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Natural products hold a prominent position in the discovery and development of many drugs
used nowadays, with diverse indications for human and animal health. Especially, plants have played
a leading role as source of specialized metabolites with medical effects, while other organisms such as
marine and terrestrial animals and microorganisms produce very important drug candidate molecules.
Specialized metabolites from all these natural sources can be used directly as bioactive compounds,
or as drug precursors. Due to their wide chemical diversity they can act as drug prototypes and/or be
used as pharmacological tools for different targets.

Many scientists have contributed to this Special Issue-SI which includes 21 papers, among
them original articles as well as survey articles, that give the readers of Molecules updated and new
perspectives about natural products in drug discovery.

Trabace et al. [1] reported the impact of celastrol, a pentacyclic terpene produced by the medicinal
plant Tripterygium wilfordii, on behavioural dysfunctions observed in adult mice exposed to subanesthetic
doses of the N-methyl-D-aspartate receptor antagonist ketamine at PNDs. This study suggested that the
NOX inhibition by the early administration of celastrol can prevent ketamine-induced psychotic-like
behavioural dysfunctions, as well as the increase of cerebellar oxidative stress and the reduction of
anti-inflammatory cytokines. Results open up new pharmacological insights into the possible use of
this phytochemical for neuroprotection during brain development.

The current production of artemisinin, the antimalarial drug from Artemisia annua, is still mainly
based on the use of cultivated plants. Various alternative strategies have been explored to improve its
production in the plant. In their paper, Simonsen et al. [2] describe the heterologous expression of
artemisinin biosynthetic pathway in Physcomitrella patens, showing novel insights into the potential
of this model organism for artemisinin production. The moss was shown to express endogenous
enzymes with similar activity to that for artemisinin biosynthesis in A. annua, suggesting the possibility
of engineering artemisinin biosynthesis and that of other related high-value terpenoids in P. patens.

Recent data highlight that glucosinolates, the sulfur compounds produced in the Brassicaceae
plant family, have pain-relieving efficacy. Mannelli and coworkers [3] describe the anti-hyperalgesic
efficacy of a defatted seed meal of Eruca sativa along with glucoerucin, its main glucosinolate,
on streptozotocin induced diabetic neuropathic pain in mice. Both myrosinase bio-activated E. sativa
meal and glucoerucin showed a dose-dependent pain relief effect in diabetic mice, with the meal
being more active. Co-administration of the meal and glucoerucin with H2S scavengers abolished the
induced pain relief. The authors also showed that repeated treatments did not induce tolerance to the
anti-hypersensitive effect. The paper nicely indicates a potential of E. sativa seed meal to treat patients
with diabetic neuropathy.

Wolfender et al. [4] propose a new approach to discover new bioactive natural products. They make
use of a metabolomic strategy in combination with multivariate data analysis and multi-informative
molecular maps to profile extracts of Bacopa species (B. monnieri, B. caroliniana, and B. floribunda) and
screen for anti-lipid peroxidation activity. This approach allowed the identification of six inhibitors of
lipid peroxidation from the three Bacopa species. Three of them were novel molecules. Data obtained
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by this method permitted to discover the potential bioactivity for each compound directly from the
crude plant extracts prior to any physical separation process.

The genus Phyllantus includes some Cuban endemic species traditionally used for the treatment of
different diseases. Wessjohann et al. [5] report on the chemical characterization of the aqueous extract
from Phyllantus, known to have in vitro antiviral activity and protective effect against UV-light induced
DNA damage and genotoxicity. The chemical structure of a novel C-glycosylated flavonol, named
fideloside, with a promising anti-inflammatory capacity in human explanted monocytes is described.

Tran et al. [6] describe the anti-tumor effect of 2′,4′-dihydroxy-6′-methoxy-3′,5′- dimethylchalcone
(DMC) against some human pancreatic cancer cell lines. In a cell proliferation assay, the compound,
isolated from buds of Cleistocalyx operculatus, was shown to be cytotoxic against PANC-1 and MIA
PACA2 cells in a dose-dependent manner. In addition, treatment with DMC led to apoptosis of
PANC-1 cells inducing proteolytic activation of caspase-3. A possible use of this natural product as
chemotherapeutic agent to fight human pancreatic cancer is suggested.

The paper by Avato and Argentieri [7] describes for the first time the chemical profile of
a commercial spagyric tincture prepared from the dried roots of devil’s claw. Compositional consistence
of this preparation over time was investigated by comparison with an already expired devil’s claw
spagyric tincture from the same producer. The two preparations had no significant compositional
variations. In addition, their antioxidant potential based on the DPPH assay showed similar IC50. From
this investigation, it could be demonstrated that the two spgayric tinctures maintain good stability and
biological activity for at least four years after production.

While several species of Astragalus have been extensively investigated, phytochemical and
pharmacological information on A. boeticus is very limited. Scognamiglio et al. [8] report on the chemical
characterization of acylatd cycloartane glycosides from this species and on their cytoxicity towards
human colorectal cancer cell lines. The authors show that, among the five isolated cycloartane-type
glycosides, 6-O-acetyl-3-O-β-d-xylopyranosylcycloastragenol, with acylation at C-3 and C-6 and the
C-25 free hydroxyl function, had the highest activity, thus confirming some structural requirements for
the cytotoxicity of cycloartane derivatives.

The study by Rivière et al. [9] reports on the antimicrobial effect of hop extracts and their main
prenylated phenolics (xanthoumol, desmethylxanthohumol and lupulone) against MRSA strains,
and on their antiparasitic activity against Trypanosoma brucei and Leishmania mexicana. Besides
considering the antibacterial effect of single hop components, the authors also describe the positive
effect obtained by different combinations of xanthoumol with desmethylxanthohumol or with lupulone.
They also investigated post-antibiotic effects and found that xanthoumol and desmethylxanthohumol
cause a significant delay of bacterial re-growth. Among hops active principles, lupulone was shown as
the most active against T. brucei and L. mexicana, while humulone was the less active.

The paper by Koh et al. [10] represents an extensive phytochemical investigation of Lee
indica, an evergreen perennial shrub/small tree distributed in Southeast Asia, traditionally used
as medicinal plant with various indications. A total of 31 compounds belonging to different chemical
groups (flavonoids, coumarins, oxylipins, etc.) have been identified. Three of them are novel
dihydrochalcones: 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-rutinoside, 4′,6′-dihydroxy-4-
methoxydihydro chalcone 2′-O-glucosylpentoside and 4′,6′-dihydroxy-4-methoxydihydrochalcone
2′-O-(3”-O-galloyl)-β-D-glucopyranoside.

Tava et al. [11] illustrate the chemical and biological diversity in terms of phenolics content
and antioxidant capacity of leaves and flowers extracts from a set of Trifolium species originating
from contrasting growing environments. Variations in the distribution of total phenolics were found
between lowland and mountain germplasm rising some considerations on the different adaptive
strategies. Accordingly, differences in the scavenging capacity of clove extracts from lowland and
mountain germplasm and/or plant part were observed. Based on these results, the authors also discuss
the possible link between environmental factors, chemical composition, and content of phenolics
in Trifolium.
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Marine organisms are an important resource of peptides which due to their unique structure may
have several physiological functions. Pang et al. [12] designed the synthesis of seven new tripeptide
derivatives of the marine cyclopeptide xyloallenoide A to investigate their capacity to promote cellular
proliferation in human endotelial cells and zebrafish embryos. With their study, the authors gain
interesting Structural-Activity-Relationships. For example, it was shown that tripeptides containing
L-Tyr or D-Pro fragments have a higher potency to promote the cellular proliferation of human
endotelial cells.

The hypoglycemic effect and the mechanism of action of an ethanolic extract of Sennae folium
on L6 rat skeletal muscle cells are described by Yang et al. [13]. The drug shows a strong effect in
promoting glucose uptake, GLUT4 expression and translocation and promotes cytosolic Ca2+ levels.
It is thus suggested that Sennae folium might have a role for the treatment of insulin resistance.

Hartmann et al. [14] describe the composition of sulfated metabolites from the siphonous green alga
Dasycladus vermicularis, widely distributed throughout tropical to temperate regions. The phytochemical
analysis led to the isolation of two sulfated phenolic acids and four sulfated coumarins including two
novel compounds, 5,8′-di-(6(6′),7(7′)-tetrahydroxy-3-sulfoxy-3′-sulfoxycoumarin), named dasycladin
A and 7-hydroxycoumarin-3,6-disulfate, named dasycladin B. In addition, for the first time, a validated
HPLC method for the separation and quantification of sulfated coumarins is presented.

The work by Sulaiman et al. [15] aims to study the analgesic effect of cardamonin, isolated from
Boesenbergia rotunda. Its antinociceptive activity was examined using chemical and thermal mice
models of nociception. The authors show that cardamonin is able to produce significant analgesia in
formalin-, capsaicin- and glutamate-induced paw licking tests. In addition, they demonstrated that
the phytochemical induces a significant increase in the response latency time of animals subjected to
hot-plate thermal stimuli. In conclusion, this study shows that cardamonin exerts significant peripheral
and central antinociception in mice through the involvement of TRPV1, glutamate and opioid receptors.

Ho et al. [16] investigated the chemical profile of Imperata cylindrica and the growth inhibitory
effects of each identified constituent on different cancer cell lines. They achieved the isolation of
2-methoxysterone, 11,16-dihydroxypregn-4-ene-3,20-dione, and tricin, which were found to inhibit the
growth of some breast and colon cancer cell lines.

The study by Chang et al. [17] aimed to further characterize the cytotoxic constituents from
Dryopteris fragrans, a valuable medicinal plant with anti-cancer activity. Isolation of six known
compounds plus two new bioactive phenolics, namely dryofragone and dryofracoumarin B, was
achieved by a cytotoxicity-guided tracking. The immunomodulatory capacity of these compounds has
also been described and results showed that some of them may activate the LPS signaling pathway
thus affecting the growth of tumor cells through immuno-regulation.

Lai et al. [18] review the activity of natural terpenes and their derivatives against pathogenic
bacteria with particular attention to terpenes effective in the treatment of microbial resistance. They also
discuss future prospects, such as new natural sources, drug delivery systems to be used in clinical
trials, possible structural modification, either synthetically or via biotransformation, to increase the
bioactivity, and the development of combination drugs with fewer side effects.

Marine organisms are a potential sustainable source of peptides that act as ACE inhibitors and
are considered as therapeutic agent to combat hypertension. The review by Pujiastuti et al. [19]
summarizes information on their distribution among marine organisms, their production, chemical
characterization, and bioactivity.

The role of carotenoids to counteract oxidative stress and promote healthy aging is discussed by
Tan and Norhalzan [20]. As many studies have shown an inverse relationship between carotenoids and
age-related diseases by reducing oxidative stress, carotenoids are potential candidates to counteract
age-associated pathologies. Besides a description of the chemical types of carotenoids and their
natural sources, the authors review the underlying mechanisms of action to understand their role on
human health.
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The review by Scharenberg and Zidorn [21] illustrates the phytochemistry of the holoparasitic
genus Orobanche. Both genuine metabolites produced by Orobanche species as well as natural products
sequestered from their host plants are reviewed. In addition, an overview of the biological activity
of extracts and pure compounds from different species of Orobanche is also given. Information was
retrieved from SciFinder and ISI Web of Knowledge databases, taking into account reports until the
end of 2017.

Overall, this special issue contributes to highlighting new biological activities for known plants
and natural compounds. In addition, some of the studies have disclosed novel plant molecules with
promising pharmacological applications.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Administration of subanesthetic doses of ketamine during brain maturation represents
a tool to mimic an early insult to the central nervous system (CNS). The cerebellum is a key
player in psychosis pathogenesis, to which oxidative stress also contributes. Here, we investigated
the impact of early celastrol administration on behavioral dysfunctions in adult mice that had
received ketamine (30 mg/kg i.p.) at postnatal days (PNDs) 7, 9, and 11. Cerebellar levels of
8-hydroxydeoxyguanosine (8-OHdG), NADPH oxidase (NOX) 1 and NOX2, as well as of the
calcium-binding protein parvalbumin (PV), were also assessed. Furthermore, celastrol effects on
ketamine-induced alterations of proinflammatory (TNF-α, IL-6 and IL-1β) and anti-inflammatory
(IL-10) cytokines in this brain region were evaluated. Early celastrol administration prevented
ketamine-induced discrimination index decrease at adulthood. The same was found for locomotor
activity elevations and increased close following and allogrooming, whereas no beneficial effects
on sniffing impairment were detected. Ketamine increased 8-OHdG in the cerebellum of adult
mice, which was also prevented by early celastrol injection. Cerebellar NOX1 levels were enhanced
at adulthood following postnatal ketamine exposure. Celastrol per se induced NOX1 decrease in
the cerebellum. This effect was more significant in animals that were early administered with
ketamine. NOX2 levels did not change. Ketamine administration did not affect PV amount in
the cerebellum. TNF-α levels were enhanced in ketamine-treated animals; however, this was not
prevented by early celastrol administration. While no changes were observed for IL-6 and IL-1β
levels, ketamine determined a reduction of cerebellar IL-10 expression, which was prevented by early
celastrol treatment. Our results suggest that NOX inhibition during brain maturation prevents the
development of psychotic-like behavioral dysfunctions, as well as the increased cerebellar oxidative
stress and the reduction of IL-10 in the same brain region following ketamine exposure in postnatal
life. This opens novel neuroprotective opportunities against early detrimental insults occurring
during brain development.

Keywords: ketamine; psychosis; cerebellum; celastrol; oxidative stress; NADPH oxidases

1. Introduction

The recreational use of the N-methyl-D-aspartate receptor (NMDA-R) antagonist ketamine,
at subanesthetic doses, has been widely reported to cause psychedelic effects in humans [1].
Moreover, the development of a psychotic-like state has also been described following prolonged
assumption of this psychoactive compound [2,3]. Despite an increasing scientific interest in ketamine’s
psychotogenic effects, the mechanisms underlying the pathological contribution of this NMDA-R
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antagonist in psychosis development need to be further elucidated. In this context, the administration
of subanesthetic doses of ketamine to rodents represents a reliable tool to mimic neuropathological
alterations reminiscent of those observed in psychotic patients, in terms of biomolecular alterations,
neurochemical dysfunctions and behavioral impairment [4]. Indeed, in rodents, increased locomotor
activity and decreased discrimination abilities have been respectively associated with the agitation
and disorganized behavior, as well as with the cognitive impairment observed in subjects suffering
from psychosis [5–7]. Moreover, abnormalities in social behavior, such as withdrawal and decreased
interactions, have been related to negative symptoms observed in psychotic patients [8].

Numerous lines of evidence have considered the psychotic disease to be the final result of a series
of events occurring during the early stages of brain development [9]. Hence, animal models obtained
by administering ketamine during a crucial period of central nervous system (CNS) maturation,
such as the second postnatal week of life [10], might provide information on the possible pathogenetic
contribution of an early insult to an enduring psychotic state in adulthood.

Together with the widely known role of the prefrontal cortex in the pathogenesis of psychosis,
in recent years, an emerging interest has been directed towards a possible implication of cerebellum in
the development of this mental disorder [11,12]. Indeed, preclinical, clinical, neuroanatomical and
neuroimaging reports began to highlight its important role not only in motor function regulation but
also in the modulation of emotional and cognitive processes [13–16]. Structural cerebellar abnormalities,
such as deficits in its gray matter volume, have also been described in antipsychotic-naive schizophrenic
patients [17]. Moreover, vascular insults occurring in this brain region resulted in the onset of
unremitting psychosis [18].

Administration of subanesthetic doses of ketamine in both early life stages and adult life has been
widely reported to reduce the amount of the calcium-binding protein parvalbumin (PV) in different
brain regions, such as prefrontal cortex and hippocampus [19–22]. However, poor evidence is available
on the effects of early ketamine administration on cerebellar amount of PV, which has been shown to
play a key role in regulating several physiological processes in this brain region [23], such as cell firing,
synaptic transmission, as well as the resistance to neuronal degeneration following a variety of acute
or chronic insults [24,25].

Oxidative stress, defined as an imbalance between reactive oxygen species (ROS) production
and the antioxidant defenses of the cells, has been described as a key player in the pathogenesis
of several CNS diseases, going from neurodegenerative to neuropsychiatric disorders [26],
including psychosis [27]. The family of the Nicotinamide Adenine Dinucleotide Phosphate (NADPH)
oxidase (NOX) enzymes represents one of the major ROS sources in the CNS, where it is involved
in several physiological functions [28]. In particular, enhanced levels of NOX1 enzyme have been
reported in neuropsychiatric diseases characterized by psychotic symptoms [29,30], and increased NOX2
expression was observed in specific brain regions, such as the prefrontal cortex and nucleus accumbens
of environmental [19,31,32] and pharmacologic rodent models of psychosis, including the one obtained
by ketamine administration in adult mice [33–35]. NOX1 and NOX2 mRNA and proteins have been
detected in rodent cerebellum starting from postnatal day (PND) 4, meaning that the developing
cerebellum is able to actively produce ROS. Moreover, administration of antioxidant/NOX inhibitor
compounds, such as apocynin, has been demonstrated to decrease ROS levels in Purkinje cells [36].
However, so far, little is known about possible changes of NOX1 and NOX2 enzymes in this brain
area following an early CNS insult leading to a later psychotic disease. Together with oxidative
stress, increased inflammatory states and/or reduced anti-inflammatory pathways have been reported
following ketamine administration [37–39]. Furthermore, the developing CNS has been described as
being particularly vulnerable to enhanced peripheral and central inflammation following an external
insult [40].

Together with its anti-inflammatory actions [41], celastrol, extracted from the medicinal plant
Tripterygium wilfordii, has been described to have significant benefits in preventing neuropathological
alterations observed in animal models of neurodegenerative diseases [42–44], through numerous
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mechanisms, including ROS level decrease [45]. In particular, celastrol has been characterized as
an effective NOX enzyme inhibitor, with an increased potency against NOX1 and NOX2, acting via
the suppression of the association between the enzymatic subunits, located in the cytosol, and the
membrane flavocytochrome [46]. Importantly, no available reports investigate the effects of celastrol
administration in animal models of psychosis. Moreover, no evidence has been previously published
on the possible impact of celastrol administration during a crucial period of brain maturation, or on
the development of a psychotic state following an early CNS insult.

A major challenge in the field of oxidative stress in the CNS is represented by the possibility
to directly measure ROS production and release in this body district. Therefore, different indirect
approaches have been used to quantify free radical amount in the CNS, including the analysis of
8-hydroxydeoxyguanosine (8-OHdG), a reliable marker of DNA oxidation levels [47,48].

Here, we investigated the impact of early celastrol administration on behavioral dysfunctions
observed in adult mice exposed to subanesthetic doses of ketamine at PNDs 7, 9 and 11. The effects
of this compound on ketamine-induced oxidative stress, as well as on NADPH oxidase expression
alterations and PV levels in the cerebellum, were also assessed. Moreover, we also evaluated early
celastrol effects on possible ketamine-induced changes of proinflammatory (Tumor Necrosis Factor
alpha (TNF-α), interleukin-6 (IL-6) and interleukin-1 beta (IL-1β)), as well as anti-inflammatory
[interleukin-10 (IL-10)] cytokines in the same brain region.

2. Results

2.1. Early Celastrol Administration Prevented Cognitive Dysfunctions in Adult Mice Exposed to Ketamine in
Postnatal Life

To evaluate the possible effects of early celastrol administration on cognitive dysfunctions induced
by ketamine exposure in postnatal life, we performed the Novel Object Recognition (NOR) test
in 10 weeks mice. While no differences were detected in the discrimination index among saline,
dimethyl sulfoxide (DMSO) and celastrol-treated mice, a significant decrease of this parameter was
observed in adult mice who had received ketamine in postnatal life. Early celastrol administration to
ketamine-treated mice was able to prevent this cognitive dysfunction (Figure 1, One Way Analysis of
variance-ANOVA, followed by Tukey’s post hoc test F = 7.387, p < 0.01 ketamine vs. saline; p < 0.05
ketamine vs. DMSO and vs. ketamine + celastrol; p < 0.001 ketamine vs. celastrol; p > 0.05 saline
vs. DMSO, celastrol and ketamine + celastrol; p > 0.05 DMSO vs. celastrol and ketamine + celastrol;
p > 0.05 celastrol vs. ketamine + celastrol).

Figure 1. Celastrol administration in postnatal life prevented ketamine-induced cognitive dysfunctions,
evaluated at adulthood. Discrimination index (N − F)/(N + F) (N = time spent in exploration of the
novel object during the T2; F = time spent in exploration of the familiar object in the T2) in adult mice
receiving saline (Sal, n = 6) or ketamine (Ket, n = 13) or a 50% DMSO in phosphate-buffered saline
(PBS) (DMSO, n = 7) or celastrol (Cel, n = 6) or ketamine + celastrol (Ket + Cel, n = 14) at PNDs 7, 9 and
11. One Way ANOVA, followed by Tukey’s post hoc test F = 7.387, *** p < 0.001; ** p < 0.01; * p < 0.05.
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2.2. Early Celastrol Administration Prevented Locomotor Dysfunctions in Adult Mice Exposed to Ketamine in
Postnatal Life

To assess the possible impact of early celastrol administration on ketamine-induced locomotor
alterations, we performed the Open Field (OF) test in adult mice. Ketamine administration in postnatal
life significantly enhanced locomotor activity at 10 weeks of age, with respect to the saline, DMSO and
celastrol-treated groups, within which no differences were observed. Celastrol co-administered with
ketamine at PNDs 7, 9 and 11 was able to prevent the observed hyperlocomotion (Figure 2, One Way
ANOVA, followed by Tukey’s post hoc test, F = 10.34, p < 0.001 ketamine vs. saline, DMSO, celastrol
and ketamine + celastrol; p > 0.05 saline vs. DMSO, celastrol and ketamine + celastrol; p > 0.05 DMSO
vs. celastrol and ketamine + celastrol; p > 0.05 celastrol vs. ketamine + celastrol).

Figure 2. Celastrol administration in postnatal life prevented ketamine-induced increased in locomotor
activity in later adulthood. Locomotor activity (VD = vertical displacements; HD = horizontal
displacements) in adult mice receiving saline (Sal, n = 7) or ketamine (Ket, n = 13) or a 50% DMSO in
PBS (DMSO, n = 7) or celastrol (Cel, n = 8) or ketamine + celastrol (Ket + Cel, n = 14) at PNDs 7, 9 and
11. One Way ANOVA, followed by Tukey’s post hoc test F = 10.34, *** p < 0.001.

2.3. Early Celastrol Administration Prevented Social Behavior Dysfunctions in Adult Mice Exposed to
Ketamine in Postnatal Life

To investigate the effects of early celastrol administration on ketamine-induced social behavior
impairments, we performed the Social Interaction (SI) test in adult mice. Animals receiving ketamine
at PNDs 7, 9 and 11 showed a decrease in the sniffing time with respect to saline, DMSO- and
celastrol-treated mice. A significant difference in this parameter was also observed in ketamine-treated
mice who had also received celastrol in postnatal life compared to the saline group (Figure 3A, One Way
ANOVA, followed by Tukey’s post hoc test, F = 6.856, p < 0.01 ketamine vs. saline; p < 0.05 ketamine
vs. DMSO and celastrol; p < 0.05 ketamine + celastrol vs. saline; p > 0.05 saline vs. DMSO and celastrol;
p > 0.05 DMSO vs. celastrol; p > 0.05 ketamine vs. ketamine + celastrol). Postnatal ketamine exposure
caused a significant increase in the close following time, which was prevented by the concomitant
treatment with celastrol (Figure 3B, One Way ANOVA, followed by Tukey’s post hoc test, F = 13.10,
p < 0.05 ketamine vs. saline; p < 0.001 ketamine vs. DMSO, celastrol and ketamine + celastrol; p > 0.05
saline vs. DMSO, celastrol and ketamine + celastrol; p > 0.05 DMSO vs. celastrol and ketamine +
celastrol; p > 0.05 celastrol vs. ketamine + celastrol). The same pattern was observed for the celastrol
effects on ketamine-induced elevation of time spent in allogroming (Figure 3C, One Way ANOVA,
followed by Tukey’s post hoc test, F = 12.50, p < 0.001 ketamine vs. saline and DMSO; p < 0.01 ketamine
vs. celastrol and ketamine + celastrol; p > 0.05 saline vs. DMSO, celastrol and ketamine + celastrol;
p > 0.05 DMSO vs. celastrol and ketamine + celastrol; p > 0.05 celastrol vs. ketamine + celastrol).
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Figure 3. Celastrol administration in postnatal life prevented ketamine-induced social behavior
dysfunctions in later adulthood. (A). Time spent in sniffing (seconds, sec) in adult mice receiving saline
(Sal, n = 4) or ketamine (Ket, n = 8) or a 50% DMSO in PBS (DMSO, n = 4) or celastrol (Cel, n = 4) or
ketamine + celastrol (Ket + Cel, n = 7) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s
post hoc test F = 6.856, ** p < 0.01; * p < 0.05. (B). Time spent in close following (seconds, sec) in adult
mice receiving saline (Sal, n = 4) or ketamine (Ket, n = 7) or a 50% DMSO in PBS (DMSO, n = 4) or
celastrol (Cel, n = 4) or ketamine + celastrol (Ket + Cel, n = 7) at PNDs 7, 9 and 11. One Way ANOVA,
followed by Tukey’s post hoc test F = 13.10, *** p < 0.001; * p < 0.05. (C). Time spent in allogroming
(seconds, sec) in adult mice receiving saline (Sal, n = 5) or ketamine (Ket, n = 6) or a 50% DMSO in PBS
(DMSO, n = 4) or celastrol (Cel, n = 4) or ketamine + celastrol (Ket + Cel, n = 6) at PNDs 7, 9 and 11.
One Way ANOVA, followed by Tukey’s post hoc test F = 12.50, *** p < 0.001; ** p < 0.01.

2.4. Early Celastrol Administration Prevented Oxidative Stress Increase in the Cerebellum of Adult Mice
Exposed to Ketamine in Postnatal Life

To assess the effects of early celastrol administration on ketamine-induced oxidative stress in
the cerebellum of adult mice, we quantified 8-OHdG levels in this brain region. Mice receiving
ketamine at PNDs 7, 9 and 11 showed a significant elevation of this biomarker of oxidative stress with
respect to saline-treated animals whose 8-OHdG amount was comparable to the one of the DMSO
and celastrol-treated animals. Early celastrol administration was able to prevent ketamine-induced
enhancement of this biomarker (Figure 4, One Way ANOVA, followed by Tukey’s post hoc test,
F = 6.361, p < 0.05 ketamine vs. saline; p < 0.01 ketamine vs. ketamine + celastrol; p > 0.05 saline
vs. DMSO, celastrol and ketamine + celastrol; p > 0.05 DMSO vs. celastrol and ketamine + celastrol;
p > 0.05 celastrol vs. ketamine + celastrol).
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Figure 4. Celastrol administration in postnatal life prevented ketamine-induced oxidative stress in the
cerebellum in later adulthood. 8-OHdG levels (ng/mg tissue) in the cerebellum of adult mice receiving
saline (Sal, n = 3) or ketamine (Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or celastrol (Cel, n = 3)
or ketamine + celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s
post hoc test F = 6.361 * p < 0.05; ** p < 0.01.

2.5. Early Celastrol Administration Decreased NOX1 Levels in the Cerebellum of Adult Mice Per Se and
Following Ketamine Exposure

To evaluate the effects of early celastrol administration on ketamine-induced NADPH oxidase
alterations in the cerebellum, we measured NOX1 and NOX2 levels in this area. NOX1 amount
was significantly increased by ketamine administration in postnatal life. Celastrol, injected as single
treatment at the same time point, reduced NOX1 levels compared to both saline or ketamine-treated
mice. The amount of this NADPH oxidase isoform was further reduced when celastrol was administered
early to ketamine-treated animals (Figure 5, One Way ANOVA, followed by Tukey’s post hoc test
F = 50.30, p < 0.05 ketamine vs. saline and ketamine + celastrol vs. celastrol; p < 0.01 celastrol vs.
saline; p < 0.001 ketamine + celastrol vs. saline and vs. DMSO and ketamine vs. DMSO, celastrol and
ketamine + celastrol; p > 0.05 saline vs. DMSO).

Figure 5. Celastrol administration in postnatal life decreased NOX1 levels in the cerebellum of adult
mice. NOX1 levels (pg/mg tissue) in the cerebellum of adult mice receiving saline (Sal, n = 3) or
ketamine (Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or celastrol (Cel, n = 3) or ketamine +
celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s post hoc test
F = 50.30, * p < 0.05; ** p < 0.01; *** p < 0.001.

Ketamine administration at PNDs 7, 9 and 11 did not significantly alter NOX2 amount in the
cerebellum of adult mice, and no differences in the levels of this NADPH oxidase isoform were detected
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among all the other experimental groups (Figure 6, One Way ANOVA, followed by Tukey’s post hoc
test F = 1.158, p > 0.05 for all comparisons).

Figure 6. NOX2 levels were not altered in the cerebellum of adult mice exposed to ketamine in postnatal
life. NOX2 levels (ng/mg tissue) in the cerebellum of adult mice receiving saline (Sal, n = 3) or ketamine
(Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or celastrol (Cel, n = 3) or ketamine + celastrol
(Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s post hoc test F = 1.158
p > 0.05 for all comparisons.

The same was observed for cerebellar PV levels (Figure 7, One Way ANOVA, followed by Tukey’s
post hoc test, F = 2.632, p > 0.05 for all comparisons).

Figure 7. PV levels were not altered in the cerebellum of adult mice exposed to ketamine in postnatal
life. PV levels (ng/mg tissue) in the cerebellum of adult mice receiving saline (Sal, n = 3) or ketamine
(Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or celastrol (Cel, n = 3) or ketamine + celastrol
(Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s post hoc test F = 2.632,
p > 0.05 for all comparisons.
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2.6. Early Celastrol Administration Did not Prevent TNF-α Increase in the Cerebellum of Adult Mice Exposed
to Ketamine in Postnatal Life

To investigate the effects of early celastrol administration on ketamine-induced inflammation in the
cerebellum, we measured levels of TNF-α, IL-6 and IL-1β in this brain area. Ketamine administration
in postnatal life determined an enhancement of cerebellar TNF-α in later adulthood compared to
controls which showed comparable TNF-α amount with respect to the DMSO and celastrol-treated
groups. Increased TNF-α were also detectable in adult mice receiving both ketamine and celastrol at
PNDs 7, 9 and 11 (Figure 8A, One Way ANOVA, followed by Tukey’s post hoc test F = 7.382, p < 0.05
ketamine vs. saline, saline vs. ketamine + celastrol and celastrol vs. ketamine + celastrol), whereas no
significant alterations in the amount of IL-6 (Figure 8B, One Way ANOVA, followed by Tukey’s post
hoc test F = 1.444 p > 0.05 for all comparisons) and IL-1β (Figure 8C, One Way ANOVA, followed by
Tukey’s post hoc test F = 2.103 p > 0.05 for all comparisons) in the same brain region were found.

Figure 8. Celastrol administration in postnatal life did not prevent ketamine-induced TNF-α increase
in the cerebellum in later adulthood. (A). TNF-α levels (pg/mg tissue) in the cerebellum of adult
mice receiving saline (Sal, n = 3) or ketamine (Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or
celastrol (Cel, n = 3) or ketamine + celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA,
followed by Tukey’s post hoc test F = 7.382, * p < 0.05. (B). IL-6 levels (pg/mg tissue) in the cerebellum
of adult mice receiving saline (Sal, n = 3) or ketamine (Ket, n = 5) or a 50% DMSO in PBS (DMSO,
n = 3) or celastrol (Cel, n = 3) or ketamine + celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way
ANOVA, followed by Tukey’s post hoc test F = 1.444, p > 0.05. (C). IL-1β levels (pg/mg tissue) in the
cerebellum of adult mice receiving saline (Sal, n = 3) or ketamine (Ket, n = 5) or a 50% DMSO in PBS
(DMSO, n = 3) or celastrol (Cel, n = 3) or ketamine + celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11.
One Way ANOVA, followed by Tukey’s post hoc test F = 2.103 p > 0.05.
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2.7. Early Celastrol Administration Prevented IL-10 Decrease in the Cerebellum of Adult Mice Exposed to
Ketamine in Postnatal Life

To assess the effects of early celastrol administration on ketamine-induced decrease of
anti-inflammatory cytokines in the cerebellum, we quantified IL-10 levels in this brain region.
Mice administered with ketamine at PNDs 7, 9 and 11 showed reduced IL-10 amounts in later
adulthood compared to saline-treated animals, whose levels of this cytokine were comparable to the
ones detected in mice receiving DMSO or celastrol. Early celastrol administration in ketamine-treated
animals was able to prevent IL-10 reduction in the cerebellum (Figure 9, One Way ANOVA, followed
by Tukey’s post hoc test F = 15.19, p < 0.001 ketamine vs. saline, ketamine vs. celastrol and ketamine
vs. ketamine + celastrol; p < 0.01 ketamine vs. DMSO).

Figure 9. Celastrol administration in postnatal life prevented ketamine-induced IL-10 decrease in the
cerebellum in later adulthood. IL-10 levels (pg/mL) in the cerebellum of adult mice receiving saline
(Sal, n = 3) or ketamine (Ket, n = 5) or a 50% DMSO in PBS (DMSO, n = 3) or celastrol (Cel, n = 3) or
ketamine + celastrol (Ket + Cel, n = 5) at PNDs 7, 9 and 11. One Way ANOVA, followed by Tukey’s
post hoc test F = 15.19, *** p < 0.001, ** p < 0.01.

3. Discussion

In this work, we demonstrated that early celastrol administration prevented discrimination
ability dysfunctions, locomotor activity alterations and social behavior impairment in adult mice
that had received ketamine at PNDs 7, 9 and 11. Previously published in vivo studies investigating
possible beneficial effects of celastrol on CNS disorders have mainly regarded neurodegenerative
disorders, including Alzheimer’s disease [43–45], Parkinson’s diseases [49–51], amyotrophic lateral
sclerosis [42,52] and multiple sclerosis [53,54], epilepsy [55,56], cerebral ischemia and ischemic
stroke [57–59] as well as traumatic brain injury [60,61]. One in vitro report indirectly investigated
the impact of celastrol on the expression of specific genes, such as Fragile X Mental Retardation 1
(FMR1), linked to different psychiatric diseases, including schizophrenia [62]. Therefore, a novelty
of our study with respect to the existing literature in the field is related to the evaluation of the
effects of celastrol in psychotic disease by using a mouse model of the disorder. Importantly, this was
obtained by negatively impacting the process of brain maturation with an early detrimental insult,
represented by ketamine administration. Indeed, it has been reported that the developing brain is more
vulnerable to the neurotoxicity induced by this psychoactive compound compared to the mature brain,
in terms of enhanced neuronal cell death, neurogenesis alterations, disruptions of γ-aminobutyric
acid (GABA)ergic interneuron development, altered NMDA-R expression, impaired synaptogenesis
and increased oxidative stress production [63]. These disturbances during a critical period of brain
maturation, i.e., the first 2–3 weeks of life in rodents, when brain growth spurt occurs, have been
reported to trigger brain dysfunctions later in life, resulting finally in psychotic-like neuropathological
and behavioral alterations [64]. Thus, our observations suggest that early administration of celastrol
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concomitantly to a brain insult might block the detrimental effects of ketamine with respect to the
development of CNS and stop the progression of cerebral damage.

Decreased discrimination ability in rodents has been considered a behavioral feature mimicking
the cognitive dysfunctions observed in psychotic patients [6]. Our findings regarding the preventive
effects of early celastrol administration on ketamine-induced decrease in cognitive functions are in line
with previous observations reporting a beneficial impact of this compound on learning and memory
dysfunctions induced by metabolic alterations [65] or by neurodegenerative processes, induced by
aggregation of specific proteins [45,66]. However, these studies were mainly focused on the behavioral
effects of celastrol administration in adult life or even later, when the CNS insults leading to brain
damage might have already been consolidated.

Elevations in locomotor activity in rodents are known to mimic the psychomotor agitation observed
in subjects suffering from psychosis [5]. In our experimental conditions, early celastrol-treated mice,
also exposed to ketamine in postnatal life, did not show an increase in locomotor activity with respect
to the other experimental groups. Accordingly, the beneficial effects of celastrol on locomotor activity
dysfunctions have been previously described in animal models of epilepsy, where motor function
alterations were rapidly reduced by celastrol administration [67].

In this work, we also showed that ketamine administration at PNDs 7,9 and 11 induced
dysfunctions in social behavior at adulthood. In particular, we reported decreased sniffing time
in ketamine-treated mice with respect to controls. Together with its relation to social hierarchy in
rodents, the sniffing behavior has been shown to be related to the establishment of normal social
interactions [68]. Importantly, decreased social interactions in rodents have been paralleled to
a negative symptom observed in psychotic patients, i.e., the social withdrawal [5]. Our findings are in
line with previous work reporting a decreased sniffing time in rats treated with another NMDA-R
antagonist, phencyclidine [69], together with a positive effects of antipsychotic treatment in reverting
this social deficit [70]. Moreover, decreased duration of sniffing was observed in animal models of
neuropsychiatric diseases also characterized by psychotic symptoms, such as autism [71]. In our
experimental conditions, mice receiving ketamine in postnatal life also showed increased time spent in
close-following and allogrooming. Close following is generally considered a mutual investigation
behavior, while allogroming has been described as a standard behavior of altruism and reciprocal
cooperation [72]. However, despite their general classification as non-aggressive behaviors, elevations in
these social outcomes have been associated with subordination of the partner and abnormal dominance
establishment [73], which could be seen as aggressive-like behaviors [74]. Accordingly, Becker et al.
described a decrease in non-aggressive behavior in ketamine-treated rats [72]. Our findings might
appear to be in contradiction with a previous work reporting that ketamine ameliorates aggressive-like
behavior induced by neonatal maternal separation in mice [75]. However, in this study, lower doses of
ketamine (15 mg/kg) were used and the administration time (post-natal days 35–49) was not comparable
to those followed in our research procedure. In our experimental conditions, celastrol did not show
beneficial effects on the ketamine-induced social withdrawal at adulthood but was able to prevent
the observed increase in aggressive-like behavior. This is in line with previous findings reporting
beneficial effects of antioxidant therapies in attenuating aggressive behavior induced by different
stimuli [76] and describing aggressivity enhancement in mice with a genetic reduction of antioxidant
functions [77]. In apparent contrast with our findings, Phensy and co-workers demonstrated that
antioxidant treatment with N-acetyl cysteine was able to prevent social interaction dysfunctions
induced by ketamine administration during postnatal life. However, in this work, administration of
this antioxidant compound was performed throughout the entire period of brain development.
Thus, we cannot exclude that prolonged administration of celastrol during brain maturation might
also have an impact on social withdrawal observed at adulthood.

