 (20 mg) was obtained by lixiviation of alkalinized powder from a single bulb
by EtOAc followed by acid-base liquid-liquid extractions according to patent [53]. The
method used for the preparation of extract 2 was also applied on 270 g of dry bulb powder
to yield 2.742 g of extract 3. A comparison of 1D 1H- and 13C-NMR spectra of extracts 1, 2,
and 3 is provided in Figure S3.

Crude extract 3 was fractionated by Centrifugal Partition Chromatography (CPC)
in the so-called “pH-zone refining” development mode, which is particularly adapted
to the preparative scale fractionation and purification of H+ ion exchanging compounds,
without resorting to a solid-state chromatographic support. Emergence order of analytes
from the CPC column depends on their acidity constant (Ka) and on the distribution
constant (KD) of their neutral form between the two liquid chromatographic phases. The
chromatogram looks like trapezoidal blocks of analytes separated by steep boundaries,
the so-called shock layers and forms an isotachic train of analytes [54]. The fractionation
process led to 13 fractions, hereafter named A1 to A13, among which A4, A7, A9, and A11
were each found to contain a highly major compound. Purity and content of fractions
A3 and A5 were very similar to the one of A4. Fraction A1 had a very low mass and a
high complexity and was therefore not studied further. Fractions A2, A6, A8, A10, A12
and A13 are “intermediates” and concentrate minor compounds between the shock layers
of the trapezoidal zones corresponding to the emergence of the major compounds of the
injected sample.
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The LC-HRMS analysis of a crude alkaloid extract 2 of U. peruviana monitored by UV
absorbance at 287 nm showed 4 major peaks, to which molecular formula were assigned
through accurate mass analysis of the [M+H]+ ion: C16H17NO3 (peak 3), C17H19NO4
(peak 4), C18H21NO5 (peak 2),and C19H23NO5 (peak 6) as indicated in Figure 2. Two other
minor peaks, one visible in the ion-current chromatogram and the other one in the UV
chromatogram were also considered for further analysis, associated to molecular formula
C19H25NO5 (peak 1) and C18H21NO4 (peak 5), respectively. The LC-HRMS analysis of
crude extract 3 results in the same list of formulas but with C18H21NO4 replaced with
C18H19NO4 and with C18H18N2O4 and C19H26N2O5 as supplementary proposals; the two
latter suggest the presence of compounds containing two nitrogen atoms, a feature that
is not common among Amaryllidaceae alkaloids and the pertinence of which was not
ascertained. The 1H, 13C, 1H-1H COSY, 1H-1H ROESY, 1H-13C multiplicity-edited HSQC,
and 1H-13C HMBC NMR spectra of most of fractions from extract 3 were recorded. A
1H-15N HMBC spectrum of extract 3 was also recorded, also offering a rapid and rough
estimate of extract complexity by inspection of the projection of this 2D spectrum on the
15N chemical shift axis (Figure 3).

Database creation was undertaken prior to and during the course of U. peruviana
compound identification. The search by means of KS for the compounds reported in KNAp-
SAcK and related to 67 genera from the Amaryllidaceae family resulted in 249 structures,
among which 209 contained at least one nitrogen atom and were thus considered as pos-
sible alkaloids. These structures were imported by ACD/Labs “C+H NMR Predictors
and Database” software as a new database and semi-automatically supplemented with
ACD/Labs-predicted 1H- and 13C-NMR data by means of the protocol reported in Figure
S4 to produce database DB1. The same set of 209 records, each including nmrshiftdb2-
predicted 13C-NMR data, was imported by the same ACD/Labs software after appropriate
reformatting of the writing of chemical shift values to yield database DB2. Six small
databases containing 2 to 15 records where derived from DB2 by selecting the molecules
according to the molecular formula obtained by LC-HRMS analysis of extract 3, after
having verified that no compound in DB2 contains two nitrogen atoms. Database DB3 was
created by the same process as DB2 but starting from the 211,280 records of PNMRNP. The
latter has also been filtered to retain compounds that include one of the eight substructures
that are commonly found in Amaryllidaceae alkaloids [55] (Figure S5) to give DB3′, with
635 structures. A collection of 693 compounds was created from COCONUTv1 and named
DB4, retaining the compounds that contain one of the eight Amaryllidaceae substructures
after an initial step that selected 109,638 compounds with more than 12 carbon atoms and
with one or two nitrogen atoms. DB4 was supplemented with 13C-NMR chemical shifts
from nmrshiftdb2 and formatted as an ACD/Labs database.

Figure 2. LC-HRMS ESI+ analysis of extract 2, UV detection (top) and ion current intensity (bottom). HRMS data
are compatible with [M+H]+ ions of formula [C19H26NO5]+ (peak 1), [C18H22NO5]+ (peak 2), [C16H18NO3]+ (peak 3),
[C17H20NO4]+ (peak 4), [C18H22NO4]+ (peak 5), [C19H24NO5]+ (peak 6).
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Figure 3. The 1H-15N HMBC spectrum of extract 3. The projection on the 15N chemical shift axis
provides of rough estimation of extract complexity. Traces a, b, and c are the 1H-NMR spectra of
tazettine, haemanthamine, and crinine recorded from fractions A4, A9, and A11, respectively.

2.5.1. Fraction A4, Major Compound

This compound is also the major compound in fractions A3 and A5. The CSEARCH
algorithm succeeded to retrieve tazettine 1 (structure in Figure 4) as a likely compound
from the list of the 18 13C-NMR chemical shifts and multiplicities from fraction A4. The
molecular formula was constrained to include only C, H, N, and O atoms with a molec-
ular mass comprised between 250 u and 400 u. Only a single chemical shift value was
considered slightly unsatisfactory with δC 29.6 predicted by CSEARCH at position 4 and
δC 25.9 observed (full atom numbering is reported in Figure S5). The analysis of the NMR
spectra led to the identification of an aromatic ring substituted by a methylenedioxo bridge,
a N-Me group, an ether O-Me group, and a hemiacetal group. The list of the C18H21NO5
Amaryllidaceae alkaloids in the KNApSAcK database contained two compounds among 12
that shared these NMR-derived structural features. The HMBC correlations of the 1H-NMR
signal of the OH group lead to retain only the planar structure proposed for compound
A4. None of the five C18H21NO4 Amaryllidaceae compound structures present in the
KNApSAcK database satisfied the NMR-derived constraints. The proposed planar struc-
ture is the one of tazettine and criwelline, which are epimers at position 3 [56]. CSEARCH
ranked the 6-OMe criwelline in second position. Tazettine was retained as the structure
of the major compound in fraction A4 after the analysis of the ROESY spectrum and the
measurement and 1H-1H coupling constants. Its molecular formula relates it to peak 2 in
the chromatograms in Figure 2.

2.5.2. Fraction A7, Major Compound

The CSEARCH algorithm failed to retrieve a likely structure from the list of the
19 chemical shifts drawn from the 13C-NMR spectrum of fraction A7. The molecular
formula was constrained to include only C, H, N, and O atoms with a molecular mass com-
prised between 300 u and 400 u. Only two C19H23NO5 molecular structures of compounds
from Amaryllidaceae were found in the KNApSAcK (DB2) database, among which only
one contained three methoxy groups bound to an aromatic ring. This structural constraint
was derived from the presence of three methyl signals in the 1H-NMR spectrum that
correlate in the HMBC spectrum with signals of aromatic carbons. This planar structure
was confirmed by all available NMR data. None of the two C19H25NO5 Amaryllidaceae
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compound structures present in the KNApSAcK database satisfied the NMR-derived con-
straints. The retained structure was indeed present in the solutions proposed by CSEARCH,
but with a poor ranking, due to the low-quality matching between the experimental (δC
161.4, 110.9, and 155.0) and the predicted (δC 166.9, 103.1, and 156.6) chemical shifts for
carbons at positions 6, 6a, and 7, respectively. Prediction by nmrshiftdb2 gave values of δC
169.8, 108.9, and 161.2 while CNMR Predictor (ACD Labs) gives δC 162.1, 111.3, and 157.1
at the same positions. The proposed structure is the one of albomaculine 2 (structure in
Figure 4). Its molecular formula relates it to peak 2 in the chromatograms in Figure 2.

Figure 4. Structure of tazettine 1, albomaculine 2, haemanthamine 3, crinine 4, and trisphaeridine 5.

2.5.3. Fraction A9, Major Compound

The list of 17 13C-NMR chemical shifts and associated multiplicities was submitted to
a spectral similarity search through the CSEARCH web interface. The molecular formula
of candidate structures was constrained to include only C, H, N, and O atoms, accounting
for a molecular mass comprised between 250 u and 350 u. A structure without chirality
information was given as best solution, with a mean deviation of δC 1 between experimental
and CSEARCH-proposed chemical shift values. KNApSAcK was also considered for the
identification of the major compound in fraction A9 as a possible alternative to CSEARCH.
KNApSAcK (DB2) contains 11 molecules from Amaryllidaceae with molecular formula
C17H19NO4, the only one found by LC-MS of the total alkaloid extract accounting for
17 13C resonances. From NMR data, compound A9 contains an aromatic ring with a
methylenedioxo substituent and hydrogens in para position, a carbon-carbon double bond
between two CH groups, and a methoxy group attached to an aliphatic carbon. The only
two compounds that fit with these constraints are crinamine and haemanthamine, who
present the same planar formula as the one proposed by CSEARCH. This planar structure
was confirmed by the analysis of all available NMR data. The analysis of the ROESY
spectrum and the 1H-1H coupling constants led to the identification of haemanthamine 3

(structure in Figure 4). Its molecular formula relates it to peak 4 in the chromatograms in
Figure 2.

2.5.4. Fraction A11, Major Compound

The 13C-NMR spectrum of fraction A11 shows 16 peaks from a major compound
whose positions were used as search keys in the CSEARCH data base. The molecular
formula was constrained to include only C, H, N, and O atoms with a molecular mass
comprised between 250 u and 400 u. The most likely proposed structure was the one
of crinine 4, C16H17NO3 (structure in Figure 4). Only a single chemical shift value was
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considered slightly unsatisfactory (δC 40.0 predicted by CSEARCH, δC 44.2 experimen-
tal, at position 11). The KNApSAcK database of Amaryllidaceae compounds contains
four compounds for this molecular formula, and only three that contain four aromatic
or olefinic methine groups: crinine, vittatine, and epivittatine which only differ by the
absolute configuration of asymmetric centers. More precisely, crinine and vittatine are two
enantiomers, for which unambiguous identification would rely on chiroptical methods.
The same situation holds for epi-crinine and epi-vittatine, epimers of the former at position
3. The identification the correct epimer was obtained by the detailed analysis of J-coupling
values supported by the 2D ROESY spectrum. A comparison of the 13C-NMR chemical
shift values in A11 with those published for synthetic crinine and epi-crinine supports
our conclusion [57]. NP identification up to the absolute configuration by optical rotation
measurement is possible for pure or highly major compounds but is not possible for minor
compounds in fractions without isolation. Its molecular formula relates it to peak 3 in the
chromatograms in Figure 2.

2.5.5. Fraction A2, a Minor Compound

Fraction A2 contains a major compound, tazettine 1, which is also the very major
compound in fractions A3–A5, and many minor compounds. The 1H-NMR spectrum of
fraction A2 shows an isolated singlet at δH 9.16 that was used as an entry point for com-
pound identification. This highly deshielded proton is directly bound to a methine carbon
at δC 151.83 according to HSQC data and is surrounded by carbons at δC 100.36 (CH),
105.40 (CH), 122.82 (C), 124.03(C), 129.6 (C), and 143.74 (C) according to HMBC data.
Querying for δH 9.16 ± 0.2 in DB1 (the only one among our DBs with predicted 1H-NMR
data) resulted in three candidate structures: angustine, vittacarboline, and trispheridine
(or trisphaeridine). Searching then for δC 100.36, 105.4, 122.82, 124.03, 129.6, 143.74, and
151.83 with a 5 ppm tolerance resulted reduced the list of candidates to trispheridine 5 only
(structure in Figure 4). Using DB2 and DB3 avoided to rely on proprietary NMR chemical
shift prediction. Querying DB2 for the same list of seven 13C-NMR chemical shift with
a 2 ppm tolerance yielded deoxylycobetaine chloride, trispheridine, and vasconine as
proposals. A reduced tolerance of 1 ppm resulted in trispheridine only, thus also proving
the good quality of the prediction by nmrshiftdb2 for this compound. Querying DB3 for
the same seven chemical shift values with a tolerance of 2 ppm resulted in 628 compounds
among which 124 contain at least 12 carbon atoms and 1 or 2 nitrogen atoms, using C(12-
100) H(1-100) N(1-2) O(1-100) as molecular formula filter. Trispheridine is present in this
compound list but reducing the number of hits would require supplementary constraints,
thus demonstrating the usefulness of taxonomy-based filtering for dereplication. The pres-
ence of trispheridine in fraction A2 and its NMR spectra assignment was confirmed by
further studies. Searching in DB3′ or in DB4 for trispheridine cannot be successful because
its structure does not fit with any of those used in the definition of what an Amarylli-
daceae alkaloid should be, even though this compound is present in the PNMRNP and
COCONUTv1 database. The ClassyFire algorithm itself does not consider trisphaeridine as
an alkaloid but NPClassifier identifies it as an Amarylidaceae (sic) alkaloid. Its NP-likeness
is −0.08, a value that would make it slightly closer to a non-NP (lowest value is −5) than
to an NP (highest value is +5). Exploring the philosophical implications of this observation
is left as an exercise to the reader.

2.5.6. Database Searches

The structural identification of compounds A4, A7, A9 and A11 reported hereabove
was carried out using lists of 13C-NMR chemical shifts that were unambiguously drawn
from spectra due to high sample purity (Table S1). After this study, a question arose about
the possible results of an identification process solely relying on these lists, without any
other NMR information source, only taking into account the possible molecular formula
derived from LC-MS data acquired on crude extract 3. The chemical shift lists were used
as search keys in DB1 (209 structures from KNApSAcK), DB2 (209 structures from KNAp-

204



Molecules 2021, 26, 637

SAcK), DB3 (211,280 structures from full PNMRNP), DB3′ (635 structures from PNMRNP
filtered for Amaryllidaceae-type alkaloids), and DB4 (693 structures from COCONUTv1
filtered for Amaryllidaceae-type alkaloids) with predicted chemical shifts by ACD/Labs
software in DB1 and predicted by nmrshiftdb2 in all other DBs. All DBs were formatted
for being read by the ACD/Labs DB software so that the same search tool can be used for
compound identification. The poor prediction of a single chemical shift in the targetted
compound may result in a global failure of the search, to which it can be remedied either
by decreasing the number of experimental chemical shifts to be taken into account or by
increasing the allowed chemical shift deviation. Table S2 shows the influence of these
parameters on the number and nature of solutions, it illustrates the difficulty of identifying
pure compounds without ambiguity solely on the basis of lists of 13C-NMR chemical shift
values and molecular formula.

3. Materials

3.1. Chemicals

Acetonitrile (CH3CN), methanol (MeOH), methyl-tert-butyl ether (MtBE), chloroform
(CHCl3), triethylamine (Et3N), and sulfuric acid (H2SO4) were purchased from Carlo
Erba Reactifs SDS (Val de Reuil, France). Hexadeuterated dimethylsulfoxide (DMSO-d6)
was purchased from Eurisotop (Saclay, France). Deionized water was used to prepare
aqueous solutions.

3.2. NMR

NMR analyses were performed in DMSO-d6 at 298 K on an Avance AVIII-600 spec-
trometer (Bruker, Karlsruhe, Germany) equipped with a cryoprobe optimized for 1H detec-
tion and fitted with cooled 1H, 13C and 2H coils and preamplifiers. TopSpin 3.2 (Bruker,
Karlsruhe, Germany) was used for data acquisition using standard microprograms. Data
processing relied on TopSpin 4.0. The central resonance of DMSO-d6 (septet) was set at
δC 39.8 for 13C-NMR spectrum referencing. The central resonance of residual DMSO-d5
(quintet) was set at δH 2.5 for 1H-NMR spectrum referencing.

3.3. UPLC-HRMS

Ultra Performance Liquid Chromatography coupled to Mass Spectrometry (UPLC-
MS) analyses were performed with an Acquity UPLC H-Class (Waters, Manchester, UK)
system coupled to a Synapt G2-Si (Waters) equipped with an electrospray (ESI) ion source.
Chromatographic separation was achieved on a Uptisphere Strategy C18-HQ column
(150 × 2.1 mm, 2.2 μm; Interchim, Montluçon, France). A gradient elution mode was used
with solvent A (ammonium acetate 1%, pH 6.6) and solvent B (CH3CN) at flow rate of
0.4 mL min−1. Starting from 10%B, the gradient was linearly increased to 20%B in 6 min,
then to 25%B in other 6 min, after 0.2 min the percentage of B was increased to 100%
keeping it constant for 1 min. Finally, the gradient returned in the initial conditions in
0.2 min, maintaining it constant for 2 min for equilibration. The injection volume was
1 μL, the column temperature was regulated at 30 ◦C. All samples were solubilized in
methanol and analyzed at concentration of 200 ppm. MS data acquisition parameters were:
capillary voltage 3 kV, desolvation temperature 450 ◦C, desolvation gas flow 950 L/h,
source temperature 120 ◦C, cone voltage 40 V, cone gas flow 50 L/h and scanning range of
m/z 50–2000.

3.4. CPC

Centrifugal Partition Chromatography (CPC) fractionations were carried out using
a lab-scale FCPE300®column of 303 mL inner volume (Kromaton Technology, Angers,
France). The column was composed of 7 circular partition disks, each engraved with
33 twin-cells of 1.0 mL. The liquid phases were pumped by a preparative 1800 V7115 pump
(Knauer, Berlin, Germany). Fractions of 20 mL were collected by a Labocol Vario 4000
(Labomatic Instruments, Allschwil, Switzerland). MtBE, CH3CN and H2O were equili-
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brated according the proportion 5:2:3 (v/v) and the two phases were separated. The lower
aqueous phase was used as stationary phase and acidified with H2SO4 10 mM (retainer).
The upper organic phase was alkalinized with Et3N 8 mM (displacer) and used as mobile
phase. The column was filled with the stationary phase at 300 rpm column rotation speed
and 50 mL/min and then the mobile phase was pumped at 1200 rpm and 20 mL/min for
hydrodynamic column equilibration. 1 g of extract was solubilized in 10 mL of retainer
phase (acidified aqueous phase) and 5 mL of neutral organic phase. After sample loading
through a 6-port Rheodyne valve (UpChurch Scientific, Oak Harbor, WA, USA) equipped
with a 20 mL sample loop, the mobile phase was pumped into the column in ascending
mode at flow-rate of 20 mL/min and 1200 rpm. The fractions were collected from the basic
organic mobile phase and pooled according to TLC offline analysis to give 13 fractions
namely A1–A13. TLC analysis was achieved on Merck TLC Silica gel 60 F254 plates, using
CHCl3/ MeOH (8.5/1.5) as eluent. All experiments were conducted at room temperature
(20 ± 2 ◦C).

3.5. Plant Material

Fresh bulbs of U. peruviana (1090.3 g) were purchased at the horticultural nursery
Quatro Estaciones (Cochabamba, Bolivia) in August 2019. Some bulbs were grown, and
the plants were identified by Dr. Umberto Mossetti, a voucher specimen (BOLO0602041)
was deposited in the Herbarium of University of Bologna. The bulbs were stored in a cold
room at 5 ◦C until the use, then they were freeze-dried and crushed, resulting in 220 g of
plant material.

4. Conclusions

The rapid identification of natural products, either pure or in mixtures, depends on the
availability of databases that connect together molecular structures, taxonomic information,
and spectroscopic data, which constitute the three pillars of dereplication. We propose to
the scientific community two easily findable NMR-based tools, the PNMRNP database that
derives from earlier works on MS2 spectra prediction, and KnapsackSearch, a database
generator that provides focused libraries of compounds whose content is oriented by
biological taxonomy. These tools were involved in the study of an iberoamerican plant,
Urceolina peruviana, in a way that relies strongly on 13C-NMR spectroscopy but also on other
1D and 2D NMR techniques as well as on preparative fractionation methods particularly
suitable for alkaloid purification and on liquid chromatography coupled to high-resolution
MS. The identification of five known compounds by these means is reported. The fully
unambiguous characterization of a compound within a mixture may be reached only after
purification and an exhaustive analytical study. However, the rapid and context adapted
structure analysis is feasible by means of an approach that relies on computer databases
and that adequately contributes to the study of complex natural substances.
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Abstract: For scientific, regulatory, and safety reasons, the chemical profile knowledge of natural
extracts incorporated in commercial cosmetic formulations is of primary importance. Many extracts
are produced or stabilized in glycerin, a practice which hampers their characterization. This article
proposes a new methodology for the quick identification of metabolites present in natural extracts
when diluted in glycerin. As an extension of a 13C nuclear magnetic resonance (NMR) based
dereplication process, two complementary approaches are presented for the chemical profiling of
natural extracts diluted in glycerin: A physical suppression by centrifugal partition chromatography
(CPC) with the appropriate biphasic solvent system EtOAc/CH3CN/water 3:3:4 (v/v/v) for the crude
extract fractionation, and a spectroscopic suppression by presaturation of 13C-NMR signals of glycerin
applied to glycerin containing fractions. This innovative workflow was applied to a model mixture
containing 23 natural metabolites. Dereplication by 13C-NMR was applied either on the dry model
mixture or after dilution at 5% in glycerin, for comparison, resulting in the detection of 20 out of 23
compounds in the two model mixtures. Subsequently, a natural extract of Cedrus atlantica diluted in
glycerin was characterized and resulted in the identification of 12 metabolites. The first annotations
by 13C-NMR were confirmed by two-dimensional NMR and completed by LC-MS analyses for the
annotation of five additional minor compounds. These results demonstrate that the application of
physical suppression by CPC and presaturation of 13C-NMR solvent signals highly facilitates the
quick chemical profiling of natural extracts diluted in glycerin.

Keywords: natural extract; glycerin; chemical profiling; centrifugal partition chromatography;
13C nuclear magnetic resonance; cosmetic industry

1. Introduction

Natural extracts are commonly used all over the world as ingredients in cosmetic formulations for
their antioxidant activity, their scent, their antimicrobial properties, and as natural dyes or hydration
agents [1–3]. Over the last few years, regulation has become more demanding, as evidenced by the
European cosmetics regulation in force since 2014 (no 1223/2009), which gives a prominent role to
consumer safety [4,5]. This regulation includes a list of prohibited and restricted compounds. Moreover,
it requires the suppliers to establish a product information file (PIF) for each cosmetic product. The PIF

Molecules 2020, 25, 5061; doi:10.3390/molecules25215061 www.mdpi.com/journal/molecules211
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summarizes data including a description of the cosmetic product, the proof of the claimed effect,
a safety assessment, and product stability data [6]. Consequently, the composition of the natural
extracts contained in the cosmetic formulations must be known to prevent toxicity related risks.

The most common way to characterize an extract requires the isolation of its constituents [7].
Although being exhaustive, this process is very time consuming and usually leads to the purification
of known compounds. Quicker methods more compatible with industry constraints must be found.
To respond to this need, dereplication strategies mainly based on liquid chromatography hyphenated
to mass spectrometry (LC-MS), liquid chromatography hyphenated to ultraviolet spectroscopy with
diode array detection (LC-UV-DAD), thin layer chromatography (TLC), and/or nuclear magnetic
resonance (NMR) data combined with the use of in silico or experimental databases were developed
in order to avoid the purification of all components of a mixture [8–10]. The term dereplication has
been introduced in the 1990s as a method for the quick identification of known compounds in a
sample [11,12].

The dereplication process developed by Hubert et al. relies on 13C-NMR chemical shift comparisons
for compound identification [10]. It starts with the extract fractionation by centrifugal partition
chromatography (CPC) followed by 13C-NMR analysis of all fractions. After automatic collection and
pooling of 13C-NMR signals, hierarchical clustering analysis (HCA) highlights clusters of 13C-NMR
chemical shifts in which all elements share similar chromatographic behaviors. Finally, the clusters are
assigned to chemical structures using a database that contains the chemical structures and calculated
13C-NMR chemical shifts of known natural metabolites of low molecular weight [10]. The structures
that best match the experimental data are then confirmed by two-dimensional (2D) NMR and,
if required, by complementary MS analysis. According to the Chemical Analysis Working Group of
the Metabolomics Standard Initiative, this compound annotation process has a confidence level of 2
because it relies on spectral similarity [13,14]. After complementary techniques confidently defining
2D structures like 2D NMR, the confidence level increases to 1. The efficiency of this 13C-NMR
based workflow has been largely proven by the identification of major compounds in numerous dry
extracts [15–18].

Nowadays, many natural extracts of industrial interest are produced or stabilized in matrices
or support solvents for easy handling and preservation [19–21]. Glycerin, also called glycerol, is the
most used carrier solvent in marketed cosmetic ingredients, mainly due to its non-toxicity as well as its
humectant and bacteriostatic properties [22]. In addition, it can be claimed as a natural ingredient
when produced as a by-product of the synthesis of biodiesel [23]. A high concentration of glycerin in an
extract interferes unfavorably with the dereplication procedure briefly described hereabove. The high
boiling point of glycerin (BP = 286 ◦C at 105 Pa, with decomposition) and its very low vapor pressure
(Pvap = 0,02 Pa at 25 ◦C) makes it impossible to evaporate without metabolite degradation [24].

The aim of this study was to develop an improved method for the quick identification of the
major compounds contained in a glycerinated natural extract. Two strategies were jointly elaborated,
including a physical suppression of glycerin by CPC and a spectroscopic suppression of the 13C-NMR
resonances of glycerin. For the physical suppression of glycerin, an appropriate CPC biphasic system
able to separate glycerin from other metabolites was investigated. Then, spectroscopic suppression
by presaturation in 13C-NMR using a previously described method [25] was applied to fractions
which still contained glycerin. As a proof of concept, the 13C-NMR dereplication methodology for
glycerinated extracts was first applied to a model mixture of 23 analytical standards of diverse polarities.
A comparison was performed between the metabolites identified in the dry model mixture and diluted
at 5% in glycerin. Secondly, the method was tested on a genuine extract of Cedrus atlantica bark diluted
in glycerin.
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2. Results and Discussion

2.1. General Methodology for 13C-NMR Dereplication of Metabolite Mixtures Diluted in Glycerin

The aim of the present work was to develop a 13C-NMR dereplication process dedicated to natural
extracts diluted in glycerin. As described by the flowchart in Figure 1, the approach consists of the
combination of two glycerin removal methods: A physical suppression by CPC fractionation followed
by a spectroscopic suppression of glycerin signals in 13C-NMR of glycerin-containing fractions.

 
Figure 1. Global workflow for the dereplication of natural extracts diluted in glycerin. CPC: Centrifugal
partition chromatography; HCA: Hierarchical clustering analysis.

CPC is a widely used tool for natural compound separation [26,27]. It is a solid-support-free
chromatographic technique that uses the two liquid phases of a biphasic solvent system as stationary
and mobile phases. The choice of the biphasic solvent system is of prime importance in this context.
A high proportion of glycerin in a high volume of injected sample may disrupt the biphasic nature of
the solvent system, resulting in separation failure [28]. Indeed, the two phases of the biphasic system
must remain stable in the presence of a large amount of glycerin and, at the same time, must allow a
gradual elution of metabolites during the fractionation process. To obtain a glycerin extract, the plant is
usually treated with water or ethanol and, after filtration and evaporation of the ethanol when present,
glycerin is added. In other cases, the plant is directly extracted in glycerin and water, and then the
extract is filtered. Whatever the method used, the resulting extract composition is usually complex and
contains metabolites covering a wide range of polarities. Our approach was to retain the glycerin in
the stationary phase while eluting the compounds of interest.

At the end of this first step, glycerin was expected to be contained in only a few CPC fractions.
These fractions may contain sugars for which separation is not easily achieved. While the dry fractions
can be directly analyzed by 13C-NMR, those containing glycerin in large proportions cannot. However,
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the global chemical profile of the natural extract requires the characterization of these fractions.
The direct analysis by 13C-NMR of fractions containing predominantly glycerin can lead to the
production of decoupling artifacts linked to the very high intensity of the two glycerin NMR signals [25].
A specific 13C signal suppression sequence was used to remove these artifacts and reduce the intensity
of glycerin signals. A presaturation technique reported in [25] achieved a 97% signal intensity decrease,
thus providing an efficient elimination of decoupling artifacts. Moreover, the chemical shift band
for which a 50% signal intensity decrease occurred was sharp—about 0.1 ppm wide —avoiding
information loss related to signal suppression.

The 13C-NMR spectra of glycerin-free and glycerin-containing fractions were subjected to the
usual dereplication methodology: Automatic collection and alignment of 13C peaks, HCA and
identification of metabolites present in a database by 13C chemical shift fingerprint comparison.
The feasibility of this strategy was demonstrated on a model mixture containing 23 analytical standards
from different chemical families as well as by the characterization of a genuine glycerin extract of
Cedrus atlantica Carrière.

2.2. Proof of Concept on a Model Mixture

To simulate the chemical diversity of natural extracts obtained with non-selective solvents such
as water, alcohol, or glycerin, 23 analytical standards of various phytochemical classes have been selected.
Sugars, organic acids, fatty acids, phenolic acids, hydroxycinnamic acids, stilbenes, tannins, flavonoids,
alkaloids, saponins, and amino acids were part of the model mixture. In the case of flavonoids and
hydroxycinnamic acids, the relatively lipophilic aglycone form (quercetin and ferulic acid), as well as
the glycosylated form (rutin and chlorogenic acid) were included. For comparison purposes, two model
mixtures were prepared: One in dry form and one at 5% wt. in glycerin/water (1:1 w/w).

The first step of our method was to fractionate the model mixtures by CPC with an appropriate
solvent system. The biphasic system ethyl acetate (EtOAc)/acetonitrile (CH3CN)/water 3:3:4 (v/v/v)
was investigated because of the combination of a medium polar binary system (EtOAc/water) with
CH3CN as a bridging solvent was promising for our study. This type of system has already been
referenced for the fractionation of natural polar extracts [29–31]. The influence of glycerin on the
biphasic system EtOAc/CH3CN/water 3:3:4 (v/v/v) was evaluated according to the method developed by
Marchal et al. [32], which relies on the drawing of a pseudo ternary diagram in which the mobile phase,
the stationary phase, and glycerin intervene at the apexes. Glycerin was successively added to mobile
and stationary phases present in predefined ratios: 0/1, 1/3, 1/1, 3/1, and 1/0 (w/w). Then, the solvent
mixture was shaken, and the visual inspection for homogeneity of one or two phases was carried out.
If the mixture becomes monophasic, the corresponding composition (w/w/w) of this mixture in terms
of upper phase, mobile phase, and glycerin was reported on the phase diagram in its orthogonal
representation, and then the binodal curve was drawn by connecting the different demixing points.

The biphasic nature of the EtOAc/CH3CN/water 3:3:4 (v/v/v) system was very little modified by the
addition of glycerin (maximum tested mass of glycerin was 90% wt. without forming a single phase),
which promises high stability of this solvent system (Figure 2a). Conversely, the same experiment
carried out on n-butanol (n-BuOH)/acetic acid/water 4:1:5 (v/v/v), one of the most polar CPC systems,
resulted in single-phase solvent mixtures. The maximum demixing point was reached at 47% wt. of
glycerin added in the 1:1 (w/w) lower/upper phase mixture. The pseudo ternary system of glycerin in
n-BuOH/acetic acid/water 4:1:5 (v/v/v) is presented in Figure 2b as an example of a CPC solvent system
which is not suitable for glycerin-containing samples.
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Figure 2. Ternary diagram of upper phase, lower phase, and glycerin (w/w/w) for the solvent systems:
(a) ethyl acetate (EtOAc)/acetonitrile (CH3CN)/water 3:3:4 (v/v/v) and (b) n-butanol (n-BuOH)/acetic
acid/water 4:1:5 (v/v/v) as an example of appropriate (a) and inappropriate (b) solvent systems for
our physical glycerin suppression strategy. Demixing points are symbolized by triangles. In (a),
no demixing point was observed until the addition of 90% wt. of glycerin (maximum points studied
symbolized by squares). Experiments were performed at 20 ◦C.