In our study, we found that early celastrol administration prevented elevations in cerebellar
oxidative stress observed in mice treated with ketamine in postnatal life. The cerebellum has
been gaining increasing importance in the pathogenic mechanisms underlying the development

16



Molecules 2019, 24, 3993

of psychosis [11,78–80] and of other psychiatric diseases, clinically characterized by psychotic
symptoms [81]. In addition to the ketamine-induced detrimental effects on the prefrontal
cortex [22,82,83], the negative impact of this NMDA-R antagonist also on the developing cerebellum has
been shown in non-human primates [84]. In good agreement with our observations, previous works
have reported increased direct and indirect biomarkers of oxidative stress in the cerebellum of
animal models of neuropsychiatric disorders [85,86]. In particular, Filiou and co-workers described
cerebellar oxidative stress-induced structural alterations in the G72/G30 transgenic schizophrenia
mouse model [87]. Moreover, antipsychotic medication has been demonstrated to inhibit the activity of
specific enzymes, which can also produce free radicals in rodent cerebellum [88,89]. The increased
oxidative stress observed in this brain region may also be considered a possible trigger of the
cerebello-thalamo-cortical network dysfunctions which have been described as predictors of disease
progression in individuals at ultra-high risk for psychosis [12,90]. In support of this concept,
interesting lines of evidence describe a positive effects of antioxidant treatments in preventing cerebellar
dysfunctions observed in neuropsychiatric diseases also characterized by psychotic symptoms, such as
autism spectrum disorder [91].

An important finding of our study consists in the observed increased cerebellar NOX1 levels in adult
mice who had received ketamine in postnatal life, whereas NOX2 amount was not affected by this early
detrimental insult. A physiological role of the NADPH oxidase enzymatic family in different stages of
cerebellum development has been previously described [36]. Moreover, Olguín-Albuerne and Morán
reported a key role of NADPH oxidase-derived ROS in controlling the development of cerebellar
granule neurons during brain maturation [92]. However, in vitro and in vivo evidence highlighted
a crucial role of NOX enzymes in the development of structural and functional alterations in cerebellum
following different insults [93–95]. Increased NOX1 enzyme expression and activity has been implicated
not only in the pathogenesis of neurodegenerative disorders [96–98], but also in neurotoxic processes
mediated by sustained microglia activation [99]. Thus, the observed NOX1 increase following postnatal
ketamine administration should also be considered in the context of the effects that this NMDA-R
antagonist has on the inflammatory states of the brain. Supporting this perspective, it has been
reported that exposure to subanesthetic doses of ketamine is able to activate neuroinflammatory
pathways [83] and to induce microglia activation in rodent brains [100]. In our experimental conditions,
early celastrol administration was able per se to decrease NOX1 levels in the cerebellum of adult
mice which did not receive ketamine in postnatal life. Although speculative, a possible explanation
for this result could be related to possible celastrol effects on other ketamine-independent events
occurring in mature brain and implicating a role of the NADPH oxidase system, such as protein
aggregation [101] or specific heat shock proteins expression and/or activation [102,103]. Hence, in the
presence of a neurodetrimental insult, i.e., ketamine, early celastrol administration was able to further
lower cerebellar NOX1 levels. With respect to these findings, additional investigations are needed to
further unravel molecular mechanisms of actions of celastrol and its possible impact on NOX1 enzyme
expression. Indeed, in this context, a limitation of this study is represented by the absence of the
evaluation of the enzyme activation in the cerebellum. The lack of NOX2 increase following postnatal
ketamine exposure observed in our experimental conditions could be explained by a region-specific
effect of this NMDA-receptor antagonist in inducing an enhancement of this NADPH oxidase isoform.
In line with this hypothesis, Zhang and co-workers previously described that cortical NOX2 was
upregulated in adult rats treated with ketamine from PND6 to PND8 [20]. Moreover, in further support,
an interesting study of Boczek et al. analyzed the effects of repeated ketamine administration on
different brain areas, i.e., cortex, cerebellum, hippocampus and striatum, revealing region-specific
effects of this NMDA-R antagonist [104]. However, we cannot totally exclude that the observed
celastrol effects might be related to other pathways, other than the inhibition of NOX enzymes, finally
resulting in decreased ROS levels, such as the enhancement of antioxidant capacity [105], the increase
of antioxidant enzyme activity [106] and the targeting of mitochondria respiratory chain [107].
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Decreased PV levels and loss of phenotype of PV-positive interneurons have been described in
brain regions other than cerebellum, such as prefrontal cortex and hippocampus, in pharmacologic
and non-pharmacologic animal models of psychosis [22,108]. With respect to this issue, a novelty
of the present study is the absence, at least in our experimental conditions, of the reduction of
PV amount in the cerebellum of adult mice administered with ketamine in the early stages of life,
suggesting a region-specific effect of this NMDA-R antagonist. Moreover, our findings should also be
considered in the light of the link existing between NADPH oxidases and PV. Indeed, NOX2 enzyme
alterations have been reported to mediate cortical PV changes induced by different neurodetrimental
insults, such as ketamine administration [34] or traumatic brain injury [109]. Thus, the lack of PV
alterations observed in our experimental conditions might be related to the absence of NOX2 changes
in the same brain region, suggesting a different mechanism of action underlying ketamine effects in the
cerebellum with respect to what observed in the prefrontal cortex.

Here, we also showed that ketamine administration in early life stages caused increased levels
of a specific proinflammatory cytokine, the TNF-α, in the cerebellum, without affecting cerebellar
levels of IL-6 and IL-1β. Behavioral manifestations in psychiatric disorders such as schizophrenia
and autism have been reported to be sustained by early neuroinflammatory processes which involve
specific brain regions, including the cerebellum [110]. Moreover, patients with first psychotic episode,
drug-naive schizophrenia, and subjects at ultra-high risk of psychosis have been described to share
altered cerebellar-default mode network connectivity which appears to be modulate by inflammation in
this brain region [111]. Moreover, in good agreement with our findings, previous evidence has reported
a crucial role of TNF-α in regulating ketamine-induced neurotoxicity in the hippocampus [112,113],
which is known to be functionally connected with the cerebellum [114,115]. In our experimental
conditions, early celastrol administration was not able to prevent the ketamine-induced TNF-α increase
in the cerebellum. This finding might appear in apparent contradiction with previous lines of evidence
showing an effect of this compound in lowering TNF-α in monocytes and macrophages [45], as well as
in the brain of animal models of neurodegenerative disorders, such as Alzheimer’s disease [116,117],
amyotrophic lateral sclerosis [42] and Parkinson’s disease [50]. However, in most of the animal models
on which celastrol has previously been tested for the evaluation of its effects on TNF-α, the pathological
and/or neurotoxic insult leading to the neurodegenerative condition mainly occurred at adulthood.
Moreover, other routes of administration (such as the oral one), as well as different doses and considered
brain regions might also explain our findings. Further research is certainly needed to highlight possible
different effects of celastrol on pro-inflammatory cytokines based on the time of the insult occurring
in the brain. The lack of ketamine-induced cerebellar IL-6 increase that we observed might also be
considered in the light of the unaltered NOX2 and PV expression we found in the same brain region.
Indeed, a molecular association between IL-6, NOX2 and PV has been previously reported in the
ketamine model of psychosis [35].

In this study, we also reported that early celastrol administration prevented ketamine-induced
decrease of IL-10, an anti-inflammatory cytokine, in the cerebellum. Accordingly, an imbalance between
pro-inflammatory and anti-inflammatory cytokines has been described in both schizophrenia [118]
and other psychiatric disorders characterized by psychotic symptoms, such as bipolar disorders [119].
Intriguingly, IL-10 has been described as the most important player both in the resolution of the
inflammatory cascade [120] and in the protection against possible detrimental effects following
a neurotoxic insults [121,122]. Moreover, a key role of this anti-inflammatory cytokine in preventing
glutamate-mediated cerebellar granule cell death has been reported [123], together with the regulation
of synapses formation and functioning in the developing brain [124]. Thus, we could hypothesize that,
at least in our experimental conditions, early celastrol administration might exert a protective effect
against a neurotoxic insult, represented by ketamine, on the developing cerebellum, acting also on the
anti-inflammatory pathways related to IL-10.

In conclusion, our study suggests that early NOX inhibition by celastrol during a crucial
period of CNS maturation can prevent the development of psychotic-like behavioral dysfunctions,
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the increased oxidative stress and the IL-10 reduction in the cerebellum of adult mice exposed to
an early neurodetrimental insult, i.e., ketamine. This might open new pharmacological insights into
the possible use of this compound for neuroprotective purposes during brain development.

4. Materials and Methods

4.1. Animals

Mice were housed at constant room temperature (22 ± 1 ◦C) and relative humidity (55 ± 5%)
under a 12 h light/dark cycle (lights on from 7:00 AM to 7:00 PM), with free access to food and water.
Experimental procedures involving animals and their care were performed in conformity with the
institutional guidelines of the Italian Ministry of Health (D.Lgs. n.26/2014), the Guide for the Care and
Use of Laboratory Animals: Eight Edition, the Guide for the Care and Use of Mammals in Neuroscience
and Behavioral Research (National Research Council, 2004), the Directive 2010/63/EU of the European
Parliament and of the Council of 22 September 2010 on the protection of animals used for scientific
purposes, as well as the ARRIVE guidelines. We daily monitored animal welfare during the entire
period of experimental procedures. All efforts were made to minimize the number of animals used and
their suffering. The experimental protocol was approved by the Italian Ministry of Health (approval
number 679/2017-PR, protocol n. B2EF8.17).

4.2. Experimental Design

Five C57/Bl6 adult male mice and 10 adult females (Envigo, San Pietro al Natisone, Italy) weighing
25–30 g (8–10 weeks of age) were mated (one male and two females per cage).

Male pups were divided into the following five experimental groups:

1. pups administered with saline (10 mL/kg i.p.);
2. pups administered with ketamine (Sigma-Aldrich Corporation, Saint Louis, MO, US; 30 mg/kg

i.p., dissolved in saline) [10,33];
3. pups administered with celastrol (Sigma Aldrich, Milano, Italy; 1 mg/kg i.p., dissolved in 50%

DMSO/PBS) [43];
4. pups administered with a 50% DMSO/PBS solution (5 mL/kg i.p.)—we have referred to this

treatment throughout the text as “DMSO”;
5. pups administered with ketamine (30 mg/kg i.p., dissolved in saline, injected in the right side of the

peritoneum) and celastrol (1 mg/kg i.p., dissolved in 50% DMSO/PBS, injected in the left side of the
peritoneum)—we have referred to this treatment throughout the text as “ketamine + celastrol”.

The above-mentioned treatments were repeated at PNDs 7, 9 and 11.
All pups were grown until adulthood, i.e., 10 weeks of age, when behavioral tests were performed.

Immediately after, mice were euthanized by cervical dislocation for the collection of cerebella on which
neurochemical and biomolecular analysis were conducted. The tissue was frozen in isopentane and
stored at −80 ◦C until analysis was performed.

Body weight gain during the experimental protocol was calculated as the difference between body
weight at PND 7 (the time of the first ketamine and/or celastrol injection) and body weight at 10 weeks
of age (the time at which the behavioral tests were performed). No statistical differences were detected
among the experimental groups (Supplementary Material A). Moreover, body weight at the time of
the behavioral tests (10 weeks of age) was comparable among experimental groups (Supplementary
Material B). No evident signs of hair loss and/or alopecia were observed during the experimental
protocol for all the animals included in this study.
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4.3. Behavioral Tests

4.3.1. NOR Test

The NOR test was performed as previously described [19,125] in a squared plastic-made arena
(40 cm × 40 cm × 40 cm). For the habituation, mice were allowed to freely explore the arena for 10 min
over five days. Mice were acclimatized to the testing room for one hour prior the beginning of the test.
The test included two trials (training trial, T1 and testing trial, T2) of 3 min with an intertrial time of
1 min [126,127]. In T1, mice were put in the center of the arena and left free to explore two identical
objects (two white light bulbs, fixed on the floor of the arena by velcro) for 3 min. In the testing trial
(T2), one of the light bulbs was substituted with a novel object (a light blue plastic-made brick). At the
beginning of the experimental procedure and between T1 and T2, the objects were cleaned with 20%
v/v ethanol to remove any olfactory cues. Moreover, the arena was cleaned each time to remove mouse
feces. Both T1 and T2 were videorecorded using a fixed camera. Then, an investigator, blind to the
identity of the tested mouse, analyzed the animal behavior, including in the scoring of object sniffing
and touching, as well as having moved the vibrissae while directing the nose toward the object at
a distance of 1 cm. The following behaviors were not considered: sitting on, leaning against, and
chewing the objects. The discrimination index was calculated using the following formula: (N − F)/(N
+ F) (N = times spent in exploration of the novel object during the T2; F = times spent in exploration of
the familiar object in the T2) [19].

4.3.2. OF Test

The OF test was performed as previously described [128], in a square plastic arena
(40 cm × 40 cm × 40 cm), virtually divided into nine equal squares with black horizontal and vertical
lines [129]. Mice were acclimatized to the testing room for one hour prior the beginning of the test.
For the habituation, mice were allowed to freely move into the arena for 10 min over five days. The day
of the test, mice were initially placed in the same corner and then left to move freely in the arena for
5 min. The experimental procedures were videorecorded using a fixed camera and then analyzed by
a blind investigator who manually scored as spontaneous locomotor activity the total of horizontal
and vertical displacements performed during the test (squares crossed with the four paws).

4.3.3. SI Test

The SI test was performed, as previously described [130–132], in a plexiglass rectangular cage
(45cm × 30cm × 25cm), located under a fixed camera. Briefly, 24 h before, as well as on the morning of
the test, the cages were cleaned, the testing mouse was weighed in order to choose an appropriate
intruder, which was labelled with a white, sticking tape on the tail. Mice were acclimatized to the
testing room for one hour prior the beginning of the test. The testing mouse was left undisturbed in
the cage for 15 min. Then, the intruder was introduced, and the social behavior was videorecorded
for 10 min. Analysis of behavior was conducted by a blind researcher and the following parameters
were considered for the scoring: time (seconds) spent by the testing mouse in sniffing the intruder,
time (seconds) spent by the testing mouse in close following the intruder and time (seconds) spent by
the testing mouse in the allogrooming to the intruder.

4.4. Enzyme-Linked Immunosorbent Assays (ELISAs)

Samples were homogenized in 10 volumes of PBS with protease inhibitors, as previously
described [133,134]. Commercially available ELISA kits were used for measurement of 8-OHdG
(JaICA, Shizuoka, Japan), NOX2 (MyBiosource, San Diego, CA, USA), NOX1 (MyBiosource, San Diego,
CA, USA), PV (MyBiosource, San Diego, CA, USA), TNF-α (MyBiosource, San Diego, CA, USA),
IL-6 (MyBiosource, San Diego, CA, USA), IL-1β (MyBiosource, San Diego, CA, USA) and IL-10
(MyBiosource, San Diego, CA, USA) in the cerebellum, according to the manufacturer’s instructions.
Each sample analysis was performed in duplicate to avoid intra-assay variations.
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4.5. Blindness of the Study

Researchers performing data analysis were blind with respect to the treatment conditions.
The blindness was maintained until the end of the analysis process.

4.6. Statistical Analysis

GraphPad 5.0 software for Windows was used to perform statistical analyses. Data were analyzed
by One Way ANOVA, followed by Tukey’s post hoc test. For all tests, a p value < 0.05 was considered
statistically significant. Results are expressed as means ±mean standard error (SEM).

Supplementary Materials: The Supplementary Materials are available online at http://www.mdpi.com/1420-3049/
24/21/3993/s1.
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Abstract: Metabolic engineering is an integrated bioengineering approach, which has made
considerable progress in producing terpenoids in plants and fermentable hosts. Here, the full
biosynthetic pathway of artemisinin, originating from Artemisia annua, was integrated into the
moss Physcomitrella patens. Different combinations of the five artemisinin biosynthesis genes were
ectopically expressed in P. patens to study biosynthesis pathway activity, but also to ensure survival
of successful transformants. Transformation of the first pathway gene, ADS, into P. patens resulted in
the accumulation of the expected metabolite, amorpha-4,11-diene, and also accumulation of a second
product, arteannuin B. This demonstrates the presence of endogenous promiscuous enzyme activity,
possibly cytochrome P450s, in P. patens. Introduction of three pathway genes, ADS-CYP71AV1-ADH1
or ADS-DBR2-ALDH1 both led to the accumulation of artemisinin, hinting at the presence of one or
more endogenous enzymes in P. patens that can complement the partial pathways to full pathway
activity. Transgenic P. patens lines containing the different gene combinations produce artemisinin in
varying amounts. The pathway gene expression in the transgenic moss lines correlates well with the
chemical profile of pathway products. Moreover, expression of the pathway genes resulted in lipid
body formation in all transgenic moss lines, suggesting that these may have a function in sequestration
of heterologous metabolites. This work thus provides novel insights into the metabolic response of
P. patens and its complementation potential for A. annua artemisinin pathway genes. Identification of
the related endogenous P. patens genes could contribute to a further successful metabolic engineering
of artemisinin biosynthesis, as well as bioengineering of other high-value terpenoids in P. patens.
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1. Introduction

Artemisinin is a potent malaria drug that is exclusively produced in the plant Artemisia annua.
The limited production of artemisinin in glandular trichomes of leaves and flowers has led to an
extensive cultivation of Artemisia plants to meet the needs of the patients. The complex structure
of artemisinin makes the chemical synthesis difficult and expensive. Therefore, various efforts have
been performed to improve the production of artemisinin in the plant. As alternative, other hosts
for heterologous production have been explored, but currently artemisinin production is still mainly
based on the use of cultivated plants.

All genes responsible for the biosynthesis of the direct precursor of artemisinin, dihydroartemisinic
acid, have been characterized (Scheme 1) [1]. The final conversion of dihydroartemisinic acid to
artemisinin is thought to be a light-induced non-enzymatic spontaneous reaction [2]. The first committed
biosynthetic step is the cyclization of endogenous farnesyl diphosphate (FPP) to amorpha-4,11-diene
by amorpha-4,11-diene synthase (ADS) [3–6], which is substrate for the next enzyme amorphadiene
monooxygenase (CYP71AV1). CYP71AV1 is an important cytochrome P450 enzyme [7] in artemisinin
biosynthesis as it catalyses three subsequent oxidations of amorpha-4,11-diene to artemisinic acid,
via artemisinic alcohol and artemisinic aldehyde [8]. However, in addition the alcohol dehydrogenase
1 (ADH1, a dehydrogenase/reductase enzyme) has been identified, which specifically produces
artemisinic aldehyde from artemisinic alcohol (Scheme 1). This specificity and strong expression in
A. annua glandular trichomes likely indicates that ADH1 is mainly responsible for biosynthesis of
artemisinic aldehyde [9,10]. Artemisinic aldehyde is at a branch point in the bifurcating pathway
producing either dihydroartemisinic acid or artemisinic acid [9,10]. In the branch leading to
artemisinin, artemisinic aldehyde is reduced to dihydroartemisinic aldehyde by artemisinic aldehyde
Δ11(13)-reductase (DBR2) and subsequently is oxidized to dihydroartemisinic acid by an aldehyde
dehydrogenase (ALDH1) [11–13]. Besides catalysing the oxidation of dihydroartemisinic aldehyde to
dihydroartemisinic acid in one branch, in a second pathway branch ALDH1 also catalyses the oxidation
of artemisinic aldehyde to artemisinic acid (a reaction also catalysed by CYP71AV1) [7,12]. Another
enzyme, dihydroartemisinic aldehyde reductase (RED1) converts dihydroartemisinic aldehyde into
dihydroartemisinic alcohol, a “dead end” product, which negatively affects the yield of artemisinin [11].
The final steps in the two branches of the pathway likely involves photo-oxidation of dihydroartemisinic
acid and artemisinic acid to artemisinin and arteannuin B, respectively [2,7].

Scheme 1. The biosynthetic pathways of artemisinin and arteannuin B in Artemisia annua. Pp annotation
represents possible native P. patens enzyme activity. ADS, amorphadiene synthase; CYP71AV1,
amorphadiene oxidase; ADH1, alcohol dehydrogenase; DBR2, artemisinic aldehyde double-bond
reductase; ALDH1, aldehyde dehydrogenase 1. The boxes indicate the products of the pathway.

Taking advantage of the elucidated artemisinin pathway, metabolic engineering has been a
popular approach to improve the production of artemisinin or its precursors in heterologous
hosts such as E. coli, yeast and tobacco. A production of amorpha-4,11-diene at 24 g/L was
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established through the introduction of the MVA pathway and ADS in E. coli along with several other
modifications [14]. However, expressing plant P450s (such as CYP71AV1) in E. coli is not favourable.
Therefore Saccharomyces cerevisiae (baker’s yeast) was engineered to boost the MVA pathway and ADS
through several modifications resulting in a yeast strain producing 153 mg/L amorpha-4,11-diene [8].
Subsequently, CYP71AV1 and a cytochrome P450 reductase (CPR) were introduced resulting in
production of up to 100 mg/L of artemisinic acid [8]. The strains were further optimized by adding
ADH1, ALDH1 and CYPB5, a native partner of CYP71AV1, that contributed to a significant increase
of 25 g/L artemisinic acid via fermentation [9]. Although in these systems complete artemisinin
biosynthesis is not accomplished, a 3-step chemical conversion from artemisinic acid to artemisinin
has been developed and is currently used in commercial production of artemisinin in combination
with yeast fermentation [9,15].

Introducing artemisinin pathway genes in tobacco has also been successful, using both stable and
transient expression [16–21]. However, in tobacco pathway intermediates are efficiently glycosylated,
resulting in low artemisinin yield [16,19]. Attempts have been made to target pathway enzymes to
different compartments such as the chloroplast, and Fuentes et al. were able to produce 120 μg/g
dry weight (d.w.) artemisinic acid [20], while Malhotra et al. produced 0.8 mg/g d.w. artemisinin
in Nicotiana benthamiana [22]. All these attempts involved extensive bioengineering of precursor
pathways and pathway localization, which is time consuming and with limited success in increasing
final yield. Recent work has shown that Physcomitrella patens can be a promising heterologous host
for artemisinin production, with a high yield of artemisinin after three days, prior to any production
enhancements [21,23].

In the present study, various combinations of the pathway genes are assembled to study the
biosynthetic route and the interplay with endogenous metabolism as well as ensuring the survival of
successful transformants. We observed biosynthetic routes not previously described in the metabolic
network of P. patens and demonstrate that some endogenous P. patens enzymes have promiscuous
substrate recognition, which may substitute for some A. annua pathway enzyme activities. This provides
new insight into P. patens metabolism and offers alternative engineering targets for production of
artemisinin in this primitive plant and promising heterologous production platform.

2. Results and Discussion

2.1. Heterologous Expression of Artemisinin Biosynthesis Pathway Genes

The gene encoding the first committed enzyme in the artemisinin biosynthesis pathway (ADS)
was introduced into the wild-type (WT) P. patens. Integration of the gene was confirmed by PCR
on genomic DNA isolated from transformants (Figure S1) and metabolic profiling showed that
amorpha-4,11-diene was produced in cultures up to levels up to 200 mg/L [23]. However, localization
of the amorpha-4,11-diene remains unclear: is it stored in specific organelles such as lipid bodies or
transported out of the cell? Several studies have shown that P. patens is able to ectopically produce
volatile terpenoids, but the regulation of volatiles production and their potential storage within
P. patens is yet to be explored [23–25]. Besides amorpha-4,11-diene, the transgenic lines expressing
ADS also accumulated arteannuin B, which is thought to be derived from artemisinic acid through
photo-oxidation. This suggest accumulation of artemisinic acid in the transgenic lines and reveals a
promiscuous activity of an endogenous oxidative enzyme (or enzymes) such as the cytochrome P450
in P. patens, which can catalyse the triple oxidation of amorpha-4,11-diene via artemisinic alcohol and
aldehyde to the acid. In A. annua these activities are catalysed by CYP71AV1 and ADH1 [8,26]. Although
predominant results indicate that most plant P450s are highly specific in their substrate recognition,
increasing evidence shows that some plant P450s can be promiscuous in substrate recognition, similar to
mammalian P450s [27–30]. Endogenous P. patens oxidative enzymes fully convert amorpha-4,11-diene
to artemisinic acid, since the alcohol and aldehyde intermediates were not detected in culture extracts.
P. patens naturally produces high amounts of ent-kaurenoic acid from ent-kaurene, which is catalysed
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by an ent-kaurene oxidase (CYP701B1) through three successive oxidations [31,32]. CYP701B1 may
therefore be a likely candidate for catalysing the conversion of amorpha-4,11-diene into artemisinic
acid in P. patens. Other possible candidate enzymes are the numerous cytochrome P450s, ferrodoxin
mono-oxygenases, and other oxidoreductases encoded by the P. patens genome.

Having established transgenic lines producing a high level of amorpha-4,11-diene, a second
transformation introduced the second (CYP71AV1) and third (ADH1) artemisinin pathway genes.
Likewise, the final two artemisinin pathway genes, DBR2 and ALDH1 were also introduced into the
ADS background lines. Having successfully introduced two different sets of 3 artemisinin genes;
ADS-CYP71AV1-ADH1 and ADS-DBR2-ALDH1 in P. patens, the remaining artemisinin pathway
genes were introduced into these transgenic lines. This resulted in transgenic lines with all five
artemisinin biosynthesis genes in different genomic sequential arrangements. The transgenic lines
ADS-CYP71AV1-ADH1-DBR2-ALDH1 and ADS-DBR2-ALDH1-CYP71AV1-ADH1 were recovered and
genotyping showed the presence of all five artemisinin biosynthesis genes in the genome of P. patens
(Figure S1).

2.2. Metabolite Profiling of Transgenic P. patens Lines

In total five different transgenic lines were produced (Table 1). Metabolic profiling of these lines
showed that artemisinin was produced in all lines, except for the transgenic line solely expressing ADS.
The ADS-CYP71AV1-ADH1 line only produced 25% of the artemisinin levels in the ADS-DBR2-ALDH1
line. This suggests that in the ADS-DBR2-ALDH1 line the P. patens oxidizing enzymes efficiently
convert amorpha-4,11-diene to artemisinic aldehyde, which is then converted by DBR2 and ALDH1 to
dihydroartemisinic acid (Scheme 1, Table 1). Interestingly, two other metabolites; artemisinic alcohol
and dihydroartemisinic alcohol were also detected in the ADS-DBR2-ALDH1 line. Notably, ADH1 is
specific towards artemisinic alcohol [9] and absence of ADH1 in the ADS-DBR2-ALDH1 lines may
explain the accumulation of artemisinic alcohol in this line. The presence of dihydroartemisinic alcohol
in the ADS-DBR2-ALDH1 lines suggests that P. patens has an endogenous oxidoreductases similar to
A. annua RED1 that catalyses the formation of dihydroartemisinic alcohol from dihydroartemisinic
aldehyde in A. annua [11].

Table 1. Quantification of artemisinin, artemisinin intermediates and arteannuin B produced in
transgenic Physcomitrella patens and the moss culture liquid media (from 3 weeks moss culture, average
of two cultures). The content in the liquid media represents the amount of molecules that have been
excreted from the moss cells.

ADS
ADS-

CYP71AV1-
ADH1

ADS-
CYP71AV1-

ADH1-
DBR2-ALDH1

ADS- DBR2-
ALDH1

ADS-DBR2-
ALDH1-

CYP71AV1-
ADH1

Content in culture liquid
media (without moss)

(μg/g FW) (μg/g FW) (μg/g FW) (μg/g FW) (μg/g FW)

Artemisinic alcohol ND ND ND ND ND

Dihydroartemisinic alcohol ND ND ND 0.09 ND

Arteannuin B 1.05 0.04 0.09 1.74 ND

Content in dried moss
tissue

(mg/g DW) (mg/g DW) (mg/g DW) (mg/g DW) (mg/g DW)

Artemisinin ND 0.01 0.03 0.04 0.01

Artemisinic alcohol ND ND ND 0.13 ND

Dihydroartemisinic alcohol ND ND ND 0.07 ND

ND, not detected.

Arteannuin B is mostly present in the liquid media (see Figure 1, Table 1) indicating transport
capacity for artemisinic acid or arteannuin B to the outside of the cells. Alternatively, this could indicate
that accumulation of these compounds is toxic to the cells that then die. The artemisinic aldehyde is at
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the branch point of the biosynthesis pathway, leading to either dihydroartemisinic acid (precursor
of artemisinin) or artemisinic acid (precursor of arteannuin B) (Scheme 1). While DBR2 catalyses the
conversion of artemisinic aldehyde toward artemisinin production, ALDH1 and CYP71AV1 or P. patens
hydroxylases catalyse the formation of artemisinic acid.

Figure 1. UPLC-MRM-MS analysis of arteannuin B. (a) UPLC-MRM-MS of arteannuin B standard
fragmented in MRM channels of m/z 249.1 > 189.2; 249.1 > 143.1 (b) UPLC-MRM-MS analysis of
arteannuin B in transformed P. patens with ADS (RT = 4.61). (c) UPLC-MRM-MS of artemisinin standard
fragmented in MRM channels of m/z 283.19 > 219.21; 283.19 > 247.19 and 283.19 > 265.22 (RT = 4.96).
(d) Demonstration of absence of artemisinin by UPLC-MRM-MS of artemisinin in fragmented in MRM
channels of m/z 283.19 > 219.21; 283.19 > 247.19 and 283.19 > 265.22 of extracts from transformed
P. patens with ADS. C+D show that artemisinin is not present in the ADS only lines of P. patens.

Our transgenic P. patens lines were grown under constant (24 h) high light intensity. Thus, all the
produced artemisinic acid or dihydroartemisinic acid are presumably photo-chemically converted into
arteannuin B and artemisinin, respectively and neither of the two acids were detected in our study.

The accumulation of arteannuin B was correlated with the amount of artemisinin. Transformants
with higher levels of arteannuin B, also accumulates higher levels of artemisinin. For instance,
ADS-DBR2-ALDH1 accumulates most artemisinin as well as arteannuin B.

The accumulation of artemisinin in the ADS-CYP71AV1-ADH1 line shows that P. patens has enzymes
with similar activities as DBR2 and ALDH1 from A. annua. The lower artemisinin accumulation in
the ADS-CYP71AV1-ADH1 line suggests that the affinity of the endogenous P. patens enzyme for the
pathway intermediates may not be as good as for A. annua DBR2 and ALDH1.

Although presence of endogenous enzyme activity might contribute to the accumulation of
artemisinin, only arteannuin B was detected in the ADS expressing line (see Figure 1). One reason could
be that the P. patens hydroxylases and oxidoreductases has lower affinity towards the heterologous
substrates than the pathway enzymes, CYP71AV1, DBR2 and ALDH1. For example, higher levels of
artemisinin was detected when CYP71AV1 was expressed (ADS-CYP71AV1-ADH1), which should
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accumulate artemisinic aldehyde, but this is catalysed into dihydroartemisinic acid by native
hydroxylases and oxidoreductases.

Dihydroartemisinic acid spontaneously transform into artemisinin when exposed to light.
Meanwhile, in the ADS-only line amorpha-4,11-diene accumulates and here the native hydroxylases
might favour reactions resulting in a final accumulation of arteannuin B via artemisinic acid (see
Scheme 1 for the pathway).

Unlike in other heterologous plants e.g., Nicotiana benthamiana [16], no glycosylated and/or
glutathione conjugates of the artemisinin biosynthesis intermediate related products were detected
in the transgenic P. patens lines [23]. The absence of glycosylated products could be due to the much
lower number of genes encoding putative glycosyltransferases in P. patens, compared to that in higher
(vascular) plants [33]. This could be an important feature of P. patens to favour full pathway activity
toward the accumulation of the two products artemisinin and/or arteannuin B.

2.3. Analysis of Artemisinin Pathway Gene Expression Profiles

Analysis of the artemisinin biosynthetic gene expression profile was performed to investigate
the correlation between gene expression and metabolite production in the transgenic lines (Figure 2).
The expression of the first committed enzyme, ADS was the highest when it was introduced alone,
and decreased with the increasing number of genes introduced; ADS > ADS-CYP71AV1-ADH1
> ADS-CYP71AV1-ADH1-DBR2-ALDH1. A similar pattern was observed in the expression of
the other constructs with ADS > ADS-DBR2-ALDH1 > ADS-DBR2-ALDH1-CYP71AV1-ADH1.
For CYP71AV1, there was no significant difference in expression between the ADS-CYP71AV1-ADH1
and ADS-DBR2-ALDH1-CYP71AV1-ADH1 lines. However, the expression level was 100 fold higher in
the ADS-CYP71AV1-ADH1-DBR2-ALDH1 line showing that higher amount of the enzyme could be
present for the higher production of artemisinin. ADH1 on the other hand exhibited a low expression
pattern in all transgenic lines, suggesting its limited contribution to the overall artemisinin pathway in
P. patens.

Figure 2. Relative expression of artemisinin pathway genes (ADS, CYP71AV1, ADH1, DBR2, ALDH1)
in the five transgenic P. patens lines. Error bars are shown as SE (n = 3).

Overall, ADS-DBR2-ALDH1 shows higher gene expressions for all three genes compared to the
other transgenic lines and this correlates positively with the product levels. The expression level of
the ADS gene in ADS-DBR2-ALDH1 is the second highest, after the ADS only expressing line, which
may lead to abundant amorpha-4,11-diene to be catalysed by DBR2 into artemisinic aldehyde and
subsequently into dihydroartemisinic acid by ALDH1. However, in addition, endogenous P. patens
hydroxylases and ALDH1 efficiently catalyse the formation of artemisinic acid, hence contributing to
higher accumulation of arteannuin B than artemisinin (Table 1). The transgene expression levels in all
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the lines expressing DBR2 and ALDH1 correlate well with their end product profiles (Figure 2, Table 1).
Similarly, lines ADS-CYP71AV1-ADH1 and ADS-DBR2-ALDH1-CYP71AV1-ADH1, which show lower
expression of CYP71AV1, also show lower levels of artemisinin. Results thus suggest that not only
higher affinity for substrates but also abundance of the active A. annua enzymes has a positive impact
on artemisinin levels. Improving expression and protein levels even further may therefore be targets
for future research.

The expression of DBR2 and ALDH1 was relatively high and correlates with the amount of
metabolite produced. Studies on the artemisinin pathway gene expression in different A. annua
chemotypes: the high artemisinin producer (HAP) and low artemisinin producer (LAP) as well as
the Nicotiana benthamiana transiently expressing the artemisinin biosynthetic pathway genes show
that the expression of DBR2 is significantly higher in the HAP varieties which is similar to the gene
expression pattern found in P. patens [16,34]. It is evident that DBR2 and ALDH1 appear to be of a
great importance in elevating artemisinin production in P. patens, A. annua and other heterologous
plant-based systems [16,20,34,35].

2.4. Lipid Body Formation in Transgenic P. patens

P. patens utilizes lipid bodies (LBs) in its life cycle [36] and because of the hydrophobic nature of
artemisinin, we investigated whether ectopic expression of the artemisinin pathway in transgenic P.
patens favours LB formation by LB staining with BODIPY. Confocal microscopy observations confirmed
that abundant and large LBs are present in all transgenic lines (Figure 3). Formation of these LBs
in response to production of potentially toxic compounds could indicate an alternative phytotoxic
defence mechanism in P. patens prior to the development of alternative detoxification strategies
through glycosylation as in higher plants. Glycosylation and modification by glutathione of pathway
intermediates are the biggest competitor for production of artemisinin and other sesquiterpenes in
heterologous plant expression systems. The absence of such detoxification mechanisms and induction
of potential sequester structures like LBs in P. patens make this organism a potential valuable novel
tool for production of artemisinin or other valuable terpenes. To address this, further research on the
mechanism of lipid body formation and identification of LB composition in the transgenic P. patens
will be valuable for an overall understanding on P. patens metabolic responses to heterologously
produced metabolites.

Figure 3. Projections of 8 day old moss obtained by confocal microscopy showing the accumulation
of lipid bodies (green spots, stained with BODIPY) in wild type (A) and transgenic moss bearing (B)
ADS (C) ADS-CYP71AV1-ADH1 (D) ADS-DBR2-ALDH1 (E) ADS-CYP71AV1-ADH1-DBR2-ALDH1.
Red color represent chlorophyll autofluorescence.
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3. Materials and Methods

3.1. Plant Material and Growth Conditions

P. patens (Gransden ecotype, International Moss Stock Center #40001) was grown on solid and
liquid PhyB media under sterile conditions, at 25 ◦C with continuous 20–50 W/m2 light intensity [37].

3.2. DNA Fragments and Genes

The Pp108 locus homologous recombination flanking regions were amplified from genomic
DNA of P. patens. The ADS gene was a kind gift from Assoc. Prof. Dae Kyun Ro, University of
Calgary, Calgary, AB, Canada. The synthetic genes of CYP71AV1 (DQ268763), ADH1 (JF910157.1),
DBR2 (EU704257.1), and ALDH1 (FJ809784.1) were synthesized by GenScript (city, state abbrev
USA) according to the P. paten codon usage. The synthetic genes was linked with a peptide linker
LP4/2A from Impatiens balsamina and foot-and-mouth-disease virus (FMDV); CYP71AV1-LP4/2A-ADH1,
DBR2-LP4/2A-ALDH1. The Ubiquitin promoter and Ubiquitin terminator from Arabidopsis thaliana
(CP002686.1) synthetic genes were also synthesized by GenScript. The Maize Ubiquitin 1 promoter,
OCS terminator and G418 selection cassettes was obtained from the pMP1355 vector, a kind gift from
Professor Mark Estelle, University of California San Diego, San Diego, CA, USA.

3.3. Transformation Procedures

A detailed description of moss transformation has been previously published [37,38]. Five to
seven day old P. patens cultures (from last blending) was harvested and digested with 0.5% DriselaseR
enzyme solution in 8.5% mannitol (D9515, Sigma Aldrich) followed by incubation at room temperature
for 30 to 60 min. The digested sample was then filtered through a 100 μm pored mesh-filter and the
protoplast was collected by centrifugation at 150–200× g for 4 min with slow breaking. The pellet was
washed twice with the protoplast wash solution (8.5% mannitol, 10 mM CaCl2) and the protoplast
density was measured using a hemocytometer before suspending in MMM solution (9.1% D-mannitol,
10% MES and 15mM MgCl2) to a concentration of 1.6 × 106 protoplasts/mL. 300 μL of the protoplast
suspension and 300 μL of PEG solution were added to a 15 mL tube containing 10 μg total DNA and
incubated at 45 ◦C for 5 min and another 5 min at room temperature. 8.5% D-mannitol (300 μL) was
then added five times and dilutions with 1 mL of 8.5% D-mannitol another five times. The transformed
protoplasts were collected by centrifugation, resuspended in 500 μL of 8.5% d-mannitol and 2.5 mL of
protoplast regeneration media (top layer; PRMT). One ml of the mixture was distributed on three plates
containing protoplast regeneration media (bottom layer; PRMB) overlaid with cellophane. The plates
were incubated in continuous light for 5 to 7 days at 25 ◦C. The cellophane and regenerating protoplasts
was then transferred to PhyB media containing the appropriate selection marker for two weeks, before
transferring on PhyB media without antibiotics for another 2 weeks and later transferred back to the
final antibiotic selection to confirmed stable transformants.

The first committed precursor of artemisinin biosynthesis pathway, ADS was introduced into
wildtype P. patens at the designated neutral locus Pp108. The transformed lines were selected on
regeneration medium with geneticin (G418) for two rounds of selection. Next, we transformed the
second and third: CYP71AV1-LP4/2A-ADH1 as well as the fourth and fifth; DBR2-LP4/2A-ALDH1
genes respectively into the ADS-expressing transgenic line. Both transformations are targeted to replace
the previously transformed G418 selection marker with the new selection of hygromycin. Having
successfully introduced three artemisinin genes; ADS-CYP71AV1-ADH1 and ADS-DBR2-ALDH1 in
P. patens, we next completed the pathway with addition of the remaining artemisinin genes into both
transgenic lines. For this transformation, the previously removed G418 selection marker was used
again and hygromycin was targeted for recombination such that this selection marker was removed.
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3.4. PCR, DNA Purification and Concentration

All DNA fragments were amplified with PhusionR High-Fidelity DNA Polymerase (New England
Biolabs, County Road Ipswich, MA, USA). PCR conditions and annealing temperatures were modified
depending on primers and templates used in the reaction. PCR reactions using plasmid DNA as
template were digested with DpnI (NEB, County Road Ipswich, MA, USA) for 1 h at 37 ◦C followed by
inactivation at 65 ◦C for 20 min to lower background after transformation. PCR products were purified
using QIAquick PCR Purification Kit (Qiagen GmbH, Strasse 1, Hilden, Germany). The DNA fragments
for transformations were concentrated via ethanol precipitation to a final concentration of ~1 μg/μL,
determined using NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA, USA). The primers used
are listed in Table S1.

3.5. Metabolite Profiling

3.5.1. UPLC-MRM-MS Analysis

Fresh moss samples were harvested, snap-frozen and ground into a fine powder. Samples of
3000 mg were extracted with 3 mL citrate phosphate buffer, pH 5.4, followed by vortexing and
sonication for 15 min. One mL of Viscozyme (V2010, Sigma) was added and samples were incubated
at 37 ◦C. The whole mixture was then extracted three times with 3 mL ethyl acetate and concentrated
to a volume of 1 mL and stored at −20 ◦C. For liquid culture extracts, 500 mL of liquid culture was
harvested, passed through a filter paper and extracted with 200 mL of ethyl acetate in a separation
funnel. Ethyl acetate was concentrated to a volume of 1 mL and stored at −20 ◦C. Ethyl acetate of both
liquid culture and moss sample extracts were then dried under a flow of N2 and resuspended into 300
μL of 75% MeOH:H2O (v:v). Extracts were passed through a 0.45 μm membrane filter (Minisart® RC4,
Sartorius, Germany) before analysis. Artemisinin and artemisinin biosynthesis pathway intermediates
were measured in a targeted approach by using a Waters Xevo tandem quadrupole mass spectrometer
equipped with an electrospray ionization source and coupled to an Acuity UPLC system (Waters),
essentially as described [16]. For A BEH C18 column (100 × 2.1 mm × 1.7 μm; Waters) was used for
chromatographic separation by applying a water:acetonitrile gradient. The gradient started from 5%
(v/v) acetonitrile in water with formic acid [1:1000 (v/v)] for 1.25 min, was raised to 50% in 2.35 min and
was raised to 90% at 3.65 min. This was kept for 0.75 min before returning to the 5% acetonitrile/water
(v/v) with formic acid [1:1000 (v/v)] by using a 0.15 min gradient. The same solvent composition
was used to equilibrate the column for 1.85 min. The flow rate was 0.5 mL/min and the column
temperature was maintained at 50 ◦C. Injection volume was set to 10 μL. Desolvation and cone gas
flow were set to 1000 and 50 L/h and the mass spectrometer was operated in positive ionization mode.
Capillary voltage was set at 3.0 kV. Desolvation and source temperatures were set at 650 and 150
◦C, respectively. The cone voltage was optimized for all metabolites using the Waters IntelliStart
MS Console. Fragmentation by collision-induced dissociation was done in the ScanWave collision
cell using argon. Multiple Reaction Monitoring (MRM) was used for detection and quantification of
artemisinin and the other compounds. MRM transitions for artemisinin and pathway intermediates
measurement settings were optimized for MRM channels, which are presented in Table S2. Targeted
analysis of the fragmentation pattern of authenticated standard was optimized for each of the target
compounds. For artemisinin three parent(/daughter) ions (expressed as channels) was obtained and for
arteannuin B two channels were identified, as previously described [16,23]. The presence or absence
of each compound in samples were checked by comparing the RT of compounds in standard mix
with samples. As an additional quality measure the ratio between peak intensity of each compound’s
channels (e.g., for artemisinin the ratio of 283.19 > 219.21 to 283.19 > 247.19 in samples should be the
same as the ratio in what has been measured in artemisinin standard) were checked which was the
same in both standards and the identified compounds in samples. Retention time of each compound
(positive ionization mode) is presented in Table S3. Artemisinin and dihydroartemisinic acid were gift
from Dafra Pharma (Belgium). Other precursors were synthesized from dihydroartemisinic acid by
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Chiralix (Nijmegen, the Netherlands) which was checked by NMR (>98% purity). External calibration
curves were measured by using reference standards.

3.5.2. LC-QTOF-MS for Analysis of Conjugated Artemisinin Pathway Intermediates

For the artemisinin pathway intermediates glycosides and conjugations, 100 mg of fresh P. patens
tissue was ground in liquid nitrogen and extracted with 300 μl MeOH:formic acid [1000:1 (v/v)].
Samples were briefly vortexed and sonicated for 15 min, followed by 15 min centrifugation at 13,000×
g. Extracts were passed through a 0.45 μm membrane filter (Minisart® RC4, Sartorius) before analysis
on a Water alliance 2795 HPLC connected to a QTOF Ultima V 4.00.00 mass spectrometer (Waters MS
Technologies). The mass spectrometer was operated in negative ionization mode. A precolumn of
2.0 × 4 mm (Phenomenex, Denmark) was connected to the C18 analytical column (Luna 3 μm C18/2
100A; 2.0 × 150 mm; Phenomenex). Degassed eluent A and B were HPLC-grade water:formic acid
[1000:1 (v/v)] and acetonitrile:formic acid [1000:1 (v/v)], respectively. The flow rate was 0.19 mL/min.
The HPLC gradient started from 5% eluent B and linearly increased to 75% in 45 min. After that,
the column was equilibrated for 15 min with 5% eluent B. 5 μL of each sample was used for injection.

3.6. Lipid Bodies Staining and Microscopy

Equal amount of 14 days old liquid grown cells were suspended in PBS pH 7.4 buffer and stained
with a final concentration of 0.5 μg/mL of BIODIPY 505/515 (Invitrogen Molecular Probes, Thermo
Fisher). Cells were incubated in the dark for 15 min and visualized with a Leica LAS AF confocal laser
microscope. Lipid bodies were visualized with a 488 nm laser excitation line and a 510–530 nm emission
window. Chloroplasts were visualized using the same laser line and a 650–700 nm excitation window.
Z stacks were performed on each image with a line average of 4 and combined using maximum
projection into a single image, and image was visualized with ImageJ [39].

3.7. Expression Profiling in P. patens

100 mg of one week old moss tissue was extracted by RNeasy Plant Mini Kit (Qiagen 74904)
according to the protocol provided. The samples were treated with DNase I (Sigma AMPD1) to remove
remaining genomic DNA. The RNA quality and concentration was determined by Nanodrop2000
Spectrophotometer (Thermo Fisher Scientific). cDNA synthesis was performed with 500 ng RNA
samples using SuperScript III First-Strand Synthesis System for RT-PCR kit (18080-051, Life Technologies,
Denmark). Real time quantitative PCR was performed using QuantiFast ® SYBR ® Green PCR (Qiagen,
Denmark) according to the protocol provided and run at 95 ◦C for 5 min, 40 cycles at 95 ◦C for 10 s
followed by 60 ◦C for 30 s on a CFX Connect Real Time PCR Detection System (BioRad, Denmark).
The qPCR was performed with three biological replicates for each sample and three technical replicates
for each biological sample. Primers used are listed in (Table S1). Efficiencies of all primers were
estimated by generating a standard curve via cDNA serial dilutions using this formula E = 10−1/slope

− 1. E values of the primer pairs ranged between 93 to 101% (efficiency between 90 and 110% are
acceptable). P. patens β-actin was used as the reference gene and the transcripts level was calculated as
follows: ΔCT = CT(GOI) − CT(Actin), ΔΔCT was normalized using ΔCT and the relative change in
gene expression is calculated by 2−ΔΔCT method [40].

4. Conclusions

Here we show that the anti-malaria drug, artemisinin, can be produced in P. patens with either
complete or partial introduction and expression of the artemisinin pathway genes. The results
demonstrate that P. patens expresses endogenous enzymes with similar activity to that of the
artemisinin biosynthesis pathway in A. annua. This possibly affects the accumulation of artemisinin
and arteannuin B. Knocking out the endogenous oxidizing enzyme(s) responsible for the conversion of
amorpha-4,11-diene into artemisinic acid could possibly positively affect the yield of artemisinin as it
could stimulate the flux towards dihydroartemisinic aldehyde. This work provides novel insights into
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the metabolic machinery of P. patens and shows it has enzymes with activities similar to those that
catalyse the artemisinin pathway in A. annua. Discovery of these enzymes and the encoding genes may
contribute not only to successful metabolic engineering of artemisinin biosynthesis in P. patens, but also
to the engineering of other high-value terpenes in P. patens. Enzymes with promiscuous activity can be
of high value for any synthetic biology adventure since they can be used for many purposes. They also
shed light on general enzyme activity for the specific classes of enzymes. Work is ongoing to discover
these enzymes.

Supplementary Materials: The following are available online. Figure S1 shows the Genotyping of the moss,
Figures S2 and S3 show UPLC-MRM-MS analysis of artemisinin and arteannuin B, respectively from the different
P. patens transgenic lines. Table S1 shows primers used in the study and Table S2 is the optimized MRM transition
settings for UPLC-MRM-MS.
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Abstract: The management of pain in patients affected by diabetic neuropathy still represents an
unmet therapeutic need. Recent data highlighted the pain-relieving efficacy of glucosinolates deriving
from Brassicaceae. The purpose of this study was to evaluate the anti-hyperalgesic efficacy of
Eruca sativa defatted seed meal, along with its main glucosinolate, glucoerucin (GER), on diabetic
neuropathic pain induced in mice by streptozotocin (STZ). The mechanism of action was also
investigated. Hypersensitivity was assessed by paw pressure and cold plate tests after the acute
administration of the compounds. Once bio-activated by myrosinase, both E. sativa defatted meal
(1 g kg−1 p.o.) and GER (100 μmol kg−1 p.o., equimolar to meal content) showed a dose-dependent
pain-relieving effect in STZ-diabetic mice, but the meal was more effective than the glucosinolate.
The co-administration with H2S scavengers abolished the pain relief mediated by both E. sativa
meal and GER. Their effect was also prevented by selectively blocking Kv7 potassium channels.
Repeated treatments with E. sativa meal did not induce tolerance to the anti-hypersensitive effect.
In conclusion, E. sativa meal can be suggested as a new nutraceutical tool for pain relief in patients
with diabetic neuropathy.

Keywords: diabetic neuropathy; neuropathic pain; glucosinolates; Eruca sativa; glucoerucin; H2S;
Kv7 potassium channels

1. Introduction

The development of neuropathy is a common long-term complication of uncontrolled
hyperglycemia and the relief of neuropathic pain still represents a therapeutic challenge in patients
affected by diabetes [1]. The management of diabetic neuropathic pain consists basically in improving
glycaemic control as a prophylactic therapy and using medications to alleviate pain. Unfortunately,
their use is limited by side effects and by the development of tolerance [2,3]. Recent evidence
highlighted the beneficial effect of synthetic and naturally occurring H2S donors in different
types of persistent pain [4,5]. Among the natural compounds able to release H2S there are
isothiocyanates, which derive from glucosinolate (GSL) hydrolysis mediated by the enzyme myrosinase
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(β-thioglucoside glucohydrolase, thioglucosidase, EC3.2.1.147) or by the intestinal microflora [6–8].
These phytochemicals are contained in almost all the plants belonging to the Brassicaceae family and
are responsible for many of their beneficial effects in animals, as well as in humans [6,8–10]. The GSL
glucoraphanin (GRA) and the derived isothiocyanate sulforaphane (SFN), are the most widely studied
due to their potent anti-inflammatory, antioxidant, anti-cancer, antibiotic, as well as neuroprotective
effects [6,11–16]. SFN has also been tested in humans, demonstrating an improvement of glucose
levels in patients with type 2 diabetes [17]. Nevertheless, its effect on the development of diabetic
neuropathy was not studied. Recent findings highlighted the anti-hyperalgesic and protective effects
of SFN in an animal model of chemotherapy-induced neuropathy [18] and its capacity to potentiate
the antinociceptive effects of opioids in animals with inflammatory pain or diabetic neuropathy [19,20].
As in the case of other H2S donors, SNF properties are closely related to the release of H2S in vivo and
the consequent activation of Kv7 potassium channels [4,7,18,21–23].

SFN represents a redox couple with erucin, another isothiocyanate which is derived from
the metabolism of glucoerucin (GER), the most abundant GSL in Eruca sativa spp. oleifera Mill
seeds [24–26]. Despite the limited studies on erucin, beneficial properties similar to SFN have recently
been reported [27–29], as its ability to release H2S in vitro and to mediate vasodilatation [30,31].
This also led to assume that the effects showed by SFN in vivo could actually be due to its rapid
interconversion to erucin [32]. In 2015 Franco et al. developed a system to obtain a food-safe organic
material starting from E. sativa (Eruca sativa Mill. Sel. NEMAT). This pressure defatted oilseed
meal enriched of GSL, suitable to produce bakery products, aimed to realize a functional food [33].
The purpose of this study was to evaluate the antihyperalgesic properties (efficacy and tolerance) of
E. sativa defatted seed meal (DSM), along with that of its active constituent GER, in a model of diabetic
neuropathic pain induced by streptozotocin (STZ) in mice. The involvement of H2S release and Kv7
modulation in the pain-relieving activity of E. sativa derived products were also investigated.

2. Results

2.1. Eruca sativa Defatted Seed Meal Characterization

Eruca sativa DSM was characterized in its main components: Proteins, % residual oil and its fatty
acid profile, GSL content and profile, total free phenolic fraction, and myrosinase activity. Proteins
were the main component of E. sativa DSM accounting for 36% w/w of dry matter. The mild oil
extraction brought to a 20% residual oil component in DSM, which was characterized for fatty acid
profile and resulted in particularly rich erucic, linolenic, oleic, and linoleic acids (37%; 16%; 15%; 12%,
respectively). The GSL content accounted for total 138 μmol g−1, with 98.6 % GER of the total GSLs,
and the remaining GRA. Total free phenolic content was 8.9 ± 0.5 mg of gallic acid equivalents (Ge)
g−1, according to previous studies [34]. Residual myrosinase activity was 8 ± 2 U, with one enzyme
unit (U) corresponding to 1 μmol/g DSM of sinigrin transformed in 1 min. The myrosinase activity
was comparable to a previous study [28] and low in comparison to the myrosinase activity of cold
extracted E. sativa DSM, which was about 24 U [28].

2.2. Effect of Eruca sativa Defatted Seed Meal and Glucoerucin on Diabetes-Induced Neuropathic Pain

Figures 1 and 2s how, respectively, the effect of acute oral administration of E. sativa DSM
(0.1–1 g kg−1) and GER (30–100 μmol kg−1) in STZ-treated animals with and without myrosinase
bioactivation. Four weeks after the STZ injection, mice showed a significantly decreased latency to
pain-related behaviours induced by a noxious mechanical stimulus (Paw pressure test, Figures 1a and
2a) as well as by a thermal non-noxious stimulus (cold plate test, Figures 1b and 2b), compared with
control mice treated with vehicle (Figures 1 and 2). Eruca sativa DSM was able to dose-dependently
relieve pain in STZ-treated mice, increasing the paw withdrawal latency to the value of controls 30 min
after the administration of both doses 0.3 and 1 g kg−1. Furthermore, the higher dose (1 g kg−1) of
E. sativa DSM showed a long-lasting effect, since the animal’s pain threshold was significantly increased
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up to 90 min after the injection (Figure 1a). The pain-relieving effect of E. sativa DSM was also observed
in the cold plate test, though it is significant only at the higher dose (Figure 1b). GER, administered
in an equivalent dose to that contained in the E. sativa DSM (100 μmol kg−1) significantly reduced
mechanical hyperalgesia in STZ-treated animals, though it was less effective than the meal. By contrast,
the 3-fold lower dose of GER (30 μmol kg−1) was completely ineffective (Figure 2a). The same trend
was observed in the cold plate test (Figure 2b). It is worth noting that both the solutions of E. sativa,
DSM and GER, lost their effect on pain without the myrosinase-mediated bioactivation (Figures 1
and 2).

Figure 3 shows the effect of the repeated treatment with E. sativa DSM on STZ-induced neuropathic
pain in mice. The defatted seed meal was administered once daily for 8 consecutive days to evaluate
the development of tolerance in these animals. The Figure shows the animal pain threshold 60 min
after the treatments. The acute pain-relieving effect of E. sativa DSM (1 g kg−1) remained constant over
time, without the onset of tolerance. On the other hand, the repeated administration of E. sativa DSM
did not influence the animal basal threshold, which was not different from that of STZ + vehicle-treated
animals before the compound administration.

Figure 1. Effect of acute administration of bioactivated Eruca sativa defatted seed meal on streptozotocin
(STZ)-induced neuropathic pain. The response to both a mechanical and a thermal stimulus was
evaluated by measuring the latency (s) to pain-related behaviors; (a) withdrawal or (b) licking of the
paw. Eruca sativa defatted seed meal (DSM) (0.1–1 g kg−1) was bioactivated by adding 30 μL mL−1 of
myrosinase (Myr) (32 U mL−1) 15 min before the oral administration in STZ-treated animals. Tests were
performed 30, 60, 90, and 120 min after the injection. ˆˆ p < 0.01 versus vehicle + vehicle-treated mice;
* p < 0.05 and ** p < 0.01 versus STZ + vehicle-treated mice.
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Figure 2. Effect of acute administration of bioactivated glucoerucin (GER) on streptozotocin
(STZ)-induced neuropathic pain. The response to both a mechanical and a thermal stimulus was
evaluated by measuring the latency (s) to pain-related behaviors; (a) withdrawal or (b) licking of the
paw. GER (30–100 μkg−1) was bioactivated by adding 30 μL mL−1 of myrosinase (32 U mL−1) 15 min
before the oral administration in STZ-treated animals. Tests were performed 30, 60, 90, and 120 min
after the injection. ˆˆ p < 0.01 versus vehicle + vehicle-treated mice; * p < 0.05 and ** p < 0.01 versus STZ
+ vehicle-treated mice.

Figure 3. Effect of the repeated treatment with Eruca sativa defatted seed meal (DSM) on streptozotocin
(STZ)-induced neuropathic pain. The response to a mechanical stimulus was evaluated by measuring
the latency (s) to pain-related behaviors (paw withdrawal). The myrosinase (Myr)-bioactivated Eruca
sativa DSM (1 g kg−1) was administered once daily for 8 consecutive days in STZ-treated animals
(once neuropathy was established) and pain threshold was assessed before and 60 min after the
injection. ˆˆ p < 0.01 versus vehicle + vehicle-treated mice; * p < 0.05 and ** p < 0.01 versus STZ +
vehicle-treated mice.
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2.3. Role of Isothiocyanates and H2S-Release in the Anti-Hyperalgesic Effect of Eruca sativa Defatted Seed Meal
and Glucoerucin

To evaluate the role of H2S in the anti-hyperalgesic effect showed from E. sativa DSM and GER,
we administered the compounds in mixture with oxidized glutathione (GSSG), a compound able to
bind the isothiocyanates, preventing the release of H2S [35–37], and hemoglobin (Hb), a molecule able
to bind H2S [38]. The co-administration with GSSG (20 mg kg−1 po) was able to fully prevent the
anti-hyperalgesic effect of E. sativa DSM (1 g kg−1) as well as that of GER (100 μmol kg−1): the pain
threshold of animals treated with both these substances in mixture with GSSG was not significantly
different from that of STZ + vehicle-treated animals (Figure 4a,b). The same result was observed by
systemically administering GSSG (20 mg kg−1 sc) in concomitance with the oral administration of
E. sativa DSM and GER (Figure 4a,b). Both the oral and the subcutaneous administration of GSSG
(20 mg kg−1) in STZ-treated animals did not elicit effects on animal pain threshold (Figure S1). The effect
of the tested compounds was also abolished by co-administering Hb (300 mg kg−1 po) to both products
(Figure 4c,d).

 

Figure 4. Role of H2S in the pain-relieving effect of Eruca sativa defatted seed meal (DSM) and
glucoerucin (GER). The response to a mechanical stimulus was evaluated by measuring the latency(s)
to pain-related behavior (paw withdrawal). Oxidized glutathione (GSSG) (20 mg kg−1) was orally
and subcutaneously administered in concomitance with both (a) Myr-bioactivated Eruca sativa DSM
(1 g kg−1) and (b) GER (100 μmol kg−1); tests were performed 30, 60, 90, and 120 min after injection.
(c) Myrosinase (Myr)-bioactivated Eruca sativa DSM (1 g kg−1) and (d) GER (100 μmol kg−1) were orally
administered alone or in mixture with human hemoglobin (Hb) (300 mg kg−1); tests were performed
30, 60, 90, and 120 min after injection. ˆˆ p < 0.01 versus vehicle + vehicle-treated mice; * p < 0.05 and
** p < 0.01 versus streptozotocin (STZ) + vehicle-treated mice.
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2.4. Involvement of Kv7 Potassium Channels in the Pain-Relieving Effect of Eruca sativa Defatted Seed Meal
and Glucoerucin

To study the involvement of the Kv7 potassium channel in the anti-neuropathic effect of E. sativa
DSM and GER, the selective Kv7 blocker, XE991, was intraperitoneally administered in concomitance
with both the substances. Figure 5 shows the effect induced by E. sativa DSM (1g kg−1 po) and
GER (100 μmol kg−1 po) on diabetes-induced neuropathic pain in comparison with that obtained
by pre-treating the animals with XE991 (1 mg kg−1 ip). The anti-hyperalgesic effect of E. sativa
DSM and GER was fully prevented by the intraperitoneal administration of XE991, as highlighted in
Figure 5a,b, respectively.

Figure 5. Involvement of Kv7 potassium channels in the pain-relieving effect of Eruca sativa defatted seed
meal (DSM) and glucoerucin (GER). The response to a mechanical stimulus was evaluated by measuring
the latency to pain-related behaviors (paw withdrawal). (a) Myrosinase (Myr)-bioactivated Eruca sativa
DSM (1 g kg−1) and (b) GER (100 μmol kg−1) were orally administered in concomitance with XE991
(1 mg kg−1 ip); tests were performed 30, 60, 90, and 120 min after injection. ˆˆ p < 0.01 versus vehicle +
vehicle-treated mice; * p < 0.05 and ** p < 0.01 versus streptozotocin (STZ) + vehicle-treated mice.

3. Discussion

This work, for the first time, highlighted the pain-relieving properties of E. sativa. In particular, we
demonstrated that E. sativa DSM, along with its main GSL, GER, can counteract pain in animals affected
by diabetic neuropathy induced by STZ. As in the case of other GSLs [18], the effect was mediated by
H2S release and the consequent activation of Kv7 potassium channels. However, the effect of the E.
sativa DSM was not only attributable to the content of GER, suggesting a synergism between the GSLs
and the other phytochemicals contained in this nutraceutical product.

Diabetic peripheral neuropathy is a distressing disease of the nerves in the hands and feet, it is
a common complication of both type 1 and type 2 diabetes [1,39]. The symptoms most commonly
experienced in these patients are burning, electric-shock type and sharp pains [39–41], while aching,
itching, and cold pain are common but less prevalent manifestations [41,42]. These symptoms increase
at night, predictably interfering with sleep [43]. In pre-clinical studies, the STZ model of diabetes
has been shown to be associated with sensory changes including allodynia and hyperalgesia which
develop starting in the few weeks following STZ administration [44,45].

The management of diabetic neuropathy involves maintaining good glycaemic control by drugs
as well as by lifestyle modification, like diet and exercise [46–48]. Current therapies aiming to relieve
neuropathy-related symptoms, such as pain, are helpful only in one-third of patients with 50% of
efficacy [27], often achieved with troublesome side effects and low levels of satisfaction [47,49].
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Evidence collected in the last few years supports a diet-based approach in the management
of different types of diseases, including chronic pain syndromes [50–52]. Among the most largely
studied nutraceutical products there are the GSLs, secondary metabolites that can be found in different
concentrations among cruciferous vegetables [6,18]. It is thought that GSLs, together with myrosinase,
are a part of a defense mechanism implemented by plants to protect themselves against biotic and abiotic
stress [53]. Recently we discovered that GSLs along with their hydrolysis product, isothiocyanates,
are strongly effective in relieving neuropathic pain induced by chemotherapy [18]. Interestingly,
other natural and synthetic isothiocyanates-based compounds also showed broadly pain-relieving
properties in animal models of persistent pain [4,5].

Eruca sativa is an edible plant indigenous of the Mediterranean area that has been traditionally
used for its medicinal properties. Similar to other Brassicaceae, the characteristic pungent taste and
odor of E. sativa leaves were attributed to GSLs. This plant has a high vitamin C content and is
known for various health-promoting effects, including improvement of blood circulation, diuretic,
and anti-inflammatory properties [27,54–56]. Eruca sativa DSM represents an enriched functional food
formulated to modulate the release over time of GSLs degradation products, in order to obtain the
most effective biological activity [28,57]. Accordingly, we found that the employment of E. sativa DSM
led to a more strong and long-lasting effect in comparison with GER. The effect of both the compounds
is dependent on the bioactivation mediated by myrosinase, indicating as being mainly responsible
for pain relief the isothiocyanates derived from the hydrolysis of GER, erucin. The obtained result
opened the way to two different hypotheses. The first is that the effect of E. sativa DSM is mediated
not only by GSLs and the derived isothiocyanates but also by other constituents, as phenols and fatty
acids. Indeed, the beneficial effects of antioxidant compounds, such as phenols, against neuropathic
pain are well known [58–62]. On the other hand, the effect of E. sativa DSM is likely attributable to the
GSL content [4,18], since its effect was completely abolished by co-administering the H2S scavenger as
well as by the oxidative cleavage of the isothiocyanate mediate by the disulfide GSSG. In particular,
GSSG, systemically administered, was able to prevent the pain-relieving effect, indicating that the
isothiocyanate erucin, once adsorbed in the gut, reaches the bloodstream where it probably releases
H2S. On the other hand, the administration of GSSG in a mixture with the bioactivated compounds
could prevent its intestinal absorption.

The effect of E. sativa was also prevented blocking Kv7 potassium channels, confirming again the
direct involvement of GSLs in the pain-relieving effect [4,18].

This evidence, which seems to diminish the importance of the other constituents of the meal own
effect on pain modulation, actually move the attention to the second hypothesis, namely that this
formulation could be able to modulate the release of the GSLs, improving their pharmacological profile.
In fact, it is known that the efficacy of H2S donors is closely linked to their pharmacokinetics—slower
is the release of H2S, higher is the efficacy [4,5]. This is mainly due to the bell-shape beneficial effect
showed by H2S in the organism [63]. In this context, the peculiar formulation of E. sativa DSM could
determine a slow release of GSLs, allowing a sustained availability of isothiocyanates and consequently
H2S in vivo, and avoiding quick exhaustion of the pain-relieving effect.

A peculiar feature of GER is that it needs to be preventively bioactivated by myrosinase in solution
before the administration in vivo. The same was observed with the E. sativa DSM, strengthening once
again the importance of its glucosinolates content in the pain-relieving effect. This chemical property
makes GER different from other GLSs, such as GRA. In fact, in our previous work, we tested the
anti-hyperalgesic effect of this GLS and the derived isothiocyanate, SFN, in a model of neuropathic
pain induced by chemotherapy [18]. In that case, we did not have to pre-treat the GLS with the
enzyme myrosinase to get the effect. By mixing myrosinase with GER or Eruca sativa DSM, we are
delivering the isothiocyanate erucin in vivo. It likely means that GER is ineffective. In the absence of
myrosinase, GLS can be hydrolyzed to isothiocyanates by the bacteria that constitute the gut microflora.
Nevertheless, it was found that the microbiome only supports poor hydrolysis, unless exposed to
dietary GLSs for a period of days [64]. On the other hand, the microbiota could not have the time
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necessary to hydrolyze GER in the lumen if it is quickly absorbed or metabolized in different products
in the gut. Anyway, the fact that these compounds need to be bioactivated does not preclude the
possibility of using them but it is a point to take into account for the treatment protocol.

Another important point to consider is that the effect of E. sativa is eligible only after the acute
administration and it does not show a therapeutic effect on the neuropathy, which also persists after the
repeated treatment. By contrast, the analog, GRA, and the derived isothiocyanate, sSFN, were able to
prevent the development of the neuropathy induced by chemotherapy [18]. This observation suggests
that the administration of the GSLs can counteract the pathophysiological mechanisms that lead to
the instauration of the neuropathies, such as the oxidative stress [5,65,66], but cannot revert it after
its establishment. Anyway, in the case of diabetic neuropathy, it is difficult to apply a preventive
treatment at clinical level since this type of disease is a long-term complication of uncontrolled
hyperglycemia [2,39,40]. In fact, a proper treatment of hyperglycemia is the most effective and straight
forward method to prevent neuropathy in diabetic patients. So, another interesting possibility could
be to employ E. sativa-derived GLSs as a nutraceutical approach to manage pain in diabetes patients
who have already developed the neuropathy, since it still represents a therapeutic problem [48,49].
Indeed, although E. sativa does not appear to be a resolving treatment for diabetic neuropathy, its acute
anti-hyperalgesic efficacy joined to the characteristics of food supplements suggest its clinical use
for treating neuropathic pain as monotherapy or in combination with drugs for sparing dosages and
enhance efficacy.

In this perspective, E. sativa DSM proved to be a valid innovative formulation to guarantee proper
delivery of GSLs in vivo and to enhance their therapeutic efficacy against pain, laying the bases for its
rational use in patients affected by diabetic neuropathy.

4. Materials and Methods

4.1. Eruca sativa Defatted Seed Meal Production and Characterization

Eruca sativa Mill. Var. NEMAT was grown during the season 2014–2015, within a plot with a size
of 1100 m2, adopting a minimum agronomical input approach [23]. The cultivation was carried out at
CREA experimental farm located at Budrio (Bologna) in the Po Valley area (Emilia Romagna region,
44◦32′00” N; 11◦29′33” E, altitude 28 m a.s.l.). The area was characterized by flat land with alluvial deep
loamy soil with medium level content of total nitrogen and organic matter content. After harvesting,
E. sativa seeds were accurately threshed with fixed small-scale threshing equipment and air-dried to
reduce the high residual moisture content. Eruca sativa seeds were defatted using a small continuous
seed crusher machine (Bracco Company model Elle.Gi type 0.90) at a temperature-controlled procedure,
during which temperature was maintained at a maximum of 70 ◦C. Eruca sativa DSM was characterized
by moisture, proteins, residual oil, GSL, total free phenolic content, and residual myrosinase activity
according to the following methods:

(1) Moisture content was determined to evaluate the difference between its weight before and after
oven-drying at 105 ◦C for 12 h.

(2) Proteins were determined from the total content of nitrogen determined using the elemental
analyzer LECO CHN TruSpec according to the American Society for Testing Materials (ASTM
D5373).

(3) Residual oil content was determined by the standard Soxhlet extraction method using hexane
as a solvent and characterized for its fatty acid composition by the UNI EN ISO 5508 method
(1998) [67]. Fatty acid composition of residual oil was analyzed after trans-methylation in 2N KOH
methanol solution. Fatty acid methyl esters (FAMEs) were evaluated by gas chromatography and
the internal normalization method [68] was used for determining the fatty acid profile.

(4) Glucosinolate content was determined following the ISO 9167-1 method with some minor
modifications [69]. Briefly, 250 mg DSM were extracted in 70% ethanol at 80 ◦C. One milliliter
of crude extract was loaded onto a DEAE Sephadex A-25 (GE Healthcare, Freiburg, Germany)

50



Molecules 2019, 24, 3006

mini-column. After washing with 25 mM acetate buffer (pH 5.6), GSLs were desulfated by adding
purified sulfatase (200 μL, 0.35 U/mL). The desulfo-GSLs were eluted in water (HPLC grade)
and detected in HPLC-UV [69] monitoring their absorbance at 229 nm. They were identified
with respect to their UV spectra and retention time, according to our library [70], and their
amounts were estimated using sinigrin as an internal standard. Each extraction and analysis was
performed in triplicate.

(5) Total free phenolic content was assayed with the Folin–Ciocalteu method according to [71].
Values are the mean± SD of three independent extractions by four replicates for each measurement.
Eruca sativa DSM extracts were obtained in acidified ethanol, ethanol/1 N HCl (85:15; v/v),
after 30 min at 21 ◦C in 40 kHz ultrasonic bath (Sonica Sweep System, Soltec). The supernatants
of a triple extraction procedure were collected and maintained at −20 ◦C in the dark for 48 h to
facilitate macromolecule precipitation. Five serial dilutions of the filtered extracts were assayed
at 765 nm, 20 ◦C, in an Infinite M200 NanoQuant Plate reader (Tecan, Switzerland). The slope of
each calibration curve was compared to a standard gallic acid calibration curve (range 0.3–27 μg
ml−1, r2 = 0.9972). The slope ratio of sample/standard curves was calculated, and results were
expressed as mg of GAE per g of DSM.

(6) Myrosinase activity was determined by the pH-stat technique according to [28]. Briefly, 300 mg
of E. sativa DSM were loaded in 15 mL of 1% NaCl into a reaction cell at 37 ◦C in a DL50 pH-Stat
titrator (Mettler Toledo, Switzerland). The reaction started by adding 0.5 mL of 0.5 M sinigrin
solution in distilled water, after 8–10 min of conditioning, and was monitored following NaOH
additions used to maintain pH constant at 6.5, versus time in minutes. The assay was carried
out in triplicate. One enzyme unit (U) corresponded to 1 μmol/g DSM of sinigrin transformed in
1 min.

4.2. Isolation of Glucoerucin

Glucoerucin was isolated starting from E. sativa seeds, as previously described [28]. Briefly, seeds of
E. sativa from the Brassicaceae collection at CREA-CI, Bologna, Italy [36] were crushed in boiling 70%
ethanol and the GSL was isolated as K+ salt by two sequential steps, including ion exchange and size
exclusion chromatography. Isolated GER preparation was analyzed by HPLC-UV after enzymatic
desulfation according to [69] and it was identified by UV spectra and HPLC retention times according
to our library [70]. The purity of GER was 97% as indicated by HPLC-UV chromatograms and 91 ± 2%
on weight basis estimated using sinigrin as an internal standard. It was stored until use at −20 ◦C.
Erucin was produced in-situ through myrosinase-catalyzed hydrolysis, as previously described [30].
Myrosinase (32 U/mL), was isolated from the seeds of Sinapis alba L. according to [72]. One unit
of myrosinase activity is defined as the amount of enzyme capable of hydrolyzing 1 μmol sinigrin,
per min, at pH 6.5 and 37 ◦C

4.3. Animals

Animals were male C57BL/6 mice (Envigo, Varese, Italy) weighing approximately 22–25 g at
the beginning of the experimental procedure were used. Animals were housed in CeSAL (Centro
Stabulazione Animali da Laboratorio, University of Florence) and used at least 1 week after their
arrival. Ten mice were housed per cage (size = 26 × 41 cm); animals were fed with a standard laboratory
diet and tap water ad libitum and kept at 23 ± 1 ◦C with a 12-hr light/dark cycle, with light at 7 a.m.
All animal manipulations were carried out according to the Directive 2010/63/EU of the European
Parliament and of the European Union council (September 22, 2010) on the protection of animals used
for scientific purposes. The ethical policy of the University of Florence complies with the Guide for the
Care and Use of Laboratory Animals of the U.S. National Institutes of Health (NIH Publication No.
85–23, revised 1996; University of Florence assurance number: A5278-01). Formal approval to conduct
the described experiments was obtained from the Animal Subjects Review Board of the University of
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Florence. Experiments involving animals have been reported according to ARRIVE guidelines [39].
All efforts were made to minimize animal suffering and to reduce the number of animals used.

4.4. Induction of Diabetic Neuropathy in Mice

Mice were intraperitoneally administered with STZ, (Sigma Aldrich, Milan, Italy) 100 mg kg−1,
followed three days after with a second dose of STZ 50 mg kg−1 [73]. Since streptozotocin has stability
problems [74], the solution was prepared immediately before the injection. To maintain cleanliness
and avoid the development of any infection due to excessive urination, animal bedding was changed
frequently. Pain threshold was investigated each week after the injection of STZ and tests were
performed once neuropathy was established in mice.

4.5. Assessment of Mechanical Hyperalgesia

Mechanical hyperalgesia was determined by measuring the latency in seconds to withdraw the
paw away from a constant mechanical pressure exerted onto the dorsal surface [75]. A 15 g calibrated
glass cylindrical rod (diameter = 10 mm) chamfered to a conical point (diameter = 3 mm) was used
to exert the mechanical force. The weight was suspended vertically between two rings attached to a
stand and was free to move vertically. A single measure was made per animal. A cut off time of 40 s
was used.

4.6. Assessment of Thermal Allodynia

The animals were placed in a stainless-steel box (12 × 20 × 10 cm) with a cold plate as floor.
The temperature of the cold plate was kept constant at 4 ◦C ± 1 ◦C. Pain-related behavior (licking of
the hind paw) was observed, and the time (seconds) of the first sign was recorded. The cut-off time
of the latency of paw lifting or licking was set at 30 s [76]. The results were expressed by the licking
latency resulting from the compounds acute administration.

4.7. Compounds Administration

Eruca sativa DSM, GER, and myrosinase were produced according to the method described above.
Compounds were acutely administered as follows. The doses of E. sativa DSM (0.1–1 g kg−1 po) were
chosen based on previously published H2S releasing and antinociceptive properties of synthetic and
natural ITCs [4,5]. The doses of GER (30–100 μmol kg−1 po) used are equivalent to those contained
in E. sativa DSM (0.3–1 g kg−1 po). Both E. sativa DSM and GER were bioactivated by adding 30 μL
mL−1 of myrosinase (32 U mL−1) 15 min before administering them in the animals. Behavioral tests
were carried out 30, 60, 90, and 120 min after the injection. Afterward, repeated oral administrations of
E. sativa DSM (0.3–1 g kg−1) were carried out daily in the mice after the establishment of the diabetic
neuropathy. Behavioral tests were performed once daily after the acute administration. In additional
experiments, E. sativa DSM (1g kg−1) and GER (100 μmol kg−1) were administered in mixture with
human hemoglobin 4.6 μmol kg−1 (300 mg kg−1; Hb; Sigma-Aldrich, Italy) and with glutathione
65 μmol kg−1 (20 mg kg−1; GSSG; Sigma-Aldrich, Milan, Italy). The effect of the subcutaneous
administration of GSSG 15 min before E. sativa DSM (1g kg−1 po) and GER (100 μmol kg−1 po) was
also evaluated. The Kv7 potassium channel blocker XE991 (Tocris Bioscience, Italy; 2.66 μmol kg−1;
1 mg kg−1; [77]) was dissolved in saline solution and intraperitoneally administered in concomitance
with the tested compounds injection.

4.8. Statistical Analysis

Behavioral measurements were performed on 10 mice for each treatment carried out in two
different experimental sets. Investigators were blind to all experimental procedures. Results were
expressed as mean ± S.E.M. The analysis of variance of data was performed by one-way analysis
of variance, and a Bonferroni’s significant difference procedure was used as post hoc comparison.
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p values of less than 0.05 or 0.01 were considered significant. Data were analyzed using the “Origin 9”
software (OriginLab, Northampton, MA, USA).