The selection of the biphasic solvent system EtOAc/CH3CN/water 3:3:4 (v/v/v) as a solvent system
compatible with the presence of high amounts of glycerin was followed by an evaluation of its
suitability for natural product fractionation. The partition coefficient (KD) indicates the distribution
of a compound in the upper and the lower phases of a biphasic system. For a crude plant extract
containing compounds covering a wide range of polarities, the ideal CPC system for our study
should cover a large range of KD values with a significantly different one for glycerin. Moreover,
the partition coefficients KD of the compounds of interest should be comprised between 0.2 and 5 to
retain the highest selectivity while maintaining short CPC run times [33]. The partition coefficients of
glycerin and ten metabolites from various chemical families and with diverse polarities contained in
the model extract were measured in the EtOAc/CH3CN/water 3:3:4 (v/v/v) solvent system: Caffeine,
chlorogenic acid, ferulic acid, glycyrrhizin, linoleic acid, polydatin, quercetin, rutin, succinic acid,
and vanillin. The shake flask method [34] was used to determine each KD individually. The construction
of response-concentration curves was performed for each of the ten compounds, ensuring that each
analytical measurement was carried out within the linearity range (Table S1). The measured partition
coefficients of the ten standards, shown in Table 1, ranged from 0.02 for the low polarity linoleic acid to
5.28 for rutin, a medium-polar compound. This result showed a large KD diversity, thus predicting
a successful separation of metabolites by CPC elution. Moreover, we measured the KD of glycerin
using the shake flask method and an analysis by gas chromatography with flame ionization detection
GC/FID (data not shown). The glycerin did not distribute at all in the system and remained exclusively
present in the lower phase. CPC in the ascending mode was thus selected for the elution of standard
compounds in order to maintain glycerin in the column. The system EtOAc/CH3CN/water 3:3:4
(v/v/v) seemed appropriate for the resolution of our initial problem: It is stable in the presence of
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glycerin and provides a good selectivity over a wide range of analyte polarities. The obtained result
provides a way to physically separate glycerin from the other compounds and thus obtain, after CPC
fractionation, glycerin-free fractions from the mobile phase and glycerin-containing fractions from the
stationary phase, as collected by column extrusion (i.e., back-flushing of the column stationary phase
by fresh stationary phase).
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The CPC fractionation of the two model mixtures containing 23 analytical standards in a dry form
or diluted at 5% wt. in glycerin/water 1:1 (w/w) was performed. The injected sample represented
2 g of the dry model mixture, which corresponded to 40 g of the glycerin-containing model mixture.
The injected sample volume was approximately 35 mL or 12% of the column capacity, which is still
acceptable and sufficient for the compounds to be partitioned in the remaining part of the column.
No disturbance of the solvent system was observed in the fractionation of the glycerin-containing
mixture. As a result, 13 simplified fractions were obtained in order of decreasing polarity of their
constituents. Sample recoveries were 92% and 110% wt. for the dry and glycerinated model mixtures,
respectively. The hygroscopic character of glycerin explains the recovery of more than 100%. The
details of the CPC fractionation mass balances are presented in Tables S2 and S3. Regarding the elution
fractions (F01–F09 in each experiment), the recovered masses were almost similar in both experiments,
311 mg and 320 mg for dry and glycerin extracts, respectively. Fractions F10 to F13 correspond to the
column extrusion step (see experimental part). The summary HPTLC chromatograms allowed a visual
analysis of the two CPC fractionations in Figure 3.

Figure 3. Recapitulative high performance (HP)TLC plates of the CPC fractionations. (a,b) refer to
glycerin model mixture; (c,d) refer to dry model mixture. Vanillin/sulphuric acid reagent was used for
plates (a,c) while (b,d) were revealed by the Neu reagent.

According to the high-performance (HP)TLC plates of the analytical standards available in
Figure S1, several standards have been assigned: 1: Linoleic acid; 2: Quercetin; 3: Ferulic acid, vanillin;
4: Gallic acid; 5: Polydatin; 6: Glycyrrhizin; 7: Chlorogenic acid; 8: Rutin; 9: Glycerin; 10: d-fructose,
d-glucose, and sucrose.

As shown in Figure 3a, the blue polar spot of glycerin was only present in fractions F11, F12,
and to a lesser extend in F13, confirming the non-partitioning of glycerin in the CPC biphasic system.
Moreover, the presence of glycerin was easily deduced because the drying of these fractions left a
liquid residue. These three fractions corresponded to the extrusion of the CPC column. Glycerin
was maintained in the stationary phase, while many analytical standards could be eluted during the
CPC fractionation.

As expected from partition coefficient measurements, the analytical standards were relatively
well separated, which was highly encouraging for future dereplication works. Fractionation of
the dry sample led to a separation almost identical to that obtained with the glycerinated mixture.
Some analytical standards were eluted in exactly the same fractions, while the elution of others
was slightly modified. For example, gallic acid and polydatin (blue spot at a retardation factor
(Rf) of 0.54 and 0.21 in Figure 3b,d, respectively) were both predominantly present in fractions F03

and F04. Chlorogenic acid (Rf 0.11 blue spot in Figure 3b,d) was eluted in fractions F05–F07 and
F05–F08 for glycerinated and dry mixture fractionation, respectively. Sugars (browns spot at Rf 0.03 in
Figure 3a,c), as very polar compounds, were present in the three last fractions in both experiments.
Some differences appeared for quercetin (yellow spot at Rf 0.63 in Figure 3b,d), which eluted more
slowly in the fractionation of the glycerinated mixture than for the dry mixture. These differences can be
explained by the interface and/or flow pattern modifications due to the larger volume of glycerin-rich
injected samples.
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Glycerin-free fractions were directly characterized by 13C-NMR spectroscopy. The three
glycerin-containing fractions F11, F12, and F13 were analyzed by 13C-NMR with presaturation of
glycerin signals. 200 mg of fractions were mixed with 600 μL of DMSO-d6. Such a quantity was
necessary for metabolite detection. Figure 4 presents the results of the presaturation of the two signals
of glycerin in fraction F11.

 

Figure 4. (a) 13C-NMR spectrum of glycerin-containing fraction F11. * refers to decoupling artifacts.
(b) Analysis of the same sample as in (a) with multiple presaturation of glycerin signals. The
frame inserts show spectra overviews drawn at the same vertical scale, without peak clipping. Both
acquisitions required the recording of 1024 scans and eight dummy scans.

Without presaturation (Figure 4a), the resonance peaks of DMSO-d6 were much smaller than
those of glycerin. After presaturation (Figure 4b), glycerin signals were significantly reduced,
thus demonstrating the efficiency of the glycerin resonance peak elimination. Quantitatively, there was
a 97% decrease in the signal at 63.7 ppm and a decrease of 94% for the signal at 73.1 ppm. Furthermore,
decoupling artifact signals were present in the spectrum without presaturation (Figure 4a). Some of
these were easily recognizable because they were out of phase, but others were easy to confuse with
genuine signals in the spectrum. These decoupling artifacts could interfere with the dereplication
process by presuming signals where there were none. Presaturation of glycerin signals also led to the
removal of decoupling artifacts, as expected.

The alignment of the 13C-NMR data of the 13 fractions could then be carried out. The 2D heat map
visualization and the HCA were performed. Figure 5 shows the heat maps obtained for the glycerinated
model mixture after HCA on the 13 fractions with a classical 13C-NMR analysis (Figure 5a,b) and with
glycerin signals presaturation on fractions F11, F12, and F13 (Figure 5c).
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Figure 5. Comparison of heat maps for glycerin model extract: (a) without presaturation of
glycerin signals. The red circle corresponds to the intense cluster of glycerin (δ 63.7, 73.1); (b)
similar to (a) with manual suppression in the text file of the two bins 63.7 and 73.1 ppm corresponding
to the glycerin signals; (c) with presaturation of glycerin signals during 13C-NMR analysis of F11, F12,
and F13.

Figure 5a seemed to have mainly one cluster, as indicated by the large correlation branch of the
HCA made on chemical shift lines. The manual suppression of this intense cluster (δ 63.7 and 73.1)
in the text file before visualization in 2D heat map improved chemical shift clusters observation
(Figure 5b). The presaturation of glycerin signals in the fractions F11, F12, and F13 further improved the
heat map with well-defined chemical shift clusters (Figure 5c) and fewer glycerin artifacts. In addition
to the decoupling artifacts, other parasitic signals related to the truncation of the intense glycerin
signals were observed, as highlighted in Figure S2. The presaturation allowed a strong decrease in the
intensity of the glycerin signals and the strong reduction of all the artifacts related to glycerin.

The chemical profiling of model mixtures was performed by database search (see experimental part).
Heat maps and annotations of chemical shift clusters are given in Figure 6. The same 20 analytical
standards were characterized in the dry and the glycerinated mixtures.

The most apolar compounds, linoleic acid, ferulic acid, vanillin, and quercetin, were the first to
elute (clusters 1, 6, 7, and 9, respectively). This result was expected given their KD, which was less than
or equal to 0.1 in this solvent system. Polydatin (cluster 8), which has a KD around 0.7, was eluted
from fraction three in both experiments. Caffeine, chlorogenic acid, and succinic acid (clusters 5, 10,
13 respectively), which have KD between 1 and 1.5, were then eluted. Rutin, with the highest KD

(5.3), emerged from the column at the end of the process. Only the elution behavior of glycyrrhizin
was not in agreement with its measured KD, which could be due to its strong amphiphilic character.
The simultaneous measurement of the KD of the ten metabolites in the model mixture was undertaken
(Table 1). Among the ten compounds, glycyrrhizin and rutin presented a strongly changed KD value,
depending on measurement condition, either as a pure compound or as a mixture component. The KD

value of rutin was high individually and in a mixture, which explained its late elution. However,
for glycyrrhizin, the KD measured when pure was greater than 2 whereas it was less than 1 when
in a mixture. This result explained the behavior of glycyrrhizin, which eluted starting from the
third fraction.

220



Molecules 2020, 25, 5061

Figure 6. 13C-NMR chemical shift clusters obtained by applying HCA on dry model extract (left) and
diluted in glycerin (right).

Among the 23 metabolites constituting the model mixture, three metabolites could not be annotated:
Tannic acid, citric acid, and proline. With hindsight, tannic acid was found not to be an appropriate
candidate for this study. Commercial tannic acid was usually a gallotanins mixture which tended to
undergo autodegradation [35,36]. We thus chose to exclude it from the discussions. Regarding proline
and citric acid, two hypotheses were put forward. A long lasting elution of a compound could generate
a very low concentration in each of the fractions and then a non-observation of the signals in 13C-NMR.
A second explanation, the most likely, was that the clusters of the two missing compounds were
broken up. Indeed, when a compound has one or more chemical displacements very close to another
compound, the usual δ tolerance for cluster detection is unusable. For example, several chemical shifts
of proline can be in the same 0.2 ppm bin as polydatin (δ 62.1), glycyrrhizin (δ 46.8), or caffeine (δ 30.0).
Additional experiments were performed on each CPC fraction by LC-MS in order to observe the
elution of the analytical standards. Figure 7 shows the elution profile of the two missing compounds:
Citric acid and proline. The graphical visualization of their elution showed a similar elution behavior
in dry and glycerin extracts fractionation. Moreover, their elution was limited to a few fractions.
The hypothesis of a broken cluster on the heat map was therefore preferred.
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Figure 7. LC-MS elution profiles of (a) citric acid and (b) proline in dry and glycerin model mixture
CPC fractionations. The full boxes correspond to the area of the signal in the fractionation of the dry
extract and the hatched boxes to the fractionation of the glycerin extract.

These results confirmed that despite the large amount injected and the high proportion of
glycerin in the extract, it was possible to characterize the compounds contained in a model mixture
diluted in glycerin with the method described hereafter: A physical suppression of glycerin by CPC
fractionation with the EtOAc/CH3CN/water 3:3:4 (v/v/v) solvent system in ascending mode followed
by a spectroscopic suppression of glycerin signals for fractions containing glycerin in large proportion.
In addition, the proof of concept of this method for the quick chemical profiling of glycerin extracts
was promising since the results of the dereplication of the dry and of the glycerinated form of the same
mixture were identical. It was then necessary to demonstrate the robustness of this method by the
analysis of a genuine glycerinated extract.

2.3. Dereplication of a Genuine Natural Extract Diluted in Glycerin

The selected extract was an experimental aqueous extract of Cedrus atlantica Carrière bark diluted
in glycerin. Due to its origin, this aqueous extract contained a complex mixture of metabolites
covering a wide polarity range. The major compounds were identified by the glycerin-insensitive new
dereplication method illustrated by the flow chart in Figure 1.

CPC fractionation was carried out as described for the model mixture. The injection of 17.5 g of
glycerinated extract was equivalent to the injection of 2.5 g of dry extract as the solution contains 14.5%
wt. of dry natural extract. The fractionation process resulted in 13 fractions. Eleven of them could be
evaporated to dryness whilst the last two fractions contained glycerin. The recovery of the sample was
99%. The mass of each CPC fraction is available in Table S3. The first nine fractions and the last two
extruded fractions represented 1% wt. and 98.5% wt. of the recovered material, respectively. As shown
on the HPTLC profiles (Figure S3), the extruded fractions contained glycerin and sugars predominantly.

Spectroscopic glycerin suppression was therefore undertaken by 13C-NMR presaturation on F12

and F13 in order to decrease glycerin signal intensity and to remove possible decoupling artifacts.
13C-NMR spectra were then processed with an alignment of NMR data in regular chemical shift
windows of 0.3 ppm width. Indeed, even though glycerin was removed by spectroscopy, significant
matrix effects appeared in the last two fractions. Table 2 reports these matrix effects on the chemical
shifts at the anomeric positions of the five sugars present in fractions F12 and F13.
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Table 2. Matrix effects of chemical shifts of sugars anomeric position.

Compound δ in F12 δ in F13 Δδ

α-(D)-glucose 92.94 92.71 0.23
β-(D)-glucose 97.51 97.35 0.16

α-(D)-fructofuranose 104.89 104.65 0.24
β-(D)-fructopyranose 102.65 102.47 0.18
β-(D)-fructopyranose 98.79 98.59 0.20

Chemical shift bins, of widths generally set at 0.2 ppm to be selective enough while including
a possible chemical shift deviation, therefore had to be increased to 0.3 ppm. HCA was
then performed. The resulting heat map containing the correlated 13C-NMR signal revealed ten
major chemical shift groups (Figure 8). The assignment of the clusters led to the identification
of 12 metabolites: p-hydroxybenzoic acid, protocatechuic acid, quinic acid, p-coumaric acid,
shikimic acid, 4-hydroxybenzoic acid 4-O-glucoside, pyroglutamic acid, α-(D)-glucose, β-(D)-glucose,
α-(D)-fructofuranose, β-(D)-fructopyranose, β-(D)-fructofuranose. Clusters one and two referred to
residual signals from glycerin and a glycerin derivative identified as glycerin acetate.

 
Figure 8. 13C-NMR chemical shift clusters obtained by applying HCA on CPC fractions of glycerinated
extract of C. atlantica.

The structures of all the compounds annotated on the heat map were confirmed by checking for all
carbon atoms of the neighboring correlations in HSQC, HMBC, and COSY spectra. Other metabolites
reported in the genus Cedrus [37] were finally searched by complementary LC-MS analyses, leading to the
annotation of catechin, taxifolin, and astragalin in the less polar fractions and syningetin-3-O-glucoside
and kaempferol-3-O-rutinoside in the medium polar fractions. The work presents a 13C-NMR
dereplication process permitting the characterization of major compounds of a natural extract diluted
in glycerin. LC-MS, as a complementary technique with very high sensitivity, allows annotating other
minor compounds referenced in the literature.

3. Materials and Methods

3.1. Chemical and Natural Extract

Ethyl acetate, acetonitrile, n-butanol, and methanol (MeOH) were purchased from Carlo Erba
(Val de Reuil, France). Acetic acid was purchased from VWR (Radnor, PA, USA). Two model mixtures
were prepared with 23 analytical standards for a total mass of 2 g: 500 mg of sucrose, 500 mg
of D-glucose, 500 mg of D-fructose, and 25 mg of each of the following 20 compounds: Caffeine,
chlorogenic acid, choline, citric acid, ferulic acid, gallic acid, glycerin, glycyrrhizin, linoleic acid,
malic acid, polydatin, L-proline, quercetin, rutin, D-sorbitol, succinic acid, tannic acid, uracil, vanillin,
and xylitol. The purity of each analytical standard was at least 95%. Their suppliers are listed in
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Table S4. While one mixture was left as the dry model sample, the second was diluted at 5% wt. in
glycerin and water in a ratio of 1:1 (w/w), giving a model mixture diluted in glycerin (glycerinated
model mixture, hereafter) of 40 g. The genuine natural extract was a glycerinated extract of Cedrus
atlantica Carrière. It was produced by maceration of C. atlantica bark in water, followed by clarification,
concentration, and glycerin addition, resulting in a 14.5% wt. C. atlantica extract in 75.5% wt. glycerin
and 10% wt. water.

3.2. Distribution Coefficients Determination

The distribution coefficients of glycerin and of ten analytical standards (caffeine, chlorogenic
acid, ferulic acid, glycyrrhizin, linoleic acid, polydatin, quercetin, rutin, succinic acid, and vanillin)
were measured individually or as a mixture in the EtOAc/CH3CN/water 3:3:4 (v/v/v) biphasic system.
The shake flask method was used to determine each KD [34]. The temperature of the study was 20 ◦C.
After solvent system equilibration, a defined volume of upper and lower phase (5 mL for glycerin
study, 2 mL for analytical standards study) were transferred into a vial and vortexed for 5 s in the
presence of the compound (11 mg for glycerin, 3 mg for the other analytical standards). Each vial was
then placed for 15 min in an ultrasonic bath and left to settle (centrifugation was required in the case of
glycyrrhizin to break the emulsion and separate the two phases). 500 μL of the lower phase and 500 μL
of the upper phase were separately transferred into two clean vials. The solvents were evaporated in a
vacuum oven at 40 ◦C. Finally, the lower and upper phase residues were diluted in 1 mL of MeOH
for LC-MS analysis. The distribution coefficient KD is defined as the ratio of the concentration of the
solute in the upper phase (Cup, organic phase) to its concentration in the lower phase (Cdown, aqueous
phase) at thermodynamic equilibrium.

KD =
Cup

Cdown
(1)

For KD measurement in the mixture, a total of 240 mg of the 23 analytical standards in the same
proportion as in the model sample were diluted in 160 mL of each lower and upper phase of the
solvent system. After ultrasonic agitation for 5 min, the two phases were separated, evaporated under
vacuum, and the residues were diluted in 3 mL MeOH for LC-MS analyses.

Measurements were performed in triplicate. Means of the LC-MS peak areas and standard
deviations were calculated to give a distribution coefficient value (Table 1).

3.3. LC-MS Analyses

LC-MS analyses were performed with an Acquity UPLC H-Class (Waters, Manchester, UK) system
coupled to a Synapt G2-Si (Waters) equipped with an electrospray (ESI) ion source. Chromatographic
separation was achieved on a Kinetex C18 column (150 × 2.1 mm, 2.6 μm; Phenomenex, Torrance, CA,
USA). The column temperature was regulated at 30 ◦C. Compounds were eluted with a gradient of
water (Eluent A) and CH3CN (Eluent B) with 0.1% formic acid in each mobile phase. The mobile phase
flow rate was maintained at 0.6 mL/min and the gradient was designed as follows: t = 0 min, 5% B; t = 1
min, 5% B; t = 9 min, 40% B; t = 15 min, 100% B; t = 17 min, 100% B; t = 17.1 min, and 5% B until 19 min.
All injection volumes were 0.5 μL. MS analyses were performed in both positive (ESI+) and negative
(ESI−) ion modes. For each compound, the most suitable mode was chosen. Electrospray interface
fitted to the following parameters: Capillary voltage 3 kV and 2 kV for ESI+ and ESI−, respectively;
desolvation temperature 450 ◦C; desolvation gas flow 950 L/h; source temperature 120 ◦C; cone voltage
40 V; cone gas flow 50 L/h and scanning range of m/z 50–2000 both in the positive and negative
ionization modes.

3.4. Centrifugal Partition Chromatography

CPC experiments were carried out with a lab-scale FCPE300® column of 303.5 mL capacity
(Kromaton Technology, Angers, France). The column was composed of seven circular partition disks.
Each disk is engraved with 33 twin-cells. The liquid phases were pumped by a preparative 1800 V7115
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pump (Knauer, Berlin, Germany). All experiments were performed in the same conditions. The biphasic
system EtOAc/CH3CN/water 3:3:4 (v/v/v) was prepared in a separatory funnel. After decantation,
the phases were separated. CPC fractionation was achieved in the ascending mode: The lower phase
was used as the stationary phase and the upper one as the mobile phase. The CPC column was filled at
a flow rate of 100 mL/min and at a rotation speed of 500 rpm. Then the rotation speed was increased to
1200 rpm. For the dry extract, 2 g of dry extract was dissolved in 12 mL of stationary phase and 6 mL
of mobile phase and injected through a 20 mL injection loop. The glycerinated mixtures were directly
injected through a 35 mL injection loop (40 g of the model glycerinated mixture and 17.5 g of the C.
atlantica extract, respectively). The mobile phase was pumped progressively from 0 to 20 mL/min
in 5 min and then maintained at 20 mL/min for 60 min. The most hydrophilic compounds retained
inside the column were finally extruded by pumping fresh stationary phase for 25 min, maintaining
the flow rate at 20 mL/min. Fractions of 20 mL were collected by a Labocol Vario 4000 (Labomatic
Instruments, Allschwil, Switzerland). All collected fractions were spotted on Merck TLC plates coated
with silica gel 60 F254 and developed with EtOAc/toluene/acetic acid/formic acid (6:4:1:1 (v/v/v/v) for
the model mixtures and 7:3:1:1 (v/v/v/v) for the genuine extract). After inspection at 254 nm, 366 nm,
and under visible light after chemical revelation with acidified vanillin solution, fractions were pooled
according to their composition. The pooling after fractionation of the two model mixtures was identical
and resulted in 13 elution fractions. The genuine natural extract was also fractionated in 13 fractions.
All fractions were dried under vacuum, except several extruded fractions still containing glycerin.

3.5. Nuclear Magnetic Resonance

NMR analyses were performed at 298 K on an Avance AVIII-600 spectrometer (Bruker, Karlsruhe,
Germany) equipped with a cryoprobe optimized for 1H detection and with cooled 1H, 13C and 2H
coils and preamplifiers. Dry fractions were dissolved in 600 μL of DMSO-d6 and analyzed with
the Uniform Driven Equilibrium Fourier Transform (UDEFT) sequence with an acquisition time of
0.36 s, and a relaxation delay of 3 s. 1024 scans were recorded on samples containing more than
20 mg, 2048 scans on those weighing between 10 mg and 20 mg and 4096 scans for fractions weighing
less than 10 mg in order to obtain comparable signal-to-noise ratios. The receiver gain was set to
the highest possible value. The spectra were manually phased and baseline-corrected using the
TOPSPIN v4.0.5 software (Bruker). The central resonance of DMSO-d6 was set at 39.8 ppm for spectrum
referencing. Additional homonuclear correlation spectroscopy (COSY), heteronuclear single-quantum
coherence (HSQC), and heteronuclear multiple bond correlation (HMBC) spectra were also recorded
on dry fractions. For fractions in which glycerin was still present in a large proportion, the NMR
sample was prepared with 200 mg of the fraction in 600 μL of DMSO-d6. The presaturation sequence
described in Canton et al. [25] was used to decrease the two dominating 13C-NMR signals of glycerin
and facilitate the identification of metabolites eluted in these fractions. The presaturation field of
intensity Ω1/2π = 11.7 Hz was focused on the two resonances of glycerin applied during 3 s before the
90◦ pulse in a modified Bruker zgpg pulse sequence.

3.6. Data Processing

All 13C-NMR signals were automatically collected on each spectrum. The resulting peak lists were
stored in a text file from which a locally developed algorithm written in Python language aligns the
NMR peak positions in regularly spaced chemical shift windows (Δδ = 0.2 ppm for the model studies
and 0.3 ppm for the genuine extract study). The table of peak intensity values according to chemical
shift bin and fraction indexes was imported into PermutMatrix software (version 1.9.3, LIRMM, France)
for hierarchical clustering analysis. The resulting 13C-NMR chemical shift clusters were visualized as
dendrograms on a 2D heat map. In order to identify compounds, the elements of each chemical shift
cluster were used as a search key in a local database built using the ACD/C+H NMR Predictors and DB
software (Advanced Chemistry Development, Inc., ACD/Labs, Toronto, ON, Canada). This database
contains more than 3000 compounds to date and associates structures to the predicted NMR chemical
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shifts of the proton and carbon atoms, as calculated by the ACD/Labs predictor. A literature survey was
carried out on the genus Cedrus, resulting in 40 metabolites stored in the database [37–40]. A tolerated
13C-NMR chemical shift difference between the predicted database spectrum and the real spectrum
was established at 2 ppm. Finally, each proposition given by the database was confirmed by the
interpretation of 1D and 2D NMR data (1H NMR, HSQC, HMBC, and COSY) and LC-MS analyses.

3.7. High-Performance Thin-Layer Chromatography

HPTLC analyses were performed on Merck HPTLC plates 10 × 20 coated with silica gel 60 F254

with an automatic TLC sampler (ATS 4) and an automatic development chamber (ADC 2) (CAMAG,
Muttenz, Switzerland). 5 μg of pure analytical standards, 12 μg of dry CPC fractions or 80 μg of
glycerin-containing CPC fractions were applied with a band length of 8 mm. The developing solvents
were: EtOAc/toluene/acetic acid/formic acid 6:4:1:1 (v/v/v/v) for the analysis of standards and of the
CPC fractions obtained from the model mixtures while the same developing solvents in 7:3:1:1 (v/v/v/v)
proportions were used for the C. atlantica extract. First, the plates were visualized at 254 nm and
366 nm. Then, the plates were heated at 100 ◦C with a TLC plate heater 3 (CAMAG) for 3 min and
immersed in a solution of Neu reagent (1.25 g of diphenylborinic acid aminoethylester dissolved in
250 mL of EtOAc) and recorded at 366 nm and in white light. Finally, the plates were immersed in an
acidified vanillin solution (375 mg of vanillin, 3.75 mL of 96% H2S04 diluted in 125 mL of ethanol)
and heated at 100 ◦C for 5 min. An HPTLC chromatogram of the 23 analytical standards, available in
Figure S1, was performed to calculate their retardation factor. HPTLC analyses were carried out at the
end of each CPC fractionation.

4. Conclusions

The combination of physical suppression by CPC fractionation and spectroscopic suppression by
presaturation in 13C-NMR were reported for the dereplication of natural extract metabolites diluted
in glycerin. The biphasic solvent system EtOAc/CH3CN/water 3:3:4 (v/v/v) was selected for its stability
in the presence of glycerin and its ability to separate compounds in a wide polarity range. The proof of
principle of this approach was successfully achieved on a model mixture of 23 analytical standards.
The 20 compounds identified in the dry model mixture were also identified in the glycerinated one.
The method applied on a bark extract of Cedrus atlantica Carrière diluted in glycerin resulted in the
identification of 12 metabolites of different chemical classes. This approach is, therefore, efficient for
the fast chemical profiling of natural extracts diluted in glycerin. In the future, the characterization of
major metabolites in extracts diluted in other solvents, notably glycols, produced for the cosmetics
market, will be studied.

Supplementary Materials: The following are available online, Figure S1: HPTLC plates of the 23 analytical
standards, Figure S2: Emphasis artifacts on the 13C-NMR spectra of glycerin fractions by comparison between a
conventional 13C-NMR analysis and an analysis with presaturation of glycerin signals, Figure S3: HPTLC plates
summarizing the CPC fractionation of C. atlantica glycerin extract, Table S1: Calibration curves for the 10 analytical
standards for which KD has been measured, Table S2: Summary of the grouping for CPC fractionations of the two
model extracts, Table S3: Summary of the grouping for CPC fractionation of C. atlantica diluted in glycerin/water,
Table S4: Summary of the 23 analytical compounds used as model extracts.
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Abstract: Ionic liquids (ILs) have sparked much interest as alternative solvents for plant materi-
als as they provide distinctive properties. Therefore, in this study, the capacity of ILs to extract
oxypeucedanin hydrate and byakangelicin from the roots of Angelica dahurica (A. dahurica) was inves-
tigated. The back-extraction method was examined to recover target components from the IL solution
as well. Herein, [Bmim]Tf2N demonstrated outstanding performance for extracting oxypeucedanin
hydrate and byakangelicin. Moreover, factors including solvent/solid ratio, extraction temperature
and time were investigated and optimized using a statistical approach. Under optimum extraction
conditions (solvent/solid ratio 8:1, temperature 60 ◦C and time 180 min), the yields of oxypeucedanin
hydrate and byakangelicin were 98.06% and 99.52%, respectively. In addition, 0.01 N HCl showed
the most significant ability to back-extract target components from the [Bmim]Tf2N solution. The
total content of both oxypeucedanin hydrate (36.99%) and byakangelicin (45.12%) in the final product
exceeded 80%. Based on the data, the proposed approach demonstrated satisfactory extraction
ability, recovery and enrichment of target compounds in record time. Therefore, the developed
approach is assumed essential to considerably reduce drawbacks encountered during the separation
of oxypeucedanin hydrate and byakangelicin from the roots of A. dahurica.

Keywords: ionic liquids; oxypeucedanin hydrate; byakangelicin; A. dahurica; back-extraction;
enrichment

1. Introduction

Angelica dahurica (Fisch. ex Hoffm.) Benth. et Hook. f. (A. dahurica) is a folk medicinal
plant for which the roots have been used over the years as a remedy for cold, fever,
headache, nasal congestion, toothache, asthma, stomachache and dysmenorrhea in East
Asian countries (Korea, China, Russia, Taiwan, etc.) [1–4]. Several previous studies have
also reported that the roots of A. dahurica exhibit various pharmacological functions,
including antibacterial, anti-asthmatic, hypotensive, anti-inflammatory, antioxidation,
anti-cancer, and anti-Alzheimer effects [5–11]. Pharmacological functions of A. dahurica
are generally attributed to coumarins (oxypeucedanin, bergapten, imperatorin, cnidilin,
isoimperatorin, xanthotoxol, oxypeucedanin hydrate, byakangelicin, etc.), which are major
constituents of this herb [12–14]. Oxypeucedanin hydrate (Figure 1a) has inhibitory effects
on tyrosinase activity [15] and exhibits anti-inflammatory and antioxidant activities [16].
Byakangelicin (Figure 1b) has been reported to modulate the brain distribution of various
bioactive compounds by improving accumulation and consequently boosting their curative
effectiveness [17]. Byakangelicin shows effect against carbon tetrachloride-induced liver
injury and fibrosis in mice as well [18].
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Figure 1. Chemical structures of (a) Oxypeucedanin hydrate, (b) Byakangelicin.

Ionic liquids (ILs) are a broad class of molten salts entirely composed of ions, and
they possess a melting point below 100 ◦C [19,20]. ILs possess distinctive properties
such as great selectivity and electric conductivity, negligible vapor pressure and low
volatility [21], poor flammability [22], strong thermal stability [23], and solvation power
of organic [24] and inorganic [25] compounds. ILs are also referred to as “designer”
solvents because their physicochemical characteristics can be tuned by altering their cations
or anions [26]. The remarkable properties of ILs have engendered enormous interest
among scientists in diverse fields, enabling them to be considered as green media and a
promising substitute for volatile organic solvents (VOCs). Therefore, ILs have been applied
in diverse fields such as biochemistry [27], electrochemistry [28], analytical chemistry [29],
pharmaceutics [30], medicine [31], and so forth. In analytical chemistry, ILs have been
applied for the extraction and separation of several bioactive components from herbal
products, namely, phenolics [32], alkaloids [33,34], flavonoids [35,36], ginsenosides [37],
coumarins [38], terpenoids [39,40], and so forth [41,42].

Back-extraction, also called liquid-liquid extraction, is a purification process in which
a compound or a mixture of compounds transfer from one phase to another based on
their differential solubility. In this process, two essentially immiscible or partially soluble
solvents are utilized to allow compound transfer and separation. The back-extraction
process is routinely employed by chemists due to numerous advantages, such as simplicity,
low cost, ease of scale up and rapidity [43]. In their study, Absalan and co-workers
successfully employed [BMIm]PF6 for extracting 3-indole-butyric acid from its aqueous
concentrate and effectively back-extracted the compound from the IL phase [44]. Moreover,
Larriba and co-workers were able to back-extract tyrosol from the ILs using 0.1M NaOH
aqueous solution as well [45].

The separation of active components in general and particularly of minor compounds
from plant raw materials is exhausting and tedious. In that regard, this study aimed to
develop an effective and relevant approach for the extraction and enrichment of minor
coumarins, oxypeucedanin hydrate and byakangelicin, from the roots of A dahurica using
ILs as the extraction solvent and the back-extraction method for their recovery. The ultimate
purpose was to overcome drawbacks of traditional separation techniques. Conventional
separation methods are exhausting and time-consuming because they involve repetitive
chromatographic steps. However, in this study, IL was effectively utilized as an extraction
solvent while the back-extraction method was satisfactorily employed for the enrichment
of target molecules from the IL solutions. To improve the rates of extraction and recovery
of two compounds, several parameters (solvent/solid ratio, extraction temperature and
extraction time) were studied and optimized by response surface methodology (RSM). As
far as we know, this is the first time a procedure using ILs and back-extraction technique has
been consistently achieved for the separation and enrichment of oxypeucedanin hydrate
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and byakangelicin from the roots of A. dahurica. This study also confirmed the ability of
ILs as separation media for active substances of plant origin.

2. Results and Discussion

2.1. Screening of ILs

Two imidazolium-based hydrophobic ILs, [Bmim]PF6 and [Bmim]Tf2N, were evalu-
ated and compared for their ability to extract oxypeucedanin hydrate and byakangelicin
from the roots of A. dahurica. These two ILs were selected in this study due to their easy
availability in the market and moderate cost compared to commonly employed room
temperature ILs. For the extraction experiments, powdered samples (one gram each)
were extracted with IL at a 6:1 solvent/solid ratio and 40 ◦C extraction temperature for
120 min. The agitation speed was 500 rpm. Note that samples were soaked for 30 min
prior to their extraction. The results revealed that [Bmim]Tf2N demonstrated the highest
extraction performance for oxypeucedanin hydrate and byakangelicin, 71.64% (872.996 μg))
and 71.38% (1074.78 μg)), respectively. Extraction yields of oxypeucedanin hydrate and
byakangelicin obtained from (Bmim)PF6 were, respectively, 56.48% (688.22 μg)) and 57.11%
(859.98 μg)) (Figure 2). Based on the principle “like dissolves like”, it was assumed that
target components were extracted with excellent yields in [Bmim]Tf2N because they pos-
sess similar polarity with [Bmim]Tf2N than with [Bmim]PF6. On the other hand, the
difference in viscosity between [Bmim]Tf2N and [Bmim]PF6 [46,47] was assumed to have
impacted the extraction abilities of these ILs. Scientists have suggested that an increase
in viscosity hinders the imbibement of the solvent into the plant tissues, which therefore
has a negative impact on the mass transfer of compounds [48,49]. In this regard, the
closeness of [Bmim]Tf2N polarity with that of the target components and its low viscosity
compared to [Bmim]PF6 were presumed as the driving forces leading to the improve-
ment of oxypeucedanin hydrate and byakangelicin extraction yields. Because [Bmim]Tf2N
showed the highest extraction efficiency for both target components, it was selected for
further experiments.
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Figure 2. Effect of ionic liquids (ILs) on the extraction of oxypeucedanin hydrate and byakangelicin.