Supplementary Materials: Figure S1: Effect of acute administration of GSSG on STZ-induced neuropathic pain.
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Abstract: A major goal in the discovery of bioactive natural products is to rapidly identify active
compound(s) and dereplicate known molecules from complex biological extracts. The conventional
bioassay-guided fractionation process can be time consuming and often requires multi-step procedures.
Herein, we apply a metabolomic strategy merging multivariate data analysis and multi-informative
molecular maps to rapidly prioritize bioactive molecules directly from crude plant extracts. The
strategy was applied to 59 extracts of three Bacopa species (B. monnieri, B. caroliniana and B. floribunda),
which were profiled by UHPLC-HRMS2 and screened for anti-lipid peroxidation activity. Using this
approach, six lipid peroxidation inhibitors 1–6 of three Bacopa spp. were discovered, three of them
being new compounds: monnieraside IV (4), monnieraside V (5) and monnieraside VI (6). The results
demonstrate that this combined approach could efficiently guide the discovery of new bioactive
natural products. Furthermore, the approach allowed to evidence that main semi-quantitative changes
in composition linked to the anti-lipid peroxidation activity were also correlated to seasonal effects
notably for B. monnieri.

Keywords: metabolomics; multivariate data analysis; molecular network; Bacopa monnieri; LC-MS

1. Introduction

Natural products (NPs) play an important role as a source of various pharmaceuticals and
biologically active substances. However, the discovery of new bioactive NPs is challenging because
of the inherent complex composition of crude natural extracts. Such extracts contain hundreds, if
not thousands, of chemical constituents and the purification and identification of bioactive NPs by
conventional methods is a time consuming multi-step procedure. Moreover, bioactive substances
can be lost during purification and effort can be wasted in the unnecessary re-isolation of known
NPs. Therefore, it is important to pinpoint bioactive candidates and recognize known metabolites
(dereplication) early in the purification process in order to avoid the redundant isolation of known
molecules [1,2].
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Recently, metabolomics combined with multivariate data analysis (MVA) has proven to be an
efficient tool to predict bioactive constituents in NP research [3–7]. Metabolomics aims at providing
comprehensive qualitative and quantitative analysis of the whole set of metabolites (metabolome)
present in a complex biological sample [8,9]. The most used analytical techniques in metabolomics are
nuclear magnetic resonance (NMR) and mass spectrometry (MS) [10]. Generally metabolite profiling
of natural extracts is achieved via high resolution ultra-high performance liquid chromatography
(UHPLC), coupled to high resolution tandem mass spectrometry (HRMS2), which provides molecular
formula and fragmentation information on most NPs in extracts in an untargeted manner [11].
Unsupervised or supervised multivariate data analysis such as principal components analysis (PCA)
or orthogonal partial least squares (OPLS) are then needed to mine such data and highlight biomarkers.
Alternative strategies have been developed to explore LC-HRMS2 metabolite profiling datasets with
the aim of highlighting structural similarities between analytes and efficiently identify new compounds
with potential therapeutic interest. Molecular network analysis (MN) [12,13] is a computer-based
approach allowing the organization of fragmentation spectra from MS-based metabolomics experiments
in order to dereplicate and eventually prioritize natural products of interest [14–16]. MN is generated
based on the similarities of fragmentation patterns and, thus, indirectly allows the grouping of analytes
with closely related structures. Networks can be built using the Global Natural Product Social Molecular
Networking (GNPS) platform [17] or software such as Metgem or MS-Dial [18,19].

Bacopa is a genus of aquatic plants belonging to the Plantaginaceae family. Three species occur in
Thailand: B. monnieri, B. caroliniana and B. floribunda [20]. Among them, only B. monnieri (Brahmi) has
been reported as a herbal medicine in Ayurvedic medicine for learning and memory improvement [21].
The safety and efficacy of Brahmi extracts in animal models [22,23] and in clinical trials [24–28] have been
proven and support its traditional uses. Intake of Brahmi has been reported to exert undesirable effects
on the gastrointestinal tract, such as nausea, increased stool frequency and abdominal cramps [25,29],
which might be explained by a cholinergic effect [30]. In addition, severe liver toxicity has been detected
in women taking Brahmi products for vitiligo disease. Nevertheless, their liver function returned to
normal after discontinuation of products’ usage [31]. Other reports however indicated that Brahmi
possessed hepatoprotective activity [32,33]. Notwithstanding such adverse effects and considering the
positive effects of the plant in relation with cognition improvements, further investigations are still
worth to identify bioactive principles.

The compounds responsible for the memory enhancing effects of Brahmi have been reported to be
triterpenoid saponins i.e., bacoside A3, bacopaside I, bacopaside II, bacopasaponin C and bacopaside
X [34,35]. They are considered as markers of Brahmi [36–41], and their level is assessed for quality
control purposes. Usually, the level of plant specialized metabolites is highly variable according
to environmental factors. In Brahmi, the levels of such markers were found to vary significantly
depending on the part of used (leaves, stems, shoots etc.), collection area and season [42–45].

Moreover, this plant also contains other classes of NPs such as sterols [46], flavonoids [47] and
phenylethanoids [48,49] that may play roles in the pharmacological activities of the plant. It has
also been reported that part of the neuroprotective effects of Brahmi appeared to result from its
antioxidant activities that suppress neuronal oxidative stress. Brahmi has been found to inhibit the
lipid peroxidation reaction of brain homogenate in a dose-dependent manner [50].

In this study, we aimed at searching for compounds that could be involved in the memory
improvement activity of Brahmi through lipid peroxidation inhibitory activity. In addition, the
anti-lipid peroxidation activity of two other Bacopa species has been investigated. To achieve these
goals, a metabolomic strategy combining multivariate data analysis (MVA) and bioactivity informed
molecular maps [14] was used as a guide to highlight bioactive constituents early in the phytochemical
study process and directly target their isolation.
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2. Results and Discussion

Fifty-nine extracts of three Bacopa species from different regions of Thailand and harvested at
various seasons [summer (March to June), rainy season (July to October) and winter (November to
February)] were collected for this study. All extracts were profiled by UHPLC-HRMS2 to generate data
that could be used to monitor metabolite profile variations across the whole dataset and provide high
quality data dependent MS2 spectra for annotation. In parallel, all of the extracts were screened for their
anti-lipid peroxidation activity. Variations in the profiles were then linked to bioactivity modulation
through MVA in order to highlight possible bioactive metabolites. In addition, the MS2 dataset was
organized using the GNPS platform to generate a MN, which was visualized using Cytoscape software.
The bioactivity and taxonomy of plant extracts were mapped on the MN in order to pinpoint cluster(s)
of potentially bioactive metabolite(s). The lists of prioritized candidates from MVA and MN were
finally compared and the common metabolites were then selected as bioactive candidates. They were
annotated based on their MS2 spectra compared with experimental or in silico MS/MS database (GNPS
libraries and DNP–ISDB). Both known and possibly novel compounds were isolated to establish
their bioactivities and their structures were unambiguously determined by NMR. A summary of the
prioritization workflow is presented in Figure 1.

 

Figure 1. Schematic diagram of lipid peroxidation inhibitor discovery from LC-HRMS2 analyses of 59
Bacopa extracts combining metabolomics MVA and multi-informative MN.
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2.1. Lipid Peroxidation Inhibitory Activity Evaluation of the Extracts

The fifty-nine extracts of three Bacopa species collected from different regions of Thailand in rainy
season, winter and summer were submitted to a thiobarbituric acid reactive substances (TBAR) assay.
A significant variation of lipid peroxidation inhibitory activities between groups of related samples
was observed (Figure 2A–C). In particular, B. monnieri harvested in summer (Figure 2C) exhibited
stronger inhibitory effects (around 2-fold) than B. monnieri collected in other seasons or than other
Bacopa species.

Figure 2. Anti-lipid peroxidation activities of three Bacopa species i.e., B. monnieri (BM), B. caroliniana
(BC), and B. floribunda plant (BF) collected from different regions in the (A) rainy, (B) winter and
(C) summer seasons. Samples giving >40% inhibition were considered active, 30-40% inhibition was
intermediate activity, 20-30% inhibition was low activity, and those exhibiting <20% inhibition were
considered inactive. Trolox (100 μg/mL) was used as a positive control.

2.2. Potential Bioactive Metabolites Prioritized through Multivariate Statistical Analysis and Molecular
Networking

2.2.1. Organization and Pre–Treatment of the Metabolite Profiling Data

All extracts that were screened for bioactivity were profiled by UHPLC-HRMS2 using a generic
gradient in negative ionization (NI) mode to provide MS1 and MS2 data of all metabolites in the
Bacopa samples. The NI mode was used because it provided far more molecular ion features than the
positive ionization (PI) mode for the samples considered. This was in good agreement with the rich
polyphenolic content of Bacopa species.

After profiling, the LC–HRMS2 data was treated by MZmine [51] for mass detection, chromatogram
building, deconvolution, isotopic peak grouping, alignment and gap filling. This resulted in a peaklist
of 6082 features which was further filtered to a peaklist of 4191 features having associated MS2 spectra.
This peaklist of 4191 features was exported as input for the MVA (MS1 data only) and for MN generation
(MS1 and MS2 data). These data were correlated to the extract’s bioactivity results in order to highlight
bioactive compounds responsible for anti–lipid peroxidation in Bacopa species.

2.2.2. Multivariate Data Analysis

As a preliminary step, the whole MS1 dataset (consisting of m/z values, retention times (RT), and
intensities) was analyzed by principal component analysis (PCA) to investigate the differences of
metabolite profiles of three Bacopa species and the effects on quality of regional cultivation and seasonal
harvesting of BM and BC samples. The PCA scatter plot (normalized by Pareto-scaling) is presented
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in Figure 3A. It showed obvious discrimination among B. monnieri (BM), B. caroliniana (BC) and B.
floribunda (BF), exhibiting 65.50% of the total variance in the dataset (46.10% of the variance for PC1
and 19.40% for PC2). This plot exhibited obvious inter–species variations, while intra–species variation
of BM and BC samples could only be observed in the PCA plots generated from the individual datasets
of BM and BC (Figure 3B,C). Interestingly, the PCA plot of the BM dataset showed a clear separation
between BM samples collected in summer versus those harvested in the rainy season and winter
(Figure 3B). For BC, the samples were clustered into three groups, according to the harvesting season
(Figure 3C). These results demonstrated that the metabolite profiles of BM and BC in different seasons
were different and could thus impact the bioactivity of these samples. Therefore, notably for BM, which
is used as a food supplement, the harvesting season clearly needs to be taken in consideration to favor
the sought-after bioactivity. On the other hand, the PCA plots indicated that the sample composition
did not seem to be affected by the region of provenance.

Figure 3. (A) PCA score plot based on chemical profiles of 59 extracts of three Bacopa species. (B,C) PCA
score plots based on chemical profiles of 36 extracts of B. monnieri and 12 extracts of B. caroliniana,
respectively from different sources in three seasonal collections. (D) OPLS score plot based on the
chemical profiles and anti-lipid peroxidation activity of all Bacopa extracts. (E). S-plot presenting
nineteen candidate active features with high p[1] values (red filled star) and inactive features with low
p[1] value (blue filled star).

In order to correlate the variations observed in bioactivities with the metabolite profiles of all
extracts, the data was analyzed by a supervised method (OPLS), which is a regression extension of
PCA allowing maximization of the separation between groups of observations and pinpointing of
variables contributing to the separation. The peaklist consisting of m/z values, RT, and intensities
was used as X variables (similarly to what had been done for PCA) and the %inhibitions of lipid
peroxidation were used as the Y variables. A significant separation between the active and the inactive
groups was observed, as shown in the OPLS score plot (Figure 3D), where a reddish color represents a
high %lipid peroxidation inhibition. As expected from the initial screening results (see Figure 2), all
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samples exhibiting an activity higher than 40% were grouped (BM samples collected in summer). From
the S-plot of all metabolites in the Bacopa samples (Figure 3E), 19 features at the upper right corner
(highlighted with red stars) were identified as the most discriminating features between the active and
non-active samples, and were thus potentially responsible for the observed anti-lipid peroxidation
effects. In contrast, the features at the lower left corner corresponded to metabolites that were likely
non-actives. These nineteen features with high p[1] values were thus ranked as putative bioactive
features (Table 1). Using the m/z and RT of each feature (labeled F–n◦ in the Table 1), we found that
seventeen features corresponded to unique compounds and that two other features, F2 and F8 were
adduct and dimer forms of F18 and F3, respectively. Therefore, seventeen bioactive candidates were
prioritized from the S-plot. In parallel to this MVA treatment, the same dataset was explored using the
multi-informative MN strategy.

2.2.3. Multi-Informational Molecular Map

Multi-informative MN is a strategy that has previously been demonstrated to effectively prioritize
bioactive compounds in natural extract collections [14]. For this, the MS1–MS2 peaklist was analyzed
using such approach in order to visually highlight the clusters of compounds possibly responsible for
the observed anti-lipid peroxidation activity. Here, the 4191 features presenting MS2 were organized
using the GNPS platform to generate a single MN. In this MN, the nodes representing each feature were
grouped into 602 clusters by similarity of fragmentation patterns. A multi-informational molecular
map was created by merging this MN with biological results and taxonomical information (Figure 4A).
All nodes in the MN were color-labeled according to the corresponding lipid peroxidation inhibition
level of the extracts (bioactive mapping). This allowed a rapid highlighting of potential bioactive
molecular families. Additionally, a taxonomical mapping was applied. The species were differentiated
by colored tags on the border of each node (Figure 4A). This additional layout was used to indicate the
distribution of plant species for each node. If a given node was most abundantly found in bioactive
species, it could be hypothesized that this node was potentially related to an NP responsible for the
observed bioactivity of the extract of the corresponding species. Using such mapping, twenty putative
bioactive clusters with a minimum of five nodes, corresponding to more than a hundred features
were selected by visual inspection based on their dominant red color tags indicating presence in
bioactive extracts (Figure S1). The colors of the border (taxonomical origin mapping) suggested that
the active nodes were mainly found in B. monnieri, while only a few were related to other species.
The size of the nodes was based on the MS intensity, which was obtained from an average of the
corresponding signal across all samples. In a MN, molecular families tend to cluster together, thus
leading to similar ionization behaviours within clusters. Consequently, we hypothesized that the MS
intensity of these molecules within a cluster was indicative of their relative abundance. According
to this logic, five bioactive clusters (MN1–MN5, Figure 4B), were further prioritized based on the
five largest nodes, leading to a selection of 25 potential bioactive features (Table 1). Among these,
seventeen features corresponded to unique molecules, whereas the other neighboring nodes connected
to these features were dimeric or adduct forms. Thus, seventeen compounds from MN1-MN5 were
considered as bioactive candidates from MN (Table 1). An example of unprioritized cluster (MN6),
potentially linked to non-active metabolites, with dominant grey color tags is also shown in Figure 4C
for comparison purposes.
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Figure 4. Multi-informational molecular map obtained from the analyses of 59 extracts of three Bacopa
species mapping with taxonomy and anti-lipid peroxidation activity. Taxonomies of the samples are
shown in different colors on the border of each node. Green, blue and purple represent BM, BC and BF,
respectively. Bioactivities of the samples are shown in different colors inside each node. The active
extracts with an inhibition higher than 40% are represented in red and inactive extracts with less than
40% inhibition are represented in gray. The size of each node is based on the peak height intensity.
(A) A multi-informative massive molecular network created from MS2 datasets. (B) Five selected
bioactive clusters, MN1-MN5 with two potential candidates in each cluster, (C) an inactive cluster,
MN6. Chemical structures of the active compounds in Figure 4B,C are expressed with IC50 values of
anti-lipid peroxidation activity.
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2.2.4. Merging MVA and MN for Bioactive Candidate Prioritization

The S-plot of MVA brings statistical correlation between features and bioactivity but can however
be biased by scaling and normalization processes. On the other side, the bioactivity-informed MN
approach allows to highlight structural relations between putative bioactive compounds and thus,
despite the lack of statistics, allows to indirectly discriminate possible MS artefacts from specialized
metabolites features. In order to prioritize unique bioactive molecules from the merging of MVA and
MN, common features found in both approaches were highlighted with color tags (see in Table 1) and
prioritized as potential bioactive candidates. The two largest nodes found in each five selected clusters
(MN1-MN5, Figure 4B) represented features also found in the list of putative bioactive candidates in
MVA. Therefore, these ten features (F1, F3, F6, F7, F9, F10, F12, F14, F15 and F17) were prioritized as
potential bioactive compounds for this study (Table 1).

2.3. DNP-ISDB Dereplication and Purification of Bioactive Candidates

In the MN, the acquired MS2 spectra of each node from the whole MN were matched automatically
against GNPS spectral libraries and then annotated against an in silico spectral database build from the
Dictionary of Natural Products (DNP-ISDB) as previously described [1] thus providing an identification
of level 2 [52]. These spectra were subsequently matched against with a subset of the DNP-ISDB
restricted to Plantaginaceae specialized metabolites in order to refine the dereplication results. The
top five candidate structures with highest spectral similarity scores were retrieved and the chemical
structures for each node was directly visualized within the network using Cytoscape and the ChemViz
plugin. The candidate structures for each node were ranked according to their spectral similarity score
and the structure with the highest score was reported (Table 1).

Compounds F1 and F7 (m/z 191.0197 [M −H]¯) were isomers, which were both annotated as idaric
acid-1,4-lactone. The other three pairs of isomers i.e., F3 and F12 (m/z 477.1421 [M −H]¯), F9 and F14

(m/z 461.1473 [M −H]¯) and F10 and F15 (m/z 491.1581 [M −H]¯), were proposed to be plantainoside
B, 8-O-(6’-O-trans-coumaroyl-β-d-glucopyranosyl)-3,4-dihydroxyphenylethanol and monnieraside
II, respectively. The F6 was predicted to be monnieraside III. The unprioritized features, F34–36,
did not match with MS2 spectra libraries from DNP–ISDB, however F35 was matched against the
GNPS spectral library entry parishin A. From these dereplication results, the four pairs of isomers
could not be differentiated and two inactive features were given no annotation. Therefore, they may
have been new compounds. To establish their structures and evaluate their bioactivity potential,
targeted purification of these potential bioactive and inactive compounds was carried out. In order to
isolate these compounds, the active extract of B. monnieri was fractionated by medium pressure liquid
chromatography coupled to an ultraviolet detector (MPLC-UV). The conditions of this separation
were first developed by HPLC–UV using a column with identic stationary phase. After this, the
analytical HPLC conditions were geometrically transferred to semi–preparative MPLC-UV [53]. All
of the MPLC fractions obtained were systematically analyzed by LC-MS. Using the retention time
and molecular weight, it was possible to localize the ten potential bioactive candidates (F1, F3, F6,
F7, F9, F10, F12, F14, F15 and F17) and three unprioritized features (F34–36). MPLC fractions were
further purified by semi–preparative HPLC. As for the separation using MPLC, the conditions of
the semi–preparative HPLC were first developed in an analytical method using a column with a
similar stationary phase chemistry. After this step, the condition was successfully transferred to the
semi–preparative HPLC [54] (Figure S2). In order to avoid loss of resolution, the sample was introduced
into the semi–preparative HPLC column by dry load according to a recently developed protocol [55].
Thanks to this approach, it was possible to obtain a high–resolution separation of the majority of the
polar compounds, allowing them to be obtained in a high degree of purity. Using this system, seven
bioactive candidates prioritized by MVA and MN (compounds 1–7, corresponding to features F3, F6,

F10, F12, F14, F15 and F17, respectively) and one compound highlighted MVA only (compound 8,
corresponding to feature F5) were isolated. In addition, compounds 9–11 (features F34–36), which
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were all found in a non–prioritized cluster (MN6, Figure 4C) and in an area of the S-plot indicative of
potential inactive compounds (lower left corner, Figure 3E), were also isolated.

2.4. Identification and Structure Elucidation of Compounds 1–11

After purification, all isolated compounds were fully characterized by extensive 2D NMR
experiments, which complemented the HRMS2 results. Compounds 1–3 and 7–11, were identified as
plantainoside B (1), monnieraside III (2), monnieraside II (3) [48], 4-hydroxybenzoyl glucose (7) [56],
3,4-dihydroxyphenethyl glucoside (8) [57], parishin C (9), parishin A (10) and parishin B (11) [58],
respectively, by comparing their spectral data with literature. Compounds 4–6 were isolated for the
first time and identified as new phenylethanoid glycosides: monnieraside IV (4), monnieraside V (5),
and monnieraside VI (6). The 1H and 13C-NMR of 4–6 are provided in Table 2 and their COSY, HMBC
and ROESY correlations are shown in Figure 5.

Table 2. 1H- and 13C-NMR (600/151 MHz, in CD3OD) of 4–6.

Position
Monnieraside IV (4) Monnieraside V (5) Monnieraside VI (6)

δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz)

1 131.5 131.3 131.2
2 117.0 6.61, d (2.1) 116.8 6.62, d (2.1) 116.6 6.61, d (2.1)
3 146.0 145.8 145.8
4 144.6 144.4 144.3
5 116.3 6.61, d (8.1) 116.1 6.61, d (8.1) 116.2 6.60, d (8.1)
6 121.4 6.49, dd (8.1, 2.1) 121.1 6.50, dd (8.1, 2.1) 121.1 6.48, dd (8.1, 2.1)
7 36.5 2.68, t (7.2) 36.3 2.68, m 36.3 2.67, t (7.1)

8 71.9 3.64, dt (9.8, 7.2)
4.00, dt (9.8, 7.2) 71.5 3.63, dt (9.4, 7.3)

4.01, dt (9.4, 6.9) 71.6 3.63, dt (9.8, 7.1)
4.00, dt (9.8, 7.1)

1' 102.3 4.45, d (8.1) 102.0 4.44, d (8.1) 102.1 4.46, d (8.0)
2' 74.9 4.79, dd (9.3, 8.1) 74.6 4.79, dd (9.3, 8.1) 74.7 4.79, dd (9.3, 8.0)
3' 76.2 3.51, t (9.3) 75.9 3.50, t (9.3) 76.0 3.52, t (9.3)
4' 71.8 3.38, t (9.3) 71.5 3.38, t (9.3) 71.5 3.38, t (9.3)
5' 78.1 3.29 (overlapped) 77.9 3.28 (overlapped) 77.9 3.30 (overlapped)

6' 62.6 3.69, dd (12.0, 5.7)
3.88, dd (12.0, 2.3) 62.4 3.69, dd (11.9, 5.8)

3.88, dd (11.9, 1.8) 62.4 3.69, dd (12.0, 5.8)
3.88, dd (12.0, 2.3)

1" 128.2 127.6 127.9
2" 118.7 7.38, d (2.1) 133.4 7.60, d (8.7) 114.8 7.72, d (2.0)
3" 145.7 115.5 6.74, d (8.7) 148.0
4" 148.3 159.8 149.1
5" 115.7 6.72, d (8.2) 115.5 6.74, d (8.7) 115.4 6.76, d (8.2)
6" 125.1 7.08, dd (8.2, 2.1) 133.4 7.60, d (8.7) 126.4 7.12, dd (8.2, 2.0)
7" 145.1 6.81, d (12.8) 144.6 6.88 d (12.7) 145.1 6.87, d (12.8)
8" 116.7 5.73, d (12.8) 116.6 5.76, d (12.7) 116.5 5.77, d (12.8)
9" 167.4 167.3 167.1

OCH3 56.2 3.85, s

Figure 5. The COSY, HMBC and ROESY correlations of new compounds 4–6.

The 2D NMR spectra and HRMS spectra are provided as supplementary data (Figures S3–S21).
The structures of seven isolated bioactive candidates are displayed on the prioritized clusters in
Figure 4B and structure of the three unprioritized compounds are provided in Figure 4C.
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Compound 4 was obtained as a white amorphous powder. The HRESIMS of this compound
exhibited a deprotonated molecular ion at m/z 477.1420 [M − H]¯ corresponding to the molecular
formula C23H26O11 (calcd. 477.1402), indicating an isomer of plantainoside B (1). The NMR
data of 4 showed close similarities to those of plantainoside B except that the value of the
coupling constant between the two ethylenic protons at δH 5.73 (H-8") and 6.81 (H-7") of 12.8
Hz indicated a cis-form for the caffeoyl group in 4. The structure of 4 was therefore established as
8-O-(2’-O-cis-caffeoyl-β-d-glucopyranosyl)-3,4-dihydroxyphenylethanol (monnieraside IV).

Compound 5 was obtained as a white amorphous powder and it showed a deprotonated
molecular ion at m/z 461.1473 [M − H]−, which was consistent with the molecular formula
C23H26O10 (calcd. 461.1453). The NMR data of 5 exhibited a para-disubstituted moiety at δH

6.74 (2H, d, J = 8.7 Hz, H-3'', H-5'') and 7.60 (2H, d, J = 8.7 Hz, H-2'', H-6'') instead of the
tri-substituted group of the cis-caffeoyl of 4. The 16 Da mass difference between these two
compounds was consistent with this NMR observation. The structure of 5 was established as
8-O-(2’-O-cis-coumaroyl-β-d-gluco-pyranosyl)-3,4-dihydroxyphenylethanol (monnieraside V).

The molecular formula of compound 6 (white amorphous powder) was calculated as
C24H28O11 by analysis of its HRESIMS (m/z 491.1580 [M − H]¯, calcd. 491.1559). The NMR
data of 6 showed similarities with those of compound 3 (monnieraside II) both of them being
isomers. A cis-feruoyl group was present in 6, as confirmed by the coupling constant value
of 12.8 Hz between H-7" and H-8" protons. The structure of 6 was thus established as
8-O-(2’-O-cis-feruloyl-β-d-glucopyranosyl)-3,4-dihydroxyphenylethanol (monnieraside VI).

According to DNP-ISDB dereplication results for the eleven isolated compounds
(1-11), four compounds; plantainoside B (1), monnieraside III (2), monnieraside
II (3) and 4-hydroxybenzoyl glucose (7) were correctly annotated as confirmed
by NMR results (Table 1). Compound 8 was attributed an incorrect structure
(2-(3,5-dihydroxyphenyl)ethanol-3'-O-β-d-glucopyranoside) by MS2 dereplication, however this
annotation was related to the structure later established by NMR (3,4-dihydroxyphenethyl glucoside).
In addition, DNP-ISDB dereplication proposed the structure of F9 and 5 (m/z 461.1473 [M − H]¯)
as 8-O-(6’-O-trans-coumaroyl-β-d-glucopyranosyl)-3,4-dihydroxy-phenylethanol. However, NMR
data of 5 suggested it as 8-O-(2’-O-cis-coumaroyl-β-d-glucopyranosyl)-3,4-dihydroxyphenylethanol.
This indicated that the structure of F9 could indeed be the dereplicated trans–isomer. Furthermore,
previous observation showed that the trans-isomers of phenylpropanoid derivatives (compounds
1 and 3) had shorter retention time than their cis-isomers counterpart (compounds 4 and 6). The
same phenomenon was also observed for F9 and 5. Consequently, F9 could therefore correspond
to as 8-O-(2’-O-trans-coumaroyl-β-d-glucopyranosyl)-3,4-dihydroxy-phenylethanol. In addition,
we found that the annotation against GNPS spectral libraries of compound 10 (parishin A) was
correct, as confirmed by NMR structural elucidation. In MN6, the annotation of node m/z 995.3078
[M − H]¯ with parishin A and the mass difference of 268.0950 with two neighboring nodes at m/z
727.2121 [M − H]¯, RT 1.19 min and 727.2124 [M − H]¯, RT 1.10 min indicated a possible loss of the
4-(β-d-glucopyranosyloxy)benzyl alcohol moiety (–C13H16O6, calcd. 268.0946) present on parishin
A. After isolation and NMR identification structural elucidation, 9 and 11 were indeed found to be
parishin C and parishin B, respectively, illustrating the interest of MN for dereplication purposes.

2.5. Evaluation of the Anti-Lipid Peroxidation Activity of the Isolated Compounds

In order to verify the bioactivity potential of the compound prioritized by the combination of MVA
and multi-informative MN, the seven isolated compounds were tested for their anti-lipid peroxidation
activity with the TBAR assay. Six compounds, 1–6, showed inhibitory activity with IC50 values < 120
μM and one compound, 7, had lower activity (IC50 > 500 μM) (Table 1). The positive control (Trolox)
showed an IC50 value of 13.92 ± 0.32 μM. For this study, we defined compounds presenting IC50 values
not higher than 10-fold of the control’s IC50 value as active compounds.
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Some prioritized features (F1, F7 and F9) could not be isolated, their bioactivity potential is
however discussed according to the following evidences. Features F1 and F7 were proposed to be idaric
acid-1,4-lactone and its isomer by MS2. Thed enantiomer,d-glucaric-1,4-lactone, has been reported to
exert anti-lipid peroxidation and anti-oxidant activities [59]. Compound F9 was also likely to exhibit
anti-lipid peroxidation activity similar to its isomer (5), in the same fashion as isomeric compounds 1/4

and 3/6 also shared the same range of anti-lipid peroxidation activity. Given the structure similarity
of 1–6, their inhibitory activities were compared. The activity of the compounds tends to decrease
when C3'' was substituted with methoxy (3, 6) and hydroxy groups (1, 4), respectively (Figure 4B).
Such substitutions might reduce the ability of the compounds to protect the oxidation of Fe2+ to Fe3+

in the lipid peroxidation process.
To verify that the proposed merging of MVA and MN decreased the numbers of false positive

candidate compounds, two features F5 and F16 (identified to bacopaside I using standard comparison)
highlighted by MVA only were assayed. Both showed low levels of activity with IC50 values > 500 μM
and > 1000 μM, respectively. This indicated that the combination of both prioritization approaches
could help to further refine the prioritization process and lower the rate of false positives isolation.

Additionally, three unprioritized compounds 9–11 were isolated and their anti-lipid peroxidation
activity assayed. We found that these three compounds displayed very low inhibition of lipid
peroxidation with the IC50 values > 1000 μM, indicating that the employed strategy was effective to
highlight bioactive compounds from complex mixtures of NPs prior to isolation.

Further investigations of ten prioritized bioactive features F1, F7, F9 and compounds 1–7 revealed
that they were differently distributed (% of MS intensities) in the three Bacopa species (Figure 6). The
highest mean distribution of these compounds was observed in B. monnieri (77%), followed by B.
floribunda (21%). This result agreed with the finding that B. monnieri had higher anti-lipid peroxidation
activity than B. floribunda (Figure 2), suggesting that these compounds are the bioactives responsible for
the anti–lipid peroxidation effects observed in B. monnieri and B. floribunda. Even though B. caroliniana
presented the lowest level of these active compounds (~2%), it still showed some inhibition of lipid
peroxidation, which could indicate the presence of other bioactive compounds in the plant.

Figure 6. Percentage distribution of ten bioactive compounds in each Bacopa species, calculated by
division of the average MS signal intensity of the compound in each species by a sum of signal intensities
of the compound in three Bacopa species ×100.

The biological evaluation of the compounds prioritized by merging MVA and MN, indicated the
validity of the approach. However, some bioactive compounds could be missed since the selection
in MN was partly based on MS signal intensity, which is non–quantitative and highly dependent on
the chemical structure of the analytes. The hyphenation of MS analytical platforms with universal
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detectors such as evaporative light scattering detector (ELSD) should offer a more accurate view of the
precise quantitative repartition of metabolites within complex matrices, hence enhancing the power of
MS–based prioritization approaches.

3. Materials and Methods

3.1. Chemicals and Plant Materials

All chemicals used were of analytical grade and obtained from Sigma-Aldrich (St. Louis, MO,
USA). All solvents were HPLC and LC-MS grades. Acetonitrile (ACN), methanol (MeOH) and formic
acid were purchased from Merck (Darmstadt, Germany). Water was purified by a Milli–Q purification
system from Millipore (Bedford, MA, USA).

Three Bacopa species i.e., 36 samples of B. monnieri (BM1-12), 12 samples of B. caroliniana (BC1-4),
and 11 samples of B. floribunda (BF1 from nature and BF2-11 from tissue culture) were collected from
different regions and seasons. Only collected BM and BC samples were planted under the same growing
conditions in the Faculty of Pharmaceutical Sciences, Naresuan University and subsequently harvested
during different seasons in 2017: January (represented winter), April (summer), and July (rainy season)
to enable an evaluation of the effect of these seasonal conditions. These plants species were identified
by Dr. Pranee Nangngam and their voucher specimens (Saesong001-17) have been deposited at
Department of Biology, Faculty of Science, Naresuan University. The codes and information regarding
the samples are presented in Table 3.

Table 3. The geographical details of the Bacopa samples collected in this study. Samples 1–16 were
collected in 3 seasons i.e., winter, summer, and rainy season (48 samples). Only sample 17 was collected
in summer (1 sample). Plant tissue cultures of B. floribunda (samples 18–27) were collected in April,
2017 (10 samples).

No. Code Bacopa spp. Sources

1 BM1 B. monnieri Perth, Australia
2 BM2 B. monnieri Wat Phra Sri Mahathat, Bangkok, Thailand
3 BM3 B. monnieri Samphan garden, Nakhon Pathom, Thailnd
4 BM4 B. monnieri Naresuan University, Phitsanulok, Thailand
5 BM5 B. monnieri Kasetsart University, Bangkok, Thailand
6 BM6 B. monnieri Nakhon Nayok, Thailand
7 BM7 B. monnieri Chatuchak Market, Bangkok, Thailand
8 BM8 B. monnieri Ayutthaya, Thailand
9 BM9 B. monnieri Fukuoka, Japan (originated in India)
10 BM10 B. monnieri Siriraj hospital, Bangkok, Thailand
11 BM11 B. monnieri Chatuchak Market, Bangkok, Thailand
12 BM12 B. monnieri Phetchabun, Thailand (originated in India)

13 BC1 B. caroliniana Naresuan University, Phitsanulok, Thailand
14 BC2 B. caroliniana Nakhon Nayok, Thailand
15 BC3 B. caroliniana Chiang Mai, Thailand
16 BC4 B. caroliniana Bangkok, Thailand

17 BF1 B. floribunda Sakolnakorn, Thailand

18–27 BF2 to BF11 B. floribunda Plant tissue cultures obtained from Department of
Biology, Faculty of Science, Naresuan University

The shoot part (10 cm) of each Bacopa sample was collected based on a previous method [45]. Then
it was cleaned and dried at 50 ◦C in a hot air oven for 24 h. The dried plants were crushed and passed
through a 60 mesh sieve and stored in plastic containers under refrigeration at −20 ◦C until used.
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3.2. Sample Preparation

Metabolites of Bacopa were extracted by adding 1 mL of 70%MeOH to a powdered sample (20 mg).
The solution was then sonicated at room temperature for 15 min and filtered through a 0.45 μm nylon
filter. Each extract solution was analyzed by UPHLC-HRMS2 and tested for anti-lipid peroxidation
activity in parallel.

3.3. TBAR Assay

Lipid peroxidation inhibitory activity was tested by TBARs assay, with minor modification to a
previous study [50]. In this process, 20 μL of sample and 140 μL of homogenate rat brain (contained
5.72 mg/mL total protein) were mixed and incubated at 37 ◦C for 30 min. Then, 20 μL of 4 mM
Fe2SO4 and 2 mM ascorbic acid were added to the mixture solution and incubated at 37 ◦C for 1 h.
After incubation, 200 μL of TBARs reagent (40% trichloroacetic acid, 1.4% thiobarbituric acid, and
8% HCl) was added and incubated at 90 ◦C for 60 min. The mixture was then allowed to cool to
room temperature and centrifuged at 10,000 rpm at 4 ◦C for 5 min to pelletize the precipitated protein.
The absorbance of the supernatant was read at 530 nm by a microplate reader (BioTek Instruments,
Winooski, Vermont, USA). The inhibition was calculated by comparison with the negative control. The
homogenized rat brain in this assay was prepared in 1x PBS buffer (pH 7.4). The protein content in the
homogenized rat brain was measured using a bicinchoninic acid (BCA) assay [60].

3.4. UHPLC-ESI-HRMS2 Analysis

The UHPLC−HRMS2 was carried out on a Waters Acquity UPLC IClass system system interfaced
to a Q-Exactive Focus mass spectrometer (Thermo Scientific, Bremen, Germany), using a heated
electrospray ionization (HESI-II) source. Chromatographic separation was performed on a Waters BEH
C18 column (50 × 2.1 mm, 1.7 μm), the mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B), the flow rate was 600 μL/min, the injection volume was 1 μL, and the
linear gradient elution initially increased from 5–100% B for 7 min, followed by isocratic conditions at
100% B for 1 min, and then decreased to 5% B for the final step for 2 min. The negative ionization mode
was applied in this study because the molecular ion peak of the most important metabolites could
not be observed in positive ion mode. The optimized HESI-II parameters were set as follows: source
voltage, 3.5 kV; sheath gas flow rate (N2), 48 units; auxiliary gas flow rate, 11 units; spare gas flow rate,
2.0 units; capillary temperature, 300 ◦C, S-Lens RF Level, 55. The mass analyzer was calibrated using
a mixture of caffeine, methionine-arginine-phenylalanine-alanine-acetate (MRFA), sodium dodecyl
sulfate, sodium taurocholate, and Ultramark 1621 in an acetonitrile/methanol/water solution containing
1% formic acid by direct injection. The data-dependent MS/MS events were performed on the three
most intense ions detected in full scan MS (Top3 experiment). The MS/MS isolation window width
was 2 Da, and the normalized collision energy (NCE) was set to 35 units. In data-dependent MS/MS
experiments, full scans were acquired at a resolution of 35,000 fwhm (at m/z 200) and MS/MS scans
at 17,500 fwhm, both with a maximum injection time of 50 ms. After being acquired in a MS/MS
scan, parent ions were placed in a dynamic exclusion list for 3.0 s. All samples were performed by
UHPLC-HRMS2 in one batch and a single pool of all samples was used as a quality control (QC).
The QC sample was processed to monitor the reproducibility and stability of the system, which was
injected at the beginning, then once every ten tested samples, and at the end of the batch analysis.

3.5. MZmine data preprocessing

The UHPLC−HRMS2 raw data were converted to .mzXML format using MSConvert software,
part of the ProteoWizard package and processed with MZmine version 2.32. Six main steps, consisting
in mass detection, chromatogram building, deconvolution, isotopic peak grouping, alignment and
gap filling, were carried. The mass detection was set in centroid mode and the noise level was kept
at 1 × 106 for MS1 and 0 for MS2. The ADAP chromatogram builder was selected and run using a
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minimum group size in number of scans of 5, minimum height of 1 × 106, and m/z tolerance of 0.001 Da
(or 5 ppm). The chromatogram deconvolution was set as follows: wavelets (ADAP) was used as
the algorithm for peak recognition, m/z and RT range for MS2 scan pairing were 0.3 Da and 0.1 min,
S/N threshold was 20, minimum feature height was 1 × 106, coefficient/area threshold was 110, peak
duration range was 0.01–1.0 min, and the RT wavelets range was 0.001–0.04. Chromatograms were
then deisotoped by isotopic peaks a grouper algorithm with a m/z tolerance of 0.001 Da and an RT
tolerance of 0.05 min. Peak alignment was carried out using a join aligner, with m/z tolerance set at
0.001 Da, absolute RT tolerance at 0.05 min, and weight for m/z and RT at 30. The missing peaklist after
alignment was filled by gap filling of same RT and m/z range gap filler module with a m/z tolerance
of 0.001 Da. After gap filling, all peaklists were done with identification of adduct search, complex
search, and molecular formula prediction. This resulted in a peaklist of 6082 features which was further
filtered to a peaklist of 4191 features having an associated data dependent MS2 spectra. This resulting
peaklist of 4191 features was exported as input for the MVA (MS1 data only) and for MN generation
(MS1 and MS2 data).

3.6. Multivariate Analysis

After data treatment with MZmine, a three-dimensional data matrix comprising of retention
time, m/z value and peak height were analyzed by SIMCA-P software (version 13.0, Umerics, Umea,
Sweden). Pareto-scaling was applied to normalize data for PCA and OPLS analysis. In addition, R2

and Q2 (cum) were used for model evaluation. Values of both parameters close to 1.0 indicated a good
fitness for the created model. OPLS, a supervised multivariate statistical method, was completed with
percent inhibition of lipid peroxidation activity as the Y input. The features with potential bioactivity
from S-plot in OPLS model were selected based on their p[1] values.

3.7. Molecular Networking Analyses

The MN of MS2 spectra of the Bacopa species was generated using the online workflow of the
Global Natural Products Social Molecular Networking (GNPS). The MS2 spectra were then clustered
with MS-Cluster with a parent mass tolerance at 0.02 Da and a fragment ion mass tolerance at 0.02 Da
to create consensus spectra, and consensus spectra containing less than two spectra were discarded.
A network was then created, where edges were filtered to have a cosine score above 0.7 and more than
6 matching peaks. Furthermore, the edges between two nodes were kept in the network if each of
the nodes appeared in each other’s respective top 10 most similar nodes. The spectra in the network
were automatically searched against GNPS spectral libraries and then against DNP-ISDB according to
a previously described methodology [1]. ChemViz 1.3 plugin (freely available at [61]) was used to
display the structure of the dereplication hits directly within Cytoscape 3.6.1. The generated MN in
this study can be seen in [62] and the MASSIVE datasets contained all raw data was provided in the
link of [63].

3.8. Purification of Candidate Bioactive Compounds

3.8.1. Extraction Procedure

The dried powder of BM4 (100 g) was macerated three times with MeOH and shaken for 24 h to
give 24.2 g of MeOH extract. The polar substances (sugar) of the extract were removed using solid
phase extraction prior to purification using the following protocol. The 200 g of C18 (ZEOprep® 60
C18, 40–63 μm) was packed in a column and activated by MeOH (1 L), followed by conditioning with
water (1 L). Then, 2 g of Brahmi extract in 10 mL water was loaded and the column was washed with
water (1 L) to remove polar substances. Remaining compounds were finally eluted with MeOH (1 L).
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3.8.2. Purification Methods

The isolation steps of candidate compounds were performed by MPLC and followed by
semi–preparative HPLC. A system of MPLC was carried out on an LC instrument conducted with a
681-pump module C-615, UV-Vis module C-640, and a fraction collector module C-660 (Buchi, Flawil,
Switzerland). Fractionation was performed with an ZEOprep® C18 column (70 × 460 mm, 15–25 μm)
with elution of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The gradient
elution started from 0-20 min of 35% B and then increased to 100% B for 284 min. The flow rate was
20 mL/min. This condition was first optimized on an analytical HPLC column (250 × 4.6 mm i.d.,
15–25 μm, Zeochem, Uetikon am See, Switzerland) packed with the same stationary phase and then
geometrically transferred to the preparative scale [53]. The extract was introduced into the MPLC
column by dry injection by mixing 5.62 g of the extract with 18.30 g of the Zeoprep C18 stationary
phase (40–63 μm, Zeochem). The mixture was conditioned in a dry-load cell (11.5 × 2.7 cm i.d.) and
it was connected subsequently between the pumps and the MPLC column. Twenty-five fractions
were collected by peak-based detection under UV at 205, 254 and 366 nm. When there were no peaks,
250 mL of each of the fractions was collected. The candidate compounds in the fractions were tracked
down by LC-MS using the same conditions as mentioned in session 3.4.

The candidate bioactive compounds (1–8) and inactive compounds (9–11) were isolated from
fraction 3 of MPLC using semi−preparative HPLC, which was performed on a HPLC-UV instrument
with SPD-20A UV-Vis, a LC-20AP Pump, a FRC-10A fraction collector and a sample injector (Shimadzu,
USA). The separation was carried out on an XBridge C18 OBD prep column (19 × 250 mm, 5 μm,
Waters, Milford, MA, USA) with a guard column (4 × 20 mm, 5 μm), using an isocratic system of
0.1% formic acid in water and in acetonitrile at ratios of 86 and 14 as mobile phase. The separation
time was 65 min with a post run of 10 min and the flow rate set at 17 mL/min. This semi−preparative
HPLC condition was optimized on an analytical HPLC using a column with a similar stationary phase
(XBridge C18, 4.6 × 250 mm, 5 μm) and then the optimum condition was geometrically transferred
to the semi-preparative scale [54]. In order to avoid loss of resolution, the sample was loaded into
the column by dry loading according to a recently developed protocol [55], which made it possible to
obtain a high−resolution separation of the majority of the polar compounds to ensure a high degree of
purity. Using this preparative system, eighty-four fractions were collected by peak-based detection
under UV absorption of 205, 254 and scan 200–600 nm and volume based collection (8 mL of each
fraction). All collected fractions were dried by speed vacuum (Genevac HT-4X, Genevac Ltd., North
Carolina, USA). Isolation was achieved and afforded candidate bioactive compounds of 1 (8.5 mg), 2

(2.2 mg), 3 (0.9 mg), 4 (1.4 mg) 5 (0.1 mg) 6 (0.6 mg) and 7 (0.8 mg) and 8 (3.0 mg) and three inactive
compounds of 9 (0.4 mg), 10 (3.0 mg) and 11 (1.2 mg). The purity and structure elucidation of each
isolated compound was checked with HPLC, MS and NMR.

3.8.3. Identification Procedures

The NMR spectra of each isolated compound was recorded on a Bruker Avance Neo 600 MHz
spectrometer equipped with a QCI 5mmCryoprobe and a SampleJet automated sample changer
(Bruker BioSpin, Rheinstetten, Germany) (600). Chemical shifts (δ) were recorded in parts per million
in methanol-d4 using the residual solvent signal (δH 3.31; δC 49.0) as internal standards for 1H and
13C-NMR, respectively. Mass spectrometric data were obtained on a Waters Acquity UPLC IClass
system system interfaced to a Q-Exactive Focus mass spectrometer (Thermo Scientific).

4. Conclusions

In this work, the integration of MVA and multi-informative MN based on LC–HRMS2 metabolite
profiling with bioactivity data was proven to be an efficient way to identify bioactive constituents in
closely related plant extracts. The data generated allowed a rapid prioritization of bioactive compounds
on a specific target from crude Bacopa extracts. Thanks to this approach the potential bioactivity for
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individual compounds could be anticipated prior to any physical separation process. This allowed
the targeted isolation of six phenylethanoid glycosides 1–6 of Bacopa species with lipid-peroxidation
inhibitory activity three of them being novel compounds i.e., monnieraside IV (4), monnieraside V (5)
and monnieraside VI (6).

Additionally, the results in MVA and MN showed significant difference between Brahmi samples
harvested in summer and other seasons in term of overall biological activity and amount of bioactive
compounds. To our knowledge, Brahmi is collected throughout the year in Thailand and, based on our
study, seasonal effects are important to consider and might affect the medicinal properties claimed
for Brahmi. The described bioactive compounds could be used as biomarkers for quality control of
this plant.

Supplementary Materials: The following are available online. Figure S1: Twenty candidate bioactive clusters
observed by visual inspection based on dominant red color tag and five selected bioactive clusters in red square
box (MN1-MN5) were nominated based on node size; Figure S2: Representative HPLC chromatograms from
method transfer between HPLC (A) and semi-preparative HPLC (B) for separation of compounds 1–11 in fraction
3 (from MPLC) of B. monnieri extract; Figure S3: HRESIMS spectrum of compound 4 (negative ionization);
Figure S4: 1H-NMR spectrum of compound 4 in CD3OD at 600 MHz; Figure S5: COSY NMR spectrum of
compound 4 in CD3OD; Figure S6. 13C-DEPTQ NMR spectrum of compound 4 in CD3OD at 151 MHz; Figure S7:
Edited-HSQC-NMR spectrum of compound 4 in CD3OD; Figure S8: HMBC-NMR spectrum of compound 4
in CD3OD; Figure S9: ROESY NMR spectrum of compound 4 in CD3OD; Figure S10: HRESIMS spectrum
of compound 5 (negative ionization); Figure S11: 1H-NMR spectrum of compound 5 in CD3OD at 600 MHz;
Figure S12: COSY NMR spectrum of compound 5 in CD3OD; Figure S13: Edited-HSQC-NMR spectrum of
compound 5 in CD3OD; Figure S14: HMBC-NMR spectrum of compound 5 in CD3OD; Figure S15: ROESY
NMR spectrum of compound 5 in CD3OD; Figure S16: HRESIMS spectrum of compound 6 (negative ionization);
Figure S17: 1H-NMR spectrum of compound 6 in CD3OD at 600 MHz; Figure S18: COSY NMR spectrum
of compound 6 in CD3OD; Figure S19: Edited-HSQC-NMR spectrum of compound 6 in CD3OD; Figure S20:
HMBC-NMR spectrum of compound 6 in CD3OD; Figure S21: ROESY NMR spectrum of compound 6 in CD3OD.

Author Contributions: T.S. performed whole experiments, data analysis, and prepared manuscript, P.-M.A.
acquired UHPLC-HRMS2 data and supervised data analysis, E.F.Q. helped for isolation, L.M. analyzed the NMR
and structure elucidations, N.N. helped for data analysis, P.T. helped for data analysis, N.K. helped for data
analysis, T.S., P.-M.A., J.-L.W. and K.I. conceived and designed the study. All authors reviewed the results and
approved the final version of the manuscript.

Funding: This work was supported by the Royal Golden Jubilee PhD Program [PHD/0039/2557 to Tongchai
Saesong and Kornkanok Ingkaninan], the Thailand Research Fund [DBG6080005, IRN61W0005], Naresuan
University, the Center of Excellence for Innovation in Chemistry (PERCH-CIC), Ministry of Higher Education,
Science, Research and Innovation. The School of Pharmaceutical Sciences of the University of Geneva (Jean-Luc
Wolfender) is thankful to the Swiss National Science Foundation for the support in the acquisition of the NMR 600
MHz (SNF R’Equip grant 316030_164095).

Acknowledgments: We are gratefully to Pranee Nangngam for providing Bacopa samples and her help in plant
identification. Additionally, we would like to thank the Bioactive Natural Products Unit, University of Geneva,
Switzerland, who provided laboratory facilities.

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

References

1. Allard, P.-M.; Péresse, T.; Bisson, J.; Gindro, K.; Marcourt, L.; Pham, V.C.; Roussi, F.; Litaudon, M.;
Wolfender, J.-L. Integration of molecular networking and In-Silico MS/MS fragmentation for natural products
dereplication. Anal. Chem. 2016, 88, 3317–3323. [CrossRef] [PubMed]

2. Hubert, J.; Nuzillard, J.-M.; Renault, J.-H. Dereplication strategies in natural product research: How many
tools and methodologies behind the same concept? Phytochem. Rev. 2017, 16, 55–95. [CrossRef]

3. Yuliana, N.D.; Khatib, A.; Choi, Y.H.; Verpoorte, R. Metabolomics for bioactivity assessment of natural
products. Phytother. Res. 2011, 25, 157–169. [CrossRef] [PubMed]

4. Li, P.; AnandhiSenthilkumar, H.; Wu, S.-b.; Liu, B.; Guo, Z.-y.; Fata, J.E.; Kennelly, E.J.; Long, C.-l. Comparative
UPLC-QTOF-MS-based metabolomics and bioactivities analyses of Garcinia oblongifolia. J. Chromatogr. B
2016, 1011, 179–195. [CrossRef] [PubMed]

75



Molecules 2019, 24, 2989

5. D’Urso, G.; Pizza, C.; Piacente, S.; Montoro, P. Combination of LC–MS based metabolomics and antioxidant
activity for evaluation of bioactive compounds in Fragaria vesca leaves from Italy. J. Pharm. Biomed. Anal.
2018, 150, 233–240. [CrossRef]

6. Ayouni, K.; Berboucha-Rahmani, M.; Kim, H.K.; Atmani, D.; Verpoorte, R.; Choi, Y.H. Metabolomic tool to
identify antioxidant compounds of Fraxinus angustifolia leaf and stem bark extracts. Ind. Crops. Prod. 2016,
88, 65–77. [CrossRef]

7. Caesar, L.K.; Kellogg, J.J.; Kvalheim, O.M.; Cech, N.B. Opportunities and Limitations for Untargeted
Mass Spectrometry Metabolomics to Identify Biologically Active Constituents in Complex Natural Product
Mixtures. J. Nat. Prod. 2019, 82, 469–484. [CrossRef]

8. Patti, G.J.; Yanes, O.; Siuzdak, G. Innovation: Metabolomics: The apogee of the omics trilogy. Nat. Rev. Mol.
Cell Biol. 2012, 13, 263–269. [CrossRef]

9. Kim, H.K.; Choi, Y.H.; Verpoorte, R. NMR-based plant metabolomics: Where do we stand, where do we go?
Trends Biotechnol. 2011, 29, 267–275. [CrossRef]

10. Wolfender, J.-L.; Rudaz, S.; Hae Choi, Y.; Kyong Kim, H. Plant Metabolomics: From Holistic Data to Relevant
Biomarkers. Curr. Med. Chem. 2013, 20, 1056–1090.

11. Wolfender, J.-L.; Nuzillard, J.-M.; van der Hooft, J.J.J.; Renault, J.-H.; Bertrand, S. Accelerating
Metabolite Identification in Natural Product Research: Toward an Ideal Combination of Liquid
Chromatography–High-Resolution Tandem Mass Spectrometry and NMR Profiling, in Silico Databases, and
Chemometrics. Anal. Chem. 2019, 91, 704–742. [CrossRef]

12. Yang, J.Y.; Sanchez, L.M.; Rath, C.M.; Liu, X.; Boudreau, P.D.; Bruns, N.; Glukhov, E.; Wodtke, A.; de Felicio, R.;
Fenner, A.; et al. Molecular networking as a dereplication strategy. J. Nat. Prod. 2013, 76, 1686–1699. [CrossRef]

13. Wang, M.; Carver, J.J.; Phelan, V.V.; Sanchez, L.M.; Garg, N.; Peng, Y.; Nguyen, D.D.; Watrous, J.; Kapono, C.A.;
Luzzatto-Knaan, T.; et al. Sharing and community curation of mass spectrometry data with Global Natural
Products Social Molecular Networking. Nat. Biotechnol. 2016, 34, 828. [CrossRef]

14. Olivon, F.; Allard, P.-M.; Koval, A.; Righi, D.; Genta-Jouve, G.; Neyts, J.; Apel, C.; Pannecouque, C.;
Nothias, L.-F.; Cachet, X.; et al. Bioactive natural products prioritization using massive multi-informational
molecular networks. Acs Chem. Biol. 2017, 12, 2644–2651. [CrossRef]

15. Naman, C.B.; Rattan, R.; Nikoulina, S.E.; Lee, J.; Miller, B.W.; Moss, N.A.; Armstrong, L.; Boudreau, P.D.;
Debonsi, H.M.; Valeriote, F.A.; et al. Integrating molecular networking and biological assays to target the
isolation of a cytotoxic cyclic octapeptide, samoamide A, from an American Samoan Marine Cyanobacterium.
J. Nat. Prod. 2017, 80, 625–633. [CrossRef]

16. Nothias, L.-F.; Nothias-Esposito, M.; da Silva, R.; Wang, M.; Protsyuk, I.; Zhang, Z.; Sarvepalli, A.; Leyssen, P.;
Touboul, D.; Costa, J.; et al. Bioactivity-based molecular networking for the discovery of drug leads in natural
product bioassay-guided fractionation. J. Nat. Prod. 2018, 81, 758–767. [CrossRef]

17. Global Natural Product Social Molecular Networking. Available online: http://gnps.ucsd.edu (accessed on
10 Aprile 2018).

18. Olivon, F.; Elie, N.; Grelier, G.; Roussi, F.; Litaudon, M.; Touboul, D. MetGem Software for the Generation of
Molecular Networks Based on the t-SNE Algorithm. Anal. Chem. 2018, 90, 13900–13908. [CrossRef]

19. Kind, T.; Tsugawa, H.; Cajka, T.; Ma, Y.; Lai, Z.; Mehta, S.S.; Wohlgemuth, G.; Barupal, D.K.; Showalter, M.R.;
Arita, M.; et al. Identification of small molecules using accurate mass MS/MS search. Mass Spectrom. Rev.
2018, 37, 513–532. [CrossRef]

20. Tem, S. Thai Plant Names, 2014 ed.; The Forest Herbarium, Royal Forest Department: Bangkok, Thailand,
2014.

21. Mukherjee, G.D.; Dey, C.D. Clinical trial on Brahmi. I. J. Exp. Med. Sci. 1966, 10, 5–11.
22. Vollala, V.R.; Upadhya, S.; Nayak, S. Effect of Bacopa monniera Linn. (brahmi) extract on learning and memory

in rats: A behavioral study. J. Vet. Behav. 2010, 5, 69–74. [CrossRef]
23. Saraf, M.K.; Prabhakar, S.; Khanduja, K.L.; Anand, A. Bacopa monniera attenuates scopolamine-induced

impairment of spatial memory in mice. Evid. Based Complement. Alternat. Med. 2011, 2011, 10. [CrossRef]
24. Nathan, P.J.; Clarke, J.; Lloyd, J.; Hutchison, C.W.; Downey, L.; Stough, C. The acute effects of an extract of

Bacopa monniera (Brahmi) on cognitive function in healthy normal subjects. Hum. Psychopharmacol. Clin. Exp.
2001, 16, 345–351. [CrossRef]

76



Molecules 2019, 24, 2989

25. Stough, C.; Lloyd, J.; Clarke, J.; Downey, L.A.; Hutchison, C.W.; Rodgers, T.; Nathan, P.J. The chronic effects of
an extract of Bacopa monniera (Brahmi) on cognitive function in healthy human subjects. Psychopharmacology
2001, 156, 481–484. [CrossRef]

26. Peth-Nui, T.; Wattanathorn, J.; Muchimapura, S.; Tong-Un, T.; Piyavhatkul, N.; Rangseekajee, P.;
Ingkaninan, K.; Vittaya-areekul, S. Effects of 12-week Bacopa monnieri consumption on attention, cognitive
processing, working memory, and functions of both cholinergic and monoaminergic systems in healthy
elderly volunteers. Evid. Based Complement. Alternat. Med. 2012, 2012, 606424. [CrossRef]

27. Kongkeaw, C.; Dilokthornsakul, P.; Thanarangsarit, P.; Limpeanchob, N.; Norman Scholfield, C. Meta-analysis
of randomized controlled trials on cognitive effects of Bacopa monnieri extract. J. Ethnopharmacol. 2014, 151,
528–535. [CrossRef]

28. Roodenrys, S.; Booth, D.; Bulzomi, S.; Phipps, A.; Micallef, C.; Smoker, J. Chronic effects of Brahmi (Bacopa
monnieri) on human memory. Neuropsychopharmacology 2002, 27, 279–281. [CrossRef]

29. Morgan, A.; Stevens, J. Does Bacopa monnieri Improve Memory Performance in Older Persons? Results of
a Randomized, Placebo-Controlled, Double-Blind Trial. J. Altern. Complementary Med. 2010, 16, 753–759.
[CrossRef]

30. Gour, S.; Tembhre, M. Cholinergic inhibitory effects of bacopa monnieri and acephate in the kidney of rat.
Int. J. Curr. Adv. Res. 2018, 7, 14136–14141.

31. Teschke, R.; Bahre, R. Severe hepatotoxicity by Indian Ayurvedic herbal products: A structured causality
assessment. Ann. Hepatol. 2009, 8, 258–266. [CrossRef]

32. Sumathi, T.; Nongbri, A. Hepatoprotective effect of Bacoside-A, a major constituent of Bacopa monniera
Linn. Phytomedicine 2008, 15, 901–905. [CrossRef]

33. Menon, B.R.; Rathi, M.A.; Thirumoorthi, L.; Gopalakrishnan, V.K. Potential Effect of Bacopa monnieri on
Nitrobenzene Induced Liver Damage in Rats. Indian J. Clin. Biochem. 2010, 25, 401–404. [CrossRef]

34. Singh, H.; Dhawan, B.N. Neuropsychopharmacological effects of the ayurvedic nootropic Bacopa monnieri
Linn. Indian J. Pharmacol. 1997, 29, 359–365.

35. Russo, A.; Borrelli, F. Bacopa monniera, a reputed nootropic plant: An overview. Phytomedicine 2005, 12,
305–317. [CrossRef]

36. Deepak, M.; Sangli, G.K.; Arun, P.C.; Amit, A. Quantitative determination of the major saponin mixture
bacoside A in Bacopa monnieri by HPLC. Phytochem. Anal. 2005, 16, 24–29. [CrossRef]

37. Ganzera, M.; Gampenrieder, J.; Pawar, R.S.; Khan, I.A.; Stuppner, H. Separation of the major triterpenoid
saponins in Bacopa monnieri by high-performance liquid chromatography. Anal. Chim. Acta 2004, 516,
149–154. [CrossRef]

38. Murthy, P.B.; Raju, V.R.; Ramakrisana, T.; Chakravarthy, M.S.; Kumar, K.V.; Kannababu, S.; Subbaraju, G.V.
Estimation of twelve bacopa saponins in Bacopa monnieri extracts and formulations by high-performance
liquid chromatography. Chem. Pharm. Bull. (Tokyo) 2006, 54, 907–911. [CrossRef]

39. Phrompittayarat, W.; Wittaya-Areekul, S.; Jetiyanon, K.; Putalun, W.; Tanaka, H.; Ingkaninan, K.
Determination of saponin glycosides in Bacopa monnieri by reversed phase high performance liquid
chromatography. Thai Pharm. Health Sci. J. 2007, 2, 26–32.

40. Bhandari, P.; Kumar, N.; Singh, B.; Singh, V.; Kaur, I. Silica-based monolithic column with evaporative light
scattering detector for HPLC analysis of bacosides and apigenin in Bacopa monnieri. J. Sep. Sci. 2009, 32,
2812–2818. [CrossRef]

41. British Pharmacopoeia Commission. The British Pharmacopoeia 2016; The Stationery Office: London, UK,
2016; Volume 1.

42. Mathur, S.; Sharma, S.; Gupta, P.M.; Kumar, S. Evaluation of an Indian germplasm collection of the medicinal
plant Bacopa monnieri (L.) Pennell by use of multivariate approaches. Euphytica 2003, 133, 255–265.
[CrossRef]

43. Bansal, M. Diversity among wild accessions of Bacopa monnieri (L.) Wettst. and their morphogenetic
potential. Acta Physiol. Plant. 2014, 36, 1177–1186. [CrossRef]

44. Bansal, M.; Reddy, M.S.; Kumar, A. Seasonal variations in harvest index and bacoside A contents amongst
accessions of Bacopa monnieri (L.) Wettst. collected from wild populations. Physiol. Mol. Biol. Plants 2016,
22, 407–413. [CrossRef]

77



Molecules 2019, 24, 2989

45. Phrompittayarat, W.; Jetiyanon, K.; Wittaya-Areekul, S.; Putalun, W.; Tanaka, H.; Khan, I.; Ingkaninan, K.
Influence of seasons, different plant parts, and plant growth stages on saponin quantity and distribution in
Bacopa monnieri. SJST 2011, 33, 193–199.

46. Bhandari, P.; Kumar, N.; Singh, B.; Kaul, V.K. Bacosterol Glycoside, a New 13,14-Seco-steroid Glycoside from
Bacopa monnieri. Chem. Pharm. Bull. (Tokyo) 2006, 54, 240–241. [CrossRef]

47. Bhandari, P.; Kumar, N.; Gupta, A.P.; Singh, B.; Kaul, V.K. A rapid RP-HPTLC densitometry method for
simultaneous determination of major flavonoids in important medicinal plants. J. Sep. Sci. 2007, 30,
2092–2096. [CrossRef]

48. Chakravarty, A.K.; Sarkar, T.; Nakane, T.; Kawahara, N.; Masuda, K. New Phenylethanoid Glycosides from
Bacopa monniera. Chem. Pharm. Bull. (Tokyo) 2002, 50, 1616–1618. [CrossRef]

49. Ohta, T.; Nakamura, S.; Nakashima, S.; Oda, Y.; Matsumoto, T.; Fukaya, M.; Yano, M.; Yoshikawa, M.;
Matsuda, H. Chemical structures of constituents from the whole plant of Bacopa monniera. J. Nat. Med.
2016, 70, 404–411. [CrossRef]

50. Limpeanchob, N.; Jaipan, S.; Rattanakaruna, S.; Phrompittayarat, W.; Ingkaninan, K. Neuroprotective effect
of Bacopa monnieri on beta-amyloid-induced cell death in primary cortical culture. J. Ethnopharmacol. 2008,
120, 112–117. [CrossRef]
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Abstract: Phyllanthus orbicularis (Phyllanthaceae) is an endemic evergreen tropical plant of Cuba that
grows in the western part of the island and is used in traditional medicine as an infusion. The aqueous
extract of this plant presents a wide range of pharmacological activitiessuch as antimutagenic, antioxidant
and antiviral effects. Given the many beneficial effects and the great interest in the development
of new pharmacological products from natural sources, the aim of this work was to investigate the
phytochemistry of this species and to elucidate the structure of the main bioactive principles. Besides the
presence of several known polyphenols, the major constituent was hitherto not described. The chemical
structure of this compound, here named Fideloside, was elucidated by means of HR-ESIMS/MSn, 1D/2D
NMR, FT-IR, and ECD as (2R,3R)-(−)-3’,4′,5,7-tetrahydroxydihydroflavonol-8-C-β-D-glucopyranoside.
The compound, as well as the plant aqueous preparations, showed promising bioactive properties, i.e.,
anti-inflammatory capacity in human explanted monocytes, corroborating future pharmacological use
for this new natural C-glycosyl flavanonol.

Keywords: Phyllanthus orbicularis; C-glycoside; flavonoid; natural products; traditional medicine;
Cuba; Phyllanthus chamacristoides; chromatography; mass spectrometry; NMR; circular dichroism;
stereochemistry; Fideloside; cytokines; anti-inflammatory activity

1. Introduction

Natural products represent a very important traditionalsource of novel drugs. They are also
a relevant inspiration for the synthesis of novel molecules of pharmaceutical interest. Among the
plethora of potential pharmaceutical and nutritional plant-derived molecules, phenolics represent
a dominant group of compounds with crucialnatural antioxidantsand flavors [1–4].

With 7500 species of flowering plants, of which 50% are endemic, Cuba hosts more than half of all
Caribbean flora [5], that is also the reason why the use of “green” medicine to prevent or treat different
illnesses is deeply rooted in Cuban popular traditions. About 1250 species in180 families from Cuba are
used as medicinal plants, in which the Euphorbiaceae family is one of the most broadly represented [6,7].
Euphorbiaceae and the segregated Phyllanthraceae are commonly very rich in bioactive metabolites.
The genus Phyllanthus of this family includes Cuban endemic species which are widely used by traditional
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medical practitioners for the treatment of different types of diseases [8]. Indeed, other Phyllanthus species
have worldwide applications including reports from China, the Philippines, Nigeria, East and West
Africa, and Latin America comprising further Caribbean countries [9]. Several therapeutic properties
have been attributed to this genus, such as antipyretic, antibacterial, antiparasitic, anticontraceptive, and
antiviral activities [10,11]. Crude extracts of species such as Phyllanthus amarus and Phyllanthus emblica
have been reported to provide antioxidant and anti-genotoxic activities [12].

Phyllanthus orbicularis Kunth is an endemic evergreen plant of Cuba that grows in the western side
of the island in Pinar del Rio district. This plant, commonly known as “Alegrìa”, is used in traditional
medicine as an infusion for its anti-pyretic and antiviral properties [13–15]. In vitro tests showed that the
aqueous extract from this species has a marked antiviral activity [16]. In sight of this, several preclinical
studies have been carried out with the aim to use this extract as a pharmacological alternative in
hepatitis B and human herpes virus type-2 therapy [15,17]. In addition, P. orbicularis aqueous extract
has anti-mutagenic properties against hydrogen peroxide-induced clastogenicity and mutagenicity
exhibiting protective effects against pro-mutagenic aromatics [18–20]. Moreover, the extract exhibits
a photo-protective activity against γ-radiation, both in pre- and post-irradiation treatments [21,22].
Recent data demonstrated the protective effect of aqueous extracts from Cuban endemic P. orbicularis
against UV-light induced DNA damage and genotoxicity [23–25].

To gain insight into the chemical principles responsible for the biological effects, a complete
characterization of the phytochemical profile of Cuban endemic Phyllanthus species is required. To date
only limited data are available, obtained by GC/MS and HPLC analyses of organic or aqueous extracts,
which demonstrate the presence of known bioactive terpenoids and flavonoids [15,26]. P. orbicularis
aqueous extract is the most interesting preparation from a pharmacological point of view, being the
most effective and most studied in biological models, and the most relevant in application. However,
despite its beneficial biological activities, the phytochemical composition of this plant is still not
completely known. Of all previous works describing P. orbicularis aqueous extract chemistry, none
offer a complete profile and a detailed chemical characterization. Given its common use in Cuba
and the many beneficial effects of the plant, and the still increasing interest in the development
of new pharmacological products from natural sources, the aim of this work is to investigate the
phytochemistry of the Cuban endemic P. orbicularis compared to the endemic P.chamacristoides, which
is not used in traditional medicine. The focus will be laid on the elucidation of the structures of the still
unknown main bioactive principles.

2. Results

2.1. Phytochemical Characterization of Cuban Phyllanthus Species

UPLC-DAD profiles (280 nm) of aqueous extracts from two endemic Cuban Phyllanthus species
(P. orbicularis and P. chamacristoides) analyzed at the same concentration and in the same chromatographic
conditionsare shown in Figure 1. We compared the metabolite profile of the medicinal plant Phyllanthus
orbicularis with that from Phyllanthus chamacristoides not used in traditional medicine. The chromatograms
can be divided virtually in three regions, representing three different classes of molecules. From the
beginning of the chromatographic run to 3.5 min there is the elution of hydrophilic phenolic acids,
the central part of the chromatogram (from 3.5 to 4.8 min) is characterized by the presence of catechins
and procyanidins (monomers and polymers), and from 4.8 min to the end of the gradient the last eluting
molecules of these extracts are represented by more complex flavonoids. Analyzed compounds were
numbered from 1 to 9 (Suppl., Figure S1) in order of their retention times and correspond to the major
compounds detected (Table 1). In accordance with previously reported data, our results reveal the
presence of catechin (peak 4, Rt 3.85 min), procyanidin B2 (peak 5, Rt 4.07 min), epicatechin (peak 6,
Rt 4.23 min) and rutoside (peak 8, Rt 4.51 min) in P. orbicularis. The identity of these compounds was
confirmed by the analysis of authentic analytical standards. As Figure 1 shows, peak 3 is the major
compound in P. orbicularis and is present only in this species. Negative mode HRESIMS analyses of
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the other eluting peaks evidenced deprotonated ions [M−H]−(UVλmax) at m/z 315.0717 (255,sh290 nm),
m/z 355.0668 (326 nm), m/z 465.1039(290 nm), m/z 865.1984 (280 nm), and m/z 593.1514 (255 and 354 nm)
corresponding, respectively, to compounds 1, 2, 3, 7 and 9. Collected samples were first submitted to
direct infusion ESI-MS/MS fragmentation and then the whole extracts were analyzed by LC-HRESI-MSn

for further structural elucidations. Molecular fragments obtained by both methods were in accordance
with standards and literature data for all compounds investigated. The UV-Vis absorption features of
compound 1 (C13H16O9, Rt 3.49 min) fit with the presence of a protocatechuic moiety (255 nm; sh 290 nm).
The MS2 fragmentation pattern of the parent ion (m/z 315.0717) is consistent with protocatechuic acid
glucoside, showing the presence of the major fragment at m/z 153.0196 derived from the loss of the sugar
moiety. MS3 of this fragment gives rise to an ion at m/z 109 in accordance with the structure of this
molecule [27,28]. Compound 2 (C15H16O10, Rt 3.52 min) shows an UV-Vis spectrum with λmax at 326 nm
typical of hydroxycinnamate conjugated systems. ESI-MS2 fragmentation of the pseudomolecular ion at
m/z 355.0668 generates fragments at m/z 147.0301 and m/z 163.0405, resulting from two different cleavages
of the ester bond, and two complementary fragments at m/z 209.0304 (C6H9O8

−) and m/z 191.0198,
referring to glucaric acid and its dehydration product, respectively [29–31]. MS3 of the fragment at m/z
191 gives rise to subsequent glucaric acid decarboxylation products at m/z 147.1865 and m/z 85.0297.
Peak 2 was consequently identified as p-cumaroyl-glucaric acid. Compounds 7 (Rt 4.35 min) and 9

(Rt 4.6 min) were already detected in Phyllanthus orbicularis extracts and were re-identified by means of
their chromatographic behavior, spectroscopic features and ESI-HRMS/MSn fragmentation patterns [15].
Compound 7 shows a molecular ion at m/z 865.1986 and a UV-vis λmax at 281 nm. This molecule was
previously identified in this extract as the epicatechin trimer procyanidin C1. The MS/MS fragmentation
of the precursor ion generates the dimer at m/z 577.1353 with the same subsequent MS/MS fragmentation
pattern as procyanidin B1/B2 type molecules, confirming the nature of this compound [32]. Peak 9

was identified as the flavonol glycoside nicotiflorin in accordance to the literature data for this plant
constituent. MS/MS fragmentation of the pseudomolecular ion (m/z 593.1514 [M-H]−) gives rise to the
aglycone part at m/z 285.0403, corresponding to a kaempferol moiety. Further MS/MS of the fragment at
m/z 285 generates fragments at m/z 255, 227 and 151 [33].

Figure 1. UPLC-DAD (280 nm) chromatograms of Phyllanthus orbicularis and Phyllanthus chamacristoides
aqueous extracts and assignments of eluting peaks.
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Table 1. Spectroscopic and spectrometric data of identified compounds.

Peak
Retention

Time (min)
Compound

Molecular
Formula

λmaxabs(nm)
MS1 [M −
H]−(m/z)

MS2 [M −
H]−(m/z)

MS3[M −
H]−(m/z)

1 3.49 Protocatechuic acid
glucoside C13H16O9 290 315.0717 153.0196 109

2 3.52 p-Cumaroyl-glucaric
acid C15H16O10 326 355.0668 191.0198 147; 85

3 3.65 Fideloside C21H22O12 290 465.1039 345.0620
277; 179;

167

4 * 3.85 Catechin C15H14O6 278 289.0720 271.0620;
245.0825

5 * 4.07 Procyanidin B2 C30H26O12 280 577.1352
451.1036;
425.088;
289.0720

6 * 4.23 Epicatechin C15H14O6 278 289.0720 271.0620;
245.0825

7 4.35 Procyanidin C1 C45H38O18 281 865.1986

847.1882;
739.1667;
695.1407;
577.1353

[865→
577] 289

8 * 4.51 Rutoside C27H30O16 355 609.1460

9 4.60 Nicotiflorin C27H30O15 343 593.1514 285.0403 255; 227;
151

* confirmed by analytical standard injection.

2.2. Structure Elucidation of Compound 3 (Fideloside)

Although compound 3 is the major metabolite of P. orbicularis (m/z 465.1039 [M-H]−, Rt 3.65 min),
no previous chemical identification was reported [17]. The UV-Vis absorption features of this molecule
(λmax at 290 nm) suggested a not completely conjugated flavonoid system and the HRESI-MS derived
molecular formula of C21H22O12 indicates the presence of one hexose moiety. MS/MS fragmentation
of the precursor ion at m/z 465.1039 [M-H]− gives rise to a m/z 345.0620 [(M − H) − 120]− fragment,
generated by the cleavage in the glycoside portion on position 2”. These data are consistent with
a C-type glycosidic structure [34,35]. Further MS/MSof m/z 345 generates ions at m/z 179and 167
resulting from the retro-Diels–Alder fragmentation of flavonoid ring C, indicating the position of the
glycoside moiety to be on ring A. Another ion generated by MS3 fragmentation of m/z 345 is the m/z
277 ion generated by a cleavage in the B ring (Figure 2).

For completechemical characterization, compound 3 was isolated and the structure was elucidated
by means of 1H/13C 1D and 2D NMR and IR spectroscopy. Table 2 reports NMR data for compound
3. 1H/NMR and 13C/NMR spectra in DMSO-d6 display an array of signals in agreement with the
hypothesized structure and consistent with literature data of similar flavonoid C-glycosides (Suppl.,
Figures S2–S7) [35–37]. HMBC correlations from the anomeric sugar proton (H-1′’) to C-8, C-7 and C-9
established the presence of the glycosidic moiety at C-8. The diaxial coupling of H-2 and H-3 in the 1H
NMR spectrum indicates a trans-type dihydro-saturation at positions C-2 and C-3. Furthermore, NOESY
experiments suggest the positions of phenolic OH groups at C-3′ and C-4′ (Figure 3). The infrared
spectrum of compound 3 (Suppl., Figure S8) is in agreement with the structure, showing representative
IR vibrational bands at 3233 cm−1 (O–H stretching), 1633 cm−1 (C=O stretching), 1362 cm−1 (phenolic
C–O and O–H vibrational modes), 1277 cm−1 (C–O–C stretching in =C–O–C– groups) [38].
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Figure 2. Fideloside (3) MS/MSn fragmentation.

Table 2. 1D and 2D 1H/13C NMR data of Fideloside (3) in DMSO-d6 as solvent.

Nr. δ c DEPT δ H (J in Hz) 1H-1H COSY NOESY HMBC

2 82.1 CH 5.02 (d, 11.02) H-3 H-3-; H-6′; H-2′ H-2′;H-6′; OH-3
3 72.1 CH 4.25 (m) H-2; OH-3 H-2′, H-6′; OH-3 OH-3; H-2
4 197.9 C H-2; H-6;OH-3
5 162.1 C H-6; OH-5
6 95.6 CH 6.04 (s) OH-5
7 165.7 C H-6; H-1”
8 105.5 C H-6; H-1”-H; H-2”
9 161.4 C H-2; H-1”
10 100.5 C H-6; OH-5
1′ 128.4 C H-2; H-5′; H-2′
2′ 115.0 CH 6.94 (brs) H-6′ H-3; H-2 H-2; H-5′
3′ 144.6 C H-5′
4′ 145.1 C H-2′; H-6′
5′ 115.0 CH 6.73 (d, 8.09) H-6′ H-6′ H-2′; H-6′
6′ 118.3 CH 6.84 (brd, 8.09) H-2′; H-5′ H-2; H-5′; H-3 H-2′; H-2
1” 73.0 CH 4.45 (d, 9.63) H-2” H-3” H-2”; H-6
2” 70.2 CH 3.82 (brt, 9.53) H-1”; H-3”, OH-2” H-4”; H-3”; H-1” H-1”
3” 78.6 CH 3.11 (m) H-2”; H-4”; OH-3” H-1”; H-2” H-1”; H-2”
4” 70.4 CH 2.95 (br) H-3”; H-5”; OH-4” H-2”; OH-4; H2-6” H-5”; H-3”; H-1”
5” 81.3 CH 3.09 (m) H-6” H-2”; Hb-6” H-1”

6” 61.7 CH2
Ha: 3.70 (m)
Hb: 3.43 (m) H-5”; H-6”; OH-6” H-6”; H-4”

3-OH 5.82(d, 6.13) H-3 H-3
5-OH 12.01(s) H-6
7-OH -
3′-OH 8.87 (brs) H-2′
4”-OH 9.00 (brs) H-5′
2”-OH 4.62 (brs) H-2”
3”-OH 4.83 (brs) H-3” H-2”, H-4”
4”-OH 4.84 (brs) H-4”
6”-OH 4.57 (brs) H2-6”
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Figure 3. Fideloside (3) chemical structure with selected key NMR correlations.