2.2. Single Factor Experiments
2.2.1. Effect of the Solvent/Solid Ratio on the Extraction of Oxypeucedanin Hydrate and
Byakangelicin

The extraction process was carried out at 2:1, 4:1, 6:1, 8:1 and 10:1 solvent/solid ratios
to examine their effect on the extraction of oxypeucedanin hydrate and byakangelicin.
This was in the aim of improving the extraction of both compounds while preventing
incomplete extraction and waste of the solvent. Herein, the extraction temperature and
time were set as 40 ◦C and 120 min, respectively, and the agitation speed was 500 rpm.
Note that the samples were soaked for 30 min prior to their extraction. From the results,

233



Molecules 2021, 26, 830

the extraction of oxypeucedanin hydrate and byakangelicin increased with the increment
of the solvent/solid ratio. In addition, the most significant extraction of approximately 81%
was achieved when the ratio was 10:1 (Figure 3).
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Figure 3. Effect of solvent/solid ratio on the extraction of oxypeucedanin hydrate and byakangelicin.

2.2.2. Effect of Temperature on the Extraction of Oxypeucedanin Hydrate
and Byakangelicin

Temperature is one of several factors investigated during the extraction process as it is
known for either positively (by improving the extraction) or negatively (by causing the
degradation of heat-sensible components) impacting the extraction of active components.
In this regard, experiments were performed to investigate the impact of various extraction
temperatures (20 ◦C, 40 ◦C, 50 ◦C, 60 ◦C, and 70 ◦C) on the extraction of oxypeucedanin
hydrate and byakangelicin. The solvent/solid ratio was maintained at 10:1, the extraction
time at 120 min and the agitation speed at 500 rpm. Note that the samples were soaked for
30 min prior to their extraction. As shown in Figure 4, the extraction of oxypeucedanin
hydrate and byakangelicin greatly improved when the temperature increased from 20 ◦C
to 60 ◦C. At 60 ◦C, the extraction yields of oxypeucedanin hydrate and byakangelicin were
92.67% and 94.16%, respectively. Thus, 60 ◦C was selected for further experiments.
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Figure 4. Effect of temperature on the extraction of oxypeucedanin hydrate and byakangelicin.

2.2.3. Effect of Time on the Extraction of Oxypeucedanin Hydrate and Byakangelicin

The effect of time on the extraction of oxypeucedanin hydrate and byakangelicin was
studied for improving the extraction of both compounds while preventing incomplete
extraction and time-waste. The time parameter was varied as follows: 30, 60, 120, 180 and
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240 min. Other conditions were: extraction temperature 60 ◦C, solvent/solid ratio 10:1
and agitation speed 500 rpm. Note that the samples were soaked for 30 min prior to their
extraction. As depicted in Figure 5, the most notable extraction of two compounds was
observed when the extraction time was 180 min. At this time, the extraction efficiency of
oxypeucedanin hydrate and byakangelicin reached 94.64% and 95.29%, respectively.
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Figure 5. Effect of time on the extraction of oxypeucedanin hydrate and byakangelicin.

2.3. Statistical Optimization of the Extraction Conditions of Oxypeucedanin Hydrate
and Byakangelicin

For the statistical optimization of the extraction of oxypeucedanin hydrate and byakan-
gelicin from the roots of A. dahurica, three variables including solvent/solid ratio, extraction
temperature, and extraction time were optimized using RSM. The conditions for extraction
variables were established based on data obtained in Section 2.2 and are illustrated in
Tables 1 and 2 along with corresponding experimental data. X1 is a code for the extrac-
tion time variable, X2 is the extraction temperature variable and X3 is the solvent/solid
ratio variable.

Table 1. Three level factorials for optimization of oxypeucedanin hydrate and
byakangelicin extraction.

Levels
X1

Extraction Time
(min)

X2

Extraction
Temperature (◦C)

X3

Solvent/Solid Ratio
(mL·g−1)

Low level (−1) 60 40 6:1
Average (0) 120 50 9:1

High level (1) 180 60 12:1

The analysis of variance for response surface quadratic models is summarized in
Table 3. The p-values (p < 0.05) and the regression coefficient (R2 > 0.95) were used to as-
sess the significance of the model. The regression coefficients (R2 = 0.989 for oxypeucedanin
hydrate and R2 = 0.987 for byakangelicin) indicated that only 1.0% of the variations were
not explained by the model and that the model had high reliability (Table 3).
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Table 2. Box–Behnken design and response values for optimization of oxypeucedanin hydrate and byakangelicin extraction.

Run
X1

Extraction Time
(min)

X2

Extraction
Temperature (◦C)

X3

Solvent/Solid Ratio
(mL·g−1)

Extraction Yield of
Oxypeucedanin Hydrate

(%)

Extraction Yield
of Byakangelicin

(%)

1 120 50 9:1 87.55 88.54
2 120 50 9:1 88.01 89.07
3 180 60 9:1 100.20 101.19
4 180 50 6:1 90.74 89.56
5 120 60 12:1 97.88 99.06
6 60 50 6:1 77.21 77.94
7 120 50 9:1 86.36 90.87
8 120 60 6:1 88.64 85.59
9 60 50 12:1 85.82 88.09
10 180 40 9:1 91.86 92.22
11 60 60 9:1 82.10 89.66
12 180 50 12:1 100.23 100.65
13 120 40 6:1 79.74 77.89
14 60 40 9:1 74.35 76.43
15 120 40 12:1 90.41 90.09

Table 3. Variance analysis for the quadratic response surface regression model.

Degrees of
Freedom

Sum of
Squares

Mean
Square

F-Value p-Value R2 R2

Adjusted

Extraction yield of oxypeucedanin hydrate (%)

Model 9 828.83 92.09 49.90 0.00
X1 1 504.87 504.87 147.58 0.00
X2 1 131.72 131.725 71.37 0.00
X3 1 180.57 180.57 97.83 0.00
X1

2 1 1.16 0.67 0.36 0.57
X2

2 1 0.05 0.22 0.12 0.74 0.989 0.969
X3

2 1 9.66 9.66 5.23 0.07
X1 X2 1 0.09 0.09 0.05 0.83
X1 X3 1 0.19 0.19 0.10 0.76
X2 X3 1 0.51 0.51 0.28 0.62

Residual 5 9.23 1.85
Lack of fit 3 7.78 2.59 3.58 0.23
Pure error 2 1.45 0.724

Total 14 838.06

Extraction yield of byakangelicin (%)

Model 9 807.01 89.67 42.82 0.00
X1 1 331.42 331.42 158.25 0.00
X2 1 188.95 188.95 90.22 0.00
X3 1 275.08 275.08 131.35 0.00
X1 1 2.01 1.50 0.72 0.43
X2

2 1 0.12 0.26 0.12 0.74
X3

2 1 4.28 4.28 2.04 0.21 0.987 0.964
X1 X2 1 4.53 4.53 2.16 0.20
X1 X3 1 0.22 0.22 0.11 0.76
X2 X3 1 0.40 0.40 0.19 0.68

Residual 5 10.47 2.09
Lack of fit 3 7.48 2.49 1.67 0.40
Pure error 2 2.99 1.49

Total 14 817.48

As seen in Table 3, sole linear term coefficients X1, X2, and X3 were significant with
p-values inferior to 0.05. This confirmed that a linear model was adequate to represent
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our model. The “lack of fit”for p-values (p = 0.23 for oxypeucedanin hydrate and p = 0.40
for byakangelicin) and the “lack of fit” for F-values (F = 3.58 for oxypeucedanin hydrate
and F = 1.67 for byakangelicin) indicated that the model was significant and suitable for
obtaining optimum extraction of oxypeucedanin hydrate and byakangelicin (Table 3). The
second-order differential equations for obtaining oxypeucedanin hydrate and byakan-
gelicin are illustrated below.

Yield of oxypeucedanin hydrate = 87.3076 + 7.944X1 + 4.0578X2 + 4.7509X3 − 0.4253X1
2 + 0.2437X2

2

+ 1.6173X3
2 + 0.1489X1X2 + 0.2199X1X3 − 0.3581 X2X3

(1)

Yield of byakangelicin = 89.4976 + 6.4364X1 + 4.8599X2 + 5.8638X3 + 0.6384X1
2 − 0.2631X2

2 − 1.0769X3
2 −

1.0640X1X2 + 0.2363X1X3 − 0.3168X2X3
(2)

In Figure 6, the response surface plots indicating the interaction between param-
eters and their effects on the extraction of oxypeucedanin hydrate and byakangelicin
are displayed. The solvent/solid ratio of 8:1 at an extraction temperature of 60 ◦C for
180 min were the optimum conditions proposed by RSM to improve the extraction yields
of oxypeucedanin hydrate and byakangelicin up to 97.98% and 98.01%, respectively.
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Figure 6. Contour plots of extraction yields of oxypeucedanin hydrate and byakangelicin versus variables. (A) effect of
temperature and time on extraction yield of oxypeucedanin hydrate, (B) effect of temperature and time on extraction
yield of byakangelicin, (C) effect of solvent/solid ratio and time on extraction yield of oxypeucedanin hydrate, (D) effect
of solvent/solid ratio and time on extraction yield of byakangelicin, (E) effect of solvent/solid ratio and temperature
on extraction yield of oxypeucedanin hydrate and (F) effect of solvent/solid ratio and temperature on extraction yield
of byakangelicin.

2.4. Extraction of Oxypeucedanin Hydrate and Byakangelicin Using Optimal
Extraction Conditions

Samples were extracted under optimum extraction conditions proposed by RSM for
examining the precision and validity of the method. The proposed optimum conditions
were as follows: solvent/solid ratio 8:1, extraction temperature 60 ◦C and extraction time
180 min. The results predicted by RSM and the experimental results are depicted in
Table 4. As observed in Table 4, the experimental values agreed with the predicted values.
Accordingly, it is presumed that the RSM model is appropriate to estimate the extraction of
oxypeucedanin hydrate and byakangelicin from the roots of A. dahurica.

Table 4. Validation of the optimized extraction conditions.

Predicted Yield of
Oxypeucedanin Hydrate (%)

Observed Yield of
Oxypeucedanin Hydrate (%)

Predicted Yield of
Byakangelicin (%)

Observed Yield of
Byakangelicin (%)

Mean 97.99 98.06 98.01 99.52
Standard Deviation 2.37 0.96
Relative Standard

Deviation (%) 2.42 0.96
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2.5. Isolation of Oxypeucedanin Hydrate and Byakangelicin from the IL Solution Using
Back-Extraction

The back-extraction process was conducted for the isolation and enrichment of
oxypeucedanin hydrate and byakangelicin from the [Bmim]Tf2N extraction solution.
Preliminary investigation was conducted using deionized water (DIW) and hexane as
back-extraction solvents because of their capability to form a two-phase system with the
[Bmim]Tf2N. From the preliminary experiment, it was found out that DIW exhibited
promising isolation performance compared to hexane, as DIW showed high selectivity
in recovering oxypeucedanin hydrate and byakangelicin. However, using hexane as a
back-extraction solvent led to unsatisfactory results as several components present in the
[Bmim]Tf2N solution were simultaneously back-extracted in the hexane phase. This was
presumably due to the fact that most components of the [Bmim]Tf2N solution migrated to
the hexane phase as they were more highly soluble in hexane than in [Bmim]Tf2N.

Because DIW demonstrates promising outcomes, various aqueous solutions (DIW,
0.01 N NaOH, and 0.01 N HCl) were evaluated for improving the rate of recovery and
for the enrichment of target components in the final product. The initial amounts of
oxypeucedanin hydrate and byakangelicin in the [Bmim]Tf2N solution were 609.90 μg and
729.81 ug, respectively. The volume of [Bmim]Tf2N solution was 4 mL and the volume
of the back-extraction solvent was set as 30 mL (1:7.5 IL/back-extraction solvent). The
equilibration time was fixed for 4 h to allow complete phase-equilibration. From the results
(Table 5), when 0.01 NaOH was used as a back-extraction solvent, no target compound
could be recovered. However, when DIW and 0.01 N HCl were employed, oxypeucedanin
hydrate and byakangelicin could be recovered from the [Bmim]Tf2N extraction solution.
Nevertheless, the most outstanding performance was acquired when 0.01 N HCl was
utilized (Table 5).

Table 5. Recovery of oxypeucedanin hydrate and byakangelicin.

Back-Extraction
Solvent

Recovered Amount of
Oxypeucedanin Hydrate (μg)

Recovered Amount of
Byakangelicin (μg)

Yield of Oxypeucedanin
Hydrate (%)

Yield of
Byakangelicin (%)

DIW 332.15 300.50 54.46 41.18
0.01 N HCl 517.79 570.98 84.90 78.24
0.01 NaOH 0 0 0 0

In addition, various volumes (10, 20, 30, 40 and 50 mL) of 0.01 N HCl back-extraction
solvent were investigated to improve the rate of recovery of oxypeucedanin hydrate and
byakangelicin. The volume of [Bmim]Tf2N solution was maintained as 4 mL. Namely, the
ratios of IL to back-extraction solvent were as follows: 1:2.5, 1:5, 1:7.5, 1:10, and 1:12.5. The
initial amounts of oxypeucedanin hydrate and byakangelicin in the [Bmim]Tf2N solution,
the volume of [Bmim]Tf2N solution and the equilibration time were as above. As the
results, 40 mL (1:10 IL/back-extraction solvent) was the adequate volume of 0.01 N HCl
back-extraction solvent as it exhibited satisfactory recovery yields of both oxypeucedanin
hydrate and byakangelicin: 91.99% (561.06 μg) and 89.17% (650.76 μg), respetively (Table 6).
This result can be explained by the fact that, when using 0.01 N HCl as back-extraction
medium, ion exchange occurred between Cl and Tf2N anions because the interaction energy
between the Bmim cation and Cl anion is relatively greater than between the Bmim cation
and Tf2N [50]. However, due to the presence of a low concentration of Cl anion in the
formed system, it is assumed that both [Bmim]Tf2N and [Bmim]Cl coexisted in the IL phase.
The change in the IL solution composition is believed to have influenced the decrease in
oxypeucedanin hydrate and byakangelicin solubilities in the IL phase. Consequently, this
change has favorized their migration to the aqueous phase. Nevertheless, oxypeucedanin
hydrate and byakangelicin possessed inferior solubilities in the back-extraction solution.
Therefore, as observed in Table 6, their recovery amounts were enhanced with the increase
in the amount of the back-extraction solvent.
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Table 6. Recovery of oxypeucedanin hydrate and byakangelicin using distinct volumes of 0.01 N HCl.

Volume of
0.01 N HCl

(mL)

Recovered Amount of
Oxypeucedanin Hydrate (μg)

Recovered Amount of
Byakangelicin (μg)

Yield of Oxypeucedanin
Hydrate (%)

Yield of
Byakangelicin (%)

10 342.22 257.22 56.11 35.24
20 441.64 538.66 72.41 73.81
30 529.42 580.29 86.81 79.51
40 561.06 650.762 91.99 89.17
50 541.69 660.012 89.47 90.44

Several laboratory (researching) experiments are carried out at small-scale using small
volume sizes of materials. However, the moving of promising experiments from small-
scale to large-scale is challenging and sometimes unsuccessful due to some limitations
encountered. Therefore, in this study, the back-extraction experiment was carried out at a
larger scale to confirm whether the results agreed with data obtained at small-scale. The
contents (purities) of oxypeucedanin hydrate and byakangelicin in the final product were
investigated as well. The initial amounts of oxypeucedanin hydrate and byakangelicin in
the [Bmim]Tf2N solution were 5930.02 and 7370.23 μg, respectively. The volume of the back-
extraction solvent was 400 mL (1:10 IL/back-extraction solvent), and the equilibration time
was fixed for 4 h. As illustrated in Table 7, both oxypeucedanin hydrate and byakangelicin
were obtained in satisfactory yield (approximately 90%), and these results agreed with
data obtained from small-scale experiments (Table 6). Moreover, the total purity of both
components exceeded 80% in the final product, namely, 36.99% oxypeucedanin hydrate
and 45.12% byakangelicin.

Table 7. Contents of oxypeucedanin hydrate and byakangelicin in the product.

Recovered Amount (μg) Yield (%) Content (%)

Total extract 14,456.80 - -
Oxypeucedanin hydrate 5347.09 90.17 36.99

Byakangelicin 6523.39 88.51 45.12

From this experiment, the enrichment of both oxypeucedanin hydrate and byakan-
gelicin, two minor coumarins of the roots of A. dahurica, was achieved in a short period
and few steps. This is assumed to considerably reduce the time and effort needed for the
separation of these two components. HPLC chromatograms of oxypeucedanin hydrate
and byakangelicin standards, [Bmim]Tf2N extraction solution and product are illustrated
in Figure 7.

2.6. Comparison of the Extraction and Separation Method of Oxypeucedanin Hydrate
and Byakangelicin

The roots of A. dahurica were extracted with DIW and 50 and 95% ethanol to compare
the ability of these frequently employed extraction solvents with that of IL. These solvents
were specifically extracting oxypeucedanin hydrate and byakangelicin. Experiments were
performed at the same extraction conditions (solvent/solid ratio 8:1, extraction temperature
60 ◦C and extraction time 180 min) proposed by RSM when IL was employed as the
extraction solvent. The results are illustrated in Table 8. As observed, at the same extraction
conditions, the IL [Bmim]Tf2N exhibited the highest extraction ability for oxypeucedanin
hydrate (98.06%) and byakangelicin (99.52%) compared to other solvents (Table 8).
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Table 8. Comparison of the extraction ability of different solvents.

Extraction Solvent
Amount of Oxypeucedanin

Hydrate (μg)
Amount of

Byakangelicin (μg)
Extraction Yield of

Oxypeucedanin Hydrate (%)
Extraction Yield of
Byakangelicin (%)

DIW 462.42 625.01 37.90 41.39
50% ethanol 885.39 782.64 72.57 51.83
95% ethanol 946.18 1288.83 77.56 85.35
[Bmim]Tf2N 1194.89 1498.55 98.06 99.52

In addition, efficient, facile and rapid isolation and enrichment techniques of
oxypeucedanin hydrate and byakangelicin from A. dahurica using the above-mentioned sol-
vents have yet been unreported in the literature. This is assumed to be because of the labo-
rious and exhausting separation techniques of active components from plant raw materials.
More importantly, this requires expensive equipment and/or repetitive chromatography.
Moreover, the process is demanding, especially when it comes to the separation of minor
compounds such as oxypeucedanin hydrate and byakangelicin. However, a facile and
rapid method for the separation (enrichment) of minor coumarins, oxypeucedanin hydrate
and byakangelicin, from A. dahurica using IL as the extraction solvent was successfully
achieved. The process was completed in few steps and within record time compared
to traditional techniques that require repetitive chromatography. The novel developed
approach is believed to considerably reduce the steps and time required for the isolation
of oxypeucedanin hydrate and byakangelicin from the roots of A. dahurica. Therefore, the
developed approach is assumed to overcome the drawbacks of traditional methods by
preventing time wasting and by lessening labor cost.

Figure 7. Cont.
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Figure 7. HPLC chromatograms of (A) oxypeucedanin hydrate standard, (B) byakangelicin standard, (C) [Bmim]Tf2N
extraction solution and (D) product. (254 nm).

3. Materials and Methods

3.1. Reagents and Materials

A. dahurica was purchased from an oriental herbal medicine market in Seoul, Ko-
rea, in 2019. Authentication of the plant material was conducted by one of the authors,
Professor Kiwon Jung (College of Pharmacy, CHA University, Pocheon-si, Korea). More-
over, voucher specimen (HPC-AR01) was archived in the Herbarium of the College of
Pharmacy, CHA University. Oxypeucedanin hydrate and byakangelicin standards (HPLC
purity > 95%) were directly isolated from A. dahurica. From A-star Co., Ltd. (Ulsan, Korea),
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide [Bmim]Tf2N and 1-Butyl-
3-methylimidazolium hexafluorophosphate [Bmim]PF6 ILs were purchased. HPLC grade
deionized water (DIW) and acetonitrile and analytical grade ethanol (purity > 98%), hexane
and hydrochloric acid were all purchased from Daejung Chemicals (Siheung-si, Korea).

3.2. Methods
3.2.1. Extraction Procedure and Quantitative Evaluation of Oxypeucedanin Hydrate and
Byakangelicin in the IL Extraction Solutions

Samples of one gram (1.0 g) of grounded A. dahurica roots were mixed with known
volumes of two hydrophobic ILs, [Bmim]Tf2N and [Bmim]PF6, and soaked for 30 min at
constant rotational speed (500 rpm). The samples were then extracted on a hot plate at
40 ◦C for 120 min. The purpose was to evaluate the extraction ability of two ILs on the
extraction of oxypeucedanin hydrate and byakangelicin, thus selecting the promising IL for
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further experiments. After selecting the relevant IL, experiments were carried out on the
selected IL. Then, the solid/solvent ratio, extraction temperature and time were cautiously
investigated, and RSM employing Box–Behnken design was performed to optimize the
extraction yields of target compounds. Minitab 16 was the software. After each extraction,
samples were vacuum-filtered through 0.45 μm membrane filters and 50 μL of each filtrate
was diluted with acetonitrile to make 1 mL solution. Prepared sample solutions were
filtered onto 0.45 μm nylon membranes and then analyzed by HPLC to determine the
extraction yield. All experiments were conducted in duplicate and average values were
reported. The following equation was employed to determine the extraction efficiency:

Extraction yield (%) =
M1(W)

M (W)
× 100 (3)

where M1 is the content of target compound in the extract, M is the content of the target
compound in the plant material and W is the code for weight.

3.2.2. High-Performance Liquid Chromatography (HPLC) Analysis

HPLC measurements were performed on an Agilent 1260 Infinity II LC system
(CA, USA) equipped with a G7111A quaternary gradient pump, a G7129C autosampler
and a G7115A UV-detector. Compounds were separated in an Aegispak C18-L (5 μm,
4.6 mm × 250 mm, YoungJin Biochrom, Seongnam-si, Korea) analytical column at a flow
rate of 1.0 mL/min and a column temperature of 30 ◦C. The injection volume was 10 μL
and the UV detection wavelength was set at 254 nm. The mobile phases consisted of 0.1%
phosphoric acid-water (A) and acetonitrile (B). The time program of the gradient elution of
acetonitrile was as following: 25–30% (0–18 min), 30–70% (18–20 min), 70% (20–28 min),
then followed by a return to the initial conditions 70–25% (28–29 min) and kept 6 min
(29–35 min) for the column equilibrium.

The chromatographic plots for oxypeucedanin hydrate and byakangelicin constructed
on three consecutive runs showed good linearities (correlation coefficient, R2 = 0.999)
within the investigated range (2.5 ug–60 μg·mL−1). Y = 33.18x − 29.51 was the regression
equation for oxypeucedanin hydrate while Y = 18.79x − 5.76 was the regression equation
for determining byakangelicin. The method also showed good accuracies (mean recoveries:
97.85% and 99.28%) and precisions (RSD%: 3.63 and 2.67) for both oxypeucedanin hydrate
and byakangelicin, respectively. As follows, the above HPLC method was confirmed
adequate for the quantitative determination of oxypeucedanin hydrate and byakangelicin
in further analyses.

3.2.3. Quantitative Evaluation of Oxypeucedanin Hydrate and Byakangelicin

The purpose of this experiment was to determine the total amount of oxypeucedanin
hydrate and byakangelicin in the roots of A. dahurica. Herein, three different samples of one
gram each were extracted with 50 mL of 95% ethanol at room temperature. The extraction
process was repeated until oxypeucedanin hydrate and byakangelicin were undetected
anymore in the extraction solution. Afterwards, extraction solutions of each sample were
separately collected, concentrated under reduced pressure, and further analyzed by HPLC.
The average amounts of oxypeucedanin hydrate and byakangelicin in the extract were
1218.50 μg (0.12% in the raw material) and 1505.75 μg (0.15% in the raw material), respec-
tively. The above contents were considered as reference amounts of oxypeucedanin hydrate
and byakangelicin in the roots of A. dahurica and were used for comparative studies.

3.2.4. Isolation of Oxypeucedanin Hydrate and Byakangelicin from the IL
Extraction Solution

The isolation (recovery) of two minor coumarins, oxypeucedanin hydrate and byakan-
gelicin, from the IL extraction solution was performed using the back-extraction method.
DIW and hexane were selected for this purpose because of their unique characteristic to
form a two-phase system with the employed IL. The ability of each solvent for recovering
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oxypeucedanin hydrate and byakangelicin from the IL extraction solution was investi-
gated. The separation process was conducted in a separation funnel by adding a known
amount of back-extraction solvent and IL extraction solution to the funnel. The funnel was
vigorously shaken and then the system was maintained to equilibrate at room temperature.
After equilibration, the upper phase was separated from the lower phase. Subsequently,
the upper phase was concentrated using rotary evaporator and then dried in vacuum
overnight. Moreover, obtained extracts were analyzed by HPLC to determine the rate of
recovery of target components. Further, the procedure was optimized to improve the rate
of recovery and the contents (purity) of oxypeucedanin hydrate and byakangelicin in the
final product. The following equations were utilized to measure the rate of recovery and
the contents of both components in the product:

Recovery (%) =
M2(W)

M1 (W)
× 100 (4)

Content (%) =
M2(W)

M4 (W)
× 100 (5)

where M1, M, and W are the same as in Equation (3). M2 is the content of target compound
in the product and M4 represents the total amount of the product.

3.2.5. Structural Identification

Solution-state 1H-NMR and 13C-NMR analyses were performed, respectively, in
CDCl3 on 800 MHz and 200 MHz NMR spectrometers (Advance, Bruker, Billerica, MA,
USA). Precisely, these analyses confirmed the chemical structures of oxypeucedanin hydrate
and byakangelicin reference standards isolated from the A. dahurica. Obtained data were
compared with those reported in the literature [51].

Oxypeucedanin hydrate 1H-NMR and 13C-NMR spectra were identical with those
reported in the literature [51]. 1H-NMR (CDCl3, 800 MHz) δ 8.14 (d, J = 9.7 Hz, 1H), 7.58 (d,
J = 2.3 Hz, 1H), 7.13 (s, 1H), 6.97 (dd, J = 2.3, 0.8 Hz, 1H), 6.25 (d, J = 9.7 Hz, 1H), 4.52 (dd,
mboxemphJ = 9.7, 2.9 Hz, 1H), 4.42 (dd, J = 9.7, 7.9 Hz, 1H), 3.89 (dd, J = 7.8, 2.8 Hz, 1H)
2.94 (bs, 1H), 2.24 (bs, 1H), 1.34 (s, 3H), 1.29 (s, 3H); 13C-NMR (CDCl3, 200 MHz) δ 161.1,
158.1, 152.5, 148.5, 145.3, 139.0, 114.2, 113.0, 107.3, 104.7, 94.8, 76.5, 74.4, 71.6, 26.7, 25.1.

Byakangelicin 1H-NMR and 13C-NMR spectra were identical with those reported in
the literature [51]. 1H-NMR (CDCl3, 800 MHz) δ 8.10 (d, J = 9.8 Hz, 1H), 7.62 (d, J = 2.3 Hz,
1H), 7.00 (d, J = 2.3 Hz, 1H), 6.27 (d, J = 9.8 Hz, 1H), 4.58 (dd, J = 10.2, 2.6 Hz, 1H), 4.25 (dd,
J = 10.2, 7.9 Hz, 1H), 4.17 (s, 3H), 3.81 (dd, J = 7.9, 2.6 Hz, 1H), 1.30 (s, 3H), 1.26 (s, 3H);
13C-NMR (CDCl3, 200 MHz) δ 160.1, 150.2, 145.2, 144.9, 144.0, 139.4, 126.8, 114.5, 112.9,
107.5, 105.3, 76.1, 75.9, 71.5, 60.7, 26.7, 25.0.

4. Conclusions

In this study, a methodology for the enrichment of oxypeucedanin hydrate and byakan-
gelicin from A. dahurica has been successfully developed. Herein, IL was the extraction
solvent and the back-extraction method was used for both components from the IL solution.
Several conditions were studied and optimized. Under optimum separation conditions, the
developed approach demonstrated satisfactory extraction efficiency, recovery and enrich-
ment of both components. The extraction and recovery yields were, respectively, 98.06%
and 91.99% for oxypeucedanin hydrate, and 99.52% and 89.17% for byakangelicin. The
contents of oxypeucedanin hydrate and byakangelicin were 36.99% and 45.12%, respec-
tively. Namely, the total content of both components reached up to 80% in the product.
Generally, the separation of minor compounds from plant raw materials is a tedious and
time-consuming task which entails repetitive chromatographic experiments. However,
employing the proposed method, the enrichment of minor coumarins, oxypeucedanin
hydrate and byakangelicin, from A. dahurica was achieved in few steps. The novel de-
veloped approach considerably reduces the steps and time for isolating oxypeucedanin
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hydrate and byakangelicin from the roots of A. dahurica. Therefore, this approach alleviates
the drawbacks of traditional methods. This study also proved the potentiality of IL as an
effective solvent for the separation of bioactive components from plant materials. The facile
and high accessibility to minor active components is assumed to boost research related to
these compounds. Consequently, this inevitably increases their potential application as
lead compounds and/or drug candidates in the pharmaceutical industry.
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Abstract: The Annonaceae fruits weevil (Optatus palmaris) causes high losses to the soursop produc-
tion in Mexico. Damage occurs when larvae and adults feed on the fruits; however, there is limited
research about control strategies against this pest. However, pheromones provide a high potential
management scheme for this curculio. Thus, this research characterized the behavior and volatile pro-
duction of O. palmaris in response to their feeding habits. Olfactometry assays established preference
by weevils to volatiles produced by feeding males and soursop. The behavior observed suggests the
presence of an aggregation pheromone and a kairomone. Subsequently, insect volatiles sampled by
solid-phase microextraction and dynamic headspace detected a unique compound on feeding males
increased especially when feeding. Feeding-starvation experiments showed an averaged fifteen-fold
increase in the concentration of a monoterpenoid on males feeding on soursop, and a decrease of the
release of this compound males stop feeding. GC-MS analysis of volatiles identified this compound
as α-terpineol. Further olfactometry assays using α-terpineol and soursop, demonstrated that this
combination is double attractive to Annonaceae weevils than only soursop volatiles. The results
showed a complementation effect between α-terpineol and soursop volatiles. Thus, α-terpineol is the
aggregation pheromone of O. palmaris, and its concentration is enhanced by host-plant volatiles.

Keywords: terpenoid; signaling; chemical cue; kairomone; potentiation

1. Introduction

Most of the members of the Curculionidae family, except for Platypodinae and Scolyti-
nae, are called weevils. This term comes from their characteristic long snouts and capitate
antennae with small clubs [1]. When not in use, the antennae are stored in grooved cav-
ities along the snout. As mentioned, these insects possess a long rostrum (snout) with
mouthparts at the end of it. [1,2]. Their distinctive snout allows feeding on various plant
organs like roots, stems, leaves, flowers, and fruits [1]. Because of the damage caused to
diverse plant species, several weevils are considered economically important agronomic
pests [1,3–5]. In addition to damage from their feeding behavior, female weevils could
oviposit in holes left after feasting on the fruits; thus, new-offspring will feed on the fruit
mesocarp and seeds, causing their detachment [6].

In Mexico, several curculios such as Scyphophorus acupunctatus, Rhynchophorus palmarum,
Anthonomus eugenii, and Anthonomus grandis are considered principal crop pests, and they
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have been extensively studied; these insects attack agave, coconut palm, chili pepper, and
cotton plants, respectively [7–10]. Weevil pests also attack soursop (Annona muricata L.), another
important Mexican agronomic product. Mexico is the biggest soursop producer worldwide [11,
12]; however, the Annonaceae fruits weevil (Optatus palmaris Pascoe) causes significant losses
in this crop. This weevil feeds on young leaf buds and flowers, causing detachment from the
tree [6]. Annonaceae fruits weevils also feed on fruits, preferring ripe fruits if available, causing
external damage to up to ca. 40% of the fruit surface. Additionally, larvae instar feed from the
inside of the fruit, destroying the mesocarp and the seeds of the soursop [6]. The weevil attack
can also cause detachment of small fruits from the tree [6,13,14].

The life cycle of the Annonaceae fruits weevil last around 215 days; five days as egg,
73 days as larva, 25 days as pupa, and 112 days as an adult. In Mexico, their activity
period is reported to be between 8:30 h and 23:00 h for adult specimens [15]. However,
another report mentioned that the activity period of this weevil is restricted between
10:00 h and 18:00 h in the field [16]. The presence of adults in the field starts with the
beginning of the rainy season (August–November). Once in the field, the adults feed and
copulate on ripening soursop fruits, especially close to their harvest point. It is common
to find up to 30 adults per fruit or even more depending in the size of the fruit. On the
other hand, when they are present in leaf buds and flowers, usually only one specimen
is found in those organs. When not copulating, the females mainly dedicate to feed and
oviposit. Conversely, the males go to the treetop to rest and feed on young leaf buds and
flowers before copulating and feeding on soursop fruits again [15]. Other Annonaceae
fruits weevils’ alternative host-plants are reported to be cherimoya (Annona cherimola Mill),
ilama (Annona macroprophyllata Donn. Sm.), and custard apple (Annona reticulata L.) [17].

Due to its recent detection and fast spread, research on the Annonaceae fruits weevil
control is limited to some insecticides rotating use [18]. However, this strategy is not
enough to fully control the weevil population level and, thus, the damage caused by them.
Typically, effective monitoring and control of weevils include the use of insect traps baited
with their aggregation pheromones [19]. The use of semiochemicals could potentially
handle or even fully control Annonaceae fruits weevil infestations. However, research
about pheromones or kairomone does not exist for this insect species.