The absolute configuration was elucidated by comparison of experimental and calculated circular
dichroism spectra. The measured spectrum shows the presence of a negative Cotton effect at 295 nm
and positive Cotton effect at 331 nm, which correspond to the (2R,3R) isomer (Figure 4), as previously
reported for flavanonols [37,39,40].

Figure 4. Left: comparison of experimental CD spectrum (black line) with Boltzmann weighted
calculated CD spectrum for the (2R,3R)-enantiomer of compound 3 with a similarity factor S = 0.7099 for
sigma = 0.3 eV and 18 nm shift. Right: calculated most stable conformation of the (2R,3R)-enantiomer.

The calculated relative conformational energies of the DFT optimized structures are listed in
Table 3. The comparison of the Boltzmann weighted calculated CD spectra with the experimental ones
clearly indicate that compound 3 adopts a (2R,3R)-configuration, since the fit with the experimental
spectrum for this configuration is much better (Figure 4) than for the (2S,3S)-configuration (Suppl.,
Figure S9, Table S1).

Table 3. Results of DFT calculations for the (2R,3R) enantiomer of compound 3.

Conformation O-C2-C1′-C2′ (in◦) C2′-C3′-O-H (in◦) Energy (kcal/mol) Boltzmann Weight CD-Fit

1 −61.8 −179.5 0 59.4 0.6757
2 122.8 2.4 0.66 19.5 0.5712
3 −54.7 1.0 0.97 11.5 0.7065
4 121.9 −179.0 1.08 9.6 0.5974

Boltzmann 0.7099
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On the basis of all experimental and calculated data, the chemical structure of this molecule is
elucidated as (2R,3R)-(−)-3’,4’,5,7-tetrahydroxydihydroflavonol-8-C-β-D-glucopyranoside, a structure
never reported previously for the genus Phyllanthus or in any other plant. We suggest to name this
new natural compound ‘Fideloside’ as the start of our work on this Cuban natural product coincided
with the death of the long term Cuban leader Fidel Castro Ruz (Birán, 1927–La Habana, 2016).

2.3. Modulation of Cytokine Production

Since flavonoids can act in multiple way on inflammatory processes and Fideloside comprises
the bioactive aglycon taxifolin, we investigated whether it is able to modulate interleukin production
in human monocytes. Figure 5 shows a first biological assessment of pro-inflammatory (IL-1beta,
IL-6) and anti-inflammatory (IL-10) cytokine production in human monocytes treated with poly-IC as
a pro-inflammatory stimulus.

Figure 5. Anti-inflammatory capacity of extracts (3 μg/mL) and isolated Fideloside (1 μM) from
Phyllanthus orbicularis. Levels of pro- and anti-inflammatory cytokines after poly-IC stimuli (CTRL+,
100%) of human monocytes.

These initial results show that the profile of interleukins secretion, in particular IL-10, seems to be
modulated by Fideloside similarly to the aqueous extract and aqueous fraction suggesting a crucial
role for this compound in the aqueous preparation used in Cuban traditional medicine.

3. Discussion

As expected, different polyphenols are the main secondary metabolites in both Cuban Phyllanthus
species, i.e., P. orbicularis and P. chamacristoides. P. orbicularis presents a more diverse profile of polyphenolic
compounds compared to P. chamacristoides, and especially a before unidentified dominating compound.
Alvarez and co-workers investigated P. orbicularis extracts by bioactivity-guided fractionation and
determined some phenolic compounds, like catechins and procyanidins, as anti HSV-2 compounds [15].
However, these authors did not characterize the main compound, which together with the identification
of several minor constituents, was still lacking [15,17]. Our results demonstrate the presence of phenolic
compounds unidentified in previous investigations in the two plant species and, most importantly,
of a new C-glycoside flavonoid from P. orbicularis which represents the main component (circa 70%) of
the aqueous infusion. This compound, and C-glycoside flavonoids in general, were not described for
the genus Phyllanthus until now. C-glycoside flavonoids are a rare and very interesting class of organic
natural compounds, considering that many of them have demonstrated their effectiveness as therapeutic
agents such as anti-inflammatory, antioxidant, anticancer and antidiabetic drugs [41]. Compared to
common glycosides (O- and N-), C-glycosides present minimal conformational differences with the
advantage of being resistant to enzymatic or acidic hydrolysis, since the anomeric center of the acetal
group is converted to an ether moiety.

Our finding is highly relevant from both a pharmacological and an analytical point of view, because
of its potential as a chemotaxonomic and drug quality analysis tool for the recognition and distinction
of effective P. orbicularis extracts versus, e.g., closely related species. The other consideration rises up
from the evidence that P. orbicularis is used in traditional medicine as an aqueous extract whereas
P. chamacristoides is not. Other than O-glycosides, C-glycosides are much more stable to hydrolysis
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during extraction and especially stomach passage (acidic cleavage), as well as in the further absorption
and metabolism in humans, i.e., in terms of an increased bioavailability and half-life time in vivo [41].
C-linked glycosides, as well as the enzymes involved in their metabolism (C-glycosyltranferases and
C-glycosidases), are extremely rare in nature and absent in human metabolism. These features can
confer to the molecule a very unique pharmacokinetic profile and distribution.

Fideloside (3) as major flavonoid was tested for its anti-inflammatory capacity on human monocytes
and demonstrated an increasing effect on the production of IL-10 anti-inflammatory cytokine with
respect to pro-inflammatory mediators. The aqueous extract and the aqueous fraction of P. orbicularis
show a closely related activity profile, suggesting that the newly discovered natural product could
act as the major compound responsible for the pharmacological properties of this medicinal plant.
In addition to the biochemical features, its physico-chemical properties are very interesting and
promising from a pharmacological point of view. The C-glycosidic moiety strongly increases the
water solubility and the bioavailability of the molecule, and, as pointed out above, suggests that its
amphiphilic behavior could be longer retained if applied orally. For the same reason, its “green”water
extraction is possible not only for direct consumption as in traditional applications, but also should
allow for easier processing into standardized formulations. Fideloside is the C-8-glycosylated form of
taxifolin, a well-known flavanonol found in a wide range of vegetables with strong antioxidant capacity
and recently published interesting bioactive properties, including anti-inflammatory activity [42–45].
To date, the only known natural C-glycosylated taxifolin is the C-6 glycoside with (2S,3S) stereochemistry
(Ulmoside), which biological activity is still under investigation [37,46].

As mentioned before, C-linked glycosidic phenols are a very unique class of compounds with future
potential in different fields. These modifications of plant secondary metabolites are biochemically and
evolutionally not well studied and characterized. Enzymes involved in C-glycosyl bond formation are very
little known, or minor amounts of C-glycosides are formed as minor byproduct of O-glycosylation [47].
The latter case is highly unlikely here, thus the elucidation of this new peculiar product from the Cuban
endemic Phyllanthus orbicularis can represent a starting point for the study and characterization of novel
enzymes involved in C-glycosyl phenolics biosynthesis.

4. Materials and Methods

4.1. Chemicals, Reagents and General Procedures

TLC was carried out on silica gel 60 F254 plates (Merck, Germany). Spots were visualized under UV
light (254 and 365 nm) or by heating after spraying with 2% vanillin solution (in 96%H2SO4). Low resolution
ESI-MS analyses were performed on a SCIEX API-3200 instrument (Applied Biosystems, Concord, Ontario,
Canada) combined with a HTC-XT autosampler (CTC Analytics, Zwingen, Switzerland). The samples
were introduced via autosampler and 2 μL loop injection. 1H, 13C NMR and 2D (COSY, HSQC, HMBC
and NOESY) spectra were recorded on an Agilent DD2 400 NMR spectrometer and the chemical shifts
were referenced to TMS or the solvent residual peak. UV spectra were measured with a Jasco V-560 UV/Vis
spectrophotometer. CD spectra were acquired on a Jasco J-815 CD spectrophotometer and the specific
rotation was measured with a Jasco P-2000 polarimeter. Infrared spectra (ATR) were recorded using
a Thermo Nicolet 5700 FT-IR spectrometer. Rutoside, (+)-catechin and (−)-epicatechin analytical standards
were obtained from Sigma Aldrich (Germany). Procyanidin B2 was used from the IPB-NWC in-house
reference compound library (isolated from Bumelia sartorum Mart.) [48]. All the reagents and solvents used
were of analytical and LC-MS grade.

4.2. Plant Material

Phyllanthus orbicularis Kunth was collected in February 2007 from Cajálbana, Pinar del Río,
Cuba. The specimens were authenticated and stored at the Cuban Botanical Garden (No.7/220 HAJB).
Phyllanthus chamaecristoides was collected in spring 2011 from Guantánamo region, Cuba (20◦ 28” 32.7””
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N, 74◦ 43” 45.4”” W). The specimens were authenticated by specialists of Cuban Botanical Garden, and
stored in this scientific institution as: Phyllanthus chamaecristoides Urbano subsp. baracoensis (TB4452).

4.3. Extraction and Compound Isolation

The plant material aerial parts were extracted with two different methods according to literature
data affording an aqueous extract (AE) and a crude methanolic extract (CE).

The aqueous extracts (AEs) were obtained from dried aerial parts (ground leaves and stems)
following previously described methods [16,25]. Briefly, dry plant material was extracted in bi-distilled
water under continuous shaking (1 g: 7.5 mL) for 4 h at 37 ◦C, or 2 h at 70 ◦C. After filtration and
lyophilization, the material was stored in a dry, cool place until subsequent analyses.

Crude extracts (CEs) were obtained by extracting grounddry plant aerial parts with 10 volumes
(w/v) of aqueous methanol (80% MeOH). After an initial 15 min of ultrasonication (bath), the plant
material was extracted other two times for 2h with 10 volumes each of 80%MeOH at room
temperature without sonication and one last time overnight at room temperature with the same
procedure. The combined extracts were filtered and the solvents were evaporated to dryness under
reduced pressure using a rotary evaporator. The isolation and purification of compound 3 was
performed as follows: 25 g of Phyllanthus orbilucularis dry material were extracted with 80% MeOH
as described above to obtain CE. The dry extract was resuspended in H2O and partitioned by
liquid–liquid extraction, first with n-hexane and then with ethyl acetate, to give the respective
H2O fraction (AF, 2.2 gr), n-hexane fraction (HF, 129 mg) and EtOAc fraction (EF 159 mg). Before
purification, every fraction was dissolved to the same concentration and checked by TLC and
UHPLC-DAD-MS. Then, 550 mg of AF were chromatographed on a Sephadex LH-20 (Pharmacia)
column using pure MeOH as eluent to obtain 20 mg of 3 (Rf 0.43; silica gel;EtOAc:MeOH:H2O/6:1:1)
(2R,3R)-(−)-3’,4’,5,7-tetrahydroxydihydroflavonol-8-C-β-d-glucopyranoside (Fideloside):

Yellow amorphous. [α]25
D−10.46 (c 0.5; MeOH). CD (c 0.005; MeOH) [θ]295−21,139, [θ]331 +5001.

UV λmax;MeOH: 290 nm. IR data: 3233 cm−1, 1633 cm−1, 1362 cm−1, 1277 cm−1.1H NMR: (DMSO-d6,
400 MHz) and δ: 13C NMR: (DMSO-d6, 101 MHz) see Table 2 HRESIMS [M − H]− calculated for
C21H21O12

−: 465.1038, found 465.1039.

4.4. UPLC-DAD-MS and ESI-MS/MS

UPLC-DAD-MS was performed on a Waters Acquity H-Class UPLC system (Waters, Milford,
MA, USA), including a quaternary solvent manager (QSM),a sample manager with a flow through
needle system (FTN), a photodiode array detector (PDA) anda single-quadruple mass detector with
electrospray ionization source (ACQUITY QDa). Chromatography was performed on a Waters C18
HSST3 column (100 mm × 2.1 mm i.d., 1.7 μm particle size). Solvent A was 0.1% aqueous HCOOH and
solvent B was 0.1% HCOOH in CH3CN. Flow rate was 0.5 mL/min and column temperature was set at
25 ◦C. Elution was performed isocratically for the first minute with 2% B; from minute 1 to minute 6
solvent B was linearly increased to 55%; from 6 to 10 min 20%A and 80%B; then, in 0.5 min solvent
B was set at 100% and maintained for 2 min. The column was re-equilibrated with 98% A and 2%B
before the next injection. Samples were dissolved in the mobile phase and 10 μL injected through the
needle. The PDA detector was set up in the range 200 to 600nm. Mass spectrometric detection was
performed in the negative electrospray ionization mode using nitrogen as nebulizer gas. Analyses
were performed in the Total Ion Current (TIC) mode in a mass range 50–1000 m/z. Capillary voltage
was 0.8 kV, cone voltage 30 V, ion source temperature 120◦C and probe temperature 600 ◦C. Direct
infusion ESI-MS/MS analyses were performed on UHPLC-DAD collected pure peaks.

4.5. LC-High Resolution-MSn

Separations were performed with the same chromatographic method described above ona Waters
C18 HSST3 column (100 mm × 1 mm i.d., 1.7 μm particle size) using a Dionex Ultimate 3000 UHPLC
System, equipped with a quaternary pump, autosampler (100 μL sample loop, partial injection mode,
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2 μL injection volume, sample temperature 8 ◦C), and DAD Detector (Thermo Fisher Scientific, Bremen,
Germany). The effluent from the PDA detector was connected on-line to an LTQ-Orbitrap Elite mass
spectrometer equipped with a high-temperature electrospray ionization (HESI) ion source, controlled
by the Excalibur 2.7 software (Thermo Fisher Scientific, Bremen, Germany) and operated in the
negative ion mode. The ion spray voltage was set to 4.0 kV, sheath and auxiliary gases on 20 and 5 psi,
respectively. The Orbitrap-MS spectra were acquired within the m/z range of 50–2000 and resolution
of 30,000. The tandem mass spectra were acquired by collision induced dissociation (CID) in linear
ion trap (LIT) at 35% normalized collision energy and isolation width of 2.0 m/z. The fragments were
detected at anFT-resolution of 30,000.

4.6. Molecular Modeling and DFT Calculations

NMR-measurements of compound 3 clearly indicate a trans conformation for C2-C3 hydrogen
atoms, which are possible only for a (2S,3S) or (2R,3R) configuration even when an axial orientation of
the dihydroxybenzyl moiety is taken into consideration. Therefore, CD-spectra where calculated for
the two enantiomers and compared with the experimental one. The models were constructed using
the Molecular Operating Environment (MOE) software and energy optimized using the MMFF94
molecular mechanics force field [49,50]. Conformational analysis was performed with the low mode
conformational search module implemented in MOE. As first result, four conformations for each
enantiomer with almost identical energies appeared for the dihydroxybenzyl moiety. The resulting
most stable conformation for the sugar moiety was incorporated in an identical fashion for all further
calculations. For validation of the obtained results for the entire compounds, corresponding calculations
were performed with removed sugar moiety. All four low energy conformations of each enantiomer
were optimized by using density functional theory (DFT) with BP86 functional and the def2-TZVPP
basis set implemented in the ab initio ORCA 3.0.3 program package [51–56]. The influence of the
solvent MeOH was included in the DFT calculations using the COSMO model [56]. For the simulation
of the CD spectra, the first 50 excited states of each enantiomer were calculated by applying the
long-range corrected hybrid functional TD CAM-B3LYP with the def2-TZVP(-f) and def2-TZVP/J basis
sets. The CD curves were visualized and compared with the experimental ones with the help of the
software SpecDis 1.64 [57].

4.7. Human Monocyte Isolation andAssessment of Cytokine Release

PBMCs (peripheral blood mononuclear cells) were isolated from the fresh blood of healthy donors
(DRK Berlin, in accordance with the recommendations of the local ethics committee on human studies,
Charité, Berlin, Germany) by density gradient centrifugation. Briefly, blood was added to Leucosep
tubes (Greiner Bio-one GmbH, Frickenhausen, Germany) containing 15 mL of Leukocyte separation
medium (Ficoll-Paque Plus, GE Healthcare Biosciences AB, Uppsala, Sweden) and centrifuged at
840× g for 20 min without breaks at room temperature. The interphase (PBMCs) was harvested and
washed two times with PBS/BSA/EDTA (PBS + 0.2% BSA + 2 mM EDTA) and centrifuged (20 ◦C,
15 min, 200× g) to remove platelets. Monocytes were isolated using the monocyte isolation Kit II
(Miltenyi Biotech GmbH Bergisch Gladbach, Germany) following the manufacturer’s instructions.
The purity of monocytes as assessed by flow cytometry was between 90% and 95% (±2%). Cells
were seeded at 1 × 105 cells/well in serum free medium (X-Vivo 15, Lonza, Verviers, Belgium) in
a round-bottom 96 well plate (Sarstedt AG & Co. KG, Nümbrecht, Germany) in the presence of the
extracts or compounds or 0.1% DMSO (as control) and activated with 3 μg/mL poly-IC (Sigma Aldrich,
Taufkirchen, Germany). Extracts or compound concentrations used for anti-inflammatory activity assay
were previously assessed non-toxic for the cells by flow cytometry analyses. After 24 h of incubation at
37 ◦C supernatants were harvested and cytokine release was measured using a bead-based multiplex
cytokine assay (Cytokine 25-Plex human Procarta Plex Panel 1B, Thermo Fisher Scientific, Darmstadt,
Germany) and the Bioplex 200 system (Bio-Rad Laboratories GmbH, München, Germany).
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5. Conclusions

Our results demonstrate the presence of a new bioactive natural product, (2R,3R)-(−)-3’,4’,5,7-
tetrahydroxydihydroflavonol-8-C-β-D-glucopyranoside (Fideloside, 3), here reported for the first time,
belonging to the rare but highly-valued class of C-glycosylated phenols. The compound was isolated and
purified from the endemic Cuban medicinal plant Phyllanthus orbicularis, and the chemical structure was
unequivocally assessed as C8-glucoside of (2R,3R)-taxifolin by means of spectrometric, experimental and
molecular modeling techniques. While is already taxifolin endowed with antioxidant and anti-inflammatory
activities, the C-glycosylation could give to this derivative even better pharmacological and pharmaceutical
properties. Preliminary experimental results on human monocytes demonstrated a promising bioactivity
profile, with a positive modulation of anti-inflammatory mediators with respect to pro-inflammatory ones
after cellular pro-inflammatory stimulus. In view of the above, Fideloside and P. orbicularis represent an
important starting point for further bioactivity studies and of both the development of a standardized
phytopharmaceutical product and the biochemistry of C-glycosylation.

Supplementary Materials: The following are available online, Figure S1: chemical structures; Figures S2–S7:
NMR spectra; Figure S8: infrared spectrum; Figure S9: (2S,3S) enantiomer CD spectrum and conformation;
Table S1: DFT calculations for (2S,3S) enantiomer.
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Abstract: 2′,4′-Dihydroxy-6’-methoxy-3′,5′-dimethylchalcone (DMC), a principal natural chalcone of
Cleistocalyx operculatus buds, suppresses the growth of many types of cancer cells. However, the effects
of this compound on pancreatic cancer cells have not been evaluated. In our experiments, we explored
the effects of this chalcone on two human pancreatic cancer cell lines. A cell proliferation assay revealed
that DMC exhibited concentration-dependent cytotoxicity against PANC-1 and MIA PACA2 cells,
with IC50 values of 10.5 ± 0.8 and 12.2 ± 0.9 μM, respectively. Treatment of DMC led to the apoptosis
of PANC-1 by caspase-3 activation as revealed by annexin-V/propidium iodide double-staining.
Western blotting indicated that DMC induced proteolytic activation of caspase-3 and -9, degradation
of caspase-3 substrate proteins (including poly[ADP-ribose] polymerase [PARP]), augmented bak
protein level, while attenuating the expression of bcl-2 in PANC-1 cells. Taken together, our results
provide experimental evidence to support that DMC may serve as a useful chemotherapeutic agent
for control of human pancreatic cancer cells.

Keywords: Cleistocalyx operculatus; 2′,4′-dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC);
pPancreatic cancer; PANC-1

1. Introduction

Pancreatic cancer (PC) causes significant mortality in the USA and other countries [1].
The GLOBOCAN 2012 summit reported that PC is responsible for over 331,000 deaths annually,
and is the seventh leading cause of cancer deaths in both males and females [2,3]. PC includes
adenocarcinomas, accounting for approximately 85% of cases, with an overall 5-year survival rate of
5–10%, and endocrine tumors constituting less than 5% of all cases [2,3]. The causes remain insufficiently
known; however, previous studies have established that the risk factors include obesity, a genetic
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predisposition, diabetes, a poor diet, and physical inactivity. In addition, smoking was recognized to be
a risk factor of PC. [4,5]. Over the past 10 years, PC mortality has increased in both genders in the USA,
Europe, Japan, and China [4,5]. Currently, there are no effective screening recommendations for PC;
therefore a better understanding of the cause and identification of risk factors is essential to prevent
this disease [6]. Several therapies for PC such as radiotherapy, chemotherapy, and immunotherapy
have been developed; however, drug development for this cancer remains challenging. In the search
for new anti-PC drugs, natural products have been identified as potential sources for the development
of new drugs [7,8].

Cleistocalyx operculatus, a member of Myrtaceae family, had been used as a beverage since ancient
times in Vietnam for the treatment of cold, fever, inflammation, and gastrointestinal disorders [9].
A bud water extract increased contractility and decreased the frequency of contraction in an isolated
rat heart perfusion system. Moreover, data from several studies also suggested that this extract
protected lipid peroxidation in rat liver microsomes and the trauma of PC12 cells; and inhibited
α-glucosidase, rat-intestinal maltase, and sucrase activities [10–13]. The plant contains chalcones,
flavanones, flavones, and triterpenoids exhibiting many pharmaceutical activities, including anti-tumor
effects; inhibition of cancer cell growth; and anti-cholinesterase, anti-oxidation, anti-hyperglycemia,
anti-influenza, and anti-inflammation activities [14–18]. Of the active compounds, the chalcone
2′,4′-dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (DMC) exhibited both cytotoxic and anti-tumor
effects in vivo and was cytotoxic to several cancer cell lines in vitro. DMC could reverse multi-drug
resistance in HCC cell lines. Moreover, this compound displayed hepatoprotection and neuroprotection,
promoted glucose uptake, affected the differentiation of 3T3-L1 cells into adipocytes; and reduced drug
efflux by suppressing Nrf2/ARE signaling in human HCC BEL-7402/5-FU cells [19–22]. DMC triggers
SMMC-7721 cell apoptosis via the mitochondrion-dependent pathway, inhibiting Bcl-2 expression
and thus causing outer mitochondrial membrane disintegration [23]. DMC is the most cytotoxic agent
isolated from the plant to date. Here, we isolated DMC (Figure 1A) from buds of C. operculatus
using several chromatographic steps, and explored the effects thereof on some human cancer cell lines.
We also provide the first evidence that DMC induces apoptosis of the human pancreatic cancer cell
lines PANC-1.

2. Results

2.1. Cell Proliferation Activity

To investigate the effects of DMC on the human pancreatic cancer cell lines PANC-1 and MIA PACA2
growth, cells were treated with DMC (3–30 μM) for 48 h, and after that, cell numbers and viability
were measured using a Dojindo kit. DMC significantly inhibited PANC-1 (Figure 1B) and MIA PACA2
cell proliferation (Figure 1C) in concentration-dependent manners, with IC50 values of 10.5 ± 0.8
and 12.2 ± 0.9 μM, respectively. Inverted microscopy revealed that exposure to DMC for 24 h greatly
affected the number of cell death of PANC-1 cells (Figure 1D). Considering that DMC showed stronger
toxicity against PANC-1 than MIA PACA2 our subsequent studies focused on the mechanism of action
of DMC in PANC-1.

2.2. Caspase-3 activity

Caspase-3 is a member of the cysteine-aspartic acid protease family and usually exists as an inactive
precursor of 32 kDa in size. When it is in activation mode, this causes the death of cell by an apoptosis
pathway via cleavage of proteins into heterozygous substances. DMC (3–30 μM) was added to PANC-1
cells (1 × 106/well) followed by incubation for 12, 24, and 48 h; this enhanced caspase-3 activation
was measured by assaying the levels of Ac-Asp-Glu-Val-Asp-8- amino-4-trifluoromethylcoumarin
(Av-DEVD-AFC).
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Figure 1. (A) Chemical structure of DMC; Effect of DMC on PANC-1 (B), and MIA-PACA2 (C) cell
viability; and (D) PANC-1 cell morphology visualized by light microscopy (scale bar 500 μm), cells
were seeded into 6-well plates at 1 × 105 cells/well and treated with the indicated concentration of
DMC for 24 h. Data are presented as the mean ± standard deviation of three independent experiments
performed in duplicate (*p < 0.01; **p < 0.05).

Figure 2 shows that caspase-3 activity increased 3–9-fold in a dose-dependent manner,
when DMC-induced activities were compared to those of the vehicle.

Figure 2. The increment of caspase-3 activity in PANC-1 cells treated by DMC in vitro. After 12 h, 24 h
and 48 h incubation with DMC (3–30 μM), the cell lysates were incubated at 37 ◦C with caspase-3
substrate (Ac-DEVD-AFC) for 1 h. The fluorescence intensity of the cell lysates was measured to
determine the caspase-3 activity. The blank group was used as 0.1% DMSO-treated cells. Data are
presented as the mean ± SD of results from three independent experiments (* p < 0.01; ** p < 0.05).

2.3. Induction of Apoptosis by DMC

Next, PANC-1 cells (5 × 105) were treated with DMC (3–30 μM) for 48 h, stained with annexin
V/PI, and subjected to flow cytometry using a BD Biosciences platform. Early and late apoptotic cells,
and necrotic cells, were counted; and total and early apoptosis quantified (Figure 3). Apoptotic cell
numbers increased in a DMC dose-dependent manner.
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LL
(Annexin V−/PI–)

LR
(Annexin V+/PI–)

UL
(Annexin V–/PI+)

UR
(Annexin V+/PI+)

Control 92.4 ± 3.7 2.8 ± 1.0 3.50 ± 0.8 6.1 ± 0.9
DMC (3 μM) 85.4 ± 2.3 0.5 ± 0.2 5.5 ± 1.0 8.2 ± 1.4
DMC (10 μM) 50.7 ± 4.4 6.2 ± 1.5 12.0 ± 2.5 32.8 ± 2.8
DMC (30 μM) 1.0 ± 0.3 0.1 ± 0.1 5.2 ± 0.5 95.1 ± 1.6

Figure 3. Effect of DMC on apoptosis of PANC-1 cells. Apoptosis quantification using annexin V/PI
double staining assay after treatment with DMC (3–30 μM) for 48 h. PANC-1 cells were harvested
and stained with PI and annexin V-FITC in darkness for 15 min. Data are presented as the mean ± SD
of results from three independent experiments.

2.4. Effect of DMC on the Expression of Apoptosis-Related Protein

As the apoptotic cell population thus increased dramatically, we next measured the levels of
apoptotic proteins. We used western blotting to detect death receptors and pro-apoptotic ligands
that might be involved in DMC (3–30 μM)-induced PANC-1 apoptosis. As shown in Figure 4,
DMC significantly inhibited expression of the anti-apoptotic Bcl-2 protein in a dose-dependent manner.
Notably, the levels of the pro-apoptotic Bax protein were also changed by DMC. Recent evidences have
suggested that the mitochondrial mutilation expedited cytochrome c (Cyt-c) which was discharged from
mitochondria into the cytoplasm, triggering apoptotic progression. This process caused the stimulation
of the caspase signaling and mitochondria-facilitated apoptosis so we assessed whether DMC triggers
apoptosis via this mechanism in PANC-1 cells. We used western blotting to measure Cyt-c protein
levels. DMC upregulated cytosolic Cyt-c expression and downregulated Bcl-2 synthesis compared to
untreated cells (Figure 5). One of the other substrates for caspase during apoptosis is PARP, an enzyme
that appears to be involved in DNA repair and genome surveillance and integrity in response to
environmental stress. The beginning of caspase signaling activation might cause PARP cleavage which
was considered as the main pathway in triggering apoptosis. As shown in Figure 4, exposure to DMC
(3–30 μM) for 48 h triggered progressive PARP proteolytic cleavage and/or downregulation. We used
western blotting to quantitate the levels of cleaved caspase-3 and -9; DMC upregulated cleavage of
both proteins (Figure 4), explaining the Bcl-2 downregulation evident in Figure 5.
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Figure 4. Effect of DMC on caspase activation and PARP degradation protein expression in PANC-1
cells. Cells were treated with DMC (3–30 μM) for 48 h. Protein 50 μg/lane from cells lysates were
electrophoresed on SDS-PAGE gels, then transferred to total blot PVDF membranes. β-Actin was used
as a control, (–), 0.1% DMSO-treated cells. The experiments were carried out in three replicates.

Figure 5. Effect of DMC on Bcl-2, Bax and Cyt-c protein expression in PANC-1 cells. Cells were
treated with DMC (3–30 μM) for 48 h. Protein 50 μg/lane from cells lysates were electrophoresed on
SDS-PAGE gels, then transferred to total blot PVDF membranes. β-Actin was used as a control, (–) 0.1%
DMSO-treated cells. The experiments were carried out in three replicates. * P < 0.05 and P < 0.01
compared with control group.

3. Discussion

The pear-shaped pancreas—an abdominal organ located horizontally behind the lower part of
the stomach—is an important component of the digestive system, secreting hormones, including insulin,
that regulate sugar metabolism and digestive enzymes. Pancreatic cancer begins in the tissues of
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the pancreas. This cancer usually has a poor prognosis, even when the patient is diagnosed at the early
stage because its signs and symptoms are hard to identify. The symptoms of pancreatic cancer generally
mostly appear at the advanced stages of the disease. Some of the signs and symptoms of pancreatic cancer
patients that might be identified include upper abdominal pain that spreads to the back, jaundice, yellow
eyes, loss of appetite, weight loss, and depression. At present, the causes of the cancer remain unclear.
There are two types of pancreatic cancer, including cancer formed in the pancreas (adenocarcinoma)
and cancer formed in hormone-producing cells which is called endocrine. Pancreatic cancer is one of
the most prevalent malignant tumors in the world and the treatment regimens for pancreatic cancer
primarily depend on the cancer stages [7,8]. Nowadays, about 15–20% of patients undergo surgery
and only 5% of them survive to 5 years [8]. The recent increase in cancer incidence, the absence of a cure,
and severe side effects of existing drugs render it essential to find new effective therapeutics. In Vietnam,
both Western and Oriental (natural plant) medicines are used to treat pancreatic cancer. Oriental
medicines have fewer side effects and are less expensive than Western drugs. The herbal remedies used
also target cancer-related impacts on the spleen, and sputum production. The recommended medicines
include Radix Astragali membranacei, Scutellaria barbata, Plumbago zeylanica, Poria cocos, Angelica sinensis,
and Rhizoma atrclylodis macrocephalae [9]. However, one of the limitations in the treatment of this
disease by traditional oriental medicine method is due to the lack of scientific research perspectives in
using of medicinal herbs with different ingredients and amounts.

In the last 10 years, many natural medicinal products have been used to treat pancreatic cancer.
Fucoidan from a seaweed collected in Okinawa destroyed pancreatic tumor cells, and tumors regressed
after 4–5 years of treatment [24]. α-Bisabolol (a sesquiterpene essential oil ingredient) reduced
proliferation and survival of the pancreatic cancer cell lines KLM1, KP4, Panc1, and MIA Paca2;
but not a pancreatic epithelial cell line (ACBRI515) [25]. Daily intake of plants rich in flavonoids
and proanthocyanidins reduces the risk of pancreatic cancer by 25% [26–28]. Ethyl acetate extracts
of Coreopsis tinctoria rich in flavonoids such as marein and flavanomarein kill pancreatic tumor cells
by inducing apoptosis [29]. Scutellaria baicalensis extracts containing baicalein, wogonin, oroxylin
A, and a glucuronide effectively countered pancreatic cancer in a mouse xenograft model [30,31].
The natural flavonoids and chalcons have many pharmaceutical applications, including antioxidant
and anticancer ones. 2′,4′-Dihydroxy-6′-methoxy-3’,5’-dimethylchalcone (DMC) is also an important
natural chalcone that has been shown to exhibit tremendous pharmacological activities which include
anticancer activity against the wide range of cancer types. However, the anti-pancreatic cancer
activity of DMC has not been previously investigated. In this study, DMC was selected to investigate
the capability against PANC-1 cell lines. To clarify mechanism responsible for its anticancer activity,
DMC at the concentration of 3–30μM enhanced annexin-V uptake in PANC-1 cells signifying traslocation
of the cell membrane phospholpids, phosphatidylsenin, from inner face to the outer surface of plasma
membrane of PANC-1 cells then led to the cell apoptosis (Figure 3). Apoptosis, however, is known to
be triggered by different routes, and the mitochondrials enhancement is a popularly crucial signalling
pathway in the induction of apoptosis progress. Among these mitochindrials, the Bcl-2 family proteins
are frequently main factors in apoptotic pathway due to their natural functional property. Bcl-2 family
proteins play major roles in apoptosis and it has been suggested that such proteins exert either pro- or
anti-apoptotic effects. The proteins either activate or inactivate transport through inner mitochondrial
membrane pores, thus regulating the matrix Ca2+ level, the pH, and the cell membrane potential.
Some pro-apoptotic Bcl-2 proteins may induce cytochrome c (Cyt-c) release to the cytosol; anti-apoptotic
Bcl-2 proteins may inhibit such release. Cytosolic Bcl-2 proteins activated caspase-9 and -3, triggering
apoptosis, meanwhile Bax was once termed Bcl-2-like protein 4, and is a pro-apoptotic protein;
Bcl-2 is a major anti-apoptotic protein. Bax in the outer mitochondrial membrane enables the release
of Cyt-c and activates caspase-9, a cysteine-aspartic protease involved in apoptosis and cytokine
signaling. Caspase-3 is activated by proteolytic cleavage of caspase 9 to play a key role in apoptosis,
further stimulating Cyt-c release by mitochondria and activating apaf-1 (the apoptosome), which
then cleaves the caspase-9 pro-enzyme to the active dimer. In human cancer cells, this enzyme is
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regulated via phosphorylation mediated by an allosteric inhibitor, inhibiting dimerization and inducing
a conformational change. Stimulation of caspase signaling and the accompanying cleavage of PARP are
the principal features of the apoptotic cascade. We found that DMC activated enzymes and the PARP
pathway to induce PANC-1 cell death, augmented by changes in Bcl-2 and Bax expression levels. DMC
triggered the dose-dependent release of Cyt-c from mitochondria into the cytoplasm of PANC-1 cells.

DMC induces apoptosis in several human cancer cell lines including SMMC-7721
(human hepatocarcinoma cancer cells), 8898 (pancreas cancer cells), HeLa (cervical cancer cells),
SPC-A-1 (lung cancer cells), 95-D (metastatic lung carcinoma cells), and GBC-SD (gall bladder
carcinoma cells). When SMMC-7721 cells were treated with DMC for 48 h, the DNA became
fragmented and the chromatin condensed. Also, the proportion of hypodiploid SMMC-7721 cells
increased after DMC treatment [32]. At a low concentration, DMC inhibited proliferation of the human
leukemia cell line K562. Notably, DMC downregulated Bcl-2 protein expression but did not affect
Bax protein expression, thus reducing the Bcl-2:Bax ratio [33]. DMC was not toxic to normal human
liver L-02 or normal human fetal lung fibroblast HFL-1 cell lines. In SMMC-7721 cells, DMC induced
apoptosis by increasing intracellular ROS generation via inhibition of N-acetylcysteine activity [23].
Our data partly explained why DMC triggers PANC-1 cell apoptosis. We conclude that DMC exhibits
significant anti-PANC-1 cancer cell activity; however, further in vivo evaluation in a mouse model of
pancreatic cancer is essential.

4. Material and Methods

4.1. General Experimental Procedures

NMR experiments were conducted on a Unity INOVA 400 spectrometer (Varian, IL, USA).
1H- and 13C-NMR spectra were recorded at 400 and 100 MHz, respectively, and tetramethylsilane
was used as the internal standard. ESI MS analyses were performed on a Micromass QTQF2 mass
spectrometer (Water, Milford, MA, USA). The untraviloet (UV) was measured with a Shimadzu
UV-1800 UV-Vis spectrophotometer (Shimadzu, Japan). IR spectrum was measured with a Shimadzu
IR-408 spectrophotometer in CHCl3 solution (Shimadzu, Japan). TLC was carried out on silica gel
F254-precoated glass plates and RP-18 F254S plates (Merck, Germany). Dulbecco’s modified Eagle
medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA 0.25%, streptomycin and penicillin were
obtained from Hyclone (Logan, UT, USA). Dimethyl sulfoxide (DMSO), and a Dojindo Kit was
purchased from Dojindo Molecular Technology INC (Maryland, USA). Annexin V-FITC/PI double
staining detection kit, mitochondrial membrane potential assay kit with caspase-3 activity assay
kit, propidium iodide (PI) were purchased from Beyotime (Beyotime Institute of Biotechnology,
Shanghai, China). All used chemicals and reagents were of analytical grade.

4.2. Plant Material

The buds of Cleistocalyx operculatus were collected at Quang Nam province, Vietnam, in July 2017
and identified by Dr Pham Cong Tuan, Danang Traditional Medicine Hospital (Danang city, Vietnam).
A voucher specimen (TMH-22-2017) was deposited in the Pharmaceutical Biology Laboratory of
the University of Danang (Danang city, Vietnam).

4.3. Isolation of DCM

The air-dried buds (2.0 kg) were extracted with 70% ethanol (2 liters × 3 times). The 70%
EtOH extract was combined and concentrated in vacuo to yield a residue which was suspended
in water and then successively partitioned with n-hexane, EtOAc, and n-BuOH. After removal of
solvent in vacuo, the n-hexane fraction was obtained (16.8 g). The n-hexane soluble fraction (HEX)
was separated by silica gel column chromatography using a gradient of n-hexane−EtOAc (from 40:1
to 1:1) to yield 20 fractions (HEX.1 ~ HEX.20) according to their TLC profiles. Fraction HEX-5 (5.62 g)
was further fractionated on a Sephadex LH-20 column eluting with MeOH to divide to six sub-fractions
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(HEX.5.1-HEX.5.6). 2’,4’-Dihydroxy-6’-methoxy-3’,5’-dimethylchalcone (DMC, 1.6 g) was obtained
from HEX.5.2 by crystallization from MeOH.

2′,4′-Dihydroxy-6′-methoxy-3’,5’-dimethylchalcone (DMC): Orange yellow needles (MeOH),
mp 124–125 ◦C, UV λmax (MeOH) nm (log ε): 284 (4.15), 320 (4.13); IR (KBr) cm−1: 3460, 2875,
2750, 1630, 1550, 1450; ESI-MS m/z 312.1 [M]+ (calcd for C18H16O5), for 1H and 13C-NMR spectral data
please see Supplementary Materials and in the comparison with previous reference [10].

4.4. Cell Lines and Culture

The human pancreatic cancer cell lines PANC-1 (human pancreas) and MIA-PACA2
(human pancreatic carcinoma) were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The cells were maintained in DMEM (GibcoBRL, NY, USA) with 10%
fetal bovine serum (FBS) supplemented with 2% penicillin and 100 μg/mL of streptomycin at 37 ◦C in
a 95% humidified atmosphere containing 5% CO2.

4.5. Cell Proliferation Activity Assay

Cell proliferation activity of DMC was determined against PANC-1 and MIA-PACA2 cancer cell
lines using a Dojindo kit with a slight modification. Viable cells were seeded in the growth medium into
96-well microtiter plates (95 μL, concentration 1 × 104 cells/well) and incubated at 37 ◦C in a 5% CO2

incubator. The test sample DCM was dissolved in DMSO and adjusted to final sample concentrations
ranging from 3 to 30 μM by diluting with the growth medium. Each sample was prepared in triplicate.
The final DMSO concentration was adjusted to <0.1%. After standing for 4 h, the test sample was
added to each well. The same volume of medium with 0.1% DMSO was added to the control wells.
After 48 h incubation, Dojindo reagent was added to the each well (10 μL). 4 h later, the plate was
removed from incubator and the optical density (O.D) was measured at 450 nm using a Molecular
Devices microplate reader (Molecular Devices, Sunnyvale, CA, USA). The IC50 value was defined
as the concentration of sample which reduced absorbance by 50% relative to the vehicle-treated control.

4.6. Caspase-3 Actyivation Assay

Caspase-3 enzyme activity was measured by proteolytic cleavage of the fluorogenic substrate
Ac-DEVD-AFC by counting on a fluorescence plate reader (Twinkle LB970 microplate fluorometer,
Berthold Technologies, Bad Wildbad, Germany). PANC-1 cells (1 × 105 cell/well) were treated with
DCM (3–30 μM). After incubation for 24 h, cells were harvested and washed with cold PBS. The pellets
were lyzed using 15 μL of lysis buffer [10 mM Tris-HCL (pH 8.0), 10 mM EDTA, 0.5% Triton X-100]
at room temperature for 10 min, and then placed on ice; 100 μL of assay buffer [100 mM Hepes (pH 7.5),
10 mM dithiothreitol, 10% (w/v) sucrose, 0.1% (v/v) Chaps, 0.1% (v/v) BSA] and 10 μL of substrate
solutin (200 μm substrate in assay buffer) were added. After incubation at 37 ◦C for 1 h, fluorescence
was measured with excitation at 370 nm and emission at 505 nm.

4.7. Detection of Apoptosis by Double Stanning

The Annexin V-FITC/PI staining kit was used to detect the phosphatidylserine translocation,
an important characteristic at an early stage of cell apoptosis. Briefly, PANC-1 cells were seeded in 6 well
plates at a density of 2 × 105 cells/mL and incubated for 24 h. After that, cells were treated with different
concentrations of DMC for 48 h. The cells were collected and washed in PBS, then were resuspended
in 195 μL binding buffer, and incubated with 10 μL Annexin V-FITC and 5 μL PI in the dark for 20 min.
Thereafter, the solutions were immediately measured by FCM (Beckman, Fullerton, CA, USA).

4.8. Preparation of Total Cell Extract and Immuno Blot Analysis

Immunoblot analysis, and immunoreactive proteins were visualized by an enhanced
chemiluminescence (ECL) procedure according to the manufacturer’s protocol. PANC-1 cells
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(5 × 105 cells/mL) were treated with DMC (3-30 μM) for 24 h at 37 ◦C. Cell lysates were prepared
in 100 μL of lysis buffer (Sigma, Ronkonkoma, NY, USA) containing a protease inhibitor cocktail
(Roche, Mannheim, Germany). Insoluble material was removed by centrifugation at 14,000 rpm for
10 min. And then the protein contents in the supernatant were measured using a Bio-Rad DC protein
assay kit. The protein extract (50 μg/well) was separated by SDS-PAGE and then transferred onto
PVDF membranes (Bio-Rad, Hercules, CA, USA). The membranes were bloked with 5% (w/v) non-fat
dry milk in TBS-T [Tris-buffered saline containing 0.1% (v/v) Tween-20] at 4 ◦C overnight and incubated
with primary antibodies at room temperature for 1.5 h. The membranes were washed three times
with TBS-T, and blotted with secondary antibodies conjugated with horse-radish peroxidase at room
temperature for 1.5 h, followed by washing three times in TBST-T. Immunoreactive proteins were
visualized by an enhanced chemiluminescence (ECL) procedure according to the manufacturer’s
protocol (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and exposed to X ray films. Protein contents
were normalized by reprobing the same membrane with anti-β-actin detection; previously used
membranes were soaked in stripping buffer (Gene Bio-Application Ltd., Yavne, Israel) at room
temperature for 20 min.

4.9. Statistical Analysis

All treatments were conducted in triplicate and the results are presented as the mean ± standard
deviation (S.D). The statistical significance of all treatment effects was evaluated by Student’s t-test
with a probability limit for significance of p < 0.05, p < 0.001.

Supplementary Materials: The following are available online, Figure 1: 1H NMR spectra of DMC (600 MHz,
MeOD). Figure 2: 13C NMR of DCM (125 MHz, MeOD).
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Abstract: Preparations from the dried tubers of Harpagophytum procumbens (Burch.) DC ex Meisn,
commonly known as devil’s claw, are mainly used in modern medicine to relieve joint pain and
inflammation in patients suffering from rheumatic and arthritic disorders. This paper describes for
the first time the chemical profile of a commercial spagyric tincture (named 019) prepared from the
roots of the plant. For comparison purposes, a commercial not-spagyric devil’s claw tincture (NST)
was also analyzed. Chemical investigation of the content of specialized metabolites in the three
samples indicated that harpagoside was the main compound, followed by the two isomers acteoside
and isoacteoside. Compositional consistence over time was obtained by the chemical fingerprinting
of another spagyric tincture (named 014) from the same producer that was already expired according
to the recommendation on the label of the product. The two spagyric preparations did not show
significant compositional differences as revealed by HPLC and MS analyses, except for a decrease in
harpagide content in the expired 014 tincture. Moreover, their antioxidant capacities as assessed by
2,2’-di-phenyl-1-picrylhydrazyl (DPPH) and 2.2’-azin-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) methods resulted in very similar IC50 values. The expired 014 tincture showed instead a
lower IC50 value compared to the 019 and NST tinctures with the ferric reducing antioxidant potential
(FRAP) assay, indicating a higher ferric-reducing antioxidant ability. Overall, these results indicated
that the two preparations could generally maintain good stability and biological activity at least for
the four years from the production to the expiration date.

Keywords: Harpagophytum procumbens; devil’s claw; harpagoside; spagyric tincture; antioxidant
activity

1. Introduction

Harpagophytum procumbens (Burch.) DC ex Meisn, commonly known as devil’s claw, is a plant
native to southern Africa, where it is traditionally used as a bitter tonic and a stomachic and also for
the treatment of fever, gout, myalgia, and arthritis [1,2]. Accordingly, preparations from the dried
tubers of the plant are mainly used in modern medicine and as health products to relieve joint pain and
inflammation in patients suffering from rheumatic and arthritic disorders. Clinical studies have in fact
shown that extracts from the roots of this plant are good therapeutic remedies for degenerative diseases
of the musculoskeletal and locomotor systems [1,3]. In addition, the use of devil’s claw secondary
tubers is also approved in preparations for the relief of mild digestive disorders and for the temporary
loss of appetite [4,5].

The European Medicines Agency (EMA) recommends preparations obtained by comminuting or
powdering the roots of the plant. Liquid, soft, or dry extracts for oral use made in ethanol or water
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are also included in the recommendation [4,5]. Spagyric tinctures based on H. procumbens are also
available on the market for articular and rheumatic complaints.

The manufacturing of a spagyric tincture is based on two main stages, namely maceration
and fermentation of the drug in alcohol. Processing of the plant material is accomplished in dark
thick-walled glass flasks hermetically closed and maintained in greenhouses under a controlled
temperature of about 37 ◦C for 28 days. After this period, the tincture is decanted, and the drug residue
is removed from the solution, completely dried, and burnt to ashes to recover the inorganic elements
of the plant material. Ashes from the calcined drug are then dissolved in the alcoholic solution from
maceration, and the final spagyric preparation is left to stand for 12 days before use.

The practice of “spagyria” dates back to Paracelsus (1493–1541), who first coined the term to mean
“separate” (spao) and “combine” (ageiro), indicating that spagyric preparations are based on “separation”,
“extraction”, and “recombination” of the active extractives, including mineral components [6].

The quality control of herbal products aims to assure their consistency, efficacy, and safety. The
overall quality of botanicals depends on several factors, including the selection of raw plant materials,
harvest time, seasonal changes, and post-harvest processing, and it also relies on extraction procedures
and product preparations. All of these factors can primarily affect the plant/drug content of bioactive
constituents and impair the efficacy of the final formulation.

The determination of chemical fingerprinting can be a powerful tool to verify the quality of
botanicals [7–10]. Thus, the selection of specific chemical markers of a drug sample/preparation is
considered to be crucial for the analysis of its quality. According to the EMA, chemical markers are of
interest for quality control regardless of whether they possess any therapeutic or physiological activity,
although ideal chemical markers should be unique metabolites that contribute to the biological efficacy
of the drug or its preparation [11,12].

The use of fingerprinting in the analytical control of herbal preparation is now a widely accepted
official method [7–10] to assess quality and stability over time and eventually disclose some variation
in the chemical content that could reflect a decline in biological activity.

Bitter iridoid glucosides such as harpagoside and harpagide are widely regarded as
the active constituents responsible for the pharmacological anti-inflammatory properties of H.
procumbens [13–16]. Other components reported as present in the drug are the iridoid procumbide,
8-O-p-coumaroyl-harpagide, 6′-O-p-coumaroyl-procumbide, phenylethyl glycosides (such as acteoside
and isoacteoside), polyphenolic acids, and flavonoids. All of these phytochemicals are considered to
have antioxidant properties and to provide protection against lipid peroxidation [17]. According to the
European Pharmacopoeia [18], roots from H. procumbens must contain ≥1.2% harpagoside. Therefore, a
chromatographic profile based on the content of the above main components, taken as the reference
chemical markers, should be used in the analytical control of preparations from the roots of H.
procumbens.

The present manuscript aims to assess quality in terms of the quantitative and qualitative
fingerprinting of selected chemical markers of a commercial spagyric preparation based on H.
procumbens. Compositional data of specialized metabolites were compared to those from a commercial
not-spagyric devil’s claw tincture (NST) with June 2020 as the declared expiration date. In addition,
an evaluation of possible deterioration of the chemical profile was carried out through chemical
fingerprinting of an H. procumbens spagyric food supplement from the same manufacturer that
was already expired according to the recommendation published on the label of the product.
Finally, the antioxidant activity of the two spagyric preparations was determined and compared
to possibly reveal any variation in activity due to the aging of the products and degradation of the
bioactive phytochemicals.
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2. Results

2.1. Chemical Analysis

As shown in Figure 1, the two spagyric tinctures 014 and 019 did not show significant compositional
differences as revealed by thin layer chromatography-TLC. No substantial compositional differences
were also observed when compared to the NST. As indicated, harpagoside, acteoside, and harpagide
could be detected in all of the samples as the main specialized metabolites.

 1 2 4 3 5 6 

Figure 1. TLC analysis of the two spagyric tinctures, 014 and 019. Mobile phase: EtOAc/HCOOH/
CH3CO2H/H2O (100:11:11:26 v/v); visualization with AS (see Section 4.4). Harpagide, 1; harpagoside, 2;
acteoside, 3; 014, 4; 019, 5; not-spagyric tincture (NST), 6.

In agreement with TLC analyses, a comparison of the HPLC-DAD (diode-array detector)
chromatograms indicated that the three samples 019, 014, and NST did not differ in their general
composition (Figure 2). Typical UV absorptions (Table 1) detecting around 217, 246–248, 290, and
325–330 nm for compounds 1 and 2 indicated the presence of phenylethanoid glycosides [19], while
the detection of UV maxima at 217 and 280 nm were consistent with an iridoid enol ether system,
including a cinnamoyl chromophore in compounds 5 and 6 [20]. In addition, UV absorptions at around
224 and 311 nm suggested the presence of p-coumaric acid moieties in compounds 3 and 4.

Consistent with the above observations, the chemical profile investigated by combining
HPLC-DAD and LC–MS/MS and through spiking it with available reference compounds confirmed
that the main peak (tR = 39.58 min) in both samples was represented by harpagoside (Figure 2, peak 5).
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Figure 2. HPLC-DAD (270 nm) chromatograms of the tinctures 019 (A), 014 (B), and the NST (C). For
peak naming, see Table 1.
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The UV spectrum showing two absorption bands at 217.7 and 280.4 (max) nm and the LC–MS/MS
fragmentation pattern ([m/z 1011.5 (5) 2M + Na]+, [m/z 517.2 (100) M + Na]+, [m/z 369.2 (100) (M
+ Na)-148, cinnamic acid]+, [m/z 351.0 (44) (M + Na)-148-18]+, [m/z 203.0 (6) (M + Na)-148-166,
harpagide]+) were in fact unequivocally consistent with the identification of harpagoside [12,17]. The
identity of harpagoside was also acquired by its isolation as a pure constituent through a fast and
reliable solid-phase extraction (SPE) optimization method (see Section 4.4). The other major peaks
(Figure 2) were respectively identified as peak 1, acteoside (verbascoside), (tR = 24.70 min), UV 216.6,
246.5 (sh), 290.5 (sh), and 325.7 (max) nm, fragmentation pattern ([m/z 623.0 (100) M −H]−, [m/z 461
(100) (M − H)-162, glucose]−, [m/z 315.0 (4) (M − H)-162-146, rhamnose]−, [m/z 179.0 (2), caffeoyl
moiety]−); peak 2, isoacteoside, (tR = 26.20 min), UV 217.7, 248.5 (sh), 292.3 (sh), and 326.9 (max) nm,
fragmentation pattern ([m/z 623.0 (100) M −H]−, [m/z 461 (100) (M −H)-162, glucose]−, [m/z 315.0 (4)
(M − H)-162-146, rhamnose]−, [m/z 179.0 (2), caffeoyl moiety]−); peak 3, 8-p-coumaroyl-harpagide,
(tR = 28.87 min), UV 224.8, 311.4 (max) nm, fragmentation pattern ([m/z 533.1 (100) M +Na]+, [m/z 369.2
(100) (M +Na)-164, coumaric acid]+, [m/z 351.0 (44) (M +Na)-164-18]+, [m/z 203.0 (6) harpagide-162,
glucose]+); peak 4, pagoside, (tR = 33.60 min), UV 224.8 and 311.4 (max) nm, fragmentation pattern
([m/z 491.0 (100) M − H]−, [m/z 311.2 (100) (M − H)-18-162, glucose]−, [m/z 163.0 (31), coumaric acid]−);
peak 6, 8-cinnamoylmyoporoside (tR = 41.64 min), UV 217.7 (max) and 278.1 nm, fragmentation
pattern ([m/z 501.0 (100) M + Na]+, [m/z 353.1 (100) (M + Na)-148, cinnamic acid]+, [m/z 335.2 (69) (M +
Na)-148-18]+, [m/z 339.0 (41) (M +Na)-162, glucose]+, [m/z 203.0 (6) harpagide-162, glucose]+). The
presence of harpagide (lacking absorbance at 270 nm), already detected by TLC, was confirmed by
HPLC-ELSD (evaporative light scattering detector) analysis (Figures 1 and 3) and by coelution with an
authentic compound, and it was in addition identified through its mass spectrum: ([m/z 365.0 (100) M
+ H]+, [m/z 347.1 (36) (M + H)-18]+, [m/z 305.1 (75) (M + H)-42-18]+, [m/z 275.1 (41) (M + H)-90]+, [m/z
203.0 (100) (M +H)-162]+, [m/z 185.0 (68) (M +H)-162-18]+). The identification of constituents of the
two spagyric tinctures was also supported by the available literature [13,21–24].

  

 
Figure 3. HPLC-ELSD chromatograms of the two spagyric tinctures, 014 and 019: Harpagoside
and harpagide.

In addition to a similar chemical profile, the two spagyric tinctures also showed to a large extent
a comparable quantitative composition (Table 2). A quantification of harpagoside as determined
by HPLC-DAD against the calibration curve indicated that the compound was equally abundant in
the two extracts, amounting respectively to 14.97 ± 0.09 μg/mg ext (59.47%) in the 019 sample and
to 13.68 ± 0.19 μg/mg ext (69.68%) in the 014 sample. Other major metabolites were represented by
acteoside (019: 1.99 ± 0.23 μg/mg ext, 7.90%; 014: 1.49 ± 0.02 μg/mg ext, 7.59%) and isoacteside (019:
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3.94 ± 0.006 μg/mg ext, 15.65%; 014: 1.87 ± 0.14 μg/mg ext, 9.52%). A relatively higher amount of
8-O-p-coumaroyl-harpagide (019: 2.21 ± 0.0003 μg /mg ext, 8.78%; 014: 0.68 ± 0.006 μg/mg ext, 3.46%)
and pagoside (019: 1.37 ± 0.01 μg/mg ext 5.44%; 014: 0.53 ± 0.009 μg/mg ext, 2.70%) was detected in
the 019 sample, while 8-cinnamoylmyoporoside was more abundant in 014, 1.38 ± 0.009 μg/mg, 7.03%,
versus 0.69 ± 0.008 μg/mg ext, 2.74%, in 019. The same specialized metabolites in the NST sample
amounted, respectively, to acteoside, 1.35 ± 0.15 μg/mg ext, 7.39%; isoacteoside, 1.55 ± 0.04 μg/mg
ext, 8.48%; 8-O-p-coumaroyl-harpagide, 0.95 ± 0.04 μg/mg ext, 5.20%; pagoside, 0.72 ± 0.02 μg/mg ext,
3.94%; harpagoside, 13.25 ± 0.07 μg/mg ext, 75.52%; 8-cinnamoylmyoporoside, 0.45 ± 0.005 μg/mg ext,
2.46% (Table 2).

Table 2. Specialized metabolites identified in 019, 014, and the NST.

Compound
014 019 NST

μg/mg ext % μg/mg ext % μg/mg ext %

1 1.49 ± 0.02 7.59 1.99 ± 0.23 7.90 1.35 ± 0.15 7.39

2 1.87 ± 0.14 9.52 3.94 ± 0.006 15.65 1.55 ± 0.04 8.48

3 0.68 ± 0.006 3.46 2.21 ± 0.0003 8.78 0.95 ± 0.04 5.2

4 0.53 ± 0.009 2.70 1.37 ± 0.01 5.44 0.72 ± 0.02 3.94

5 13.68 ± 0.19 69.68 14.97 ± 0.09 59.47 13.25 ± 0.07 72.52

6 1.38 ± 0.009 7.03 0.69 ± 0.008 2.74 0.45 ± 0.005 2.46

For peak naming, see Table 1.

Due to the lack of a chromophore in the molecule, harpagide quantitation was achieved by
HPLC-ELSD, which indicated that the content of this phytochemical was slightly higher in the 019
preparation (15.98 ± 0.23 μg/mg ext) compared to the 014 sample (8.50 ± 0.32 μg/mg ext). Similarly to
the 019 tincture, harpagide extract accounted for 19.53 ± 0.17 μg/mg ext in the NST.

2.2. Antioxidant Activity

The antioxidant capacity of the two spagyric tinctures of H. procumbens was evaluated by in vitro
DPPH, ABTS, and FRAP assays (see Sections 4.9–4.11) and compared to quercetin and acteoside. As
shown in Figure 4, the free radical scavenging activity determined by the DPPH and ABTS methods
and the ferric-reducing power calculated by the FRAP assay gave almost superimposable behaviors for
the two samples, 019 and 014. They displayed a good dose-dependent inhibition of DPPH activity in
the range of tested concentrations (up to 89–90% inhibition for 019 and 014, respectively) at 330 μg/mL
and up to 98% inhibition of ABTS activity at 260 μg/mL. The ferric-reducing antioxidant power results
were instead already high at lower concentrations (52–69% inhibition at 26 μg/mL and up to 76–83% at
60 μg/mL for 019 and 014, respectively).

With regard to the NST sample, its free radical scavenging activity and its ferric-reducing activity
(determined by DPPH, ABTS, and FRAP assays) gave results almost superimposable on those obtained
for the two spagyric tinctures, with a good dose versus % inhibition correlation.

However, compared to quercetin and acteoside, all three tinctures (019, 014, and the NST)
displayed lower antioxidant activity (Figure 4). Both of these two compounds showed antiradical
activity reaching 96–100% of DPPH inhibition at concentrations between 26 and 50 μg/mL for quercetin
and acteoside. Similarly, quercetin and acteoside were very effective in scavenging the ABTS+ radical
cation, displaying 100% inhibition between 7 and 13 μg/mL. In addition, they showed discrete FRAP
values amounting to 330 (quercetin) and 67 (acteoside) μg/mL to obtain 95% inhibition.
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Figure 4. Antioxidant activity of spagyric tinctures 019 and 014, the NST, quercetin, acteoside, and
Trolox as a positive control, as determined by DPPH, ABTS, and FRAP methods.

Values of their IC50 (concentration that gives half-maximal response), expressed as mEq of Trolox,
are reported in Table 3. Both the 019 and 014 samples showed similar IC50 values of free radical
scavenging activity in DPPH and ABTS, amounting to 92.53 ± 0.31 (019) and 93.33 ± 0.25 (014) mEq
Trolox and 22.89 ± 0.19 (019) and 19.49 ± 0.13 (014) mEq Trolox, respectively. In contrast to the above,
the expired 014 tincture showed a lower IC50 value compared to the 019 tincture in the FRAP method,
indicating a higher ferric-reducing antioxidant ability. IC50 values obtained for the NST (Table 3) in
the three assays (DPPH, ABTS, and FRAP) were very close to those detected for 019 and even slightly
lower, indicating slightly higher antioxidant activity.

Table 3. Antioxidant activity (IC50) of the spagyric tinctures 019 and 014 and the NST of H. procumbens.

Sample
IC50 (mEq Trolox) ± SD

DPPH ABTS FRAP

019 92.53 ± 0.31 22.89 ± 0.19 14.11 ± 0.08
014 93.33 ± 0.25 19.49 ± 0.13 6.69 ± 0.07
NST 83.02 ± 0.28 17.78 ± 0.12 11.32 ± 0.08

Acteoside 13.83 ± 0.09 0.96 ± 0.05 0.44 ± 0.04
Quercetin 1.38 ± 0.01 0.60 ± 0.07 0.38 ± 0.02

The IC50 values of quercetin and acteoside were much lower than those of 019 and 014, indicating
the better antioxidant capacity of these two pure reference compounds. Moreover, the IC50 values

112



Molecules 2019, 24, 2251

of quercetin and acteoside, as assessed by the ABTS and FRAP methods, were very similar, while
quercetin displayed a more powerful capacity for DPPH reduction than acteoside did (Table 3).

The DPPH assay was also applied to harpagoside, the major iridoid present in the two samples:
The IC50 result was higher than 330 ± 0.05 μg/mL, and therefore its antioxidant potency was not tested
with the other methods, ABTS and FRAP.

3. Discussion

To the best of our knowledge, this is the first report on the phytochemical and biological
characterization of spagyric preparations. In this study, we compared the compositional profile of two
commercial food supplements (declared to be spagyric tinctures (019 and 014) and provided by the
same producer company) with the aim of assessing the quality of the preparations in terms of chemical
fingerprinting and biological activity. One of the two spagyric tinctures (014) was already expired
according to the recommendation published on the label of the product, and therefore evaluation of
the antioxidant activity (using three different methods) was important to display a correlation with the
chemical profile and eventually with the aging of the preparation.

The major phytochemicals that have been detected in root extracts from H. procumbens include
iridoids and phenolic glycosides [13,14,25]. Harpagoside, harpagide, and procumbide are regarded as
the most representative iridoid glycosides isolated from the drug, along with the two phenylpropanoid
glycosides acteoside and isoacteoside. Several other compounds have been isolated over time in different
investigations [13,14,26], such as conjugated esters of iridoid glycosides (8-O-p-coumaroyl-harpagide,
6′-O-p-coumaroyl-procumbide, 8-O-feruloyl-harpagide, 8-cinnamoylmyoporoside).

As shown in Figure 2, the adopted HPLC analytical method provided a good separation of the
phytochemical constituents of the commercial spagyric tinctures. In addition, the method fulfilled all
of the validation criteria, showing good linearity of the calibration curve and good limit of detection
(LoD) and limit of quantification (LoQ) values, including precision parameters, therefore showing
validated repeatability and reproducibility. Compositional requirements in terms of specific chemical
markers were also fulfilled in that the two spagyric tinctures, analyzed through TLC, HPLC, UV, and
MS methods, displayed the expected phytochemical profile, with harpagoside as the main component
along with harpagide, acteoside, and isoacteoside (Table 1).

In addition, the validation of the compositional requirements of both spagyric samples was
also confirmed by the analysis of the NST sample, which showed a similar chemical profile, with
harpagoside as the most abundant component, followed by acteoside and isoacteoside. Interestingly,
the content of harpagide in the NST tincture was comparable (19.53 ± 0.17 μg/mg ext vs 15.98 ± 0.23
μg/mg ext) to that of 019, the tincture that was still not expired.

Spagyric preparations are not conventional herb preparations, but they are based on old alchemic
procedures dating back to Paracelsus, who first developed this methodology and described it in his
medical treatise Opus Paramirum. Our results indicated that the spagyric method allowed us to obtain
preparations of good quality based on the presence of marker compounds.

In addition, considering that the two products differed by at least five years in their expiration date
and presumably in their production date, fingerprinting analysis and the quantitative determination of
the representative constituents in the expired spagyric preparation 014 allowed us to prove a general
significant long-term stability of H. procumbens active metabolites. A significant decrease of harpagide
content was, however, observed in the expired 014 tincture compared to 019 (Table 2).

Preparations based on devil’s claw are mainly used to relieve pain and inflammation due to
arthritis and other painful disorders, although the mechanism of action has not yet been fully elucidated.
It is known that the generation of oxygen-free radicals is involved in the development of inflammation.
Radicals freed from phagocytes are implicated in the activation of nuclear factors, which in turn induces
the synthesis of cytokines. Then, a synergic action of oxygen-free radicals and cytokines promotes the
synthesis of inflammatory mediators. Maintenance of an adequate antioxidant status may thus help to
attenuate the symptoms of inflammation.
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There are some indications that the antioxidant properties of some of the specialized metabolites
also contribute to the anti-inflammatory effects of pharmaceutical preparations based on H.
procumbens [14,15,25,27]. However, the antioxidant activity of devil’s claw has not been extensively
investigated, and there have been no previous investigations on the antioxidant bioactivity of spagyric
preparations. Previous studies have only reported moderate antioxidant activity in methanolic root
extracts of H. procumbens, while an aqueous extract containing 2.6% harpagoside was shown to have
a good capacity to scavenge DPPH. In addition, intraperitoneal administration of a 53% ethanolic
extract of devil’s claw to male Wistar rats indicated antioxidant effects similar to those induced by
selegiline [4,14,28].

Based on this, we evaluated the antioxidant potency of the two spagyric tinctures to eventually
detect any variation in their bioactivity due to the aging of the product and possible degradation of the
bioactive phytochemicals. A comparison of the chemicals in and the bioactivity of these two tinctures
was also made with a commercial NST.

As for the chemical analysis, significant stability in bioactivity over the long term was also
demonstrated by the almost identical antioxidant activity (as determined by the DPPH and ABTS
methods (Figure 4)) and the relative IC50 values (Table 3) calculated for the two spagyric preparations,
019 and 014.

An unexpected exception was represented by the lower IC50 value (Table 3) calculated for
the expired 014 tincture compared to the 019 tincture in the FRAP method, indicating a higher
ferric-reducing antioxidant ability. Reasonably, this might have been due to some species (likely formed
upon the aging of the product and not detectable in the used analytical conditions) that were present
in the 014 sample and able to efficiently react with the ferric tripyridyltriazine complex.

For instance, it has been reported that the deglycosylation of harpagide gives a degradation
product called H-harpagide (2-(formylmethyl)-2,3,5-trihydroxy-5-methylcyclopentane carbaldehyde)
that is able to induce the inhibition of the COX-2 enzyme in vitro, in contrast to the parent molecule,
which is instead completely inactive [29]. Due to its structure, this molecular species might also
undergo oxidation and possibly be more powerful as a ferric-reducing agent. We can suggest that
if such a reaction happened upon the aging of the 014 product, it could account for the lower IC50
observed with the FRAP method and the lower amount of harpagide detected in this sample.

Further support for this hypothesis might come from the observation that in the NST tincture,
harpagide was present almost in the same amount as in 019 (19.53 ± 0.17 μg/mg ext vs 15.98 ± 0.23
μg/mg ext), and the IC50 values for the antioxidant activity of this sample were very similar to those
obtained for the 019 tincture in the three bioassays, including the FRAP test. A deeper investigation
should, however, be carried out to clarify this point.

As already reported [13,14,16,30], we also found that acteoside was a powerful antioxidant, while
harpagoside did not display antioxidant capacity. Thus, acteoside might reasonably have a role in the
antioxidant activity displayed by the two spagyric extracts.

In this study, an evaluation of the antioxidant activity (using three different methods) of the two
spagyric tinctures aimed to show a correlation between the chemical profile and eventually the aging
of the products. Thus, based on the obtained results, the two analyzed preparations should both be
considered to have good biological activity, even when compared to an NST.

4. Materials and Methods

4.1. Solvents and Reagents

All solvents (HPLC grade and analytical grade) were obtained from Sigma/Aldrich, Italy.
Phosphomolybdic acid spray reagent and anisaldehyde for TLC visualization were purchased from
Sigma/Aldrich, Italy. Reagents used for the antioxidant bioassays, including DPPH (2,2′-di-phenyl-1-
picrylhydrazyl), TPTZ (2,4,6-tripyridyl-s-triazine), Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-ca
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rboxylic acid), and ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) were all purchased
from Sigma/Aldrich, Italy.

4.2. Samples

Two commercial samples of food supplements (kindly provided by Erbenobili, Italy) consisting of
spagyric tinctures (40% ethanol) of H. procumbens roots were used in this study. The two samples differed
in their shelf-life date: 2014 and 2019, respectively. That is, one of the two samples, conventionally
named 014, was already expired when analyzed, while the other one, named 019, was still valid. For
comparison purposes, a commercial NST (40% ethanol) was also analyzed.

4.3. Thin Layer Chromatography (TLC)

The composition of devil’s claw extracts 019 and 014 was first investigated by TLC (precoated
silica gel 60 F254 aluminum plates, Merck, Milan, Italy) eluted with EtOAc/HCOOH/CH3CO2H/H2O
(100:11:11:26 v/v) or with CHCl3/MeOH (90:10 v/v). Visualization of the components was obtained
with phosphomolybdic acid reagent (10% EtOH) or alternatively with anisaldehyde-sulphuric acid
reagent (0.5 mL anisaldehyde in 10 mL glacial acetic acid, 85 mL of MeOH in 5 mL of H2SO4) (AS).
After spraying, TLC plates were heated at 110 ◦C for 5–10 min and observed under visible 254-nm
or UV 366-nm light. For TLC and further analyses, the two spagyric tinctures 019 and 014 and the
reference NST were died under vacuum and redissolved in 80% MeOH to obtain a 60-mg/mL solution.

4.4. Harpagoside Isolation

Harpagoside purification from the two tinctures 019 and 014 was achieved by solid-phase
extraction (SPE) on Waters Sep-Pak Vac 1 cc C18 cartridges by using an SPE Extraction Manifold-20
position (Waters, Italy). Cartridges were first conditioned with 5 mL of MeOH and with 10 mL of
H2O in that order. Then, 1 mL from each of the two samples 019 and 014 was dried under vacuum,
redissolved in 80% MeOH, and loaded onto the SPE cartridge. Harpagoside elution was obtained by
flushing the cartridge with H2O (5 × 1 mL), followed by subsequent elutions with MeOHaq 10% (5 × 1
mL), MeOHaq 50% (5 × 1 mL), and finally MeOHaq 70% (5 × 1 mL). All of the fractions were analyzed
by TLC and HPLC. Pure harpagoside was obtained in fractions eluted with MeOHaq 70%.

4.5. HPLC-DAD-ELSD

HPLC-DAD-ELSD analyses were performed with a Waters HPLC 600 Liquid Chromatograph
equipped with a diode array detector, DAD 2998 Waters, and an evaporative light scattering detector,
ELSD 2424 Waters. Data were processed with EmpowerTM 2 Waters Software (Waters S.p:A, Sesto
San Giovanni, Milan, Italy). Nitrogen was used as the driving gas for nebulization at 60 psi. Helium
was used as the degassing solvent. Extracts were separated with a Gemini C18 (Phenomenex) column
(250 × 4.60 mm, 5-μm particle size) equipped with a Security Guard C18 Cartridge (4 × 3 mm,
Phenomenex). The following elution system was used with DAD detection: Solvent A, H2O; solvent
B, CH3CN. The elution gradient was 5% B in A increasing to reach 25% B at 20 min and 40% B at
40 min. UV spectra of each extract were conventionally recorded at 210, 270, 310, and 350 nm. The
presence of harpagide in the two samples was monitored by acquiring the HPLC-DAD trace at 210 nm.
Alternatively, the presence of harpagide was detected by ELSD at the following parameters: Drift tube
temperature, 55 ◦C; gain, 1000. Nitrogen was used as the driving gas for nebulization at 60 psi. Helium
was used as the degassing solvent. Reference harpagoside and harpagide were analyzed in the same
analytical conditions. All of the HPLC analyses were run in triplicate.

4.6. Validation

The quantification of iridoid components in the tinctures under investigation was made by
HPLC-DAD against a calibration curve obtained with harpagoside (Phytolab) at six different
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concentrations in the linear range of 1000–31 μg/mL in MeOHaq 80%. The correlation coefficient (r2)
of the standard curve in the linear plot was r2 = 0.9999 (y = 4E + 07x + 391,135), indicating good
linearity between peak areas and concentrations within the used concentration range. The quantitation
of harpagide was made by HPLC-ELSD against a calibration curve obtained with harpagide at six
different concentrations in the linear range of 2000–62.5 μg/mL. The correlation coefficient (r2) of
the standard curve in the linear plot of log-transformed data was r2 = 0.9992 (y = 1.7569x − 1.7101),
indicating good linearity between the log-transformed areas and log-transformed concentrations
within the tested concentration range.

The limit of detection (LoD) and limit of quantification (LoQ) were calculated according to
conventional guidelines [31,32] on the basis of signal-to-noise ratios (S/Ns) of 3:1 and 10:1, respectively,
by injecting a series of dilute solutions of known concentrations of harpagoside in the range of 31–0.061
μg/mL. The LoD for harpagoside in the adopted analytical conditions was 0.061 μg/mL, while the LoQ
was 0.210 μg/mL.

The precision of the analytical HPLC method was assessed by calculating intraday repeatability
and interday intermediate precision [33]. Multiple injections of harpagoside solutions (0.03125 μg/mL)
were performed within the same day for intraday precision, while for interday precision, analyses
were run in triplicate over three consecutive days. Precision was expressed as the percent relative
standard deviation (RSD%) of retention times and peak areas resulting from the analysis of the spagyric
tinctures. The intraday and interday variabilities of harpagoside in the two spagyric tinctures 019 and
014 were also calculated with the same procedure. Intraday precision of the chromatographic method
for harpagoside was observed in the range of 0.25–0.59% for retention times and between 0.87% and
0.90% for peak areas. Interday RSD values were 0.28% and 0.95% for retention times and peak areas,
respectively. The intraday RSD values of retention times and peak areas for the 6 major analytes in the
spagyric tinctures were in the range of 0.10–1.10% and 0.50–3.00%, respectively. Percent RSD values of
retention times and peak areas for interday evaluation were in the range of 0.21–3.47% and 0.17–3.55%,
respectively. Overall, the results obtained indicated that the method applied for the compositional
analysis was precise and accurate.

4.7. LC-ESI-MS/MS

Flow injection LC-ESI-MS/MS analyses were performed on a 1100 Series Agilent LC/MSD
Trap-System VL (Agilent Technologies Italia SpA, Cernusco sul Naviglio, Milan, Italy). The
chromatographic conditions were as described above for the HPLC-DAD analyses. An Agilent
Chemstation (LC/MSD TrapSoftware 4.1, (Agilent Technologies Italia SpA, Cernusco sul Naviglio,
Milan, Italy) was used for the acquisition and processing of the data. The mass spectrometer operated
in the positive and negative ion mode under the following settings: Capillary voltage, 47 V; nebulizer
gas (N2), 5 psi; drying gas (N2), heated at 220 ◦C and introduced at a flow rate of 10 μL/mL. Data
were acquired in the MS scanning mode over the range of 150–1500 m/z with a scan time of 13000
m/z/s. Automated MS/MS was performed by isolating the base peaks (pseudomolecular ions) using an
isolation width of 4.0 m/z, a fragmentation amplitude of 1.0 V, the threshold set at 100, and the ion
charge control on, with the maximum acquire time set at 300 ms. Samples were dissolved in MeOHaq
80% and injected at a flow rate of 0.2 mL/min.

4.8. Antioxidant Activity

Antioxidant activity of the three tinctures of H. procumbens (019, 014, and NST) was determined
by different methods: DPPH, ferric-reducing antioxidant power (FRAP) assay, and Trolox/ABTS
equivalent antioxidant capacity [34–36]. For comparative purposes, the antioxidant activity of
quercetin (Sigma/Aldrich, Italy), harpagoside (Phytolab, Germany), and acteoside (Sigma-Aldrich
S.r.l., Milan, Italy) were also determined with the same procedures. Determinations were carried out
in triplicate.
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4.9. DPPH

The scavenging activity for DPPH (Sigma, Milan, Italy) free radicals was measured according
to Brand–Williams (1995), with some modifications. To 2.9 mL of a 10 × 10−5-M solution of DPPH
in MeOH, 0.1 mL of a properly diluted MeOH sample test solution was added and vortexed, that is,
different dilutions of each test sample (019, 014) were prepared to determine the actual IC50 values.
After 30 min of incubation in the dark at room temperature, the UV absorbance (Perkin-Elmer Lambda
Bio 20 Spectrophotometer) of each sample was recorded at 515 nm against the blank (reagent solution
without the test sample). All determinations were carried out in triplicate. The inhibition percentage
(I%) of DPPH radicals in the test samples was calculated with the following equation: I% = [(Ablank −
Asample)/Ablank] x 100, where Ablank is the absorbance of the blank solution at t = 0, and Asample is the
absorbance of the test sample at t = 30 min. The IC50 concentration is the amount of drug necessary
to give 50% inhibition of the DPPH radicals. Acteoside, quercetin, and harpagoside were used as
reference compounds.