Therefore, the feeding behavior of males and females of the anonacea weevil was
characterized. The characterization consisted of behavioral assays carried out by olfac-
tometry. Subsequently, chemical analyzes were carried out to identify candidate volatiles
functioning as chemical cues. We expected results to provide insight on volatiles mediation
of the feeding behavior of the Annonaceae fruits weevil adults. Moreover, the obtained
data may serve as the basis for establishing volatile-based management of this pest.

2. Results

The Annonaceae fruits weevil has a long-life cycle, and an artificial diet for its rearing
is lacking. Therefore, this research employed wild insects. On the first experimental stage,
olfactory two-choice preference experiments were carried out in males and females. Before
starting any odor testing, the air in both olfactometer arms was used to check no specific
selection by male or female weevils existed. In general, only 6–13% (1 to 2 weevils out of 15)
chose an olfactometer arm; the rest showed no response to air stimulus. Similar results
were observed for the carrier solvent (hexane) evaporation tests. These selection trials
indicated no position, light, or remnant volatile or solvent effects over the behavior of the
tested weevils. After the blank test, different odor sources vs. air were used as preference
tests separately in male and female weevils. Treatments included pieces of soursop, only
non-feeding males, only non-feeding females, males feeding on soursop (feeding males),
and females feeding on soursop (feeding females). Results showed that feeding males
produced the most attractive aroma for male weevils with 94.99% selection (F4,15 = 11.77,
p < 0.001). On the other hand, the preference of males towards soursop and feeding females
showed non-significant statistical differences (F4,15 = 11.77, p < 0.001) among treatments
(Figure 1). Conversely, females’ preference towards feeding males, soursop, and feeding-
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female volatiles showed non-significant statistical differences among them. That is, female
weevils did not display a specific behavior for each tested volatile source. Finally, both
males and females showed less preference by volatile emitted by non-feeding females
(F4,15 = 11.77, p < 0.001; F4,15 = 26.44, p < 0.0001, respectively).

Based on this information, in a second experimental stage, both males’ and females’
preference to soursop volatiles was challenged against volatiles from feeding males and
females. Moreover, both sexes’ preference to volatiles simultaneously emitted by feeding
males and feeding females from two different emission arms was tested. Finally, the prefer-
ence for non-feeding males and non-feeding females was evaluated too. The preference
of aroma of feeding males was highly significant (G = 22.64, p < 0.0001 by males and
G = 48.50, p < 0.0001 by females) by both sexes (Figure 1). Females displayed marked
preference to the treatments containing male volatiles, especially to those of feeding males.
Even so, males did not display significantly differentiated preference when both feeding
females and feeding males are simultaneously tested (G = 0.99, p = 0.31) (Figure 1). Thus,
the higher preference for feeding males and soursop aromas observed in the first and
second olfactometry assays demonstrated the presence of an aggregation pheromone and a
kairomone which could parallel mediate the feeding behavior of the Annonaceae fruits
weevil. All of the non-responding insect values in each experimental set did not show
significant differences when analyzed by an ANOVA test. This might mean that the no
response behavior of some weevils are related to some intrinsic biological factors of each
insect rather than the strength of the response evoked by every odor source (Figure 1).

Based on these results, volatiles emitted by soursop, only males, only females, and
feeding females were used as background chromatograms to scrutinize volatiles specifically
produced when males feed on soursop, which could potentially function as aggregation
pheromone. The volatile fractions were trapped by solid phase microextraction (SPME)
and dynamic headspace (DH). Comparing the GC-MS profiles of all of the samples showed
the presence of a chromatographic peak exclusively found in males at 10.34 min (Figure 2).
Remarkably, this peak area increased from five to fifty times in some individual cases
and resulted in a 15-fold average increment of the content of this compound when males
fed on soursop (Figure 2). The chromatographic peak was identified as α-terpineol [2-(4-
methylcyclohex-3-en-1-yl)propan-2-ol] by matching its spectrum (95%) with that of the
NIST library.

Compound identification was also supported by the interpretation of mass losses
when looking at the mass spectrum of such metabolite. The main m/z values were 139,
136, 121, 93, 81, 67, and 59. Based on these values, a total loss of the parent and molecular
ions was determined. Furthermore, the m/z 139 corresponded to M-15, which is explained
by the loss of a methyl group from the molecule. The m/z 136 corresponded to M-18
explained by a water molecule loss typical in alcohols, in this case, α-terpineol. This fact
was also supported by m/z 121 (M-33), which indicated the loss of a methyl group and a
water molecule typical in alcohols with a methyl group in its chain aliphatic side. The m/z
93 indicated the formation of a C7H9

+ ion which is a typical mass for terpenoids [20,21].
The m/z 81 was explained by the loss of C4OH10

+, potentially followed by a Mclafferty
rearrangement. The m/z 69 value was also explained by the loss of all radicals bounded to
the cyclohexene ring of α-terpineol, followed by its rupture through a retro Diels–Alder
reaction. The base peak corresponded to m/z 59, representing a C3H7O+ fragment, which
is also a typical mass for alcohols [21] (Figure 3a). Finally, the chromatographic peak’s
retention time and mass spectrum were compared with those of a standard compound
(Figure 3b).
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Figure 1. Olfactory preference of males and females of Optatus palmaris to different odors as single or double stimulus
sources. (a-I), male preferences to single stimulus source vs. air. (a-II), male preference when two odor source are challenged
against each other. (a-III), male preference to one stimulus source involving α-terpineol against air. (a-IV), male preference
to soursop challenged against soursop supplemented with α-terpineol. Data represent the selection percentage of males to
an odor stimulus (n = 4). Horizontal black bars indicate standard error values. Treatments with the same letters are not
significantly different in a (a-I) Tukey test (p < 0.05), (a-II) G-test (G < 0.05), *** < 0.0001, (a-III) Tukey test (p < 0.05), and
(a-IV) G-test (G < 0.05), *** < 0.0001. (b-I), female preferences to single stimulus source vs. air. (b-II), female preference
when two odor source are challenged against each other. (b-III), female preference to one stimulus source involving
α-terpineol against air. (b-IV), female preference to soursop challenged against soursop supplemented with α-terpineol.
Data represent the selection percentage of males to an odor stimulus (n = 4). Horizontal black bars indicate standard error
values. Treatments with the same letters are not significantly different in a (b-I) Kruskal–Wallis/Bonferroni test (p < 0.05),
(b-II) G-test (G < 0.05), ** < 0.001, *** < 0.0001, (b-III) Kruskal-Wallis/Bonferroni test (p < 0.05), and (b-IV) G-test (G < 0.05),
*** < 0.0001. The statistical analysis was performed separately for males’ and females’ data. White bars represent average
values (n = 4) of non-responding insects registered in each preference test. Horizontal black bars indicate standard error
values. The non-responding insect values were compared for the first three sections (I, II, and III) with an ANOVA test.
There were no statistical differences among non-responding insect values in any set of experiments analyzed (p > 0.05).
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Figure 2. Gas chromatography-mass spectrometry profiles of volatile blends produced by different odor sources.
(a), soursop, (b), insect females feeding on soursop, (c), non-feeding males, and (d), males feeding on soursop. * indicates
the presence of an exclusive peak at 10. 34 min found in males and increased when males feed on soursop.

Figure 3. Gas-chromatography-mass spectrometry identification of α-terpineol (a), mass spectrum obtained from a
chromatographic peak of the volatile blend produced by males feeding on soursop. The matching factor with the library
spectrum (NIST 2014) of this metabolite was 95%. (b), Retention time comparison between chromatographic peaks
of a standard compound (upper chromatogram) and a volatile blend produced by males feeding on soursop (lower
chromatogram).

To further correlate the release of α-terpineol with the feeding behavior of the An-
nonaceae fruits male weevils, its concentration in the headspace was quantified. Thus,
matrix recovering effects were determined in order to achieve proper quantitative data.
Briefly, some paper disks were loaded with a known concentration of the volatile, then
trapped, extracted and quantified. Moreover, the same process was performed with Tenax®

cartridges directly loaded with the same compound. The average α-terpineol content of
the filter paper extracts was 14.89 ± 2.61 ng/μL, and 14.29 ± 3.18 ng/μL for the cartridges
directly loaded with the same amount of α-terpineol. There were no significant differences
between these values (t > 0.05). Thus, the matrix recovering effect experiments showed
that all of the α-terpineol originally loaded in the disks filter papers (18 μg) released to the
headspace and moved into the cartridge. However, the concentration of the filter papers ex-
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tracts (14.89 ± 2.61 ng/μL) and its total extract volume (350 μL), indicate that only 5.21 μg
of α-terpineol were recovered from the cartridge under the used elution conditions. That
is, 71% of the total amount of this metabolite is kept in the dynamic headspace cartridge.
Thus, every initial quantification value was compensated with 71% of its mass.

Subsequently, a set of reversal feeding experiments (feeding-starvation) were per-
formed. Briefly, the production of α-terpineol was determined in males initially feeding on
soursop. After 48 h, the food was removed and the α-terpineol production was quantified
again. The same experiment was simultaneously performed with males without food
and fed with soursop after 48 h. These experiments allowed to characterize the release
of α-terpineol in response to the feeding habits of the Annonaceae fruits male weevils.
Interestingly, as previously observed, the release of α-terpineol was higher in the initial
feeding-males. On the other hand, the non-feeding insects increased this volatile produc-
tion when fed and, conversely, the initial feeding males reduced their α-terpineol release
when food was removed. Regardless of the total amount of this compound produced
by non-feeding males fed after a starvation period, the release of this volatile increased
87 ± 3.87% in all the experiments (Figure 4). The same decrease ratio was observed when
food was removed from initial feeding males (Figure 4).

 
Figure 4. Representative chromatograms of the feeding and starvation effects over the α-terpineol
release by Optatus palmaris. (a), Increase of the production of α-terpineol after O. palmaris males feed
on soursop. (b), Decrease of the production of α-terpineol after O. palmaris males stopped feeding
on soursop.

Considering the total amount of males (40) used in the bioassays to get the averaged α-
terpineol content in the headspace, a release rate of 1.83 ± 0.36 ng per 40 males per second
was determined. When considering the production per one equivalent male, a release
ratio of 0.05 ± 0.01 ng per equivalent male per second was determined. Thus, solutions
ranging between 0.5 and 10 ng/μL and 100 ng/μL were tested in two-choice olfactometry
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experiments. The range 0.5–2 ng/μL showed no clear selection pattern neither by male
nor female weevils. The range 3–5 ng/μL showed attraction to both male and female
weevils. Above these concentrations, a repellent effect took place for both sexes, especially
at 100 ng/μL. Because of this, all following preferences experiments with this metabolite
used solutions at 4 ng/μL. Intriguingly this volatile compound showed only 56.66% and
60% of attraction to males and females, respectively. Therefore, even if all evidence showed
this volatile as a metabolite related to the feeding behavior of the Annonaceae fruits weevil,
its not-very-high attractiveness indicates rather the presence of other possible volatile
compounds potentiating its attraction effects. This volatile compound(s) could be produced
either by the insect or by its host-plant. However, the chromatographic scrutiny of the
analyzed samples did not show any other potential compound working as a secondary
component of the aggregation pheromone of the Annonaceae fruits weevil. Thus, the
whole volatile bouquet of soursop was supplemented with 4 ng/μL of α-terpineol, which
simulated the effect of feeding males on this fruit. The combination of the soursop volatiles
and this metabolite resulted in the increased attraction of males (83.33%) and females
(88.33%) to this odor source. Moreover, these values are comparable to those obtained
from feeding males showing non-significant statistical differences between them (p > 0.05)
(Figure 1). Furthermore, when the aroma of soursop and soursop supplemented with
α-terpineol were challenged against each other, the latter was at least two times more
attractive to both male (74.99%) and female weevils (71.66%) (Figure 1).

The GC-MS analysis of the volatiles fraction trapped by dynamic headspace and
solid phase microextraction from soursop fruits, detected more than 200 chromatographic
peaks. Unfortunately, just few of them showed a roughly good identification match with
the NIST library (>75%). A total of 16 compounds were identified including mono- and
sesquiterpenoids, aldehydes, fatty acids, a ketone, and an alcohol. Nonetheless, only three
compounds, D-limonene, β-caryophyllene, and nonanal were annotated by comparison
with standard compounds (Supplementary Table S1).

3. Discussion

In nature, chemical messengers constitute the language of intra- and inter-kingdom
communication [22]. Several of these chemical cues possess a volatile character, producing
physiological or behavioral responses in the receptor organism [23]. Volatiles that determine
intraspecific interactions are labeled pheromones. Depending on the behavioral outcome,
they can be categorized as sexual, aggregation, alarm, attack, or epideictic pheromones,
among others [24]. Currently, these volatile compounds, when used in combination with
traps, efficiently and effectively detect, monitor, and control insect pests [25].

In an era where resistance to conventional control strategies and chemicals by microbes
and insects increases continuously, alternatives become essential to ensure food safety.
There are several successful cases of control in this context, especially in lepidopterans
and curculios insects, with semiochemicals [9,26]. In this research, volatile compounds
mediating the feeding behavior of the Annonaceae fruits weevil (Optatus palmaris) were
scrutinized for their potential use in managing this insect pest. The first experimental
stage showed high preference by male and female weevils to the aroma of soursop and
males feeding on this fruit. Our research showed weevils use soursop volatiles to find
food based on the attraction to soursop aroma; this behavior resembles behavior caused by
kairomone odor [27]. However, host-plant volatile compounds are not the only cue used
for food or mate location, as observed in some weevil species. For example, male-produced
aggregation pheromones cause attraction and grouping of males and females of the same
species to the food source for feeding and mating [19]. The same behavior was recorded in
the olfactometry assays as feeding males stimulated higher aroma preference, particularly
by male weevils, compared to any other odor source (Figure 1). Lower preference for
feeding females further corroborated the results. The weevil attraction to this treatment
could result from soursop volatiles only, as showed by the comparison of attraction values
of feeding females and soursop tested against air (Figure 1). In the case of females, even
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if non-significant differences were observed between preferences by feeding males or
only soursop volatiles, attraction to feeding males showed a trend to be more preferred.
However, the observed values also indicated females possess high host volatiles usage to
locate food. In this regard, it has been reported that female weevils locate their host-plant
using various volatile cues, including kairomone and aggregation pheromones [28,29].

The observed insect behavior suggested the convenience of volatile chemical analysis.
In several weevil species, aggregation pheromones are molecules containing ten carbons
or less [7–9]. Because of this, solid-phase microextraction (SPME) polydimethylsiloxane
(PDMS) and a carboxen/divinylbenzene in PDMS fibers were chosen to capture volatiles
in the 40–275 g/mol range. Dynamic headspace (DH) experiments complemented the
SPME data. The chromatographic analyses of all volatile fractions provided one distinctive
chromatographic peak, highly amplified only in feeding males. That is, a low-concentration
metabolite produced by groups of non-feeding males averaged a 15-fold increase when
males fed on soursop. This metabolite was identified as α-terpineol, a common plant
monoterpenoid.

It has been reported that some insects can hijack host-plant metabolites for direct or
indirect defense or communication molecules [30]. However, GC-MS analyses did not
detect α-terpineol (limit of detection = 2.10 ng/μL), in the volatile makeup of soursop.
The production of this metabolite by the soursop fruits after damage caused by feeding
of the weevils was discarded as the chromatographic profiles of the females feeding on
soursop also did not show α-terpineol. Therefore, de novo synthesis by the Annonaceae
fruits weevil must occur. Compared to the thousands of terpenoids detected in plants,
these metabolites are found only in nine orders of insects [31]. Thus, the total amount
of insect-produced terpenoids represent less than 1% of all terpenes found in nature [32].
Coleoptera to which the anonacea weevil belongs is one of these nine orders capable of
synthesizing de novo terpenoids [31]. Specific examples of insects producing terpenoids as
aggregation pheromones components in the Curculionidae family are Anthonomus eugenii,
Anthonomus musculus, Anthonomus rubi, and Anthonomus grandis [33–35]; these insects
attack chili pepper, cranberry, strawberry flowers, and cotton bolls, respectively. Their
aggregation pheromones contain terpenoids such as geranic acid, geraniol, grandlure II, III,
IV, and lavandulol [33–35]. Furthermore, Curculio caryae uses some of these compounds at
varying ratios, as aggregation pheromone [36]. To our knowledge, α-terpineol is present
only in the cerambycid beetle Megacyllene caryae as one of the seven components of its
aggregation pheromone [37,38]. Hence, this is the first report α-terpineol is potentially
produced as a unique aggregation pheromone component in the Curculionidae family.

Additionally, a set of reverse feeding experiments showed an increased-decreased re-
lease relationship of α-terpineol with the feeding behavior of the Annonaceae fruits weevil.
These results further supported this metabolite acts as an aggregation pheromone [19,39,40]
(Figure 4). Moreover, during insect collections, observations in the field also confirmed
that soursop serves as a copulation and feeding site for this weevil. This in-field behavior
corresponds to the typical behavioral pattern of insects under an aggregation pheromone
effect [19].

However, α-terpineol showed no strong attraction effect to males or females when
individually tested against air. The attraction values of this volatile were around 60%
for both sexes. Moreover, the tested solution acted as a repellent when the concentration
increased above 10 ng/μL. The repellent effect was powerful at 100 ng/μL: all specimens,
independently of the sex, selected the air arm of the Y-olfactometer. This behavior does
not indicate a preference for air, but rather, it suggests an escape from the concentrated
airstream with α-terpineol. The concentration-related anti-aggregation effect of α-terpineol
may work as follows: when there is not enough space for feeding and mating because of
high insect density in a fruit or tree, a high α-terpineol concentration from the cluster of
weevil males signals other conspecifics the lack of space availability [19]. Anti-aggregation
effects mitigate intraspecific competition for food and mating [41]. Thus, using a single
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compound, which role depends on its concentration, represents an advantageous, energy-
saving strategy.

The observed, relatively low attraction effect of α-terpineol (60%) indicated that the
aggregation effect signaled by feeding males depended on other volatile compounds too.
As previously mentioned, GC-MS analyses discarded another compound’s possibility
complementing the attraction effect of the aggregation pheromone. The combination of α-
terpineol with soursop volatiles explored a second possibility. The blend attracted around
40% more than only α-terpineol when challenged against air. Moreover, in a dual choice
assay, soursop volatiles supplemented with α-terpineol challenged against only soursop
volatiles were twice as attractive to both male and female weevils.

Previous research reported that host-plant volatiles enhance some insect pheromones’
activity [42]. In this regard, interaction of volatile compounds from host-plant and insects
and its repercussion in the resulting attractiveness have been considerably studied in
Coleoptera [31]. For example, boll weevil (A. grandis) captures in traps increased signifi-
cantly when its aggregation pheromone was combined with trans-2-hexen-1-ol, cis-3-hexen-
1-ol, or 1-hexanol; compounds emitted by cotton plants [43]. The same effect happened
in traps baited with the plum curculio aggregation pheromone and benzaldehyde, a fruit
volatile [44,45]. Similarly, host-plant volatiles synergized the response of the Asian palm
weevil (Rhynchophorus ferrugineus), the South American palm weevil (Rhynchophorus pal-
marum), and the agave weevil (Scyphophorus acupunctatus) [46,47]. These effects are not
limited to agronomic crop pests but also extended to forest insects. The captures of traps
baited with the aggregation pheromone of Dendroctonus ponderosae increased highly (5- to
13-fold) when combined with pine volatiles [48].

Hence, we confirmed α-terpineol as a volatile compound linked to the feeding be-
havior of males of the Annonaceae fruits weevil. Furthermore, this volatile is used as
an aggregation pheromone, which host-plant volatiles enhance its effect. Further field
trials corroboration might be required, but these results highlight the potential of using
semiochemicals associated with the feeding behavior of the Annonaceae fruits weevil for
its management and control.

However, even if the GC-MS analysis of the volatile fraction of soursop fruits detected
more than 200 chromatographic peaks, just few of them showed a good identification match
with the NIST library. Only three compounds, D-limonene, β-caryophyllene, and nonanal
were annotated by comparison with standard compounds (Supplementary Table S1). Fur-
thermore, there was no clear criteria of selection for specific soursop volatile selection
for further combinatorial experiments. Moreover, even if identified, D-limonene, and
β-caryophyllene are general compounds found in several plant species [49,50], which
make them not really soursop specific compounds. These findings suggest the need for
developing a specific approach for the characterization of the Annonaceae fruits weevil’s
kairomone. This, specially to determine specific compounds and ratios which enhance the
aggregation pheromone attractiveness.

4. Materials and Methods

4.1. Insect Collection and Species Corroboration

The insects were collected at the municipality of Compostela, Nayarit, México (21◦6′17.337′ ′,
−105◦9′49.917′ ′; 21◦6′2.808′ ′, −105◦10′40.872′ ′; 21◦6′3.8874′ ′, −105◦9′48.492′ ′; 21◦6′13.572′ ′,
−105◦9′52.2′ ′). Optatus palmaris males and females were manually collected during August
2019 and September 2020. The insects were collected and transported on hermetic plastic bottles
(1 L). The bottles were pierced to allow gas exchange for insects’ oxygenation. Subsequently,
the specimens were sexed according to their morphological features [51]. The weevils were
separated by sex and kept separated in entomological cages. They were fed with soursop pieces,
and their rearing conditions were set to 25 ± 2 ◦C, relative humidity between 60 and 70%, and a
photoperiod of 12:12 (L:D). The species corroboration was made using morphological characters
previously reported [51]. The identified specimens were deposited at the Insect Collection of
the Colegio de Postgraduados (CEAM).
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4.2. Volatile Capture

Volatile compounds were trapped by solid-phase microextraction (SPME) and dy-
namic headspace (DH). In both techniques, borosilicate flasks were employed. Material
cleaning was performed by subsequent washes with 2% Extran®, distilled water, acetone,
and left to dry in a fume hood. Afterward, the material was heated at 300 ◦C for 3 h.

4.2.1. Solid-Phase Microextraction

Groups of 40 insects, only males or only females, were placed in 250 mL SPME flasks.
Polydimethylsiloxane (PDMS/100 μm) and Divinylbenzene/Carboxen/PDMS (50/30 μm)
fibers were used to trap volatiles. Both fibers were 1 cm long. Before volatile collection,
the SPME fibers were cleaned in the injection port of a gas chromatograph (GC) (HP-6890,
Midland, ON, Canada) at 250 ◦C. Subsequently, the SPME fiber was introduced through
the flask septa, which contained a metallic mesh envelope to avoid contact between insects
and the fiber. The distance between the SPME fiber and the insects was 2 cm. The volatile
collection time was 1 h. Subsequently, the fiber was removed and desorbed in the GC
injection port at 250 ◦C for 2 min for chromatographic analysis. The volatile samples were
taken from groups of only males, only females, males feeding on 3 g of soursop, females
feeding on 3 g of soursop, and only soursop. Blanks contained volatiles trapped from
empty SPME flasks. Ten replicates were performed for each group.

4.2.2. Dynamic Headspace

Groups of 40 insects, only males, only females, males feeding on 8 g of soursop,
females feeding on 8 g of soursop, and only soursop were placed in 650 mL Drechsel gas
washing bottles (PIREX®, glendla, AZ, USA, EE.UU). Airflow was provided by an air
pump (ELITE 802®, Colchester, VT, USA) attached to volatile-free PVC tubing (Nalgene®,
Rochester, NY, USA, 180 PVC, 3/16” ID). The airstream was filtered with a 50 mg Tenax®

Baltimore, MD, USA, (60/80) cartridge. The airstream was humidified with a soft bubbling
of distilled water. The airflow entering the system was 0.330 L/min controlled with a
flowmeter (GILMONT®, London, UK) and calibrated with a manual glass flowmeter
(Hewlett-Packard). The volatiles carried out by the airstream were finally captured in a
cartridge containing 50 mg of Tenax® (60/80) as adsorbent and 20 mg of glass wool at each
end of the cartridge. All of the cartridges were previously washed with 5 mL of hexane
and left to dry in a fume hood, to be then heated at 300 ◦C for 3 h. The volatile collections
were carried out for 48 h at the same temperature, humidity, and light conditions as the
rearing conditions. Once the volatile collection time was reached, cartridges were eluted
with 350 μL of HPLC-grade hexane. Then, 50 μL of hexane were added to increase the
recovered volume. Blanks consisted of the elution of cartridges connected to empty bottles.
Ten replicates were performed for each group.

4.3. Gas Chromatography Coupled to Mass Spectrometry (GC-MS)

The volatile extracts were analyzed with an HP-6890 gas chromatograph coupled
to an HP-5973 single quadrupole mass spectrometry (MS) detector. The GC-MS system
was equipped with an HP-5MS column (30 m × 0.250 mm ID, and 0.25 μm stationary
phase thickness, J&W Science, Folsom, CA, USA) for sample separation. Helium (99.999%
purity) was used as carrier gas at a flow rate of 1 mL/min for all analyses. The oven was
programmed to start at 60 ◦C for 1 min, then increased 8 ◦C/min up to 90 ◦C followed by a
1 min hold. Subsequently, the temperature increased again at 5 ◦C/min up to 190 ◦C and
was held by 1 min. Finally, the temperature increased 10 ◦C/min up to 250 ◦C. The injection
port was set to 250 ◦C on splitless mode. The injection volume was 1 μL. For liquid injection
and SPME injection, 2- and 0.75-mm ID liners were used, respectively. The ion source and
quadrupole temperature of the mass detector were 230 ◦C and 150 ◦C, respectively. The
transfer line temperature was 280 ◦C. Ionization energy in EI mode was 70 eV, and the mass
data was acquired on SCAN mode (50–550 m/z). Chromatographic peak identification was
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made by comparing their ion spectra with the NIST library (version 2014) and comparing
retention time and spectrum with that of a standard compound.

A calibration curve was built to quantify the α-terpineol content in the samples. The
concentrations ranged from 2.6 to 1984 ng/μg. Three replicates were made for each point of
the calibration curve, and the average value of each was used to construct a final calibration
curve for sample quantitation. Linear regression was calculated from the areas of the
injected standard compound solutions; the slope equation was obtained, and the area of
the samples was used to determine their concentration. The concentration was expressed
on ng of α-terpineol per equivalent male per second.

4.3.1. Matrix Recovering Effects

To evaluate possible matrix effects, dynamic headspace experiments were set. First,
filter papers (4 cm diameter) were loaded with 18 μg of α-terpineol. Subsequently, the
paper disks were placed in 650 mL Drechsel gas washing bottles (PIREX®, EE.UU). The
terpineol in the paper disks were trapped in the same manner as for previously described
biological samples (n = 4). A second experiment was carried out by loading 600 μg of
α-terpineol contained in 50 μL of hexane in a cartridge with 50 mg of Tenax® (60/80) as
adsorbent and 20 mg of glass wool at each end. The solvent was left to dry for 3 min and
the compound was eluted as previously described for other biological samples (n = 4).
Extracts from both experiments were quantified and compared against each other to check
if all the α-terpineol was moved from the headspace to the Tenax® cartridge. That is, all
the α-terpineol was considered to be moved from the headspace to the cartridge if no
significant concentration differences between both extracts were determined. To check
matrix effects from the Tenax® cartridge, the total amount of α-terpineol in the whole
eluted extract was compared to that of the initial amount loaded in the paper disk of
this metabolite (n = 4). The analysis showed that an average of 71% (n = 4) of the total
amount of α-terpineol was retained in the cartridge under the elution conditions used in
the experiments. This matrix effect was corrected during the calculation of the α-terpineol
content by adding this percentage (71%) in the resulting concentration of the samples.

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

To determine the LOD and LOQ values for α-terpineol, a 15 points calibration curve
ranging from 0.04 to 627.52 ng/μg was constructed. However, only the first 12 points
which showed linearity (0.04−79.04 ng/μg). The R2 coefficient for this linear regression
was 0.994, and the slope equation was y = 72391x + 1077.9. The typical standard error
xy (Sty) and slope (m) values were calculated for the resulting data set with the “SLOPE”
and “STEYX” functions in Microsoft Excel® 2016. The values were used in the following
formulas: LOD = 3.3 (Sty/m) and LOQ = 10 (Sty/m).

For this study, the LOD value was equal to 2.10 ng/μL and the LOQ value was equal
to 6.36 ng/μL.

4.4. Bioassays
4.4.1. Reversal Feeding Experiments

A reversal feeding experiment was designed to correlate the release of α-terpineol to
the behavior of feeding males. Two sets of male weevils were prepared, males feeding on 8
g soursop pieces (initial feeding males) and males without food (no-feeding males). Each
insect group contained 40 males, and each group became a replicate. Fifteen replicates were
performed for initial feeding and no-feeding male weevils. The volatile collections were
carried out as previously described for dynamic headspace. After the volatile collection
time was reached, the insects were removed from the flask and transferred to clean ones.
Then, food was not provided to the initial feeding males. On the other hand, 8 g of soursop
was provided to the previous no-feeding males. The volatile captures started again under
the same conditions. The samples were then analyzed, quantified by GC-MS, and compared
to each other.
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4.4.2. Behavioral Response of Males and Female Weevils to Volatile Compounds

The behavior of males and females Annonaceae fruits weevil was evaluated through
their response to different volatile stimuli in two-choice olfactometry bioassays. Choice
combinations are presented in Table 1. The olfactometer was a Y-maze model: its main arm
was 12 cm long with 2.5 cm of internal diameter (ID); the two choice arms were 10 cm long
and 2.5 cm of ID separated at a 45◦ angle. The bioassay room was covered with black matte
paper to avoid light reflections on the walls. Due to the biological behavior of the anonacea
weevils, the olfactometer was elevated 6 cm from the table using a white styrofoam bar, just
under the end of the choice arms. This elevation also caused a 4.5 cm elevation between the
working bench and the arms’ union point of the olfactometer (Supplementary Figure S1).
The odor sources were placed in 650 mL Drechsel gas washing bottles. The airstream
flow used to carry the odor source volatiles from the release point to the corresponding
election arm was set the same as for dynamic headspace. When male or female weevils
were used as odor source or part of the odor source, they were added as groups of 20
insects. When α-terpineol was tested alone or combined with soursop, it was released from
a 4 cm diameter filter paper (Whatman N◦ 2). The filter paper was previously loaded with
100 μL of a 4 ng/μL α-terpineol hexane solution. The hexane was left to dry for 30 s. The
circle paper with α-terpineol was exchanged every 3 tested weevils. In all cases, 2 g of
soursop were used in these experiments. Bottles containing the odor sources were also
covered with black matte paper to avoid visual and light interference in the bioassays. The
light was provided with a white light bar placed in the center of the olfactometry room’s
ceiling. The olfactometry system was placed right under the light source. To avoid light
reflections on the olfactometer glass, a 1 cm thick white styrofoam plate was placed 10 cm
above the olfactometer. That is, the styrofoam plate was located between the light source
and the olfactometer, thus, getting indirect illumination.

Table 1. Odor source combinations used in olfactometry assays. For all bioassays, when the odor
source required it, 2 g of soursop were used. All male and female groups contained 20 specimens.
For combinations including α-terpineol, 100 μL of a 4 ng/μL solution were added.

One Odor Source Trials

Air Soursop
Air Males
Air Females
Air α-terpineol
Air soursop + α-terpineol
Air soursop + males
Air soursop + females

Two Odor Source Trials

Soursop soursop + males
Soursop soursop + females
Soursop soursop + α-terpineol

soursop + females soursop + males
Females Males

Groups of 15 insects were tested to record the odor preference of the Annonaceae fruits
weevil. Each group of 15 male or female weevils was considered one replicate. There were
4 replicates for males and females tested against different odor elections (15 × 4 × 2 = 120
insects tested per treatment) (Table 1). A single insect at time was released 2 cm inside the
main arm of the Y-maze olfactometer. Subsequently, the behavior and choice of the insect
were observed and annotated no longer than 10 min. An odor source choice was scored
when the insect walked more than half of one of the choice arms and stayed there longer
than 1 min. The data was reported as the percentage of weevils selecting a specific odor
source. The data represented the choice average of four replicates ± standard error.
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All tested insects were subjected to a fasting period of 24 h before being used in a
two-choice olfactometry assay. The arms of the olfactometer were rotated every five insects
to avoid position effects on arm selection. Additionally, the olfactometer was replaced
every two replicates to avoid residual odor interference. Before starting odor tests, the air
in both arms was used to check there was no specific selection caused by light reflections
or remnant volatiles in the system. Four groups of 20 insects (males or females) were
selected and prepared to test one whole treatment or comparison. The already used insects
were fed and left to recover during 48 h. The recovered insects were mixed with other
non-used insects and randomly select again to form 4 new testing groups. The selection
percentage values were calculated only from responding insects (15 insects). Nonetheless,
the non-responding insects’ percentage was also recorded and reported. The replicates
for one treatment. To test remaining hexane in the filter paper effects, clean 4 cm diameter
filter paper (Whatman N◦ 2) were wet with 100 μL of pure hexane. The solvent was left to
dry for 30 s and selection between air vs. dried filter paper was assayed. Moreover, the
dried filter papers were placed in both arms to determine the presence of selection patterns
by male and female weevils.

4.5. Statistical Analysis

All data was subjected to normality and variance homogeneity tests. For olfactometry
assays, one odor source vs. air, a one-way ANOVA was used, followed by a Tukey test
(α = 0.05). A G-test analyzed olfactometry assays challenging two odor sources at once.
Reversal feeding experiment data (measurements over the same specimens) was treated as
pairwise samples analyzed by a U-test. For matrix recovering effects, the concentration
effects of the extracts were tested by a 2 tails t-test (t < 0.05). On the other hand, a
Kruskal–Wallis test was performed for data without normal distribution or homogeneous
variance. The post hoc analysis was performed with Bonferroni correction (non-response
olfactometry data). Statistical differences among non-responding weevils were determined
with an ANOVA test. All analyzes were performed in R software [52].

Supplementary Materials: The following are available online. Table S1: GC-MS identification
of soursop volatiles trapped by dynamic headspace and solid phase microextraction. Figure S1:
Olfactometry system diagram.

Author Contributions: Conceptualization, J.M.P.-R., J.C.-T. and L.F.S.-A.; Data curation, L.S.-R. and
L.F.S.-A.; Formal analysis, J.M.P.-R., L.S.-R. and L.F.S.-A.; Investigation, J.M.P.-R., L.M.H.-F., R.M.L.-R.,
J.R.-N. and C.L.-C.; Supervision, J.C.-T. and L.F.S.-A.; Writing—original draft, J.M.P.-R.; Writing—
review and editing, J.C.-T., L.M.H.-F., R.M.L.-R., L.S.-R., J.R.-N., C.L.-C. and L.F.S.-A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The first author thanks to the Mexican Scientific council (CONACyT) for his
PhD scholarship (N. 731909).

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

Sample Availability: Not applicable.

References

1. Morrone, J.J. Biodiversity of Curculionoidea (Coleoptera) in Mexico. Rev. Mex. Biodivers. 2014, 85, 312–324. [CrossRef]
2. Hespenheide, H.A. Beetles. In Encyclopedia of Biodiversity, 1st ed.; Levin, S.A., Ed.; Academic Press: Princeton, NJ, USA, 2001;

Volume 1, pp. 351–358.
3. Servín, V.R.; García, H.J.L.; Tejas, R.A.; Martínez, C.J.L.; Toapanta, M.A. Susceptibility of pepper weevil (Anthonomus eugenii Cano)

(Coleoptera: Curculionidae) to seven insecticides in rural areas of Baja California Sur, Mexico. Acta Zool. Mex. 2008, 24, 45–54.

261



Molecules 2021, 26, 2861

4. Oehlschlager, A.C.; Chinchilla, C.; Castillo, G.; González, L. Control of red ring disease by mass trapping of Rhynchophorus
palmarum (Coleoptera: Curculionidae). FLA Entomol. 2002, 85, 507–513. [CrossRef]

5. Ocan, D.; Mukasa, H.H.; Rubaihayo, P.R.; Tinzaara, W.; Blomme, G. Effects of banana weevil damage on plant growth and yield
of East African Musa genotypes. J. Appl. Biol. Sci. 2008, 9, 407–415.

6. Hernández, F.L.M.; Castañeda, V.A.; Urías, L.M.A. Weevil borers in tropical fruit crops: Importance, biology and management. In
Insect Physiology and Ecology, 2nd ed.; Shields, V.D.C., Ed.; IntechOpen: Rijeka, Croatia, 2017; Volume 3, pp. 154–196.

7. Showler, A.T. Boll weevil (Coleoptera: Curculionidae) damage to cotton bolls under standard and proactive spraying. J. Econ.
Entomol. 2006, 99, 1251–1257. [CrossRef] [PubMed]

8. Esparza, D.G.; Olguín, A.; Carta, L.K.; Skantar, A.M.; Villanueva, R.T. Detection of Rhynchonphorus palmarum (Coleoptera:Curculionidae)
and identification of associated nematodes in South Texas. FLA Entomol. 2013, 96, 1513–1521. [CrossRef]

9. Azuara, D.A.; Terán, V.A.P.; Soto, S.A.; Aguilar, P.N.; Martínez, B.L. Evaluación del tipo de trampa, atrayente alimenticio
y feromona de agregación en el trampeo del picudo del agave Scyphophorus acupunctatus Gyllenhal en Tamaulipas, México.
Entomotropica 2014, 29, 1–8.

10. Bautista, H.C.F.; Cibrián, T.J.; Velázquez, G.J.C.; Rodríguez, G.M.P. Evaluación en campo de atrayentes para la captura de
Anthonomus eugenii Cano (Coleoptera: Curculionidae). Rev. Chil. Entomol. 2020, 46, 211–219.

11. Coelho, L.M.A.; Alves, R.E. Soursop (Annona muricata L.). In Postharvest Biology and Technology of Tropical and Subtropical Fruits.
Mangosteen to White Sapote; Yahia, M.E., Ed.; Woodhead Publishing Limited: Cambridge, UK, 2011; Volume 4, pp. 363–391.

12. Jiménez, Z.J.O.; Balois, M.R.; Alia, T.I.; Juárez, L.P.; Sumaya, M.M.T.; Bello, L.J.E. Characterization of soursop fruit (Annona
muricata L.) in Tepic, Nayarit, Mexico. Rev. Mex. Cienc. Agríc. 2016, 7, 1261–1270.

13. Corrales, M.G.J. Observations on the biology and behavioral food of Optatus sp. (Coleoptera: Curculionidae) in Annona cherimola
Mill. In Resúmenes de 2do. Congreso Centroamericano y del Caribe y 3ero. Costarricense de Entomología; Editorial San José ASENCO:
San José, Costa Rica, 1995; p. 6.

14. Hernández-Fuentes, L.M.; Gómez, J.R.; Andrés, A.J. Importance, pest insect and diseases fungus of the cultivation of the soursoup.
In Libro Técnico Núm. 1, 1st ed.; Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias, Campo Experimental
Santiago Ixcuintla: Nayarit, México, 2013; Volume 1, pp. 85–87.

15. Maldonado, E.; Hernández, L.M.; Luna, G.; Gómez, J.R.; Flores, R.J.; Orozco-Santos, M. Bioecology of Optatus palmaris Pascoe
(Coleoptera:Curculionidae) in Annona muricata L. Southw. Entomol. 2014, 39, 773–782. [CrossRef]

16. Castañeda-Vildózola, A.; Nava-Díaz, C.; Hernández-Fuentes, L.M.; Valdez-Carrasco, J.; Colunga-Treviño, B. New host record and
geographical distribution of Optatus palmaris Pascoe (Coleoptera: Curculionidae) in Mexico. Acta Zool. Mex. 2009, 25, 663–666.

17. Castañeda-Vildózola, A.; Morales-Trujillo, M.C.; Franco-Mora, O.; Valdez-Carrasco, J.; Mejía-Carranza, J. A new record of Optatus
palmaris Pascoe (Coleoptera: Curculionidae) associated with Annona L. (Annonaceae) in the State of Mexico, Mexico. Revista
Chilena de Entomología 2020, 46, 397–400. [CrossRef]

18. Hernández, F.L.M.; Nolasco, G.Y.; Orozco, S.M.; Montalvo, G.E. Toxicidad de insecticidas contra (Optatus palmaris Pascoe) en
guanábana. Rev. Mex. Cienc. Agríc. 2021, 12, 49–60.

19. Tewari, S.; Leskey, T.C.; Nielsen, A.L.; Piñero, J.C.; Rodriguez, S.C.R. Integrated pest management: Current concepts and
ecological perspective. In Integrated Pest Management: Current Concepts and Ecological Perspective, 1st ed.; Abrol, D.P., Ed.; Academic
Press: San Diego, CA, USA, 2014; pp. 141–168.

20. Mormann, M.; Salpin, J.Y.; Kuck, D. Gas-phase titration of C7H9+ ion mixtures by FT-ICR mass spectrometry: Semiquantitative
determination of ion populations generated by CI-induced protonation of C7H8 isomers and by EI-induced fragmentation of
some monoterpenes. Int. J. Mass Spect. 2006, 249–250, 340–352. [CrossRef]

21. Nicolescu, T.O. Interpretation of mass spectra. In Mass Spectrometry; Aliofkhazraei, M., Ed.; Intech Open: London, UK, 2017;
pp. 24–78.

22. Beck, J.J.; Torto, B.; Vannette, R.L. Eavesdropping on plant-insect-microbe chemical communications in agricultural ecology: A
virtual issue on semiochemicals. J. Agric. Food Chem. 2017, 65, 5101–5103. [CrossRef] [PubMed]

23. Beck, J.J.; Vannette, R.L. Harnessing insect-microbe chemical communications to control insect pests of agricultural systems. J.
Agric. Food Chem. 2017, 65, 23–28. [CrossRef] [PubMed]

24. Nandagopal, V.; Prakash, A.; Rao, J. Know the pheromones: Basics and its application. J. Biopestic. 2008, 1, 210–215.
25. Sharma, A.; Sandhi, R.K.; Reddy, G.V.P. A Review of interactions between insect biological control agents and semiochemicals.

Insects 2019, 10, 1–16. [CrossRef] [PubMed]
26. Haenniger, S.; Goergen, G.; Akinbuluma, M.D.; Kunert, M.; Heckel, D.G.; Unbehend, M. Sexual communication of Spodoptera

frugiperda from West Africa: Adaptation of an invasive species and implications for pest management. Sci. Rep. 2020, 10, 2892.
[CrossRef] [PubMed]

27. Bruce, T.J.A.; Wadhams, L.J.; Woodcock, C.M. Insect host location: A volatile situation. Trends Plant Sci. 2005, 10, 269–274.
[CrossRef]

28. Wang, H.M.; Bai, P.H.; Zhang, J.; Zhang, X.M.; Hui, Q.; Zheng, H.X.; Zhang, X.H. Attraction of bruchid beetles Callosobruchus
chinensis (L.) (Coleoptera: Bruchidae) to host plant volatiles. J. Integr. Agric. 2020, 19, 3035–3044. [CrossRef]

29. Webster, B.; Cardé, R. Use of habitat odour by host-seeking insects. Biol. Rev. 2016, 92, 1241–1249. [CrossRef]
30. Erb, M.; Robert, C.A.M. Sequestration of plant secondary metabolites by insect herbivores: Molecular mechanisms and ecological

consequences. Curr. Opin. Insect. Sci. 2016, 14, 8–11. [CrossRef]

262



Molecules 2021, 26, 2861

31. Beran, F.; Köllner, T.G.; Gershenzon, J.; Tholl, D. Chemical convergence between plants and insects: Biosynthetic origins and
functions of common secondary metabolites. New Phytol. 2019, 223, 52–67. [CrossRef] [PubMed]

32. Zhao, R.; Lu, L.H.; Shi, Q.X.; Chen, J.; He, Y.R. Volatile terpenes and terpenoids from workers and queens of Monomorium chinense
(Hymenoptera: Formicidae). Molecules 2018, 23, 2838. [CrossRef]

33. Eller, F.J.; Bartelt, R.J.; Shasha, B.S.; Schuster, D.J.; Riley, D.J.; Stansly, P.A.; Mueller, T.F.; Shuler, K.D.; Johnson, B.; Davis, J.H.; et al.
Aggregation pheromone for the pepper weevil, Anthonomus eugenii Cano (Coleoptera: Curculionidae): Identification and field
activity. J. Chem. Ecol. 1994, 20, 1537–1555. [CrossRef] [PubMed]

34. Cross, J.V.; Hall, D.R.; Innocenzi, P.J.; Hesketh, H.; Jay, C.N.; Burgess, C.M. Exploiting the aggregation pheromone of strawberry
blossom weevil Anthonomus rubi (Coleoptera: Curculionidae): Part 2. Pest monitoring and control. Crop Prot. 2006, 25, 155–166.
[CrossRef]

35. Hardee, D.D.; McKibben, G.H.; Rummel, D.R.; Huddleston, P.M.; Coppege, J.R. Response of boll weevils to component ratios and
doses of the Grandlure. Environ. Entomol. 1974, 3, 135–138. [CrossRef]

36. Hedin, P.A.; Dollar, D.A.; Collins, J.K.; Dubois, J.G.; Mulder, P.G.; Hedger, G.H.; Smith, M.W.; Eikenbary, R.D. Identification of
male pecan weevil pheromone. J. Chem. Ecol. 1997, 23, 965–977. [CrossRef]

37. Lacey, E.S.; Moreira, J.A.; Millar, J.G.; Hanks, L.M. A Male-produced aggregation pheromone blend consisting of alkanediols,
terpenoids, and an aromatic alcohol from the Cerambycid Beetle Megacyllene caryae. J. Chem. Ecol. 2008, 34, 408–417. [CrossRef]

38. Mitchell, R.F.; Ray, A.M.; Hanks, L.M.; Millar, J.G. The common natural products (s)-α-terpineol and (e)-2-hexenol are important
pheromone components of Megacyllene antennata (Coleoptera: Cerambycidae). Environ. Entomol. 2018, 47, 1547–1552. [CrossRef]
[PubMed]

39. Tinzaara, W.; Dicke, M.; Van, H.A.; Gold, C.S. Use of infochemicals in pest management with special reference to the banana
weevil, Cosmopolites sordidus (Germar) (Coleoptera: Curculionidae). Int. J. Trop. Insect Sci. 2002, 22, 241–261. [CrossRef]

40. Müller, M.; Buchbauer, G. Essential oil components as pheromones. A review. Flavour Fragr. J. 2011, 26, 357–377. [CrossRef]
41. Stelinski, L.L.; Oakleaf, R.; Rodríguez, S.C. Oviposition deterring pheromone deposite don blueberry fruit by the parasitic wasp,

Diachasma alloeum. Behavior 2007, 144, 429–445.
42. Landolt, P.J.; Phillips, T.W. Host plant influences on sex pheromone behavior of phytophagous insects. Annu. Rev. Entomol. 1997,

42, 371–391. [CrossRef]
43. Dickens, J.C. Green leaf volatiles enhance aggregation pheromone of boll weevil, Anthonomus grandis. Entomol. Exp. Appl. 1989,

52, 191–203. [CrossRef]
44. Piñero, J.C.; Prokopy, R.J. Field evaluation of plant odor and pheromonal combinations for attracting plum curculios. J. Chem.

Ecol. 2003, 29, 2735–2748. [CrossRef]
45. Piñero, J.C.; Wright, S.E.; Prokopy, R.J. Response of plum curculio (Coleoptera: Curculionidae) to odor-baited traps near woods. J.

Econ. Entomol. 2001, 94, 1386–1397. [CrossRef]
46. Hallett, R.H.; Oehlschlager, A.C.; Borden, J.H. Pheromone trapping protocols for the Asian palm weevil, Rhynchophorus ferrugineus

(Coleoptera: Curculionidae). Int. J. Pest Manag. 1999, 45, 231–237. [CrossRef]
47. Cruz, F.J.J.; Figueroa, C.P.; Alcántara, J.J.A.; López, M.V.; Silva, G.F. Vegetal synergists for trapping the adult of Scyphophorus

acupunctatus Gyllenhal, in pheromone baited traps, in Agave angustifolia Haw, in Morelos, México. Acta Zool. Mex. 2019, 35, 1–9.
[CrossRef]

48. Borden, J.H.; Pureswaran, D.S.; Lafontaine, J.P. Synergistic blends of monoterpenes for aggregation pheromones of the mountain
pine beetle (Coleoptera: Curculionidae). J. Econ. Entomol. 2008, 101, 1266–1275. [CrossRef]

49. Erasto, P.; Viljoen, A.M. Limonene—A Review: Biosynthetic, Ecological and Pharmacological Relevance. Nat. Prod. Commun.
2008, 3, 1193–1202. [CrossRef]

50. Hartsel, J.A.; Eades, J.; Hickory, B.; Makriyannis, A. Cannabis sativa and Hemp. In Nutraceuticals: Efficacy, Safety and Toxicity,
1st ed.; Gupta, R., Ed.; Academic Press: Princeton, NJ, USA, 2016; Volume 1, pp. 735–754.

51. Champion, G.C. Biologia Centrali-Americana. Insecta. Coleoptera, Rhynchophora Part 5; Curculionidae. Curculioninae: Porter,
London, 1907; Volume 4, p. 513.

52. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020.

263





molecules

Review

A Systematic Approach to Agastache mexicana Research:
Biology, Agronomy, Phytochemistry, and Bioactivity

Mariana Palma-Tenango 1, Rosa E. Sánchez-Fernández 2 and Marcos Soto-Hernández 3,*

Citation: Palma-Tenango, M.;

Sánchez-Fernández, R.E.;

Soto-Hernández, M. A Systematic

Approach to Agastache mexicana

Research: Biology, Agronomy,

Phytochemistry, and Bioactivity.

Molecules 2021, 26, 3751. https://

doi.org/10.3390/molecules26123751

Academic Editors: Young Hae Choi,

Young Pyo Jang, Yuntao Dai and Luis

Francisco Salomé-Abarca

Received: 25 April 2021

Accepted: 7 June 2021

Published: 20 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Facultad de Ciencias, Universidad Nacional Autónoma de México, Ciudad Universitaria, Coyoacán,
04510 Ciudad de México, Mexico; marianapt@ciencias.unam.mx

2 Laboratorio Nacional de Investigación y Servicios Agroalimentarios y Forestales (LANISAF),
Edificio Efraím Hernández Xolocotzi Nivel 1 y 2, Universidad Autónoma Chapingo, 56230 Texcoco, Mexico;
resf2012@gmail.com

3 Posgrado en Botánica, Colegio de Postgraduados-Campus Montecillo, km 36.5, Carretera México-Texcoco,
56230 Texcoco, Mexico

* Correspondence: msoto@colpos.mx; Tel.: +52-595952-0200 (ext. 1361)

Abstract: Mexico is the center of origin of the species popularly known as toronjil or lemon balm
(Agastache mexicana Linton & Epling). Two subspecies have been identified and are commonly called
purple or red (Agastache mexicana Linton & Epling subspecies. mexicana) and white (Agastache
mexicana subspecies xolocotziana Bye, E.L. Linares & Ramamoorthy). Plants from these subspecies
differ in the size and form of inflorescence and leaves. They also possess differences in their chemical
compositions, including volatile compounds. Traditional Mexican medicine employs both subspecies.
A. mexicana exhibits a broad range of pharmacological properties, such as anti-inflammatory, anxi-
olytic, and antioxidant. A systematic vision of these plant’s properties is discussed in this review,
exposing its significant potential as a source of valuable bioactive compounds. Furthermore, this
review provides an understanding of the elements that make up the species’ holistic system to benefit
from lemon balm sustainably.

Keywords: toronjil; Mexican agastache; aromatic plants

1. Introduction

Lamiaceae is the eighth most diverse plant family in Mexico and 5.5% of the species
worldwide are found in this country. Thus, Mexico may be one of the most important
diversification centers [1]. This family contains a wide range of aromatic plants possessing
agronomical, pharmacological, and commercial potential. Mexican Agastache belongs to
this family and its use and commercialization for traditional Mexican medicine make it
the most important member of the Agastache genus in Mexico [2,3]. The species Agastache
mexicana divides into two subspecies, based on anatomical characteristics [2] and chemical
composition [4]: red lemon balm, Agastache mexicana Linton & Epling subspecies mexi-
cana, and white toronjil, Agastache mexicana subspecies xolocotziana Bye, E.L. Linares &
Ramamoorthy [5].

The species is distributed in the states of Guanajuato, Mexico, Michoacán, Puebla,
Querétaro, Hidalgo, Veracruz, Chihuahua, Morelos, and Tlaxcala, as well as in Mexico City
(Figure 1). The species concentrates in the volcanic axis of Central Mexico [2,6].

This article presents a review of the research on Agastache mexicana from the perspective
of a holistic system to understand its components and interactions. A literature search
was sourced from meta-analyses of available Agastache data. Data were sourced from
bibliographic engines like Web of Science®, Scopus®, ScienceDirect®, and Google Scholar®

using “Agastache mexicana” as a keyword.
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Figure 1. Distribution of Agastache mexicana in Mexico [7].

2. A Holistic Approach to Agastache mexicana Usage

Systems biology analysis allows the understanding of different biological elements
and their interactions with non-biological elements, such as the environment or human
impacts (for example, the analysis of various traditional medicine systems like traditional
Chinese medicine) [8]. Systems biology, in tandem with reverse pharmacology, may allow
discovering new active biological compounds [9].

Life science studies relying on systems biology and holistic approaches shy away
from reductionist views and incorporate biological effects and their interaction with the
environment [8,9]. A biological system contains numerous components interacting in a
vast variety of combinations. Once the components and interactions of a system are known,
a system’s behavior may be understood [10].

We used systems biology principles for a holistic analysis of different components
within the lemon balm plant system and its environment (Figure 2). This system’s insights
are derived from a general vision that includes the system components’ relationships and
interactions. This approach may provide new collaborative information, fresh insights, and
research prospects for the species.

2.1. Biology

A. mexicana is a native vascular plant of Mexico [11]. It is a perennial herb. Plants of
both subspecies have a typical Lamiaceae morphology: opposite, petiolate leaves, a four-
angled stem, and numerous trichomes [12]. In the two subspecies, the stem is quadrangular
in cross section; in A. mexicana ssp. mexicana, the basal and middle part of the stem is
purple. The cuticle is smooth, but in the angles, it is observed to be crenulated, with
a thickness of 4–8 μm. The three types of epidermal appendages described for the leaf
are observed, but uniseriate non-glandular trichomes are abundant in A. mexicana ssp.
xolocotziana, while they are more scattered and not visible to the naked eye in A. mexicana
ssp. mexicana [2]. The plant height reaches between 50 and 150 cm [2] and the base
chromosome number is 9. The plants have slender and spreading rhizomes [5].

Various plants from the Agastache genus are used for bee forage and honey produc-
tion [13,14]. Toronjil is a honey plant; its flowers produce nectar for bee collection [15].
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Figure 2. Systems biology approaches of the study of Agastache mexicana.

2.1.1. A. mexicana ssp. mexicana

The stem of A. mexicana ssp. mexicana is erect, branched, and four-angled. The basal
and middle part of the stem is purple. The form of the leaves is ovate-lanceolate, measuring
4.4 to 6.3 cm long and 2.1 to 2.5 cm wide [2]. The petiole is 1 cm long [2], and the corolla is
purplish red to red [2,5]. The seeds measure approximately 4 to 5 mm (Figure 3).

2.1.2. A. mexicana ssp. xolocotziana

The stem of A. mexicana ssp. xolocotziana is erect, branched, and four-angled. The
form of the leaves is ovate-lanceolate, measuring 4.6 to 6.2 cm long and 1.7 to 3.0 cm
wide [2]. The petiole is 1 cm long [2]. Inflorescences end in ramifications of interrupted
whorls of cymes with numerous flowers. The calyx is 1.0 to 1.3 cm long and the corolla is
white and approximately 2.4 cm long. Stamens are didynamous and exserted. Its anther
is approximately 1 mm long. The style is 2.8 cm long, and its tip is bifid with the upper
arm slightly longer. Ovules are only 0.5 mm tall [5]. The seeds measure approximately 3 to
4 mm (Figure 4).
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Figure 3. Plant biology of Agastache mexicana ssp. mexicana.
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Figure 4. Plant biology of Agastache mexicana ssp. xolocotziana.
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2.2. Ethnobotanical Uses

The genus Agastache includes ornamental plants and aromatic plants that contain es-
sential oils [12]. For example, both A. mexicana subspecies have therapeutic and ornamental
uses [2]. Knowledge about lemon balm healing properties is cited in sources dating back to
pre-Hispanic culture, such as in the De la Cruz Badiano Codex [16]. In the Nahuatl tongue,
A. mexicana is known as tlalahuehuetl [6]. Traditional Mexican medicine labels the plant as
“hot”. It is prescribed to cure fright, stomach pain, excessive bile, cough, vomit, chills, and
anxiety [2].

The holistic method to study plants with medicinal properties examines the inter-
actions and relationships among the environment’s biological and cultural components.
Rural and urban populations use this plant for in-home treatments in the form of herbal
teas (infusions and decoctions) [17]. In Mexico, A. mexicana is identified for its medicinal
properties against anxiety and as a sleep-promoting plant [3,16]. The subspecies have spe-
cific uses: A. mexicana ssp. mexicana is preferred for wound healing, as an antispasmodic
agent, and against stomach pain, while A. mexicana ssp. xolocotziana is employed to treat
heart disease.

Many modern drugs originated from ethnopharmacology and knowledge of tradi-
tional medicine [18]. Results from research on the medicinal effects of A. mexicana ssp.
mexicana and ssp. xolocotziana support their use in traditional medicine as an anxiolytic,
tranquilizer, and sedative, as well as a remedy to alleviate “nervousness” [3,19].

2.3. Agronomy

Many medicinal and aromatic plants are industrially sown, but most are still obtained
by harvesting wild populations. The need for renewable sources and protection of plant
biodiversity creates an opportunity for farmers to grow these crops [20]. In Mexico, over-
harvesting of medicinal plants is counteracted by collecting seeds, cuttings, or roots to
propagate the plant. Most of these collected samples are planted in small home gardens to
be later sown on cultivated fields [21].

A. mexicana is a candidate species for structured cultivation as a source for active
principles, extracts, essential oils, and pharmaceutical products [22]. Propagation is mainly
asexual [23], through vegetative propagation, and depends on its rhizomes’ division, as
seed viability is low; A. mexicana ssp. xolocotziana seems to have even lower viability. A
further complication arises as seed formation is hindered since harvesting occurs during
flowering [5]; inflorescences are the main commercialized product. However, red lemon
balm exists in wild populations, unlike white lemon balm. A hybridization process be-
tween the Mexican subspecies and Agastache palmeri possibly originated A. mexicana ssp.
xolocotziana [23].

A. mexicana blooms from June to November [22]. Subspecies show phenotypic differ-
ences in leaf shape, flower color, and flavor [2]. Farmers from Santiago Mamalhuazuca
(State of Mexico) have empirically gathered knowledge that the xolocotziana subspecies is
more susceptible to extreme temperature and humidity. The cultivation of both subspecies
begins in April, and the stems and inflorescences are harvested in November. The rhizome
promotes stem sprouting, which allows a new harvest in the following February [23]. No
technological packages based on crop physiology, detailing handling on its phenological
stages, leading to higher biomass yields or providing information on bioactive production
per cultivation area, exist for A. mexicana cultivation.

2.4. Commercialization

Ethnobotanical studies have impacted toronjil research. Empirical observations have
detected that mexican markets sold a different subspecies from the typical A. mexicana sub-
species mexicana. Identification of A. mexicana subspecies xolocotziana occurred through
differential characterization of morphological, chemical, and pharmacological features [2,5].
The commercialization of botanical products promotes the cultural exchange of traditional
knowledge and the exploitation of natural resources. Studies illustrate the influence popu-
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lar markets have on the demand for plants with novel applications. Attention should also
focus on the dangers of overcollection of wild species in response to increasing demand
and supporting natural habitats’ conservation [21].

White and red lemon balm are commercially sown and traded in various Mexican
regions, including Hidalgo, Mexico, Morelos, Puebla, and Veracruz. Inflorescence bundles
or dried plants are distributed through different regional sales channels in the State of
Mexico, Southeast Puebla, Morelos, and Mexico City [24].

2.5. Phytochemical and Biological Activity
2.5.1. Phytochemistry

The Agastache genus produces various volatile and non-volatile secondary metabolites,
mainly phenylpropanoids and terpenoids. A. mexicana contains terpenoid compounds
like monoterpenes (limonene, pulegone), sesquiterpenes (β-caryophyllene), diterpenes
(breviflorine), triterpenes (ursolic, corosolic, maslinic acids); phenolic and phenylpropanoid
compounds like flavones (acacetin) and flavonoids (tilianin, hesperitin); carboxylic acids
(9-hexadecenoic acid, butanoic acid); and soluble sugars (glucose, sucrose) [12]. Subspecies
mexicana and xolocotziana share common compounds, but have different chemical pro-
files [3,4].

The chemical composition of essential oils is influenced by the subspecies, environ-
mental conditions of the crop, harvest time and type of extraction [4,12]. Table 1 shows
the chemical compositions of different essential oils obtained from A. mexicana subspecies.
However, some chemical studies do not specify the studied subspecies, which makes it
difficult to establish a defined chemical profile for each subspecies. Plants introduced to
other countries have essential oils with different chemical compositions. For example, the
essential oil of A. mexicana grown in Scotland (subspecies not specified) is characterized by
pulegone as the main compound, followed by menthone and limonene [25]; in contrast,
A. mexicana ssp. mexicana plants introduced in Belarus produced methyl eugenol and
estragole as the main compounds [26]. Extraction methods also influence the variability
of the physical and chemical characteristics of the essential oils, but different distillation
apparatus does not affect the quality of A. mexicana essential oil [27].

Chemical study of aqueous and organic extracts from aerial plant parts and whole
plants led to the isolation of monoterpenes, diterpenes, triterpenes, flavones, and flavonoids.
Table 2 shows the chemical compositions of non-polar and polar extracts from A. mex-
icana subspecies. The compounds in both subspecies are tilianin, acacetin, ursolic acid,
salvigenine, 5-hydroxy-7,4′dimethoxyflavone, (2-acetyl)-7-O-glucosyl acacetin, diosmetin
7-O-β-D-(6”-O-malonyl)-glucoside, acacetin 7-O-β-glucoside, acacetin 7-O-β-D-(6”-O-
malonyl)-glucoside, acacetin-7-O-β-glucoside-D-(2”-acetyl-6”malonyl), diosmetin, gar-
denin A, 5,6,7,8,3- pentahydroxy-4-methoxy flavone, 8-hydroxy-salvigenin, α-terpineol,
and pulegone (Table 2). The concentration of each compound varies in both subspecies [3],
tilianin and acacetin are more abundant in the subspecies xolocotziana [28].
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2.5.2. Biological Activity

The biological activity attributed to A. mexicana differs between subspecies because
each one has a different chemical profile [4]. It also differs with respect to essential oils
or extracts, as well as secondary metabolites present in them. Terpenes and flavonoids,
such as ursolic acid, oleanolic acid, acacetin, apigenin, and tilianin, are the most active [33].
In some studies, where the biological activity of A. mexicana is determined, the studied
subspecies is not specified. Tables 1 and 3 show the biological activities of the essential oils,
extracts, and compounds for each subspecies.

Antihypertensive, Vaso-Relaxant, Spasmolytic, and Spasmogenic Properties

Pharmacological studies correlate with the ethnomedicinal uses of A. mexicana. In 1982,
infusions from both subspecies underwent pharmacological studies. Results showed con-
trasting effects for each subspecies. It was found that A. mexicana ssp. xolocotziana con-
tracted the aorta, bladder, intestinal and uterine muscles, and the heart in experiments
with frogs [5]. Studies performed in 2009 and 2010 showed antioxidant and vasoactive
activities for A. mexicana ssp. mexicana extracts (Table 3) [19]. Additionally, the flavonoid
tilianin, extracted from the plant, had antihypertensive and vasorelaxant effects on in vitro
experiments, as observed on rat aortic rings and in vivo experiments in spontaneously
hypertensive rats (SHR) [35]. A later study validated a liquid chromatographic method to
detect tilianin in aqueous and organic (methanolic and hydroalcoholic) extracts of A. mexi-
cana ssp. mexicana and correlated the biological activity with tilianin content and extraction
conditions. The methanolic extracts had higher concentrations of tilianin and were the
more vasorelaxant on thoracic aorta rat rings compared to carbachol, while the methanol
extracts from dried biomass at 100, 90, and 50 ◦C were potent vasorelaxants [40]. Tilianin
did not have toxic effects in sub-acute and acute oral administration in mice [36]. The
vasorelaxant activity of the dichloromethane soluble extract from A. mexicana ssp. mexicana
and its components (ursolic acid, oleanolic acid, and acacetin) also showed therapeutic
effects: ursolic acid and acacetin had antihypertensive activity [38] (Table 3).

Furthermore, spasmogenic and spasmolytic activities differ between the two sub-
species [28]. A. mexicana ssp. mexicana extracts were spasmogenic in guinea pig ileum,
while A. mexicana ssp. xolocotziana extracts had a spasmolytic effect. Additionally, subs.
xolocotziana contains a higher amount of acacetin and tilianin. Thus, only A. mexicana ssp.
xolocotziana should be used to treat gastrointestinal afflictions [28] (Table 3). These results
disagree with those reported in 1982 [5], but confirm each toronjil subspecies’ contrasting
pharmacological effects.

Studies of the effect of A. mexicana ssp. xolocotziana hexanic, dichloromethanic and
methanolic extracts on tracheal rat rings found a relaxant-like activity [41], while the
essential oil of A. mexicana ssp. mexicana caused relaxation of guinea pig tracheal tissue.
The essential oil contains primarily estragole and D-limonene, which act as relaxants
and anti-asthmatic compounds [31] (Tables 1 and 3). These studies support the potential
therapeutic use of A. mexicana for asthma treatment.

Plant-tissue cultures of A. mexicana ssp. mexicana further confirmed the observed
in vivo antihypertensive and vasorelaxant effects in SHR [33,35]. Tilianin isolated from
methanolic extracts obtained from in vitro plantlets and calli confirmed the conservation of
its vasorelaxant effects. The in vitro methanolic extracts contained a higher concentration
of tilianin and produced a stronger vasorelaxant effect on aorta rat rings than extracts from
wild plants [33] (Table 3).

Analgesic and Anti-inflammatory Properties and Effects in the Central Nervous System

The first pharmacological study on the effects of water-soluble A. mexicana extract on
the central nervous system showed an anxiogenic-like effect in behavioral experiments
at the doses tested in male rats [42]. Chemical and pharmacological studies performed
in 2014 to identify the effects aqueous extracts from both subspecies have on the central
nervous system found similar chemical profiles but different compound abundances.

274



Molecules 2021, 26, 3751

Low doses of the extracts produced an anxiolytic effect, but higher doses sedated mice.
Flavonoid derivatives may be responsible for the observed pharmacological effect [3].
Additionally, organic extracts of A. mexicana ssp. xolocotziana contain acacetin and ursolic
acid and produce anxiolytic, spasmolytic, and antinociceptive effects in in vitro and in vivo
experiments in mice [39]. In vivo experiments in different pain models in rodents confirmed
the antinociceptive effect of organic A. mexicana ssp. xolocotziana extracts and ursolic
acid [24,39]. Further behavioral experiments in mice determined the anxiolytic effects of
A. mexicana ssp. mexicana methanolic extract and tilianin; they confirmed lemon balm
contains tilianin, an anxiolytic compound, plus acacetin and ursolic acid [37] (Table 3).
Taken together, results from pharmacological studies validate the traditional use of toronjil
(lemon balm) to relieve gastrointestinal disorders, stomach pain, asthma, anxiety, insomnia,
and hypertension.

Antioxidant and Nutraceutical Properties

Traditional Mexican medicine promotes lemon balm as an herbal product. How-
ever, herbal products lack strict quality control to guarantee their chemical composition
or authenticity for manufacture. Thus, the consumer may not experience the expected
therapeutic effect. However, various herbal products containing A. mexicana found signifi-
cant antioxidant activity [43]. Additional reports detailed similar antioxidant activity of
A. mexicana [22,34] (Table 3).

A. mexicana var. “Sangria” (ssp. mexicana) inflorescences are edible and have nu-
traceutical potential as they contain sugars and secondary metabolites. Compared to other
Agastache species and the Lamiaceae family members, lemon balm inflorescences have
higher polyphenols and flavonoid content and higher antioxidant properties [22].

Antifungal and Phytotoxic Properties

Aside from its use as a medicinal plant, A. mexicana produces bioactive compounds
with antifungal activity (Table 1). The essential oil contains monoterpenes and phenyl-
propanoids, such as estragole and methyl eugenol, which act as antifungal compounds.
Notably, the essential oil did not show toxicity against human macrophages and brine
shrimp. Research has shown the potential for its use as a non-toxic botanical fungicidal
and as an alternative to synthetic fungicides [32]. A recent study tested the effect of adding
A. mexicana essential oil to wheat grains as a food preservative for flour and dough. The
quality of the dough and cookies prepared with the treated flour did not decrease and the
growth of fungal pathogens of Aspergillus, Eurotium, Eupenicillum and Penicillium species
were reduced (see Table 1). Additionally, by day 49, 79.2% of the added amount persisted.
These properties indicate the essential oil as a candidate non-toxic food preservative [44].

In addition, the phytotoxic potential of organic extracts obtained with hexane, acetone
and ethanol was explored (Table 3). The acetone extract of A. mexicana (subspecies not
specified) leaves was the most active, with an IC50 of 71 μg/mL on the radical growth of
Amaranthus hypochondriacus L. [45].
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3. Potential and Perspectives

The holistic approach to studying the A. mexicana species focuses on biology, ethnob-
otany, chemical composition, and biological activity. The species has potential pharmaco-
logical uses as a source of bioactive compounds, such as tilianin, acacetin, apigenin, ursolic
acid, and oleanolic acid [33] in areas such as drug development, disease modeling, and
other biological explorations [47].

Agro-industrial applications and the production of essential oils require greater knowl-
edge and understanding of endemic and native species of cultivated aromatic plants, such
as Agastache mexicana. It is also essential to develop appropriate technologies for indus-
trial applications and products. The information provided in this review supports the
cultivation of lemon balm to take advantage of the plant, extracts, and essential oils. Red
lemon balm has high essential oil yields, averaging 2.26%, regardless of the type of dis-
tillation device [27], while white lemon balm yields about 1.2%. This essential oil has
proven antifungal activity against eleven strains isolated from wheat grains during stor-
age [32]. Extracts from the leaves of A. mexicana contain reducing compounds like phenols
and flavonoids and have been successfully used to provide a reducing medium for the
synthesis of nanoparticles as well as their stability [46].

Progress has been made in the botanical and anatomical differentiation of the two iden-
tified subspecies. Evidence from biotechnological studies show that A. mexicana plant tissue
cultures have great potential as a source of tilianin and other bioactive compounds [33],
but information is scarce in terms of a technological package of cultivation and stan-
dardization of its components. There is phenotypic variability between subspecies and
populations concerning wild or cultivated plants [23]. These results suggest that there may
be genetic variability and the potential for genetic improvement of A. mexicana to increase
plant biomass, improve resistance to climatic factors, resistance to pests and diseases. Fur-
thermore, this variability could allow for the development of populations with specific
chemotypes. For this reason, a holistic approach to the study of the species could help
visualize a broader panorama that allows the sustainable use of lemon balm.
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Abstract: The genus Datura (Solanaceae) contains nine species of medicinal plants that have held
both curative utility and cultural significance throughout history. This genus’ particular bioactivity
results from the enormous diversity of alkaloids it contains, making it a valuable study organism
for many disciplines. Although Datura contains mostly tropane alkaloids (such as hyoscyamine and
scopolamine), indole, beta-carboline, and pyrrolidine alkaloids have also been identified. The tools
available to explore specialized metabolism in plants have undergone remarkable advances over the
past couple of decades and provide renewed opportunities for discoveries of new compounds and
the genetic basis for their biosynthesis. This review provides a comprehensive overview of studies
on the alkaloids of Datura that focuses on three questions: How do we find and identify alkaloids?
Where do alkaloids come from? What factors affect their presence and abundance? We also address
pitfalls and relevant questions applicable to natural products and metabolomics researchers. With
both careful perspectives and new advances in instrumentation, the pace of alkaloid discovery—from
not just Datura—has the potential to accelerate dramatically in the near future.

Keywords: alkaloid; Solanaceae; tropane; indole; pyrrolidine; Datura

1. Introduction

Perhaps no plants on Earth have been more famous—and infamous—throughout
history than those in the genus Datura. Naturalized throughout the temperate regions of
the world, Datura plants, like their other relatives in the family Solanaceae, are a rich source
of bioactive phytochemicals. Although phenolics, steroids, acylsugars, amides, and other
compounds from these plants have been isolated and characterized, it is the alkaloids found
in Datura that have cemented these plants’ role in the remedies, religions, history, and lore
of different cultures in all corners of the world.

As some of the tropanes, pyrrolidines, indoles, and other alkaloids present in the
plant yield both medicinal use and insidious toxicity, Datura has also been the subject
of fairly intensive study. For over a century, a complex, multidisciplinary effort with
contributions from drug discovery and pharmacology, plant breeding and bioengineering,
evolutionary biology, analytical chemistry, and ethnobotany has sought to elucidate the
peculiar and powerful properties of these plants and the substances within that cause
them. This comprehensive review covers the alkaloids of Datura, the tools used to detect
and identify them, the factors affecting their content and composition, and challenges
facing the plant natural products field as a whole. This information could aid anyone
interested in discovering novel alkaloids or studying plant breeding or engineering systems
for alkaloid production.

2. History and Taxonomy

2.1. Medicine and Culture

The historical significance of Datura is both medicinal and cultural. Datura plant parts,
extracts, and preparations have been used as medicines by humans for millennia. Although
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comprehensive analysis of the medicinal uses of Datura is beyond the scope of this article,
the reviews of Maheshwari [1], Benitez [2], and Batool [3] offer additional insights on this
topic. Datura is described in ancient Chinese, traditional African, and Ayurvedic medicine.
These plants were also used medicinally by indigenous Americans, and their properties
were also described in Medieval European texts. Datura was a remedy for many conditions
including pain, bruises, wound infections, swellings and boils, rheumatism, and toothaches,
and Datura cigarettes were smoked to alleviate asthma and breathing problems [1,2].
Extracts and compounds (both alkaloids and other components) derived from Datura have
also been investigated for, among others, anticancer, antibacterial, antiviral, and antifungal
activities [1,3].

The genus’ most famous alkaloidal constituents are the tropane alkaloids atropine
(racemic 1, or hyoscyamine, (S)-1), see below for clarification) and scopolamine (2, or
hyoscine), which are shown in Figure 1. Tropane alkaloids (bicyclic [3.2.1] alkaloids) are
known across many plant genera beyond Datura, and it is worth noting that the primary
commercial sources of atropine and scopolamine are usually the genus Duboisia (and some-
times Brugmansia), and not Datura [4]. Alkaloid 2 is a muscarinic antagonist used to treat
nausea, vomiting, and motion sickness, whereas atropine (1) is a similar anticholinergic
agent, and is used in the treatment of certain poisonings and heart conditions, and to dilate
the pupils in ophthalmology. Both of these drugs are listed on the World Health Organiza-
tion’s Model List of Essential Medicines [5], and synthetic or semisynthetic derivatives of
these drugs are also used.

 
Figure 1. Hyoscyamine [(S)-1, the S-enantiomer of atropine, (1) and scopolamine (2), the most
well-known alkaloids of the genus Datura.

As Datura contains high levels of these potent alkaloids (and many others whose
bioactivity is ill-defined), all parts of the plants are considered toxic, and can easily poison
both humans and livestock animals if accidentally or deliberately ingested [6,7]. Datura
poisoning in humans causes dilated pupils, increased heart rate, blood pressure, and body
temperature, dry mucous membranes, confusion, depression, and incoherence [8,9]. Severe
symptoms can cause heart arrhythmias, coma [8], respiratory depression, and death. In
one 26-year period in the United States, Datura species were responsible for 20% of fatal
plant poisonings in humans, despite their consumption being uncommon [7]. Datura
poisoning also causes characteristic delirium and hallucinations. Aggression, memory
and recognition loss, picking at imaginary objects, delusions of being attacked by animals,
public indecency, and other erosions of social inhibition have been reported [10–14]. Many
names for Datura in different languages, such as devil’s trumpet, malpitte (Afrikaans, “crazy
seeds”, and torna-loca (Spanish, “maddening plant”) reflect this particular property, and
Datura has sometimes been used recreationally to induce these hallucinations. Due to their
toxicity and ability to render subjects delirious and unaware, Datura species have also been
used as a deliberate poison, especially to facilitate robberies or sexual assault [2,4,9,15].
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Datura also has religious and cultural significance. As this is often the case in the same
cultures where it is used medicinally, remedy, magic, tradition, and religion are sometimes
difficult to separate. Indigenous American peoples brewed Datura into tea or chewed
parts of the plant, utilizing its hallucinogenic and euphorigenic properties in initiation,
divination, or luck-bringing ceremonies, or to bring skill or strength prior to hunting [16,17].
In archeological sites in the Southwestern United States and Central America, ceramic
forms resembling the spiky fruit of D. inoxia (or a similar species) were found [17], and in
California, chewed masses of D. wrightii were found alongside cave paintings believed to
represent the flower of this plant [16]. Plants matching the description of D. metel appear in
Hindu iconography depicting the god Shiva [18], while in Haiti, D. stramonium is associated
with catatonia and zombies related to vodou [19]. In Europe, where Datura was believed to
have been introduced by Roma immigrants, the plants, along with other toxic nightshades,
became tied to witchcraft, the devil, and other dark or occult notions [12,15].

2.2. Description and Taxonomy

Datura species are herbaceous annuals or in some places, perennials. The plants
are characterized by trumpet-shaped flowers, often malodorous foliage, and spiny fruits
(excluding the smooth-fruited D. ceratocaula). The representative morphologies of D.
stramonium and D. metel are shown in Figure 2. Datura is classified as a “nightshade” in the
family Solanaceae, sub-family Solanoideae, and tribe Datureae. Datureae is comprised of
four accepted sections, three of which belong to the genus Datura—Dutra, Stramonium, and
Ceratocaulis [20]. The genus was originally known as Stramonium, but Linnaeus, in 1737,
renamed it Datura, a likely Latinization of the Sanskrit dhattura [21], a word used to refer to
the plant (probably D. metel) in classical texts.

Figure 2. Flower of D. metel (left) and fruit of D. stramonium var. stramonium (right).

There are generally considered to be nine species of Datura, although anywhere
from 9–15 are reported in the literature, which can lead to confusion. Datura stramonium
(jimsonweed, section Stramonium) is naturalized throughout the world. This species has
four varieties (vars. stramonium, tatula, godronii, and inermis) that differ in their flower and
fruit color and morphology [22]. Clustered in the same section (Stramonium) as Jimsonweed
is Datura ferox (fierce thornapple). Datura quercifolia (from the Latin “oak-leaved”) is a
shrub-like, American Datura species that is not extensively studied, much like Datura
discolor. Closely related to D. discolor is D. inoxia (often spelled innoxia, Latin for “innocent”
or “innocuous”), which is native to and found throughout the Americas. Datura wrightii,
(“Wright’s Datura” or “Sacred Datura”), is often polymorphic, but it is distinguishable from
D. inoxia [23]. Another plant related to D. inoxia and D. wrightii (and also in section Dutra)
is D. metel, a cultivated ornamental with many varieties, including alba, fastuosa, rubra, metel,
and muricata [24]. Datura leichhardtii (section Dutra) has two subspecies (leichhardtii and
ssp. pruinosa) and is characterized by its small, yellowish-white flowers. Datura ceratocaula
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(from the Latin “horn-stalked”) is an aquatic, hollow-stemmed Datura species native to
Mexico and South America and is the lone member of section Ceratocaulis.

Datura taxonomy is notoriously confusing. Several other described species were later
reclassified. For example, the name D. meteloides is ambiguous; it is usually classified
as D. wrightii, but occasionally as D. inoxia [6,25,26]. D. lanosa was reclassified as either
D. wrightii or D. inoxia, whereas D. velutinosa and D. guyaquilensis are generally accepted
to be D. inoxia [6,25]. D. kymatocarpa and D. reburra are usually described as conspecific
with D. discolor, although phenetic comparisons suggest that they are actually all disparate
species [27]. Additionally, different varieties of a single species are sometimes classified as
separate species (e.g., D. fastuosa for D. metel var. fastuosa or D. tatula for D. stramonium var.
tatula). Additionally, members of the related arboreous South American genus Brugmansia
(the fourth section of the tribe Datureae) were previously classified in the genus Datura. but
these two genera have been accepted as morphologically distinct since the 1970s [28].

3. Alkaloid Isolation and Purification, and Analytical Techniques for Detection,
Quantification, and Identification

Before carrying out further discussion of the structures or origin of Datura alkaloids,
it is helpful to review both the methods used to isolate and/or purify them from plants,
and the techniques and instrumentation used to detect or quantify alkaloids and gain
structural insights about the molecules themselves. The natural products field is beholden
to analytical chemistry, and the pace of alkaloid discovery has accelerated dramatically
since the 1950s with the development of modern instrumentation and advent of new
methodologies in chromatography and spectroscopy. The following section applies only to
Datura and its alkaloids; excellent reviews for more general alkaloid analyses, or analysis
of those from other genera, have been written by Christen [29,30] and Petruczynik [31].

3.1. Extraction and Purification of Alkaloids

Extractions of alkaloids from Datura plant tissues have been performed on fresh,
flash-frozen, or dried Datura tissue. Tissue is often macerated or powdered (sometimes
mechanically, such as the ball-milling technique used by Moreno-Pedraza [32]), and then
treated with an appropriate solvent to extract the alkaloids. Most solvents described in
the literature are relatively non-reactive (i.e., will not degrade the components or signifi-
cantly change the chemical composition of the sample). Examples include methanol [33]
(though extractions with 100% methanol may lead to artifactual reactions, particularly
with aldehydes [34]), methanol/water or ethanol/water mixtures [35,36], 5% concentrated
ammonium hydroxide in ethanol [37], or ethyl acetate (following alkalization) [38]. Some
reports describe the addition of acid to the solvent, as alkaloids are more soluble in water
or polar solvents when protonated: Witte [39] used 2 M hydrochloric acid, while Doncheva
and colleagues [40] used 3% sulfuric acid, although strong acidic and basic conditions
present a risk that reactive groups may decompose during extraction.

Samples are sometimes heated or agitated to facilitate extraction. Temerdashev [41]
compared different extraction methods for extracting D. metel, including those with heating
and shaking, and found that a 1:1 mixture of 0.1 M hydrochloric acid/70% ethanol in water,
heated to 60 ◦C in a water bath, yielded maximum recovery of alkaloids hyoscyamine and
scopolamine. Djilani et al. [42] also compared extraction methods, and found that classical
room-temperature solvent extraction, Soxhlet (reflux-temperature continuous solid-liquid)
extraction, and solvents containing surfactants did not dramatically differ in their efficiency
of extracting alkaloids from D. stramonium. This should not come as a great surprise, since
the known Datura alkaloids range from polar to semi-polar compounds soluble in a wide
range of solvents.
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Following removal of insoluble materials by filtration or centrifugation, extracts
are analyzed (such as in GC-MS or LC-MS metabolic profiling studies) without further
processing, but additional measures can be taken to remove potentially interfering non-
alkaloid substances. If an acidic extraction medium is used, it may be extracted with a
nonpolar solvent (such as hexanes) to remove nonbasic lipids [43]. Since many Datura
alkaloids are usually organic-soluble in uncharged free base forms, polar aqueous extracts
can be basified (with, for example, sodium hydroxide) and extracted with a semipolar
solvent such as chloroform [43], dichloromethane [44], or ethyl acetate [45]. More common
is the application of the basic extract to solid-phase extraction columns, where the alkaloids
are then eluted with dichloromethane or a similar solvent, as described by Berkov and
colleagues (see below). In a recent report, Ciechomska [46] and colleagues developed a
highly replicable, microwave-assisted extraction followed by solid-phase extraction to
isolate atropine and scopolamine from D. metel, a technique which the authors report to
consume less sample and less time than solid-liquid or Soxhlet extraction. It is worth
noting that all published extraction methods should be approached critically. While certain
conditions may work well for targeted compounds (such as 1 and 2), other alkaloids may
degrade under acidic conditions, whereas esters may be hydrolyzed under basic conditions,
particularly at elevated temperatures. More labile alkaloids could potentially be missed in
analysis because of harsh extraction conditions.

More specific purifications of individual alkaloids have been carried out using various
methods, which include classical (usually normal phase) column chromatography, prepar-
ative or semi-preparative HPLC, preparative TLC, recrystallization, and other specialized
stepwise protocols. Liu and colleagues [47] purified four indole alkaloids (3–6, Figure 12)
from D. metel using silica gel column chromatography (eluting with chloroform/methanol),
followed by preparative C18 HPLC and Sephadex column chromatography, to yield the
indole alkaloids in 96.4–97.8% purity, although the yield was very low—only milligram
quantities of the alkaloids were isolated from 7 kg of D. metel seeds. Welegergs et al. [48] pu-
rified a trisubstituted tropane alkaloid (β-7) from D. stramonium seeds using a combination
of silica gel chromatography and preparative TLC; Siddiqui and co-workers similarly used
preparative TLC (chloroform/ether) to isolate the nonpolar benzoyltropane datumetine (8)
from D. metel, which they then recrystallized as a high-purity hydrochloride salt [45]. In a
unique example of column chromatography, Beresford and Woolley first used a column
of Kieselguhr (diatomaceous earth) buffered with phosphate (pH 6.8) to fractionate D.
ceratocaula aerial part extract into three “bases” when eluting with light petrol followed
by ether; alkaloid 8 (SI Table S1) was isolated from one fraction [49]. A method for iso-
lation of high purity 2 (>99%) from “Hindu Datura” (presumably D. metel) flowers was
recently reported by Fu [50]. Following several liquid-liquid extraction, basification, and
back-extraction steps, the crude alkaloid residue was applied to a bed of D151 resin (a
macroporous, cation-exchange resin), and then desorbed using an acidic aqueous solution
(pH 1). Basification, desalting, and treatment with hydrobromic acid afforded crystalline
scopolamine hydrobromide.

3.2. Crude Detection, Thin-Layer Chromatographic (TLC), Colorimetric, Densitometric, and
Optical Methods

Early detections of Datura alkaloids employed colorimetric or spectrophotometric
means, some of which are still employed today. Fuller and Gibson used the Vitali-Morin re-
action on extracts of D. stramonum var. tatula [51]. In this reaction, the crude alkaloid extract
was treated with nitric acid and then acetone in the presence of potassium hydroxide—the
reaction of acetone with nitrated aromatic groups in alkaloids results in a red color, which
can be quantified spectrophotometrically at 540 nm. This procedure is limited to aromatic
alkaloids and, therefore, under-quantifies total alkaloid content. Alkaloids have also been
titrated with sulfuric acid and bromocresol green [52], or with sulfuric acid and then
back-titrated with sodium hydroxide and methyl red [53]. The Mayer reagent (mercuric
chloride and potassium iodide) forms a white precipitate upon reaction with alkaloids; it
has even been used for preparative scale alkaloid isolation from D. stramonium [42]. The
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most common reagent still used for alkaloid detection is the Dragendorff reagent (potas-
sium bismuth iodide). This has broad reactivity for Datura alkaloids, including tropanes,
indoles, and pyrrolidines, but it does not detect calystegines [54].

Alkaloids in crude mixtures can be separated and detected by TLC. Most frequently,
silica-backed glass TLC plates are used. Visualization of alkaloids may use short-wave
UV light, iodine [45], iodoplatinate or Dragendorff reagent, or densitometry and digital
processing [55,56]. Advanced TLC methods have been published: Sharma et al. [55]
employed high-performance TLC with an automatic TLC sampler and densitometric
measurements following Dragendorff staining. This technique allowed the authors to
determine alkaloid “fingerprints” for morphotypes of D. metel and quantify atropine and
scopolamine, which separated very well using this method. Malinowska et al. [56] found
that ETLC, or planar electrochromatography, was effective at resolving the alkaloids of D.
inoxia [57]. Although TLC can be performed very quickly, it often has poor sensitivity: stain
colors can fade, excessive background staining often occurs, and many components are not
UV-active (or stain-reactive), making exact quantitative measurements very difficult. Duez
et al. [58] however, described how staining TLC plates with p-dimethylaminobenzaldehyde
(following development with a mixture of 1,1,1-trichloroethane and diethylamine) and
using scanning densitometry resulted in alkaloid separation and quantification power
comparable to HPLC, although it is worth noting that this report was published before the
advent of many modern HPLC instruments.

Although it is uncommon, infrared (IR) spectroscopy has been applied to Datura alka-
loids. Alkaloids (S)-1 and 2 have characteristic IR bands at 1732 and 1170 cm−1 (indicative
of esters, with the former being the carbonyl C=O stretch), 635 and 696 cm−1 (out-of-plane
monosubstituted aromatic bending), and 858 cm−1 (scopolamine epoxide). By examining
these bands in the ATR-FTIR (attenuated total reflectance Fourier transform IR) spectra
of leaf powder of several nightshade genera (Atropa, Datura, Duboisia, Hyoscyamus, and
Solanum), Naumann and colleagues were able to group similar spectra and chemotaxo-
nomically organize these genera, as well as develop calibration curves for quantifying 1

and 2 in nightshades [59]. Ultraviolet (UV)-visible spectroscopy, by contrast, is commonly
employed, and almost always in tandem with HPLC, although the UV–VIS spectra of
individual compounds are sometimes collected as part of characterization [47]. Monitoring
is usually performed at a wavelength of 210 nm, as most UV-active functionalities, includ-
ing carbonyl groups, absorb in this region [60]. Wavelengths of 254 or 259 nm are also
used, although these are more specific for aromatic alkaloids [35,58]. Two drawbacks of
monitoring via UV–VIS spectroscopy are (a) that some alkaloids do not have functional
groups that absorb UV light in a useful wavelength range, so they cannot be detected by
this method; and (b) other compounds containing UV-active functional groups (e.g., phe-
nolics, unsaturated fatty acids, amino acids, steroids, and terpenes) can interfere, especially
if chromatographic resolution is poor.

As most alkaloids are chiral compounds, polarimetry (the rotation of plane-polarized
light) is sometimes used in elucidation of absolute configuration as part of characterization.
One elegant example is found in the work of Beresford and Woolley [49] who isolated
alkaloid 9 (above and below) from D. ceratocaula. This alkaloid contains two chiral moieties
(the tropane and the methylbutyric acid), which were first separated by hydrolysis of
the ester bond. The dihydroxytropane was then esterified using tigloyl chloride, and
polarimetry confirmed an identical specific rotation to that reported in the literature for
(–)-3α,6β-ditigloyloxytropane, confirming the absolute stereochemistry of the tropane.
Similarly, the acyl portion was confirmed as (+)-2-methylbutyric acid by polarimetry and
comparison to the literature.
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3.3. Gas Chromatography-Mass Spectrometry (GC-MS)

Mass spectrometry is extremely useful and powerful for alkaloid profiling, as many
alkaloids, especially tropanes and pyrrolidines, lack useful UV or fluorescent chromophores
but form characteristic fragment ions whose masses are diagnostic of their substitution
patterns. Putative structures can be assigned from these fragment ions and with the
aid of standards [on the basis of both their fragmentation and retention time (LC) or
retention index (GC)]. GC-MS has been the most widely employed technique for studying
Datura alkaloids. It has been used for assessing the impact of experimental variables on
alkaloid content, examining the metabolites of transformed root cultures, discovering novel
compounds, studying alkaloid biosynthesis or metabolism, metabolite profiling, and for
chemotaxonomy [22,40,61–64].

Usually plant extracts or compounds are analyzed as-is, although pre-derivatization
has been performed [38,41,65,66] by treatment with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) or N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA). These reagents convert
free alcohols to less polar trimethylsilyl (TMS) ether derivatives, including those in alkaloids
like (S)-1 and 2. Silylation improves thermal stability, improves chromatography, and reduces
analyte polarity.

Columns used for GC alkaloid analysis typically contain nonpolar polysiloxane
stationary phases such as SPB1 [37], SE-54 [67], HP-5, HP-1, HP-19091S-433, OV-1,
or RTX-5 columns [22,38,41,65,66]. Mass spectrometry is almost always performed
in GC/MS analyses using 70 eV Electron Ionization (EI) and forms true molecular
ions (M+) from loss of an electron, though these often fragment extensively. An
advantage of GC-MS is that fragment ion masses of alkaloids are often diagnostic
for structural features. Some characteristic fragment ions for tropane, nortropane,
epoxytropane, and pyrrolidine alkaloids from Datura are given in Table 1 [68,69]. For
example, mass spectra of compounds containing a N-methylpyrrolidine ring contain
a prominent fragment (often the base peak) at m/z 84, whereas EI mass spectra of
tropane alkaloids often contain fragment ions at m/z 124, 113, 112, 96, 95, 94, 83, and
82 that reflect decorations on the tropane ring system. Positions of substitutions on
tropane rings and the identities of side chains can often be deduced by analyzing both
the abundances of certain fragment ions as well neutral mass losses from the M+ ion
(Table 1). For example, disubstituted tropanes containing a free hydroxyl group at
position 3 frequently exhibit a base peak at m/z 113 [40,70] but other disubstitution
patterns yield a base peak in the spectrum at m/z 94. Compounds containing a tigloyl
group show a characteristic neutral loss of 99 Daltons (Da), and those containing tropic
acid dehydrate and lose formaldehyde via McLafferty rearrangement [37]. In addition,
many alkaloid standards are commercially available, allowing for comparisons of
retention times, retention indices, and reference EI mass spectra.
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An excellent chemotaxonomic study performed by Doncheva and co-workers in 2006
investigated the alkaloid composition of twenty plant accessions belonging to all four
sections of the tribe Datureae, and identified various alkaloids in roots and leaves [40]. Sixty-
six tropane alkaloids were detected, with considerable variation among the minor alkaloids
across all sections and species. Brugmansia could be easily distinguished from Datura,
as the former contained high contents of 3,6-disubstituted tropanes and pseudotropine
derivatives. Section Brugmansia’s alkaloid profile was similar to D. metel var. fastuosa
(section Dutra) suggesting a relationship between those two sections, whereas section
Ceratocaulis’ profile was distinct (few alkaloids, especially epoxytropanes, in the roots) and
on the basis of this analysis, should be considered separate from the rest of the sections.

Although commonly used, GC-MS has many limitations for metabolite discovery.
First, nonvolatile alkaloids such as underivatized polar compounds, or those of high
molecular weight, may not elute as intact molecules and may not be reliably detected [68].
Second, because GC-MS usually employs high temperatures in both the columns and
injection ports, there is potential for thermal decomposition of some compounds. Glyco-
sides, N-oxides, or other sensitive functionalities can be “burned off” in injection ports,
and dehydrations, eliminations, and intramolecular reactions occur frequently for such
compounds. Some compounds frequently identified in Datura samples (see below) may
be formed during GC-MS, and whether they are purely artifactual or actually occur in
planta [39,61,64] is the subject of ongoing dispute. Therefore, quantitative analyses using
GC-MS may overrepresent certain alkaloids while underrepresenting others, and using
another technique (such as LC-MS) for validation may be beneficial. Another caveat of
mass spectrometry (including GC-MS) is that fragment ion masses provide virtually no
information about absolute configuration (i.e., enantiomers) unless a chiral GC (or LC)
column or chiral derivatizing reagent is used.

3.4. Liquid Chromatography-Mass Spectrometry (LC-MS) and LC-Tandem Mass
Spectrometry (LC-MS/MS)

High-performance liquid chromatography-MS (HPLC-MS) and ultrahigh-performance
liquid chromatography (UHPLC-MS), are increasingly used as alternatives to GC-MS.
LC-MS has been used to quantify alkaloids in Datura nectar [74], track the effect of wa-
ter volume [32], geography and natural selection [75], herbivory, and plant age [76] on
alkaloid content and composition, for investigating how animals metabolize Datura com-
ponents [77], for historical investigation [16], and for general metabolic profiling [36,78,79].
LC-MS methods employ a solid stationary phase (column) and a high-pressure (HPLC;
<6000 psi, UHPLC; to ~15,000 psi) delivery of a liquid mobile phase, which the analytes
are dissolved in as they move through the column. An advantage of LC-MS is that it
can be performed at lower (ca. 35–50 ◦C) and ambient temperatures, and avoids thermal
degradation. A downside of LC-MS is that LC separations are less efficient than capillary
GC separations, though a wider range of experimental parameters are available including
a variety of mobile phase options, and exploration of the range of conditions needed to
resolve analytes can be time-consuming. As in GC, enantiomers cannot be identified or
differentiated unless chiral stationary phases are used (vide infra).

Reverse-phase C18 (octadecyl-capped silica)-based columns are frequently used for
analysis and separation of Datura alkaloids. A pentafluorophenyl phase column has also
been used to analyze tropane alkaloids [10] following the recognition that this column
type is more retentive toward positively-charged analytes [80,81], and can be used in
both reversed-phase and hydrophilic interaction chromatography (HILIC) modes. UH-
PLC columns [36,77] have also been used for profiling of alkaloids; UHPLC columns have
smaller particle sizes to provide more efficient separations, often with shorter analysis times.
Common polar mobile phases for HPLC-MS and UHPLC-MS include water/methanol or
water/acetonitrile, with formic acid (0.1–3%), acetic acid, or ammonium formate [82–84]
added. These additives serve to keep basic alkaloids protonated, which reduces chromato-
graphic streaking and tailing but also reduces retention on reversed phase separations.
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Profiling of Datura alkaloids using LC separations coupled to mass spectrometry
(LC-MS) has been performed on a variety of mass spectrometry platforms including
triple-quadrupole [10], ion trap [65], hybrid triple-quad/linear ion trap [36], time-of-flight
(ToF) [75], quadrupole time-of-flight (QToF) hybrid, or orbitrap instruments [32,36,77,85].
Ionization usually has involved electrospray ionization (ESI), although APCI (atmospheric
pressure chemical ionization) has also been used [16,84].

By ESI, most alkaloids are highly ionizable and give [M+H]+, or sometimes [M+Na]+,
[M+K]+, or [M+H+CH3CN]+ pseudomolecular ions [76,83] with minimal formation of
fragment ions. Alkaloid discovery is aided when LC-MS uses instruments with high
mass resolution that provide accurate mass measurements that can distinguish isobaric
compounds (i.e., those with common nominal masses but different elemental formulas),
whereas experiments that employ more energetic ion activation methods (such as MSE)
yield abundant fragments [86].

Tandem mass spectrometry (MS/MS), where a given ion is first selected (for example,
by the quadrupole filter of a QToF instrument, and then fragmented using collision-induced
dissociation) is an incredibly powerful technique for gaining structural insights into alka-
loids and aiding in annotation by associating fragment ions with specific precursor ions.

Much like the EI fragments obtained from GC-MS, ESI fragments (like those obtained
by LC-MS) are also often diagnostic, but the ion fragmentation processes differ because
EI-generated molecular ions are radicals, whereas ESI-generated ions are not. Some rel-
evant positive-mode ESI fragment ion masses (from MS/MS) are also given in Table 1.
For example, as observed in EI fragmentation, N-methylpyrrolidine-containing alkaloids
frequently yield a m/z 84 fragment (N-methylpyrrolinium ion) or show neutral losses of
83 Da, whereas tigloyl esters are often eliminated as discrete units of 100 Da. Acyltropane
substitution patterns are also easily differentiated by the fragments obtained when the
acyl groups are lost as either neutral acids or ketenes/anhydro groups. An example of the
fragment ions obtained from high-resolution ESI-MS/MS of hyoscyamine (detected in the
chromatogram of D. metel) is shown in Figure 3.

 

Figure 3. HPLC/ESI-MS base peak intensity chromatogram of a methanol-water extract of three-week-old D. metel root
(left) using a C18 LC column on a Waters Xevo G2-XS QToF high-resolution mass spectrometer. The analysis was performed
using data-dependent MS/MS in positive-ion mode. (A) Survey scan base peak intensity chromatogram. (B) The survey
scan spectrum for hyoscyamine (retention time 10.58 min). (C) MS/MS product ion spectrum for m/z 290 for hyoscyamine
shows characteristic monosubstituted tropane alkaloid fragment ions at m/z 142 and 124.

Examination of the peak (m/z 290) in the chromatogram corresponding to hyoscyamine
shows characteristic monosubstituted tropane fragments at m/z 124 and 142 [10,69]. The
m/z 124 fragment results from neutral loss of tropic acid (166.063 Da theoretical mass), and
loss of the anhydro-tropic acid fragment (148.052 Da) yields m/z 142; additional odd-mass
fragments at m/z 93 and 91 result from loss of the nitrogen (as methylamine). The low
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mass defects (portion of mass that follows the decimal place) of the neutral losses derived
from tropic acid suggest that these fragments are relatively hydrogen poor (e.g., aromatic).
Although less predictable, fragments obtained from acylium ions (arising from elimination
and dehydration of acyl groups) are sometimes visible and can provide information, along
with the mass defects, about the nature of the acids esterified to the tropane core.

LC-MS has been used in remarkably diverse ways to characterize Datura metabolites.
In one 2020 study, Hui and colleagues [36] used UHPLC-QToF MS/MS (positive-ion mode)
to profile roots, leaves, stems, flowers, seeds and peels (possibly pericarp) of D. metel, and
identified 65 alkaloids, which they classified as indole, amide, or tropane. This group also
developed a UHPLC-Q-TRAP MS/MS technique to quantify 22 selected Datura metabolites
(mostly hydroxycinnamic acid amides, although some beta-carbolines/indoles and tropanes
were included). This method, employing a five-minute LC run, utilized multiple-reaction-
monitoring (MRM) data acquisition. It was observed that seeds contained the highest
amounts of the selected alkaloids; a dependence on geography was also observed.

An elegant example of HPLC-MS with a chiral column was described in a recent
manuscript by Marín-Sáez [87]. In this method, a CHIRALPAK-AY3 column (silica sup-
port with amylose tris-5-chloro-2-methylphenylcarbamate, eluting with ethanol/0.1%
diethanolamine), was used to separate the enantiomers of atropine. ESI-MS/MS was
used to monitor the alkaloids, using the MRM transition m/z 290>124 characteristic of
atropine/hyoscyamine. Excellent resolution of the two enantiomers was observed, and it
was determined that D. stramonium seeds grown in Spain contained (–)-hyoscyamine (S)-1:
(+)-hyoscyamine in a 90:1 ratio.

3.5. Other Mass Spectrometry Methods

In addition to GC-MS and LC-MS, newer methods have been developed with the
goal of eliminating processing, extraction and chromatographic steps entirely. One such
method is called direct analysis in real-time mass spectrometry (or DART-MS), where a
whole tissue sample is inserted between the ion source and the mass spectrometer inlet.
Molecules in the tissue are then protonated by water clusters (arising from carrier helium
and atmospheric water), and, as in ESI, molecules more basic than water readily ionize.
This method allows for rapid development of “heat maps” or “fingerprints” that show
the spatial distribution of metabolites in whole tissues, which can rapidly identify plant
species. Lesiak and Musah applied this method to D. stramonium, D. inoxia, and D. ferox
seeds, which were sliced transversely and analyzed using soft-ionization positive-mode
DART-MS [88]. Spectra of Datura seeds show characteristic tropane fragment ions (e.g., m/z
174, 158, 142, 124), and the different seed ions clustered on the basis of species by principal
component analysis.

In another study by the same group [89], a method called Laser Ablation DART
Imaging (LADI-MS) was developed. In this technique, a Datura seed was embedded
in silicon putty on a laser imaging platform. A UV laser pulse then scanned over the
sample, producing an analyte-rich ablation plume, which was carried through a tube using
helium to the DART ion source-inlet space (as described above). As the composition of
the ablation plume may differ spatially across the sample, the distribution of any given
analyte can be effectively “imaged”. For example, in D. leichhardtii seeds, a different spatial
distribution was observed for arginine (a biosynthetic precursor to tropanes), tropine
(α-10), and hyoscyamine ((S)-1)/littorine (11, SI Table S1), which suggests the presence
of sophisticated cellular transport machinery and/or specialized localization of alkaloid
biosynthetic enzymes. Moreno-Pedraza elaborated on this technique by developing a UV
laser desorption method that uses a low-temperature, 3D-printed plasma probe for sample
ionization (known as laser-desorption-low temperature plasma mass spectrometry), which
removes the need for sample matrices or organic solvents entirely. This technique was
employed to image the distribution of tropane alkaloids and their fragment ions in cross
sections of whole D. stramonium fruits and seeds [90].
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Another method used for direct imaging is Desorption ESI (or DESI), where droplets
of solvent are sprayed directly at an intact tissue sample or section, and the impact of
the droplets produces gas-phase ions that are then analyzed. Cooks and colleagues [91]
analyzed D. stramonium roots and seeds using this technique. With 1:1 methanol:water as
the spray solvent, they were able to detect fifteen of the nineteen reported alkaloids in D.
stramonium roots and confirm their identities by their fragment ion masses.

3.6. Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR is frequently used for structure elucidation, and along with X-ray crystallog-
raphy, is the most powerful tool for demonstrating molecular connectivity. Nonetheless,
as the structures of many alkaloids (especially tropanes and pyrrolidines) are putative,
proposed on the basis of mass spectral fragmentation (or comparison of retention time to
standards), NMR is generally only used on isolated and purified alkaloids (see below).

Typically, the first NMR experiment performed during structural elucidation is proton
(1H-NMR) spectroscopy, which yields signals that reflect environments of the hydrogens
(protons) in the molecule. 1H-NMR (or proton NMR) yields distinctive signals for the
tropane nucleus [40], and analysis of the splitting patterns has been frequently used
to determine the configuration at position 3 (e.g., α-10, or tropine-derived, or β-10, or
pseudotropine, derived; see Figure 5). Additional information about groups esterified
to the tropane core can be gained from examining the olefinic (5–7 ppm) and aromatic
(6–8 ppm) regions. An example of a 1H-NMR spectrum of a tropane alkaloid (2) is shown
in Figure 4. Carbon-13 (13C-NMR) spectra are also commonly obtained, although these
experiments have lower sensitivity in part because NMR-active 13C nuclei are less abundant
than protons. 13C spectra are also collected as part of DEPT (distortionless enhancement
via polarization transfer) experiments. These experiments (DEPT-45, DEPT-90, and DEPT-
135) distinguish 13C signals on the basis of the number of attached protons. In cases
where the structure is more complex (as in many tropane alkaloids), two-dimensional
NMR experiments that provide more explicit information about the connectivity of atoms,
such as total correlated spectroscopy (TOCSY, H-H), correlation spectroscopy (COSY,
H-H), heteronuclear single quantum coherence (HSQC), heteronuclear multiple-bond
correlation (HMBC, H-C, or H-N), or various through-space experiments dependent on
the nuclear Overhauser effect (such as NOESY or ROESY). Although the last experiments
are not commonly included in the Datura alkaloid literature, they have been employed for
structural determination of other tropane alkaloids [30].

The largest advantage of NMR spectroscopy is that, in addition to the myriad struc-
tural information it provides, it is generally nondestructive, and samples can be recovered
after analysis. Nonetheless, it can be very time-consuming, especially when performing
13C-based or 2D-experiments on low field strength instruments, and its sensitivity is much
lower than mass spectrometry. To perform structural determination of an alkaloid by
NMR, generally 1–5 mg of a compound is required, which often makes isolation (and
purification) of enough compound from a natural source a major barrier to NMR experi-
ments. Additionally, as most alkaloids are chiral molecules, a downside of NMR, like mass
spectrometry, is the inability of the method to establish absolute stereochemical configura-
tion (e.g., enantiomeric identity or ratio)—that is usually established by chiral HPLC and
comparison to a standard, circular dichroism or similar methods, X-ray crystallography, or
chemical derivatization (although often not used for Datura alkaloids) [47,49,92]. However,
in the presence of so-termed chiral shift reagents, enantiomers can be differentiated and
quantified by NMR. Lanfranchi et al. [44] added one such reagent, Yb(hfc)3, to a solution
of atropine trifluoroacetate. This reagent causes deshielding of certain carbons, and the
splitting of certain 13C signals into discrete peaks corresponding to each enantiomer, from
which enantiomeric ratio can then be determined. This method was optimized with differ-
ent ratios of atropine enantiomers and then applied to crude D. stramonium seed extract,
which revealed that (S)-(–)-hyoscyamine (S)-1) was the dominant enantiomer by a factor of
20:1 (in agreement with the chiral HPLC results, vide supra) [87].
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Figure 4. 1H-NMR spectrum (500 MHz, in DMSO-d6) of scopolamine (2). Indicated peaks correspond
to the structural features highlighted in magenta.

NMR has also been used in studies of the metabolism and biosynthesis of alkaloids
in Datura plants and root cultures derived from Datura. Robins et al. [63] fed D. stramo-
nium root cultures with NMR-active 13C-labeled sodium acetate, hygrine (12, Figure 11),
and several pyrrolidine esters, all of which could be hypothetical precursors of tropane
alkaloids. By monitoring incorporation of the 13C label into tropane alkaloids by NMR, it
was determined that hygrine and N-methyl-2-pyrrolidinyl acetate ester were not direct
precursors of tropane alkaloids (hygrine was only found incorporated into cuscohygrine,
13, Figure 11), but 1-methyl-2-pyrrolidinyl-3-oxobutanoate (see below) and sodium acetate
likely were. 15N-NMR spectroscopy was also used to study the de-differentiation of D.
stramonium root cultures fed with 15N-labeled nitrate or ammonium salts. When these
cultures were treated with various hormones, the cells formed a suspension culture and
lost most of their ability to synthesize tropane alkaloids. Instead, 1H-15N-HMBC spectra
(see below) of extracts showed that these cells accumulated gamma-aminobutyric acid and
N-acetylputrescine [62,93] suggesting that the nitrogen balance of these cells had shifted
away from alkaloid biosynthesis.

The literature contains several examples of applying these experiments to the struc-
tural determination of alkaloids. Siddiqui et al. [45] isolated a para-methoxybenzoic acid
tropane ester from D. metel, which was appropriately named datumetine (8). 1H-NMR
revealed a triplet consistent with the methine of a 3α-tropyl ester and a characteristic down-
field doublet-of-doublets suggestive of a para-substituted benzoate, which was confirmed
by 13C-NMR. Additional information about the structure (such as the presence of methines
indicative of a tropane bridgehead (2- and 5-positions) and the para-methoxyl group was
revealed by DEPT. Similarly, Welegergs and colleagues isolated a trisubstituted tropane
alkaloid from Ethiopian D. stramonium seeds (β-7), and they used a similar combination of
1H, 13C, and DEPT-135 NMR experiments to assign the structure of the isolated alkaloid
as 7 (SI Table S3) [48]. Liu and co-workers utilized 1H-1H COSY and 1H-13C-HMBC, and
1H-13C-HSQC, in addition to 1H and 13C-NMR, to establish connectivity of the atoms in
the daturametelindole alkaloids (3–6) isolated, obviously, from D. metel), several of which
possess a unique spirocyclic oxindole core [47].
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4. Alkaloids of the Genus Datura—Tropane Alkaloids

4.1. History—And Some Troublesome Aspects of Identifying and Reporting Tropane Alkaloids

Although the medicinal and psychotropic effects of Datura species have been known
throughout history, the active alkaloid constituents were a mystery for centuries. Hyoscyamine
[(S)-1)] and scopolamine (2) were not isolated from any plant until 1833 and 1881, respec-
tively [6], and are named after Hyoscyamus and Scopolia—the genera from which they were first
isolated. The principal alkaloid isolated from D. stramonium was originally called “daturine”.
Daturine was later determined to be identical to two other alkaloids, “duboisine” (presumably
isolated from the genus Duboisia) and hyoscyamine (which was established as being “chemically
identical” to atropine, 1). The observation that Datura actually contained (S)-1 was made in
1880 [94], and appears to have been to be common knowledge by 1901 [95] but references
to (S)-1′s possible presence in Datura existed as early as 1850! Although research on Datura
alkaloids has been conducted for over 170 years, the majority of new alkaloids were identified
from 1970 to the present.

There are several caveats that must be acknowledged when perusing the Datura
alkaloid literature and examining the annotations and identifications of tropane alkaloids
and the species that they are isolated from. First, several Datura species very closely
resemble each other and may be polymorphic (i.e., D. metel, D. wrightii, and D. inoxia),
which is complicated further by ambiguous or obsolete names in the literature (e.g., D.
meteloides). Some of these similar species (such as D. inoxia and D. wrightii) also have
significant overlap between their native or naturalized geographic ranges [23,25]. Without
a definitive botanical or genetic identification of a wild plant accession, it may be difficult
to tell exactly which species of Datura is being studied.

Second, not all Datura species have been studied equally with regards to alkaloids.
Some species, like D. stramonium, have been profiled extensively using multiple analytical
methods, while others, like D. discolor and D. quercifolia, are relatively uninvestigated.
Although a specific alkaloid may be listed as absent from a certain species in the literature
(or in SI Tables S1–S5), this may not mean that the alkaloid is truly absent; it may instead
mean that it has not been discovered in that species to date, or the analytical methods used
simply have not detected it.

Third, the tropane literature is rife with structural ambiguity. Tropane, tropine (α-10),
and pseudotropine (β-10) are achiral meso-compounds that are bisected by an internal plane
of symmetry (Figure 5) and many 3-monoacylated compounds are also meso compounds
(unless they contain chiral acyl groups, like hyoscyamine (S)-1). Additional functional-
ization at position 6 or 7, however, can desymmetrize the molecule [92]. Therefore, 3,6-
and 3,7-disubstituted tropanes (and some asymmetrically substituted 3,6,7-trisubtituted
tropanes) form enantiomers. As substitutions on positions 6 and 7 (as far as those have
been isolated) are always exo (β), asymmetrically substituted tropanes are only diastere-
omers if position 3 differs in its α/β configuration—see Figure 5. As mentioned above,
enantiomers cannot be differentiated on the basis of achiral LC-MS, GC-MS, or standard
NMR techniques used for structural elucidation. Since the majority of Datura alkaloids
have been annotated based on GC-MS data, there is considerable uncertainty regarding
absolute configurations. Stereochemistry often seems to be assigned arbitrarily, or by com-
parison to retention indices of standards whose structures themselves are not definitively
assigned. In the following sections (and the tables and figures referenced herein), the
structures of tropane alkaloids are described as reported by the original authors, although
the stereochemical assignments may not have been definitively established.
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Figure 5. Chirality in tropane alkaloids and relationships between meso compounds, enantiomers, and diastereomers for
substituted tropanes.

For the purposes of brevity, classes of tropanes (organized into subgroups roughly
following the conventions of Lounasmaa and Tamminen [96]) that contain many differ-
ent compounds (monosubstituted, disubstituted, trisubstituted and epoxytropanes, and
nortropanes) are organized into SI Tables S1–S5 (in the Supporting Information). It may be
helpful for the reader to refer to these tables frequently while going through the following
sections, as alkaloids are referenced in the text using numerical descriptors, some of which
are only found in these tables. The structures of other alkaloids of note are depicted in
Figures 7–13 (below).

4.2. Biosynthesis of the Tropane Core

Datura species start producing tropane alkaloids as early as six days after germina-
tion [72], or when the germinated roots reach approximately 3 mm long [97]. An excel-
lent, in-depth review of the biosynthesis of tropane alkaloids was provided by Kohnen-
Johannsen and Kayser [12], and an overall scheme is shown in Figure 6. The roots are
believed to be the principal site of tropane alkaloid biosynthesis, and the precursors of the
tropane (and pyrrolidine) alkaloids are ultimately the amino acids arginine, glutamine,
and ornithine.
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Figure 6. Biosynthesis of tropane and pyrrolidine alkaloids in Datura.

These amino acids can be converted to putrescine (14, Figure 6) through the ac-
tion of several enzymes. The enzyme putrescine methyltransferase (PMT) [62,98] N-
monomethylates putrescine to yield 15, which is then oxidatively deaminated by methylpu-
trescine oxidase (MPO). The resultant unstable amino aldehyde (16) spontaneously cyclizes
into N-methylpyrrolinium ion (17). This pyrrolinium species is electrophilic and can react
with a variety of nucleophiles. Pyrrolidine, ecgonine, and tropinone-derived alkaloids are
all derived from this intermediate. To form tropinone-derived alkaloids (which represent
the majority of the tropane alkaloids present in Datura species), this intermediate condenses
with two molecules of malonyl-Coenzyme A (CoA) to yield the pyrrolidine oxobutanoic
acid 18. The enzyme that catalyzes this condensation in Atropa belladonna roots was recently
revealed to be a polyketide synthase (AbPYKS) [99], and similar enzyme activity probably
serves the same function in Datura. This intermediate was identified as a tropane alkaloid
precursor in D. stramonium root cultures, as 13C from a labeled ethyl ester precursor of
18 that was fed to the cultures was found incorporated into (S)-1 and other tropanes [63].
Similar results were observed in feeding experiments using hydroponically-grown D.
inoxia [100].

The intermediate 18 is then cyclized, with concomitant oxidation and decarboxylation,
to afford tropinone (19). In A. belladonna, the enzyme that catalyzes this cyclization is a
cytochrome P450 (called AbCYP82M3) [99]; no analogous enzyme has been isolated or
purified from the genus Datura to date. Tropinone (19) has several fates: it can be converted
to tropine (α-10, the 3α-anomer) by tropinone reductase I (TRI), or pseudotropine (β-10,
3β-anomer) by tropinone reductase II (TRII); both of these enzymes have been isolated from
D. stramonium root cultures [101]. Tropine (α-10) gives rise to many acyltropines, including
hyoscyamine (S)-1), littorine (11), datumetine (8), and more functionalized compounds
such as scopolamine (2), meteloidine (α-20, SI Table S3), anisodamine (21, Figure 7), and
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anisodine (22) (SI Table S4). Pseudotropine also yields aliphatic esters such as tigloidine (β-
23), and is the precursor of the polyhydroxylated calystegines. More information about the
biosynthesis of more specific alkaloids is provided under individual subheadings below.

 

Figure 7. 3,7-Disubstituted tropanes found in Datura.

4.3. Monosubstituted Tropanes

All reported monosubstituted tropanes, for the exception of 7-hydroxytropane (See
SI Table S1) are substituted in the 3-position, and include 19, α-10, β-10, and esters derived
from the latter two compounds (1, 8, 11, 23–39). Numerous monoacylated tropanes have
been identified in Datura species (mostly by GC-MS), from both intact plant parts and
transformed root cultures. Most of these alkaloids have α stereochemistry at the 3-position,
and are derived from α-10, but a significant number of β-10-derived alkaloids, such as
tigloidine (β-23), have also been detected. Unfortunately, in many cases, the stereochem-
istry at the 3 position has not been reported; in Table S1 these instances are cited under “α
or unspecified”.

Robins [102] reported that different Datura acyltransferases act depending on whether
the substrate is α-10 or β-10. Individual acyltransferases also may have promiscuous substrate
specificity. For example, tigloyl pseudotropine acyltransferase isolated from D. stramonium
root cultures has the highest activity with tigloyl-CoA, but can also use acetyl, propionyl,
isobutyroyl, and senecioyl-CoAs (among other aliphatic substrates) to acylate β-10, suggesting
that the abundance of a given acyltropane may in part arise from competition between differ-
ent substrates in the plant’s acyl-CoA (or other acyl donor) pool [102,103]. The aliphatic CoAs
utilized by these enzymes are derived from short-chain (C2-C5) carboxylic acids. Generally,
aliphatic acyl groups containing more than five carbons have not been observed in Datura alka-
loids. Most short-chain carboxylic acids are derived from amino acids. 2-Methylbutanoyl and
tigloyl groups (both very common in Datura tropanes) are synthesized from isoleucine [49,104],
whereas isobutyroyl and 3-methylbutanoyl (isovaleroyl) groups are derived from valine and
leucine, respectively [105,106].

Most of Datura’s aromatic monoacyl tropanes (SI Table S1) contain phenylacetyl (30),
2-phenylpropionyl (34), phenyllactoyl (littorine, 11), or tropic acid moieties [(S)-1 and
its derivatives]. One interesting exception is the hydroxylated phenylacetate derivative
homatropine (31), which is a synthetic drug. Temerdashev [41] detected this alkaloid in D.
metel extracts using LC-MS, but did not elaborate on how it was identified as homatropine.
Another exception is datumetine (8), a 4-methoxybenzoyl ester isolated from D. metel [45]
and characterized by NMR. This alkaloid is unique because benzoyl and substituted
benzoyl esters are not found in Datura, let alone in most of the Solanaceae; these esters are
more common in the Erythroxylaceae (e.g., cocaine) and Convolvulaceae [96].

All phenyllactoyl and tropic acid moieties in Datura alkaloids are ultimately derived
from phenylalanine, via reduction of phenylpyruvate. In A. belladonna roots, an aromatic
amino acid aminotransferase (termed Ab-ArAT) is found co-expressed with tropane biosyn-
thesis genes; it is anticipated that a similar “ArAT enzyme” produces phenylpyruvate in
Datura [107]. Post-phenylpyruvate reduction, phenyllactate is then esterified to tropine to
form littorine (11) by littorine synthase. This enzyme is a specific acyltransferase that uses
phenyllactoylglucose as the acyldonor [108]. Hyoscyamine ((S)-1) is present in all Datura
species (and root cultures derived from these species), and is frequently one of the most
abundant alkaloids, although its abundance depends on the species, organ and ontogenetic
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stage examined. Hyoscyamine (S)-1 is sometimes interchangeably referred to as “atropine”
in the literature, although this is a misnomer, as “atropine” (1) refers to pharmaceutical
preparations of racemic hyoscyamine, whereas the tropic acid moiety is reported to be
almost exclusively (S)-(–)- in Datura stramonium [44,87].

The tropic acid moiety is derived from the phenyllactate of 11, isomerized by a P450
enzyme called littorine mutase. The kinetics of (S)-1 formation (i.e., isomerization of the
phenyllactate of 11) in Datura (specifically, in D. inoxia root cultures) are reported to be
slow (around half the rate of the synthesis of 11 itself), suggesting that this may be the
rate-limiting step in the synthesis of (S)-1 [109]. The mechanism of this isomerization is
still disputed, but computational studies suggest that a P450-mediated concerted cationic
rearrangement to yield hyoscyamine aldehyde is a low-energy process [110]. Indeed,
masses consistent with hyoscyamine aldehyde (which is then presumably reduced to 11)
have been observed by LADI-MS in D. leichhardtii seeds [89].

The tropic acid moiety itself is also further elaborated in Datura (SI Table S1); it is
hydroxylated at the α-position (alkaloid 35) in D. stramonium, D. wrightii, D. ceratocaula, and
D. inoxia, methylated (36) in D. inoxia and D. stramonium, and acetylated (37) in most species.
One unique hyoscyamine derivative is the O-formyl ester of hyoscyamine (α-38) observed
in D. ceratocaula; GC-MS revealed a M+ ion of m/z 317, which showed a characteristic loss of
HCOO• (45 Da) to yield protonated apoatropine (m/z 272) [73]. This formyl ester (to date)
is unreported in other species. The dehydration product of hyoscyamine (or elimination
product of other hyoscyamine derivatives), called apohyoscyamine or apoatropine (39,

SI Table S1)) has also been commonly observed in GC-MS profiles of Datura species.
There is debate as to whether this alkaloid legitimately exists in nature, or is an artifact
produced by thermal dehydration of (S)-1 (or a derivative) in heated injectors during
GC-MS. For example, Dupraz states that 39 was not detected by HPLC analysis of extracts
of D. quercifolia (root cultures and intact plants), but 39 was detected when the same extracts
were analyzed by GC-MS, suggesting it is artifactual [67]. By contrast, in Temerdashev’s
2012 study, 39 was observed in LC-MS traces of D. metel extract, suggesting that either it is
formed in planta or during extraction (rather than during analysis) [41].

4.4. Disubstituted Tropanes

Many Datura tropane alkaloids are hydroxylated (or acylated) or epoxidized on the
tropane core. Most documented tropane hydroxylation (and epoxidation) occurs in positions
6 and 7, exclusively in the exo (β) position, and is catalyzed by the enzyme Hyoscyamine
6β-Hydroxylase (H6H). This enzyme, a nonheme, iron-containing 2-oxoglutarate-dependent
dioxygenase, has been cloned from D. inoxia, and recombinant H6H from D. metel has been
expressed in E. coli [111,112]. In both cases, the isolated H6H enzyme could also convert
(S)-1 to scopolamine (2), showing that it can construct epoxytropanes as well. The D. metel
enzyme also could produce both 6-hydroxyhyoscyamine (40, SI Table S2) in addition to
scopolamine, but the epoxidase activity (discussed in more detail below) was much lower
than the hydroxylase activity.

Table S2 summarizes known Datura disubstituted tropane alkaloids (40–65). Like their
monosubstituted counterparts, disubstituted tropanes are found in all Datura species (and
in root cultures derived from those species). In addition to 3,6-dihydroxytropane (41), these
alkaloids contain either one ester and one hydroxyl group or two esters. Interestingly, other
than 3,6-diacetoxy (42) and -ditigloyloxy (α/β-43) tropanes, duplicate ester groups (e.g.,
diisobutryloxy, diisovaleroyl, or dipropionyloxy) have not been reported, suggestive of
enzymatic recognition. Most disubstituted tropanes are aliphatic, although hydroxylated
and acylated derivatives of phenylacetoxytropane, apohyoscyamine, and hyoscyamine
(such as 40, 55–57, 62–65) have also been found in several species.

Although almost all disubstituted Datura tropanes are 3,6-disubstituted, several al-
kaloids exhibit the rare 3,7-disubstitution pattern. 7-Hydroxyhyoscyamine (21, Figure 7),
also known as anisodamine, is distinguishable from 6-hydroxyhyoscyamine (40) by its GC
retention index on an achiral column, as it is a diastereomer of 40, rather than an enan-

299



Molecules 2021, 26, 2629

tiomer. This alkaloid has also been detected in D. inoxia [113,114], D. ceratocaula [73], and D.
stramonium [72,115]. 7-Hydroxyapoatropine (66) [72], was also observed in D. stramonium.
Two unique disubstituted tropane alkaloids are 3-formyl-6-tigloyloxy tropane (54, from
D. stramonium), which is the only reported alkaloid of this type containing a formate ester,
and 3-hydroxy-6-(2-methylbutanoyloxy)-tropane (α-9, SI Table S2), which was isolated
from D. ceratocaula. Beresford and Wooley [49] determined the stereochemistry of the
2-methylbutanoate side chain to be (+)-(S). The stereochemistry of 2-methylbutanoate side
chains has not been determined or reported in other instances, although it is plausible that
they are also (+)-(S), if they are derived from L-isoleucine as is proposed (vide supra).

4.5. Trisubstituted and Epoxytropanes

More elaborate trisubstituted and epoxidized tropane alkaloids have also been found
in Datura, suggesting that the enzymes that perform hydroxylation, epoxidation, and
acylation have evolved to recognize a variety of substrates. 3,6,7-Trisubstituted tropanes (7,
20, 67–77) are in summarized in Table S3; 3-substituted 6,7-epoxytropanes are likewise in
Table S4. All trisubstituted tropanes detected in or isolated from Datura species contain
either two acyl groups and one hydroxyl group (as in the very abundant and common
3,6-ditigloyloxy-7-hydroxytropane, α-72), or two hydroxyl groups and one acyl group,
such as 3-tigloyloxy-6,7-hydroxytropane (α-21) which was first isolated from D. meteloides
and thus given the common name meteloidine.

As with the disubstituted tropanes, substituents at positions 6 and 7 have been ex-
clusively assigned β-stereochemistry, whereas position 3 can be α or β, and the only
substituents found to repeat in the same compound are tigloyl (as in α/β-72) and hydroxyl
(as in 20, 67, and 75, SI Table S3). Interestingly, 3,6,7-triacylated tropanes have never
been reported in the genus Datura [4,96]. In fact, they are not reported to exist in the
Solanaceae at all; the only representative of this class thus far has been found in Erythrox-
ylum zambesiacum (Erythroxylaceae) [116]. Additionally, only two unique trisubstituted
tropanes from Datura are derived from (S)-1. Vitale and co-workers [37] detected (by
GC/MS) an alkaloid they proposed to be 7-hydroxy-6-propenyloxy-3-tropoyloxytropane
(α-77, SI Table S3) in the seeds of D. ferox. The structure was proposed on the basis of a) loss
of formaldehyde by McLafferty rearrangement (consistent with tropic acid derivatives),
and b) loss of 72 Da corresponding to the propenyloxy group. Welegergs et al. [48] isolated
3-(3’-methoxytropoyloxy)-6-tigloyloxy-7-hydroxytropane (β-7) and assigned its structure
by NMR. The 3-position stereochemistry for this alkaloid is drawn as β, although the report
does not specify how this assignment was confirmed, nor is the stereochemistry of the
tropic acid side chain explicitly specified.

The most abundant epoxytropane in the genus Datura is scopolamine (2), which
is found in all species and hairy root cultures derived therefrom. Most epoxytropanes
(SI Table S4) are aromatic, derived from tropic (2, 22, 81), apotropic (82), 3-phenylpropanoic
(83), or phenylacetic acid esters (84), although 3-tigloyl-, 3-hydroxy-(scopine), and 3-acetyl-
6,7-epoxytropanes (80, 78, and 79), respectively) have also been observed in D. stramonium
and/or D. inoxia. As described above, epoxidation, like hydroxylation, is catalyzed by H6H.
Epoxidation can occur by dehydrogenation of hydroxytropanes, and in vitro experiments
have shown that 6,7-dehydrotropanes are also recognized as epoxidation substrates [12].
Ushimaru and colleagues [117] synthesized a series of tropane analogues as mechanistic
probe substrates for H6H. The use of these probes revealed that tropane epoxidation does
not occur via a dihydroxytropane intermediate, but by radical abstraction of a β-hydrogen
one carbon removed from the hydroxyl group. The substrate configuration required for
epoxidation is rather strict—the configuration between the β-hydrogen and hydroxyl
group must be syn-periplanar for epoxidation to occur. If there is no hydroxyl group
(i.e., monosubstituted tropane), hydroxylation will occur instead, and if the hydroxyl and
β-hydrogen cannot adopt a syn-periplanar configuration, dihydroxylation predominates
over epoxidation [117].
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4.6. Dehydrotropanes, Nortropanes, and Calystegines

A rarer class of tropanes are those with a double bond in the tropane nucleus (de-
hydrotropanes). The first dehydrotropane discovered in Datura was 2,3-dehydrotropane
(85, Figure 8), which was detected by GC-MS in diploid and tetraploid hairy root cultures
derived from D. stramonium [118]. The remaining known alkaloids of this class (86–90) are
6,7-dehydrotropanes, which were found in D. stramonium (87), D. inoxia (88), or both (85,
86, 89, 90) by El Bazaoui and co-workers [64,113] Virtually nothing is known (or even pro-
posed) about the biosynthetic origin these alkaloids, although, like apotropoyl derivatives,
it is considered that they could be thermal artifacts formed by dehydration or elimination
of hydroxyl or ester groups during GC-MS. In LC-MS studies from our own laboratory,
however, we have detected dehydrotropanes in neutral water/methanol extracts of both D.
stramonium and D. metel parts, suggesting that some of these alkaloids are formed in planta;
De-la-Cruz’s (2020) LC-MS observations also support this [75].

 

Figure 8. Dehydrotropanes identified in Datura species.

Nortropanes (Table S5) are tropane alkaloids lacking the methyl group on the tertiary
amine. The enzyme responsible for tropane N-demethylation has not been isolated from
Datura or characterized biochemically, although it may act in an oxidative fashion similar to
the enzyme that demethylates nicotine [119]. All nortropanes (91–104) detected in Datura,
for the exception of 3-tigloyloxynortropane (92) and 3-acetoxynortropane (91), are aromatic,
and many are epoxy or apotropyl derivatives. It is worth noting that although various
other thermal reactions are possible in the GC-MS, thermal tropane demethylation is not
considered likely, so observations of presence or absence of nortropanes can be considered a
true metabolic difference and not artifactual. In a 2006 chemotaxonomic study by Doncheva
et al. [40] the distribution of nortropanes was heavily dependent on the part of the plant
studied. Nortropanes were found only in the leaves of Datura species; they were not
detected in the roots of multiple varieties or accessions of D. stramonium, D. ferox, D. inoxia,
D. wrightii, D. leichhardtii, D. metel, or D. ceratocaula.

Calystegines are a special class of norpseudotropanes [119] sometimes referred to as
“sugar mimic” alkaloids because of their extensive hydroxylation and ability to inhibit
various glycosidases [54]. Calystegines are challenging to detect because they have high
aqueous solubility that impairs liquid-liquid extraction into organic solvents, do not run
well on GC without prior derivatization, lack useful UV chromophores, and do not stain
with Dragendorff reagents. Although the genes required to produce calystegine precursors
(pseudotropine, β-10) are present in Datura, reports of these alkaloids are rare for the genus.
Nash [54] reported calystegine B2 (105, Figure 9) in D. wrightii leaves, whereas Drager and
colleagues [120] reported the presence of calystegines in D. stramonium leaves and roots,
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although their contents were too low (<0.5 μg/g tissue) to quantify reliably, and they were
not detected in cultured roots of D. stramonium [121].

 

Figure 9. Calystegine, ecgonine alkaloids, and tropane N-oxides found in Datura species. Note that
the “pseudo-” nomenclature for ecgonine alkaloids refers to the stereochemistry of the 2-carboxylate,
not the 3-hydroxyl.

4.7. Ecgonine Derivatives, Tropane N-Oxides, and Cyclic and Dimeric Tropane Alkaloids

The ecgonine alkaloids (2-carboxy-3-hydroxytropanes) are the class of tropane deriva-
tives that includes cocaine and its derivatives and precursors. These alkaloids, which share
similar pyrrolidine-based biosynthetic origin to tropinone-derived alkaloids [12] are more
common in the Erythroxylaceae than the Solanaceae [4]. There are several exceptions:
methylecgonine (106, Figure 9) was observed by Berkov in the roots and stems of D. cerato-
caula, with the stems having a slightly higher content as assessed by GC-MS (% of total ion
chromatogram) [76]. Similarly, 106 was reported in low concentrations in D. stramonium
stems and roots, and D. inoxia roots, stems, leaves, and flowers—accessions of both species
were harvested from Northwestern Morocco [64,113]. Additionally, 106 was found in both
diploid and tetraploid hairy root cultures derived from D. stramonium [119]. Methylpseu-
doecgonine (107) was also discovered in D. stramonium and it was identified as such by
comparison of the natural alkaloid with all four synthesized isomers of methylecgonine by
GC-MS [122]. This alkaloid was also found in D. stramonium, D. stramonium var. tatula, and
D. inoxia harvested from Algeria [115].

Although unusual, the tropane nitrogen can become oxidized, yielding a tropane
N-oxide (such as hyoscyamine N-oxide). Both an axial (ax-108) and an equatorial (eq-108)
isomer of this alkaloid exist (Figure 9) and are separable; both have been isolated from
D. stramonium root, stem, leaf, flower, and pericarp; the equatorial isomer of scopolamine
N-oxide (eq-109) was isolated from the same plant and parts [123]. Tropane N-oxides are
problematic to detect, isolate, and characterize because of their poor solubility in common
extraction solvents, such as ether, and their propensity to thermally deoxygenate and
demethylate during GC-MS, which makes this a poor detection method [68]. As such,
their structures were assigned by NMR. Interestingly, Vitale [37] reported that no tropane
N-oxides were detected in D. ferox seeds; there is little comment in the literature regarding
the presence of these derivatives in other Datura species.

The cyclic tropane (+)-scopoline (110, Figure 10), also known as oscine, was first
isolated from the genus Datura by Heusner in 1954 [124]. Since then, it has been ob-
served in D. stramonium [68,72,74], D. inoxia [113,114], and D. wrightii [40]. A second cyclic
tropane, cyclotropine (111), was observed in D. stramonium and D. inoxia [113,114]. Ionkova
and Jenett-Siems propose that these compounds may be artificially produced during the
isolation procedure (arising from degradation of epoxytropanes followed by intramolec-
ular nucleophilic attack of the 3-hydroxyl on the epoxide), or during GC-MS, although
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both of these alkaloids were also observed by LC-MS during De-la-Cruz’s profiling of D.
stramonium leaves [61,75,122].

 

Figure 10. Cyclic and dimeric tropane alkaloids from Datura.

D. stramonium contains the dimeric alkaloid belladonnine (α/β-112, Figure 10), which
consists of two tropine (α-10) moieties esterified to a tetrahydronaphthalene diacid known
as isatropic acid. Aripova and Yunusov propose that isotropic acid may be formed by
photodimerization of atropic acid (dehydrated tropic acid, the hydrolysis product of
apohyoscyamine (39, SI Table S1)) [125]. Prolonged heating of hyoscyamine can also
produce this dimer. An analogous ester of scopine (78, SI Table S4) and isatropic acid,
called scopadonnine (α/β-113) was isolated from D. inoxia seeds. This alkaloid, like 112,
is naturally isolated as a mixture of α-(anti) and β-(syn) isomers, and the structure of
β-scopadonnine (α/β-113) was unambiguously determined by N-methylation with methyl
iodide, recrystallization of the di-quaternary salt, and X-ray crystallography [126].

5. Alkaloids of the Genus Datura—Non-Tropane Alkaloids

Thus far, this review has classified compounds using the classical definition of
alkaloids—natural products containing a basic (and often heterocyclic) nitrogen, or those
compounds biogenetically related to basic alkaloids. In addition to tropanes, there are
many other types of nitrogenous compounds in Datura species, such as hydroxycinnamic
amides, amino acids, diketopiperazines, and their derivatives; those are not considered
alkaloids for the purposes of this discussion, although other studies have used the term
“alkaloid” more broadly [36,77,127].

5.1. Pyrrolidines

Pyrrolidine alkaloids (Figure 11) are products of the reaction of electrophilic N-
methylpyrrolinium ion (17, Figure 6) with various nucleophiles. The most common pyrro-
lidine alkaloid in the genus Datura is hygrine (12), which results from the condensation of
17 and acetoacetate (derived from two molecules of acetyl-CoA) [19]. Although originally
believed to be such, this alkaloid is not a tropane precursor, but rather a by-product of the
tropane biosynthetic pathway [63]. Two enantiomers of 12 are possible, although the litera-
ture does not explicitly elaborate on which are found in Datura (it is drawn as racemic). D.
inoxia and D. metel var. fastuosa roots, but not leaves, are reported to contain small amounts
of hygrine [40]. This alkaloid was also detected in the seeds of D. ferox from Argentina [37],
D. stramonium from Egypt and Mexico [22,75], in D. leichhardtii seeds [87], and in root
cultures derived from D. stramonium, D. inoxia, D. metel var fastuosa, D. quercifolia, D. ferox,
and D. wrightii) [61,128].
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Figure 11. N-methylpyrrolinium ion (17)-derived pyrrolidine alkaloids.

Cuscohygrine (13) results from condensation of oxobutanoate ester 18 (Figure 6) with
17, followed by decarboxylation, [99] although labeling studies suggest it can also be
formed from 12 [63]. Although it can exist as two diastereomers (two pairs of enantiomers),
no references are made to the specific isomer(s) found in Datura, although both isomers
of 12 and 18 convert to 13 [63,129]. This alkaloid has been found in D. inoxia [39,114], D.
stramonium [68,75] D. metel var. fastuosa, D. leichhardtii, and D. ferox [40]. It is found in only
low amounts in D. ceratocaula [73], but it is reported to be the most abundant alkaloid in
D. discolor roots (around 20% of the total alkaloid content) [130]. Cuscohygrine (13) is also
found in root cultures derived from D. stramonium, D. ferox, D. wrightii, and D. inoxia, and is
10% of the total alkaloid content in the last species [118,128].

Two other pyrrolidine alkaloids, called N-methylpyrrolidinylhygrines A and B (114

and 115) were detected by GC-MS in 1987 in D. inoxia roots [47]. On the basis of the
fragment ions in mass spectra, the structures were only putative, but it was proposed that
there are two isomers. Two isomers were also found in D. inoxia root cultures [61] and later
in D. ceratocaula [73]. It is almost certain that Datura species contain more undiscovered
pyrrolidine alkaloids. In Witte’s GC study [39] of D. inoxia roots, nitrogen-specific detection
suggested that one alkaloid (m/z 414, M+) contained more than one nitrogen, and yielded
EI-MS fragments of m/z 124 and 84, suggesting that this alkaloid contained both pyrrolidine
and tropane moieties. This is unusual, as tropane alkaloids containing additional nitrogen
atoms (excluding dimeric tropanes) have not been reported in the Solanaceae. “Alkaloid
414” has also been recognized in the transformed roots of Brugmansia and intact plants and
root cultures of Hyoscyamus species but no structure was proposed [128,131].

5.2. Indoles and Beta-Carbolines

The second major non-tropane class of alkaloids found in the genus Datura are those
based on indole or oxindole cores (Figure 12). In 2020, four racemic indole alkaloids
(daturametelindoles 3–6) were isolated from an ethanolic extract of D. metel seeds by
Liu et al. [47] who used 2D-NMR, chiral LC, polarimetry, and circular dichroism spectra to
resolve structures and stereochemistry. Interestingly, the n-butyl ether of compound 5, to
the outsider, appears to be a potential artifact of isolation, as n-butanol was used during
fractionation, but a 2019 study of rodent metabolism of D. metel metabolites detected 5 in
an aqueous extract of the seeds (where no n-butanol was used), suggesting that the n-butyl
group occurs naturally in the plant [77].
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Figure 12. Indole and beta-carboline alkaloids found in D. stramonium and D. metel.

While daturametelindoles B-D are oxindoles, daturametelindole A (3) appears to be
hydroxytryptamine-derived. In that context, it is interesting that Murch and colleagues
(2009) found the hydroxytryptamine serotonin (116) along with melatonin (117) in the
flowers and buds of D. metel var. fastuosa. Interestingly, the compounds were most abundant
in immature flower buds, and levels decreased as the buds matured and flowered. Cold
stress also significantly increased melatonin concentration in the buds, suggesting that it
may be part of a protective or stress response [132].

Beta-carbolines (similar in structure to the Peganum harmala alkaloids) have also been
observed in Datura. In 1981, Maier and co-workers sliced D. stramonium (all varieties) seeds
and noted that the cut surface had a distinctive blue-green fluorescence under UV light.
This fluorescence was attributed to two compounds later isolated by a combination of
column and preparative thin-layer chromatography—the beta-carbolines fluorodaturatin
(118) and homofluorodaturatin (119) [133]. A 1,2-dehydro analogue (120) was subsequently
reported in 1984 [134]. Similar beta-carboline structures are reported in D. metel. In Hui’s
metabolomics study of this plant, alkaloids 121 and 122 were noted, but they appear to
be in low abundance in the reported chromatograms [36]. Okwu and Igara also isolated
what they proposed to be the antibacterial beta-carboline alkaloid 123 from D. metel leaves
from a Nigerian plant accession, although the authors did not use any additional NMR
techniques (such as COSY, TOCSY, or HMBC) to confirm connectivity, so their structure
should be treated as putative [135].

5.3. Miscellaneous Alkaloids

Kariñho-Betancourt [76] reports that the toxic glycoalkaloid solanine (124, Figure 13) is
present in the leaves of most Datura species, albeit as a minor alkaloid whose concentration
changes very little with age. Solanine is very common in the Solanaceae and is also found in
tomatoes, potatoes, and eggplant, among other species. In Witte’s [39] GC study, tyramine
(125) was found in D. inoxia leaves and flowers. Similarly, a joint Japanese-Bangladeshi
group [136] also identified tyramine as in D. stramonium leaves while performing bioassay-
guided fractionation in search for compounds that would induce apoptosis in cancer
cells. The presence of free tyramine in these plants is unsurprising, as it is commonly
incorporated into hydroxycinammic acid amides and similar compounds. The same
group [136] identified the pyridine trigonelline (126) in the same screen; although, like
tyramine, this compound is found across many genera and plant families and is not unique
to or characteristic of Datura. Hui et al. [36] reported that the tetrahydroisoquinoline
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derivative chenoalbicin (127) is present in many parts of D. metel but is the highest in the
seeds. This compound was identified by matches with its exact mass, retention time, and
two MRM transitions from m/z 607>353 and m/z 607>277 matching a standard.

 

Figure 13. Miscellaneous alkaloids identified in Datura.

6. Factors Affecting Alkaloid Content and Composition

As described in the previous sections, the most obvious factor influencing alkaloid
composition within the genus Datura seems to be genotype and tissue type [34,35,40,74,
128,137,138]. Nonetheless, a multitude of other variables can affect alkaloid identity and
diversity, total alkaloid content, and ratios between different alkaloid levels in Datura; those
variables are briefly summarized in the following subsections.

6.1. Location within the Plant

Although all parts of all Datura plants contain alkaloids, the roots are considered the
primary site of alkaloid biosynthesis, and alkaloids are then trafficked throughout the plant.
This was largely confirmed by the elegant grafting studies performed by James [53], where
D. inoxia and A. belladonna roots and aerial parts (species which contain very different
alkaloid profiles) were grafted onto each other. The resulting aerial tissues contained the
alkaloid composition and ratio of the species used as the rootstock.

As roots are the ultimate origin of most alkaloids, their diversity and concentrations
are usually highest in these parts. For example, Evans and Somanabandhu [130] found that
the alkaloid content in the roots of D. discolor was 0.31% of the dry weight, as compared
to only 0.17% in the aerial parts. Doncheva [40] also reported that the roots of various
Datura species exhibited a greater “variety of alkaloids” than the leaves, although some
leaf-specific alkaloids (such as nortropanes) were also found. Similarly, the aerial parts of D.
inoxia contain mostly (S)-1 and 2, whereas the alkaloid content of the roots was much more
diverse and included various pyrrolidine alkaloids in addition to tropanes (vide supra) [39].

In contrast to other studies, Miraldi et al. [65] described that roots of adult D. stramo-
nium originating in Italy generally do not contain appreciable amounts of alkaloids, but
also propose that alkaloids may be synthesized in the roots of younger plants and then
elaborated in the aerial parts after transport, a hypothesis which was also supported by
Berkov [72] and others.

There is considerable variation in alkaloid content between the different aerial parts of
individual plants as well: (S)-1 and 2 contents were found to vary significantly between the
aerial parts of adult D. stramonium plants, with the highest concentration of these alkaloids
being found in the seeds, and the lowest in the fruit pericarp and stem [65]. A similarly
high concentration of scopolamine was observed in D. metel seeds of four varieties, but
flowers and leaves of the same plants contained lower amounts [24]. Witte [39] describes
similar differences between the aerial parts of D. inoxia. Although tyramine (125, Figure 13)
was present in both flowers and leaves, it was one of the three major constituents of the
flowers, whereas the major components of the stems are (S)-1, 2, and α-20 (meteloidine,
SI Table S3).

6.2. Plant Age

One of the earliest studies that quantified alkaloid content with respect to age was
that of Fuller and Gibson [51] who spectrophotometically measured (S)-1 concentration
in D. stramonium var. tatula plants at different weeks of growth. They found that (S)-1
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concentration increased in both roots and leaves until around 10 weeks of age, after which
it appeared to plateau. There are many contemporary (and conflicting reports) concerning
the relationship between plant age and alkaloid content. Kariñho-Betancourt [76] reported
that tropane alkaloid concentration is generally higher during the reproductive stages of
all species of Datura plants studied (as assessed by LC-MS), whereas Miraldi [65] stated
that young D. stramonium stems and leaves contained considerably higher amounts of
(S)-1 and 2 than the analogous parts of adult plants. A 1989 study [35], on the other
hand, revealed that the levels of these alkaloids actually fluctuate in different plant parts
over time, suggesting that alkaloid levels reflect a complex interplay between synthesis,
transport, and degradation. Jakabová et al. [139] surveyed (S)-1 and 2 contents in D. metel,
D. stramonium, and D. inoxia, and compared those plants harvested in Hungary in either the
summer and autumn, and the autumn samples (older plants) contained considerably lower
alkaloid content than the summer plant samples. It is possible that in this case, seasonal
changes also influence alkaloid content, in addition to ontogenetic stage (vide infra).

The exact composition and type of alkaloids found changes with plant age as well: in
the roots of yellowed, senile D. stramonium plants harvested in autumn, only five alkaloids
were detected by GC-MS, suggesting very slow tropane alkaloid synthesis (or shunting of
alkaloids into the fruits), whereas forty-two different tropane alkaloids were detected in the
roots while the fruits were maturing [72]. This same study also found that in the aerial parts
of D. stramonium, the percentage of 6,7-epoxytropanes (of all total alkaloids) decreased
with age, whereas the percentage of monosubstituted tropane alkaloids increased corre-
spondingly, which suggests possible degradation/recycling or altered alkaloid trafficking
as the plant ages.

6.3. Ploidy of Plants

The alkaloid content can also be influenced by the chromosome copy number (ploidy) of
the plant. Berkov and Philipov [140] collected natural diploid D. stramonium in Bulgaria and
artificially created autotetraploid plants by treatment of seedlings with colchicine. While the
overall alkaloid profile was not significantly different, tetraploid plants had a higher concen-
tration of alkaloids in roots and leaves, as well as a higher scopolamine/hyoscyamine ratio,
suggesting that tetraploid plants may produce more scopolamine. In hairy root cultures estab-
lished from both diploid and tetraploid D. stramonium plants (via Agrobacterium transformation),
alkaloid content was measured on the 3rd, 9th, and 15th day of growth. At 15 days of age (the
stationary phase of the culture), the diploid hairy root cultures contained more than twice as
many different alkaloids as the tetraploid cultures—mostly minor acyltropane derivatives [118].
Similarly, hygrine (12) and cuscohygrine (13, Figure 11), and methylecgonine (106, Figure 10)
were found in the diploid, but not the tetraploid cultures. In contrast, the diploid cultures
contained less hyoscyamine than the tetraploid cultures at the stationary phase, possibly as a
result of its derivatization into other alkaloids. These results suggest that the ploidy of Datura
may be an important variable to consider for metabolic engineering.

6.4. Light and Water Amount

Plant growth conditions can also significantly affect alkaloid production. D. metel
plants exposed to long days and bright light in Cosson’s 1969 study accumulated more 2

than plants kept in dim light [141]. It was later suggested that flower formation (which hap-
pens during lower light periods and can be inhibited by bright light) somehow negatively
affects the enzymatic epoxidation of (S)-1 [33]. Demeyer and Dejaegere [142] also observed
that high-energy light caused a redistribution of alkaloids (from the leaves and stems to the
fruit and seeds) in D. stramonium var. tatula. A very recent publication, however, reported
that while both D. stramonium and D. inoxia plants kept in low light had altered morphology
(lower mass and larger leaf areas), the overall concentrations of 1 and 2 in the leaves did
not change among any of the three light conditions tested [35].

An extensive study by Moreno-Pedraza [32] showed that alkaloid content in D. stramo-
nium correlated with soil moisture. Trays of growing plants were irrigated with 500, 1000,
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1500, and 2000 mL of water every eight days, and alkaloids were then quantified in different
tissues by LC-MS. The relationship between alkaloid content and water amount was highly
variable. For example, the average littorine (11), scopolamine (2), and acetylhyoscyamine
(37) content decreased in all organs when the water volume increased beyond 1500 mL.
Hyoscyamine amounts, by contrast, showed a parabolic dependence, being lowest at very
low (500 mL) and very high (2000 mL) water conditions. In other cases, the correlation
seems to be organ-specific: one isomer of hydroxyhyoscyamine (possibly anisodamine, 21,
Figure 7) peaked in amount at 1500 mL water in leaves and roots, but peaked at 2000 mL
water in stems.

6.5. Chemical Additives

Alkaloid amounts can also be altered by addition of salts, hormones, growth retardants,
elicitors, or other exogenous chemicals. A 1985 study [143] reported that salt stress (addition
of 0.1538 M NaCl during growth) enhanced 2 accumulation in the young leaves of D. inoxia,
although the positive correlation between growth and overall alkaloid content did not
change. A later study treated D. stramonium var. tatula with various mineral solutions.
These solutions contained with one dominant anion (nitrate, sulfate, or H2PO4

-) and one
dominant cation (K+, Ca2+, or Mg2+). Plants treated with nitrate-containing ion pairs had
increased hyoscyamine yield (likely as a result of increased nitrogen availability), whereas
2 amounts tended to correlate more with growth stage than the presence or absence of
additives [33].

In another study published by the same group, Demeyer et al. [144] treated growing
D. stramonium with the hormones cytokinin (DMAA) and auxin (IAA). The content of
(S)-1 was significantly higher in the leaves of DMAA-treated plants, possibly because
of increased metabolism or reduced senescence. In IAA-treated plants, the (S)-1 and 2

contents were lower than the control plants in the whole plant until 20 weeks. In the control
plants, alkaloid contents decreased after 20 weeks of age, whereas in the IAA-treated
plant, they increased. The authors hypothesized that IAA promotes the pentose phosphate
pathway and the glyoxylate cycle, which results in excess glutamate and energy, which are
converted into ornithine and, thus, shunted into the putrescine (14)/N-methylpyrrolinium
ion (17) pathway (Figure 6).

Gupta and Madan [145] sprayed the aerial parts of D. metel var. fastuosa with two
growth retardants (CCC and B-995), and found that at 20,000 ppm, both agents increased al-
kaloid content in the plants’ leaves. This may be because those agents behave as gibberellin
antagonists; adding a gibberellin (GA3) to hairy root cultures derived from D. quercifolia
resulted in a concentration-dependent decrease of (S)-1 production [74]. Interestingly, a
2018 study revealed that addition of acetylsalicylic acid and salicylic acid to hairy root
cultures obtained from D. stramonium, D. stramonium var. tatula, and D. inoxia significantly
increased (S)-1 production, peaking at an additive concentration of ~0.1 mM) [115]. The
use of these elicitors to increase alkaloid production has been reported in different species,
and they are proposed to act at the transcriptional level. In a 2009 study, it was found that
the addition of Agrobacterium rhizogenes to the nutrient solution of hydroponically grown D.
inoxia resulted in increased accumulation of (S)-1, 2, and enhanced tropane hydroxylation
and esterification [146].

6.6. Geography, Altitude, Climate, and Season

Geography appears to significantly influence alkaloid composition. This appears
intuitive at first glance, as the different climates, altitudes, insect populations, and local
microenvironments of different areas could impart different selection pressures on plants.
Alexander’s review [6] summarizes the alkaloid contents of Datura plants of the same
species isolated from different geographical locations, many of which display striking
variance in alkaloid composition. For example, Berkov and colleagues [22,114] noticed
that both D. stramonium and D. inoxia (roots, leaves, and seeds) had different patterns of
alkaloids when they were grown in Egypt (versus grown in Bulgaria). In D. inoxia, scopine
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(78, SI Table S4) was the predominant alkaloid found in Egyptian plant leaves, but (S)-1 was
instead predominant in Bulgarian plant leaves. The authors also reported that they did not
find ten of the reported alkaloids, including 12 (Figure 11) found in Witte’s D. inoxia study,
which used plants grown in a greenhouse in Germany [39]. D. ferox [147] also showed geo-
graphical variation: both 2 and total alkaloid content varied depending on which province
of Argentina the samples were collected from. D. metel flowers collected in Shandong,
Changde, and Guangdong (China) differed in their 21 (Figure 7) 2, and (S)-1 contents [60],
and similar differences were also observed for specimens of D. metel collected in different
locations in India [52]. Interestingly, the same authors also discovered that plants grown at
high altitude locations (Darjeeling and Pachmari) contained considerably higher alkaloid
percentages than those grown at lower altitudes (Poona (Pune) and Bombay (Mumbai)).

Similarly, Karnick and Saxena also found a seasonal periodicity to total alkaloid
content in D. metel grown in India [52]. Cold or rainy weather favored greater total alkaloid
percentages in the roots and stems when compared to hot weather. By contrast, rainy
weather favored higher alkaloid content in leaves, and alkaloid contents decrease in roots
and leaves during the hot seasons as they accumulate in fruits and seeds, although in this
case, it is difficult to distinguish which effects result from seasonal changes and which are
derived from plant age.

6.7. Insect Herbivory

As alkaloids are predicted to be defense compounds, several studies on the relationship
between insect herbivory and alkaloid production in Datura have been conducted. In Shonle
and Bergelson’s [148] study of D. stramonium populations planted in Illinois (US), plants
preyed upon by herbivores displayed different selection pressures on certain alkaloids.
Hyoscyamine (S)-1 came under positive selection (meaning an increase in fitness for
those plants), whereas 2 came under negative selection, suggesting that it was costly
for the plant to make and conferred some fitness disadvantage, which lead the authors
to believe that it may have actually stimulated certain insects to feed. In a study of
Mexican D. stramonium populations [149], the reverse was observed: herbivores selected
for a reduction in (S)-1 concentration, suggesting it was ineffective at deterring herbivory,
whereas 2 appeared effective against generalist but not specialized herbivores (as its
concentration was increased in plants fed upon by these insects). The authors claim that this
lends support to the “evolutionary arms-race” hypothesis, where Datura species develop
more progressively functionalized alkaloids (such as trisubstituted or epoxytropanes) to
circumvent herbivore resistance to simpler compounds (such as (S)-1). Interestingly, a 2018
study [150] reported that the growth of two species of caterpillars—one that co-evolved
with D. wrightii and one that didn’t—was unaffected by 2. This observation suggests
that either (a) 2 may serve another purpose altogether—perhaps deterring herbivory or
seed predation by mammals, who are affected very strongly by 2, or (b) it is other Datura
alkaloids that have anti-insect activity.

Taken together, these studies on the many variables affecting alkaloids provide two
valuable conclusions. First, it may be possible to select for the production of certain
alkaloids (or increased yields of them) by changing conditions under which plants are
grown. Second, because Datura alkaloid composition is so sensitive to environmental
changes, any study that seeks to assess genome-level (or other biochemical) changes must
use plant groups grown and kept under identical and controlled conditions.

7. Conclusions and Future Challenges: Stereochemistry, Dereplication, and
Observer Bias

As is the case in almost all natural products research, the isolation and identification
of metabolites is still the major bottleneck in studying Datura. To understand how alkaloids
are synthesized, what their ultimate roles in the plant may be, how they relate to substances
found in similar plants, or what bioactivities they may have, more of their structures need
to be known, and known unambiguously beyond the putative annotations that dominate
the literature.
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First, Datura literature is full of proposed uncharacterized alkaloids, described over
the years in terms such as “alkaloid A”, “alkaloid 325”, “Alkaloid 414”, and under catch-all
headings such as “uncharacterized bases” [22,39,151,152]. What are these alkaloids, and
what other yet-undiscovered compounds accompany them? With the full array of tools
available to the modern alkaloid hunter, such as preparative LC columns available in a
variety of phases, high-resolution mass spectrometry and MS/MS, and advanced and
sensitive NMR techniques, these questions are becoming easier to answer. Special attention,
however, must be paid to the absolute configuration of compounds, especially tropane
alkaloids, where a multitude of different isomers can be possible and confusion regarding
the exact stereochemistry of standards has mounted over the years. Techniques such as
chemical derivatization, polarimetry, and NMR chiral shift reagents have all been employed
successfully, and it is also worth noting that modern and sophisticated optical techniques,
such as vibrational circular dichroism (VCD—circular dichroism applied to the infrared
and near-infrared light regions) have been applied to tropane alkaloids, just not to those
specifically isolated from or unique to Datura. For example, Reina et al. [153] used density
functional theory calculations to predict probable conformations and VCD spectra of certain
disubstituted tropanes and tropane mixtures from Schizanthus, and then were able to assign
absolute configuration by comparison of experimental spectra to both the calculated and to
literature spectra for similar alkaloids. In another study, the same group [154] also added
chemical derivatization to this procedure: Compound 40 (SI Table S2) was first converted to
42 by base hydrolysis followed by treatment with acetic anhydride, and then the absolute
configuration of 42 was determined as above. The authors found that the VCD spectra
of 40 and 42 had several common bands that are proposed to be directly related to the
absolute configuration of the tropane nucleus. Humam et al. [155] also utilized a similar
“compute-and-compare” procedure with electronic circular dichroism (which uses light in
the UV–VIS range) instead of VCD. These avenues should definitely be explored more for
determination of absolute configuration of Datura-specific alkaloids.

Another prominent challenge in natural products discovery, that runs hand-in-hand
with identification, is that of dereplication [156]. How do researchers avoid spending
time, money, and resources isolating (or worse yet, chasing the bioactivity of) a compound
that turns out to be already known? This is especially a problem for tropane (and other)
alkaloids, where isomerism complicates things immensely. For example, a given GC/MS
or LC/MS chromatogram may yield multiple peaks that share common molecular and
fragment-ion masses. Standards may not be readily available to sort out which isomer
is which, synthesizing them all may be cost-prohibitive or labor-intensive, and it may be
near-impossible to obtain a large enough amount of a compound for NMR. Even MS/MS,
as useful as it is, is not 100% replicable, as spectra can vary between ion source and
individual instrument platforms, and can also be affected by ion source conditions, solvents,
salt, or matrix effects, so spectral database comparisons have limits in distinguishing
compounds [156]. Special attention must therefore be paid to utilizing and improving
those dereplication techniques which are most rapid, high-throughput, and invariant.

An additional complication in both identification and dereplication is that even sam-
ples that appear “pure” by HPLC may be a mixture of inseparable isomers or other com-
pounds, which is often an unpleasant surprise late in the isolation workflow. One recently
developed technique that could aid in situations such as these is ion mobility spectrometry
(IMS), which is now integrated into several mass spectrometry platforms. Often coupled
to LC, this mass spectrometry technique is a form of post-ionization processing where
ions move differently in a “drift tube” based on their shape, charge and size (called a
collision cross-section)—effectively gas phase electrophoresis performed in tandem with
mass spectrometry in a time-scale consistent with chromatographic separations and mass
spectrometry data acquisition. This processing adds an additional degree of separation,
and the data is often plotted with the LC chromatogram, yielding a two-dimensional
plot of retention time versus drift time. IMS can aid in separating isomers and revealing
new compounds that may not be detected by conventional LC or LC-MS methods [157].
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Additionally, IMS provides an additional “data point” in any compound’s given molecular
signature, which is valuable in dereplication—two compounds may have identical masses,
fragmentation patterns, and retention times, yet differ in their IMS drift times, and are
therefore likely different compounds [158]. This method was applied to beta-carboline
alkaloids from Peganum harmala, where more alkaloids were differentiated and identified
using the 2D-combined LC-IMS method than by LC or IMS alone [157].

Another emerging issue in natural products research is over-reliance on databases. We
live in the Digital Age, and databases such as PubChem, ChemSpider, Metlin, and KEGG
are easily used, valuable repositories of information, and software and websites (such as
MetFrag or Progenesis QI) are increasingly used to interface with and match empirical mass
spectral (and other) data to those in databases. If these results are not examined critically
(and within the context of biochemical plausibility) misannotations and misidentifications
can (and do) result. Several metabolite profiling studies using database matching [78,79]
have presented questionable identifications of components of ipecac, Parkinson’s disease
drugs, veterinary antibiotics, bacterial-derived organoboron compounds, streptomycin
derivatives, and antidepressant metabolites in Datura samples, while failing to identify
(S)-1, 2, or other commonly reported Datura alkaloids. An additional example of output
provided by computational analysis open to discussion is found in the study of Moreno-
Pedraza [32], where the program MetFamily was used to group Datura metabolites into
putative classes on the basis of their MS/MS fragmentation, which the authors divide into
four classes of “atropine-like” compounds, among others. While the study itself appears
scientifically sound with many valid conclusions, some of the species classified by Met-
Family as “atropine-like”, such as C28H24O5, C28H38O5 (Withanolide B), and C25H33FO4,
are, obviously, not tropane alkaloids if these formulae are correct (lacking nitrogen), even if
something about their fragmentation may be tropane-like in nature. Further development
and refinements of similar computational approaches are encouraged with appropriate
testing and validation.

These examples also speak to the difficulty in overcoming observer bias in metabolomics.
When do we trust what our software and databases tell us, and when must we rely on
intuition? Since many metabolite studies focus explicitly on one class of compounds, the
interpretation of our data (especially mass spectral data) is often clouded by human judgment,
operating within the framework of our often-limited knowledge across an entire class of
compounds. It is often proposed that if a compound exhibits tropane-like mass spectra, it
must be a tropane. While assumptions like these may be a good starting point, how many
alkaloids have been missed over the years simply because something about their behavior
(unusual masses, retention times, mass defects, or fragmentation) does not fit our hyper-
focused definition of how an alkaloid should behave? Additionally, if we do not recognize
and report a certain compound because it does not meet some threshold for annotation as that
compound, is it actually not present, or are we simply not looking for it? These considerations
should be taken to encourage deposition of raw analytical data into shared repositories.

Finally, the question of bioactivity must be addressed. Thirty-four percent of new drugs
approved between 1981 and 2010 [159] have a direct natural product origin, and Datura has
been used medicinally for millennia. Nonetheless, many modern studies on the medicinal
properties of Datura still employ whole-plant part extracts, and comparatively little is known
about the active alkaloidal constituents beyond atropine and scopolamine—two alkaloids out
of potentially hundreds across the genus, where there is a plethora of interesting bioactivity
waiting to be discovered. In addition to their anticholinergic and psychoactive activity, some
tropane alkaloids have shown antiviral, antifungal, and antimicrobial properties, while others
can reverse multidrug resistance in cancer cells [48,160,161], while the pyrrolidine, indole,
and beta-carboline alkaloids are also largely unexplored. More screening of isolated Datura
alkaloids against diverse targets should be performed, and as their structures are elucidated,
it will become easier to perform structure-activity relationship studies and design novel
semi-synthetic or synthetic alkaloid mimics.
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With new advances in analytical instrumentation (and careful study by many re-
searchers) more than one-hundred alkaloids in multiple classes have been described in
the genus Datura, and successful efforts have been made to determine precise conditions
that affect their presence and amounts. Nonetheless, great untapped potential and promise
remains in these plants, and the future of alkaloid research remains bright. It is, however,
only when we use both critical thought and the full arrays of tools and techniques available
to us that we might take our place in the long history of this fascinating and storied genus.
After all, who knows what medicines, mysticism, and magic still lie in wait?
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Aromatic amino acid aminotransferase (ArAT), atmospheric pressure chemical ionization (APCI),
coenzyme A (CoA), correlation spectroscopy (COSY), Dalton (Da), desorption ESI (DESI), dimethy-
laminopurine (cytokinin) (DMAA), direct analysis in real-time (DART), distortionless enhance-
ment via polarization transfer (DEPT), electron ionization (EI), electrospray ionization (ESI), planar
electrochromatography or thin-layer electrochromatography (ETLC), gas chromatography-mass
spectrometry (GC-MS), heteronuclear multiple bond correlation (HMBC), heteronuclear single quan-
tum coherence (HSQC), high-performance liquid chromatography (HPLC), high-performance TLC
(HPTLC), hyoscyamine 6β-hydroxylase (H6H), indole-3-acetic acid (auxin) (IAA), infrared (IR), ion-
mobility spectrometry (IMS), laser ablation dart imaging (LADI), liquid chromatography-mass spec-
trometry (LC-MS), mass spectrometry (MS), methylputrescine oxidase (MPO), multiple reaction mon-
itoring (MRM), tandem mass spectrometry (MS/MS), nuclear magnetic resonance (NMR), nuclear
Overhauser effect spectroscopy (NOESY), putrescine N-methyltransferase (PMT), quadrupole time-
of-flight mass spectrometry (QToF), rotating frame Overhauser enhancement spectroscopy (ROESY),
selective reaction monitoring (SRM), time-of-flight mass spectrometry (TOF), thin-layer chromatogra-
phy (TLC), total correlation spectroscopy (TOCSY), tropinone reductase (TR), ultrahigh-performance
liquid chromatography (UHPLC), ultraviolet (UV), vibrational circular dichroism (VCD).
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