4.10. FRAP

The following stock solutions were prepared for the bioassay according to Benzie and Strain (1996):
a) a 300-mM acetate buffer solution, pH 3.6; b) a 10-mM TPTZ (2,4,6-tripyridyl-s-triazine) solution in
MeOH; and c) a 20-mM FeCl3·6 H2O solution. The FRAP working solution was prepared by mixing
TPTZ and FeCl3·6 H2O and acetate buffer in a ratio of 1:1:10. Test samples and reference compounds
(100 μL) were added to 2.6 mL of FRAP reagent, along with 300 μL of H2O, and allowed to react for
30 min at 37 ◦C in dark conditions. Absorbance readings (ferrous tripyridyltriazine complex) were
taken at 595 nm. A blank solution consisted of FRAP solutions above and in water. The standard curve
was (r2 = 0.9992; y = 0.0005x + 0.0005) using a concentration range of FeSO4 between 0.42 μg/mL and
20 μg/mL.

4.11. Trolox/ABTS

Radical scavenging capacity was also studied based on the reduction of ABTS+· radicals by the
test samples. An ABTS+· radical cation was obtained by mixing an ABTS stock solution (7 mM in H2O)
with 2.5 mM of potassium persulfate, K2S2O8. This solution was allowed to stand at room temperature
in the dark for 12–16 h before use. For the analyses, the ABTS+· solution was diluted with water to an
absorbance of 0.7 (±0.02) at 734 nm. For the UV determinations, 2.9 mL of the ABTS+· solution and
100 μL of each of the test samples were mixed, and an absorbance reading was taken at 734 nm, 2–6 min
after mixing. Appropriate ABTS blanks were run in each assay. All solutions were freshly prepared for
the daily experiments. The scavenging activity of each test sample was compared to that of Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as the positive control. A linear calibration
curve (r2 = 0.9970; y = 0.0005x + 0.0005) was constructed using Trolox in a range from 4 μM to 26 μM.

4.12. Statistical Analysis

The quantitative results for each analysis and bioassay were expressed as the mean ± standard
deviation (SD) of at least three replicates for each experiment. Microsoft Office Excel 2017 was used for
processing the data.
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Abstract: In several European countries, especially in Sweden, the seeds of the species
Astragalus boeticus L. were widely used as coffee substitutes during the 19th century. Nonetheless,
data regarding the phytochemistry and the pharmacological properties of this species are
currently extremely limited. Conversely, other species belonging to the Astragalus genus have
already been extensively investigated, as they were used for millennia for treating various
diseases, including cancer. The current work was addressed to characterize cycloartane
glycosides from A. boeticus, and to evaluate their cytotoxicity towards human colorectal
cancer (CRC) cell lines. The isolation of the metabolites was performed by using different
chromatographic techniques, while their chemical structures were elucidated by nuclear
magnetic resonance (NMR) (1D and 2D techniques) and electrospray-ionization quadrupole
time-of-flight (ESI-QTOF) mass spectrometry. The cytotoxic assessment was performed in vitro by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays in Caco-2, HT-29 and
HCT-116 CRC cells. As a result, the targeted phytochemical study of A. boeticus enabled the isolation
of three new cycloartane glycosides, 6-O-acetyl-3-O-(4-O-malonyl)-β-d-xylopyranosylcycloastragenol
(1), 3-O-(4-O-malonyl)-β-d-xylopyranosylcycloastragenol (2), 6-O-acetyl-25-O-β-d-glucopyranosyl-
3-O-β-d-xylopyranosylcycloastragenol (3) along with two known compounds,
6-O-acetyl-3-O-β-d-xylopyranosylcycloastragenol (4) and 3-O-β-d-xylopyranosylcycloastragenol
(5). Importantly, this work demonstrated that the acetylated cycloartane glycosides 1 and 4 might
preferentially inhibit cell growth in the CRC cell model resistant to epidermal growth factor receptor
(EGFR) inhibitors.

Keywords: Astragalus boeticus L.; spectroscopic analysis; cytotoxic activity; human colon cancer cell
lines; acetylated astragalosides; Fabaceae
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1. Introduction

Astragalus genus is the largest in the Fabaceae family and it is widely distributed throughout the cool,
temperate, semiarid and arid regions of the world [1]. Astragalus boeticus L. is a Steno-Mediterranean
species, which has represented an important cultivation in several countries of Europe, as its seeds have
been widely used as coffee substitutes in times of poverty and coffee prohibition. In Sweden, during
the 19th century, the monarchy introduced an extensive cultivation of the aforementioned species to
produce the so-called Swedish coffee. After the beginning of the 20th century, its cultivation declined,
and it was replaced by other substitutes [2]. In addition to this information, available literature data
describing the phytochemistry and the bioactivities of A. boeticus are currently extremely limited.

On the contrary, a plethora of works regarding other species of the same genus exists. The Astragalus
species were employed as forage for animals, albeit many species were found to be toxic, and responsible
for causing locoism in cattle [3,4]. In both folk and modern medicine, several Astragalus spp. were
considered medicinal plants of great importance, as these have been successfully used to cure a
broad range of ailments [5]. In the Traditional Chinese Medicine “Astragali radix” (dried roots of
Astragalus membranaceus Bunge and other Astragalus spp.) was a very well-known drug for its immune
stimulant, hepato-protective, anti-diabetic, analgesic, expectorant and sedative properties [6].

Previous works investigated the chemical profile of Astragalus spp. in order to identify the
active principles responsible for the bioactivity of the plant’s crude extracts. Results from these
studies described imidazoline alkaloids, nitro toxins and selenium derivatives as toxic compounds,
while polysaccharides, phenols and saponins as biologically active constituents [6]. Astragalus saponins
include both oleanane and cycloartane-type glycosides, yet the former occur far less in nature, thus the
Astragalus genus was especially employed as an ideal source to find cycloartane saponins [7].

These compounds were the most extensively studied secondary metabolites from Astragalus,
as they exhibited a wide range of biological and pharmacological properties. Indeed, these molecules
were found to exert immunomodulatory, anti-cancer, anti-fungal, hepato-, kidney-, neuro- and
vascular-protective activities [7–12]. So far, the most well-characterized biological effects were those
related to their immune stimulant properties, which made these compounds ideal vaccine adjuvant
candidates [13]. Alongside the capacity to modulate key immunity pathways, recent evidence
supported the effectiveness of Astragalus saponins as anti-tumor compounds and/or as adjuvants in
combination with orthodox chemotherapeutic agents [14,15].

The anti-cancer activities of these compounds have been evaluated towards a wide range of
human malignancies, and a large part of these works evidenced the effectiveness of Astragalus saponins
against gastric and colorectal cancers [16]. Consistent with this, our group recently demonstrated the
anti-proliferative effects of A. boeticus in human colorectal cancer (CRC) cells [17].

Colorectal cancer is one of the most frequently-diagnosed malignant diseases in Europe, and one
of the leading causes of cancer-related deaths worldwide [18]. Even if the outcome of patients with
metastatic colorectal cancer (mCRC) has clearly improved during the last years, the current therapies
are still not entirely efficient. Nowadays, resistance to both chemotherapy and molecularly-targeted
therapies represents a major problem for setting up effective treatment. The EGFR, which was found
overexpressed in 60% to 80% of colorectal cancers, is a transmembrane tyrosine kinase receptor that,
once activated, triggers two main signaling pathways. These include the RAS-RAF-MAPK axis, which is
mainly involved in cell proliferation, and the PI3KPTEN-AKT pathway, which is especially involved
in cell survival and motility [19]. Thus, EGFR inhibitors, such as Cetuximab and Panitumumab, have
been developed to block specifically the abnormal activation of those pathways in wild-type KRAS
CRC patients [20].

In this study, we aimed at providing a detailed chemical characterization of cycloartane glycosides
from A. boeticus, and at assessing their anti-proliferative activity towards human colorectal cancer cells
endowed with diverse mutation profiles and drug sensitiveness. The ultimate goal of this research is
to contribute to the search for new effective agents against refractory CRCs. As a result, we isolated
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and characterized five cycloartane glycosides (1–5), identifying compound 4 as a strong inhibitor of
proliferation in CRC cell models resistant to anti-EGFR therapies.

2. Results and Discussion

2.1. Structural Elucidation of Cycloartane Glycosides from Astragalus boeticus L.

A crude hydro-alcoholic extract of A. boeticus leaves was partitioned between EtOAc and H2O.
The purification process, which was performed by using different chromatographic techniques, enabled
the isolation of compounds 1, 2, 4 from the organic phase, while we also obtained 3 and 5 from the
aqueous fraction (Figure 1). The structures of these metabolites were elucidated through a combination
of NMR spectroscopy (1D and 2D techniques) and ESI-QTOF mass spectrometry.

Figure 1. Structures of compounds 1–5.

Compound 1 showed a molecular formula C40H62O13 on the basis of the NMR data and ESI-QTOF
mass spectrum. In fact, the 13C NMR displayed 40 signals, which were identified using the HSQC
experiment as eight methyls (—CH3), eleven methylenes (=CH2), eleven methines (=CH−), and ten
quaternary carbons. The ESI-QTOF spectrum displayed the sodiated adduct of the quasimolecular
ion at m/z 773.49, and a strong peak at m/z 687.46, which indicated the easy loss of an 86 Da fragment.
In the 1H NMR spectrum (Table 1), two methylene protons at δH 0.40 and δH 0.61 (δC 30.1), along with
six singlet methyls at δH 0.98, 1.01, 1.05, 1.13, 1.22, 1.26, and 1.27 allowed compound 1 to be identified
as a cycloartane triterpene. The doublet at δH 4.32 (δC 105.9), as well as other protons that resonated in
the range between 3.18 and 4.85 ppm, suggested the presence of a sugar unit. Meanwhile, a methyl
singlet at δH 1.99 supported the presence of an acetate group in the molecule. The above-mentioned
methylene signals (δH 0.40 and δH 0.61) were assigned to H-19 protons; these, in the CIGAR-HMBC
experiment (Figure 2), showed cross peaks with the C-9 (δC 21.8), C-10 (δC 29.6), C-1 (δC 32.8) C-11
(δC 26.8), C-5 (δC 51.2) and C-8 (δC 46.7). In the same experiment, the H-5 proton correlated with the
C-1 methylene, the C-4 quaternary carbon at δC 42.8, and with two carbinols at δC 89.1 and δC 72.0.
Thanks to the long-range heterocorrelations between the H-6 proton (δH 4.75) and the C-4, C-5, and C-8
carbons, it was feasible to assign the first carbinol to the C-3 methine, and then the second to the
C-6 carbon. Moreover, the H-6 proton also had cross peaks with the carbonyl at δC 171.7, which in
turn correlated with the methyl at δH 1.99. These data allowed the acetoxy (CH3-COO-) group to
be located at position 6. On the other hand, the H-3 proton correlated with the anomeric carbon
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at δC 105.9, suggesting that the glycosylation site was located on the hydroxyl at the C-3 carbon.
Furthermore, the C-4 carbon showed correlations with the methyls at δH 0.98 and δH 1.05, values that
were consequently assigned to the H-29 and H-28 protons, respectively. In addition, the methyls at
δH 1.27 (δC 21.4) and 1.01 (δC 20.3) were attributed to the H-18 and H-30 protons, respectively, on the
basis of the long range heterocorrelations between the C-18 carbon with the proton at δH 2.38 (H-17),
which in turn correlated with the H-21 methyl at δH 1.22 (δC 28.4).

In the COSY experiment, the H-17 proton had cross peaks with a proton geminal to oxygen at
δH 4.65 (H-16), which homocorrelated with the methylene protons at δH 1.87 and δH 1.45 (H-15),
suggesting the presence of another hydroxyl at the C-16 carbon. Consequently, the remaining methyls
at δH 1.13 and δH 1.26 were attributed to the H-26 and H-27 protons, respectively. In the CIGAR-HMBC
experiment, these latter protons displayed heterocorrelations with a quaternary carbinol carbon at
δC 71.2 (C-25), and with a carbinol methine at δC 82.6, which was bound to a proton at δH 3.76.
This latter signal evidenced heterocorrelations with the diasterotopic protons at δH 2.02 and δH 1.73,
while homocorrelations were with the methylene protons at δH 2.62 and 1.87 (δC 35.5). All these data
supported the presence of a tetrahydrofuran moiety formed by an oxygen bridge among the C-20 and
C-24 carbons of the side chain. Besides the ester carbonyl of the acetate group, two additional carbonyls
at δC 170.6 and 171.7 were also evident in the 13C NMR spectrum. In the CIGAR-HMBC experiment,
both of them revealed cross peaks with the methylene at δH 3.69 (δH 51.8), while the carbon at δC 170.6
was further correlated with a proton at δC 4.72. These data were in agreement with the presence of a
malonyl that was bound to the saccharide unit. In the HSQCTOXY experiment, the anomeric carbon at
δC 105.9 showed cross peaks with the signals at δC 75.4, 75.2, 73.6 and δC 63.3. These carbons in the
HSQC experiment correlated with the methines at δH 3.26, 3.57, 4.72 and to the methylene protons at
δH 3.96 and 3.28, respectively. The H2BC experiment displayed the following correlations: Starting
from the anomeric proton at δC 4.32 (H-1′)→75.4 (C-2′)→3.57 (H3′)→73.6 (C-4′)→3.96/3.28 (H-5′);
starting from the anomeric carbon at δC 105.9 (C-1′)→3.26 (H-2′)→75.2 (C-3′)→4.72 (H-4′)→63.3 (C-5′).
These data further supported the presence of a pentose that was bound to a malonyl group at the
C-4′ carbon.

Figure 2. Selected H–H and H–C long range correlations of compound 1 evidenced in COSY and
HMBC, respectively.

The stereostructure of the molecule was assigned on the basis of the nOe observed in the
NOESY experiment (Figure 3). The sugar was identified as xylose by the GC-MS analysis of the
acetylated alditol, which was obtained from the hydrolysis, reduction and acetylation of compound 1.
The coupling constant value of the anomeric proton allowed a β configuration for the anomeric carbon
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to be determined. The absolute configuration of the sugar was assigned by GC-MS, after a reaction of
hydrolyzed saponins with l-cisteine methyl ester and acetylation [21].

 

Figure 3. Key nOe correlation of compound 1 (top); NOESY experiment of compound 1 in
CD3OD (bottom).

The nOe evidenced in the NOESY experiments (Figure 3) allowed the configuration at the C-6
and C-16 carbons to be assigned. Based on these data, compound 1 was unequivocally identified as
6-O-acetyl-3-O-(4-O-malonyl)-β-d-xylopyranosylcycloastragenol (Figures S1–S9).

Compound 2 showed the molecular formula C38H60O12 on the basis of the NMR data, and the
presence of a quasimolecular peak at m/z 731.41 in the ESI-QTOF MS spectrum. The loss of an 86 Da
fragment was demonstrated by the peak at m/z 645.39, indicating the presence of a malonyl moiety also
in this molecule.

The 1H NMR spectrum showed the H-19 protons at δH 0.37 and 0.53, and seven singlet methyls at δH

0.96 (H-30), 0.98 (H-28), 1.15 (H-26), 1.24 (H-27), 1.26 (H-29 and H-21). The absence of the characteristic
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signal associated with the methyl group of the acetate moiety demonstrated that compound 2 was
the deacetylated form of compound 1, and all the NMR data confirmed this hypothesis. In addition,
the C3-sugar was characterized as xylose, and the malonyl was positioned to the C-4′ carbon of
this saccharide moiety. Based on these data, compound 2 was unequivocally identified as 3-O-β-d
(4-O-malonyl)xylopyranosylcycloastragenol.

Compound 3 showed the molecular formula C43H70O15, calculated on the basis of its spectro-scopic
features. In the 1H-NMR spectrum, the signals of the aglycone, and those belonging to the
C3-xylopyranose, were in good agreement with the previous metabolite. However, a further anomeric
doublet at δC 4.51 suggested the presence of a second sugar. The heterocorrelation between this
anomeric signal and the C-25 carbon at δH 79.9 allowed the second site of glycosylation to be located at
position 25. The HSQCTOCSY experiment revealed the presence of an additional spin system due to
this sugar, in which the anomeric proton (δC 4.51) correlated with the carbons at δc 99.6, 75.0, 78.2, 71.2,
77.5 and 62.7. These data were in agreement with the presence of a glucopyranose, a hypothesis that was
confirmed by GC-MS analysis. Moreover, the coupling constant value indicated aβ configuration for the
anomeric carbon, while the D-series was established by GC-MS after the reaction of hydrolyzed saponins
with L-cisteine methyl ester and acetylation. Based on these data, compound 3 was unequivocally
identified as 6-O-acetyl-25-O-β-d-glucopyranosyl-3-O-β-d-xylo-pyranosylcycloastragenol.

Compound 4 showed a molecular formula C37H60O10, calculated on the basis of its spectroscopic
data. Of interest, this compound was also obtained by the mild acidic hydrolysis of compound 1. In fact,
when this compound was dissolved in water, after one day at room temperature, it was quantitatively
converted in 4 by loss of the C4′-malonyl. All the NMR data confirmed this hypothesis, and allowed
the identification of compound 4 as 6-O-acetyl-3-O-β-d-xylopyranosylcycloastragenol [22].

Compound 5 showed a molecular formula C35H58O9, calculated on the basis of its spectroscopic
data. The 1H-NMR and 13C-NMR signals of the aglycone and those belonging to the C3-xylopyranose
were superimposable with the previous metabolites. Conversely, the lack of the singlet peak at δH 1.99
proved the absence of the C6-acetyl. All of these data enabled the identification of compound 5 as
3-O-β-d-xylopyranosylcycloastragenol [23].

2.2. Cytotoxicity of Cycloartane Glycosides from Astragalus boeticus Against Human Colorectal Cancer Cells

The cytotoxic activity of the isolated compounds (1–5) was assessed on three
human colorectal cancer cell lines (Caco-2, HT-29 and HCT-116), using MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) tetrazolium salt colorimetric
assay (Figure 4). Results from these experiments demonstrated that cell proliferation was reduced by
the treatment with compounds 1 and 4 in a dose-dependent manner, while 2, 3 and 5 did not exert any
significant effect. To our knowledge, no mechanistic studies regarding the proliferation reducing-effect
of compounds 1 and 4 are available in literature. Yet, several previous works shed the light on the
anticancer activity of other cycloartane glycosides (most of them isolated from A. membranaceus),
which act by inducing apoptosis and modulating crucial cellular signaling pathways [24–27].
Importantly, a recent investigation pointed out that certain semisynthetic cycloastragenol derivatives
impair inflammation-carcinogenesis by regulating the NF-KB signaling pathway [15].

Consistently, compound 4, which has already been purified from the leaf extract of A. membranaceus,
was described as a potentially anti-inflammatory molecule, because it was found to exert an inhibitory
activity on the nitric oxide production in macrophages [21]. Recently, our group identified compound 4

as a metabolite responsible for the cytotoxicity of the A. boeticus extract. Here, this species underwent a
further phytochemical investigation to understand whether analogues of compound 4 exert cytotoxicity
as well. As it was already anticipated above, we demonstrated that compounds 1 and 4 were the active
cycloartane glycosides isolated from A. boeticus.

In an attempt to further validate our findings, we compared the cytotoxicity of 4 (active compound)
and 3 (inactive compound) with astragaloside IV (AS-IV), a commercially-available cycloartane
glycoside extensively recognized as one of the main active components of several Astragalus spp.
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Results from these experiments confirmed the notable cytotoxicity of compound 4, while no effect was
found for AS-IV, at least in our experimental conditions (Figure S10).

From a structural point of view, these insights proved that the C3-xylopyranosyl, along with
the C6-acetoxy group and the C25-free hydroxyl function, were essential structural requirements for
the cytotoxic activity of these triterpenoids. As already discussed, when compound 1 was in water
solutions, such as a cellular environment, it converted into compound 4 by losing the C4’ malonyl.
Thereby, it was demonstrated that compound 4 was the real bioactive structure. Compounds 2, 3,
5 and AS-IV present the C3-xylopyranosyl, while none of them has either the C6-acetoxy group or
the C25-free hydroxyl function. In accordance with previous investigations, acylation of the C-3
and C-6 secondary alcohols of diverse cycloartane derivatives resulted in a higher cytotoxic activity.
This evidence led researchers to hypotheses that acylated cycloartane glycosides could lose the acyl
substituents to modify proteins that play a key role in cellular signaling, whose deregulation is involved
in carcinogenesis. Specifically, the acyl groups can be covalently attached to the amino acid side chains
regulating the protein functions and impairing cancer progression [15].

In our study, a detailed analysis of the cytotoxic effect unveiled a differential response of Caco-2,
HT-29 and HCT-116 to the treatment with compound 4. These insights could be interpreted by
describing the human colon cancer cells employed in our experimental setting. Caco-2 cell line was the
wild type for the KRAS, NRAS, BRAF, PIK3CA genes; thus representing an ideal cellular model to
study metastatic CRCs sensitive to anti-EGFR agents. By contrast, HT-29 and HCT-116 harbored a
BRAF and some KRAS/PIK3CA mutations, respectively—therefore identifying metastatic CRCs with
intrinsic resistance to the anti-EGFR treatments [28,29].

Herein, the in vitro cytotoxic screening revealed as compound 4 was clearly more effective in
treating HT-29 (3 μM) than HCT-116 (40 μM) and Caco-2 (50 μM) cell lines (Figure 4).

In clinics, the BRAF mutation status is a strong indicator of a very poor prognosis for mCRC
patients; indeed, they showed a worse outcome for the therapies compared with those whose tumors
were wild type [30–32]. Of interest, the inhibition of BRAF oncoprotein by the small-molecule drug
PLX4032 (Vemurafenib) is highly effective in the treatment of melanoma [33], whilst metastatic CRC
patients associated with the same mutation showed a very limited response to this drug [34]. In fact,
Vemurafenib treatment induces EGFR feedback activation, causing continued proliferation in the
presence of BRAF (V600E) inhibition. Unlike CRCs, melanomas express low levels of EGFR, and thus,
they are not subject to this kind of feedback activation [35].
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Figure 4. Cytotoxic activity of compounds 1–5 towards Caco-2, HT-29 and HCT-116 human colon
cancer cell lines.

3. Materials and Methods

3.1. General Experimental Procedures

Analytical TLC was performed on Merck Kieselgel (Darmstadt, Germany) 60 F254 or RP-8
F254 plates with a 0.2 mm film thickness. Spots were visualized by UV light, or by spraying with
H2SO4/AcOH/H2O (1:20:4), and then heating at 120 ◦C for 5 min. Preparative TLC was performed on
Merck Kieselgel 60 F254 plates with a 0.5 or 1.0 mm film thickness.

Column chromatography (CC) was performed on Fluka (Seelze, Germany) Amberlite XAD-4
and XAD-7, on Pharmacia (Stockholm, Sweden) Sephadex LH-20, on Merck Kieselgel 60 (70–240
mesh), or on Baker (Deventer, Netherlands) RP-8. Nuclear magnetic resonance (NMR) spectra were
recorded at 300 (1H) and 75 MHz (13C) on a Varian Mercury 300 FT-NMR spectrometer in CD3OD
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or pyridine-d5 solutions at 25 ◦C. Chemical shifts are reported in δ (ppm), and referenced to the
residual solvent signal; J (coupling constant) are given in Hz. Standard pulse sequences and phase
cycling from Varian library were used for 1H, 13C, DEPT, DQF-COSY, COSY, TOCSY, NOESY, HSQC,
H2BC, HMBC and CIGAR–HMBC experiments. 1H NMR spectra were acquired over a spectral
window from 14 to −2 ppm, with 1.0 s relaxation delay, 1.70 s acquisition time (AQ), and 90◦ pulse
width = 13.8 μs. The initial matrix was zero-filled to 64 K. 13C NMR spectra were recorded in 1H
broadband decoupling mode, over a spectral window from 235 to −15 ppm, 1.5 s relaxation delay,
90◦ pulse width = 9.50 μs, and AQ = 0.9 s. The number of scans for both 1H and 13C NMR experiments
were chosen, depending on the concentration of the samples. With regards to the homonuclear and
heteronuclear 2D-NMR experiments, the data points, number of scans and increments were adjusted
according to the sample concentrations. Correlation spectroscopy (COSY) and double quantum filtered
COSY (DQF-COSY) spectra were recorded with gradient-enhanced sequence at spectral widths of
3000 Hz in both f2 and f1 domains; the relaxation delays were of 1.0 s. The total correlation spectroscopy
(TOCSY) experiments were performed in the phase-sensitive mode with a mixing time of 90 ms.
The spectral width was 3000 Hz. Nuclear Overhauser effect spectroscopy (NOESY) experiments
were performed in the phase-sensitive mode. The mixing time was 500 ms, and the spectral width
was 3000 Hz. For all the homonuclear experiments, the initial matrix of 512 × 512 data points was
zero-filled to give a final matrix of 1 k × 1 k points. Proton-detected heteronuclear correlations
were also measured. Heteronuclear single-quantum coherence (HSQC) experiments (optimized for
1J(H,C) = 140 Hz) were performed in the phase sensitive mode with field gradient. The spectral
width was 12,000 Hz in f1 (13C) and 3000 Hz in f2 (1H) and 1.0 s of relaxation delay; the matrix of
1 k × 1 k data points was zero-filled to give a final matrix of 2 k × 2 k points. Heteronuclear 2 bond
correlation (H2BC) spectra were obtained with T = 30.0 ms, and a relaxation delay of 1.0 s; the third
order low-pass filter was set for 130 < 1J(C,H) < 165 Hz. A heteronuclear multiple bond coherence
(HMBC) experiment (optimized for 1J(H,C) = 8 Hz) was performed in the absolute value mode with
field gradient; typically, 1H–13C gHMBC were acquired with spectral width of 18,000 Hz in f1 (13C)
and 3000 Hz in f2 (1H) and 1.0 s of relaxation delay; the matrix of 1 k × 1 k data points was zero-filled
to give a final matrix of 4 k × 4 k points. Constant time inverse-detected gradient accordion rescaled
heteronuclear multiple bond correlation spectroscopy (CIGAR–HMBC) spectra (8 > nJ(H,C) > 5) were
acquired with the same spectral width used for HMBC. Heteronuclear single quantum coherence-total
correlation spectroscopy (HSQC-TOCSY) experiments were optimized for nJ(H,C) = 8 Hz, with a
mixing time of 90 ms. For accurate mass measurements, the purified compounds were analyzed by an
electrospray hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (Q-TOF),
fitted with a Z-spray electrospray ion source (Waters S.p.A.). All analyses were carried out in positive
ion mode. The capillary source voltage and the cone voltage were set at 3500 V and 35 V, respectively.
The source temperature was kept at 80 ◦C, and nitrogen was used as a drying gas (flow rate about 50 l/h).
The time-of-flight analyzer of the mass spectrometer was externally calibrated, with GFP from m/z
50–1600. Accurate mass data were collected by directly infusing samples (1.5 pmol/μL in CH3CN/H2O,
1:1) into the system at a flow rate of 15 μL/min. The acquisition and processing of data were performed
with the MassLynx 4.1 software (Waters S.p.A., Manchester, UK). GC-MS analyses were carried out
using an HP 6890 GC instrument (Zebron ZB-5MS column, He flow 1.0 mL/min), coupled with a
5973 N mass spectrometer, equipped with an electron ionization source (EIMS), and operating with
an electron energy of 70 eV. Full-scan mass spectra were collected between 0 and 600 amu at 2 scan/s.
The MS was operated in the electron impact (EI) ionization mode, with an electron energy of 70 eV.
The ion source and quadrupole temperatures were maintained at 230 and 150 ◦C, respectively. For the
analyses of the acetylated alditols, the column head pressure was set at 7.41 p.s.i.

AS-IV was purchased from Shanghai Tauto Biotech Co., LTD. (Shanghai, China).

129



Molecules 2019, 24, 1725

3.2. GC–MS Analysis of the Sugar Moieties

The GC-MS analysis of the sugar moieties has been previously described by Scognamiglio et al. [31].
Briefly, each metabolite (0.5 mg) was subjected to an acid hydrolysis with 2 N TFA (150 μL) at 120 ◦C
for 1 h, obtaining the sugar moiety. This was dried under N2 flow, and reduced by adding MeOH
(150 μL) and NaBH4 (1.0 mg). The solution was incubated at room temperature for 1 h and then dried
under N2 flow after treatment with glacial AcOH and MeOH. The obtained alditol was acetylated
by using anhydrous pyridine (200 μL) and Ac2O (200 μL). This mixture was incubated for 20 min
at 120 ◦C. Then, 500 μL of H2O was added, and the product was extracted with CH2Cl2 (500 μL)
following centrifugation at 3500 rpm for 5 min. The organic phase was dried under N2 flow, dissolved
in CH2Cl2 (500 μL) and analyzed by GC-MS. Temperature conditions were as follows: Injector port at
250 ◦C; the initial oven temperature was 160 ◦C for 50 s, then linearly increased to 200 ◦C at 10 ◦C/min.
A further linear increase at 2.5 C/min was performed to 300 ◦C, and held for 40 min. Sample solutions
were injected using the split mode.

3.3. Determination of Absolute Configuration of Monosaccharides of Compound 1 and 5

Compound 1 and 5 (2 mg each) were hydrolyzed with 2 N TFA (250 μL) at 120 ◦C for 1 h.
The reaction mixture was then dried under N2 flow and dissolved in dry pyridine (100 μL). 100 μL of
pyridine solution of l-cysteine methyl ester hydrochloride (0.06 mol/L) were added to pyridine solutions
of the hydrolyzed compounds 1 and 5 and pure d-xylose, and l-xylose (0.04 mol/L). These mixtures
were warmed at 60 ◦C for 1 h, afterwards, acetic anhydride (150 μL) was added at 120 ◦C for 20 min.
The products were dried under N2, dissolved in 500 μL of H2O, and extracted with CH2Cl2 (500 μL)
following centrifugation at 3500 rpm for 5 min. The organic phase was dried under N2 flow, dissolved
in CH2Cl2 (500 μL), and analyzed by GC-MS. Temperature conditions were as follows: Injector port at
250 ◦C; initial oven temperature 45 ◦C, then increased linearly to 300 ◦C at 20 ◦C/min, and then held
for 25 min. Sample solutions were injected using the split mode. The retention times were: d-xylose
13.89 min, l-xylose 14.17 min.

3.4. Plant Material

Leaf samples of A. boeticus were collected at vegetative state, in April 2014 in “Castel Volturno
Nature Reserve” (40◦57.587′N, 14◦00.105′E; southern Italy). Samples were harvested, frozen in liquid
nitrogen and lyophilized. A Voucher specimen CE000016 has been deposited at the Herbarium of the
Dipartimento di Scienze e Tecnologie Ambientali Biologiche e Farmaceutiche of Università degli Studi
della Campania “Luigi Vanvitelli”.

3.5. Extraction and Isolation of Compound 1–5

Dried leaves (24.0 g) of A. boeticus were powdered, and underwent three cycles of an
ultrasound-assisted extraction with an MeOH/H2O (1:1) solution (720 mL) [36], finally obtaining a
crude extract (7.1 g). This was dissolved in H2O and separated by liquid–liquid extraction, by using
EtOAc as our extracting solvent. As a result, an organic and a water fraction were obtained. The former
(1g) was chromatographed by SiO2 CC, and eluted using a solution with an increasing degree of
polarity (CHCl3, Me2CO/CHCl3, MeOH/CHCl3). Thus, 21 fractions have been collected. Of these,
number 13 was chromatographed by C18 CC, and eluted with H2O/MeOH (3:2) to give compound 1

(18.6 mg) and 2 (7.1 mg). Meanwhile, number 12 was purified by Flash-CC eluting with MeOH/ CHCl3
(3:100) to obtain compound 4 (28 mg). On the other hand, the water fraction was chromatographed by
XAD-4 (20–50 mesh; Fluka) and XAD-7 (20–50 mesh; Fluka) CC, obtaining an alcoholic eluate (900 mg)
that was in turn purified by Sephadex LH-20. Subsequently, 17 fractions were given. Of these, fraction
13 was purified through RP-18 CC by using H2O/MeOH (4:1) as the eluting system, consequently
obtaining 30 fractions. One of these was chromatographed by TLC (0,5 mm), and eluted with the
organic phase of CHCl3/MeOH/H2O (13:7:2) to obtain compound 3 (11.8 mg). Finally, fraction 11 was

130



Molecules 2019, 24, 1725

chromatographed by TLC (0.5 mm) and eluted with the organic phase of CHCl3/MeOH/H2O (13:7:2)
to give compound 5 (4.6 mg).

Compound 1: 6-O-acetyl-3-O-(4-O-malonyl)-β-d-xylopyranosylcycloastragenol. [α]D
25 = +22.8

(c = 14.97 × 10−3, MeOH). 1H NMR (CD3OD) and 13C NMR (CD3OD) see Table 1; ESI/Q-TOF: m/z 773.49
[M + Na]+ (calcd.773.41 Da for C40H62O13Na);

Compound 2: 3-O-(4-O-malonyl)-β-d- xylopyranosylcycloastragenol. [α]D
25 = +9.70 (c = 2.06 × 10−3,

MeOH). 1H NMR (CD3OD) and 13C NMR (CD3OD) see Table 1; ESI/Q-TOF: m/z 731.41 [M+Na]+ (calcd.
731.40 Da for C38H60O12Na);

Compound 3: 6-O-acetyl-25-O-β-d-glucopyranosyl-3-O-β-d-xylopyranosylcycloastragenol.
[α]D

25 = +13.7 (c= 6.06 × 10−3, MeOH). 1H NMR (CD3OD) and 13C NMR (CD3OD) see Table 1;
ESI/Q-TOF: m/z 849.46 [M + Na]+ (calcd.849.43 Da for C43H70O15Na);

Compound 4: 6-acetyl-3-O-(4-O-malonyl)-β-d-xylopyranosylcycloastragenol. [α]D
25 = +7.65

(c = 5.1 × 10−3, MeOH/H2O, 2:1) [22];

Compound 5: 3-O-β-D-xylopyranosylcycloastragenol. [α]D
25 = −340.1 (c = 3.74 × 10−3) MeOH/H2O,

1:1) [23].

131



Molecules 2019, 24, 1725

T
a

b
le

1
.

1D
an

d
2D

nu
cl

ea
r

m
ag

ne
ti

c
re

so
na

nc
e

(N
M

R
)d

at
a

of
co

m
po

un
d

1
–3

in
C

D
3O

D
.

1
2

3

P
o

si
ti

o
n

δ
C

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a
δ

C
,

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a
δ

C
,

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a

1
32

.8
C

H
2

1.
85

s
1.

67
s

2,
10

2,
10

32
.3

C
H

2
1.

84
s

1.
65

s
2,

10
2,

10
32

.8
C

H
2

1.
29

s

2
30

.3
C

H
2

1.
98

ov
1.

64
ov

3,
4

3,
4

30
.0

C
H

2
1.

88
ov

1.
69

ov
3,

4
3,

4
30

.2
C

H
2

1.
99

ov
3,

4

3
89

.1
C

H
3.

21
d

(J
=

1.
8)

28
,2

9,
1 x

yl
89

.1
C

H
3.

29
ov

28
,2

9,
1 x

yl
89

.1
C

H
3.

21
ov

1 x
yl

4
42

.8
C

42
.0

C
42

.8
C

5
51

.2
C

H
1.

71
s

1,
4,

7,
10

,2
8,

29
53

.9
C

H
1.

38
s

1,
4,

7,
10

,2
8,

29
51

.3
C

H
1.

72
s

1,
4,

7,
10

,2
8,

29

6
72

.0
C

H
4.

75
ov

4,
5,

7,
8,

1 A
c

68
.5

C
H

3.
48

ov
4,

5,
7,

8
72

.1
C

H
4.

75
ov

4,
5,

1 a
c

7
34

.0
C

H
2

1.
56

ov
5,

6
33

.4
C

H
2

1.
46

ov
5,

6
34

.1
C

H
2

1.
57

5,
6,

8,
9,

14

8
46

.7
C

H
1.

95
s

6,
9,

10
,1

3,
14

,
19

,3
0

48
.0

C
H

1.
46

s
6,

9,
10

,1
3,

14
,

19
,3

0
46

.1
C

H
1.

94
s

6,
10

,1
3,

14
,

15
,1

9

9
21

.8
C

21
.4

C
21

.6
C

10
29

.6
C

29
.2

C
29

.2
C

11
26

.8
C

H
2

1.
97

m
8,

12
,1

9
26

.4
C

H
2

1.
97

s
8,

12
,1

9
26

.4
C

H
2

1.
97

s
12

12
34

.1
C

H
2

1.
64

ov
1.

56
ov

14
,1

8
14

,1
8

33
.4

C
H

2
1.

54
ov

1.
37

ov
14

,1
8

14
,1

8
34

.1
C

H
2

1.
64

ov
1.

56
ov

13
47

.0
C

44
.7

C
46

.9
C

14
46

.4
C

47
.0

C
46

.6
C

15
46

.2
C

H
2

1.
87

d
(J
=

8.
0)

1.
39

d
(J
=

8.
0)

8,
13

,1
7,

30
8,

13
,1

7,
30

46
.4

C
H

2
1.

98
d

(J
=

4.
4)

1.
32

d
(J
=

6.
8)

8,
13

,1
7,

30
8,

13
,1

7,
30

46
.0

C
H

2
1.

86
d

(J
=

6.
0)

1.
42

d
(J
=

6.
4)

8,
13

,1
4,

17
,

30
13

,1
4,

30

16
74

.5
C

H
4.

65
m

13
,1

4,
15

73
.9

C
H

4.
64

m
13

,1
4,

15
74

.3
C

H
4.

65
m

13
,1

4,
15

17
58

.9
C

H
2.

37
d

(J
=

7.
8)

13
,1

4,
16

,2
0,

21
,2

2
58

.2
C

H
2.

37
d

(J
=

7.
7)

13
,1

4,
16

,2
0,

21
,2

2
58

.7
C

H
2.

38
d

(J
=

8.
0)

13
,1

4,
16

,2
0,

21
,2

2

18
21

.4
C

H
3

1.
27

s
12

,1
5,

17
21

.4
C

H
3

1.
23

s
12

,1
5,

17
21

.7
C

H
3

1.
27

s
12

,1
5,

17

19
30

.1
C

H
2

0.
61

s
0.

40
s

1,
5,

8,
9,

10
1,

5,
8,

9,
10

,
11

31
.4

C
H

2
0.

53
s

0.
37

s

1,
5,

8,
9,

10
1,

5,
8,

9,
10

,
11

30
.2

C
H

2
0.

61
s

0.
40

s

1,
5,

8,
9,

10
,1

1
1,

5,
8,

9,
10

,
11

20
88

.3
C

-
88

.2
C

-
88

.3
C

-

21
28

.4
C

H
3

1.
22

s
17

,2
0,

22
28

.1
C

H
3

1.
25

s
17

,2
0,

22
28

.0
C

H
3

1.
24

s

22
35

.5
C

H
2

2.
62

ov
1.

87
ov

17
,2

0,
21

17
,2

0,
21

34
.9

C
H

2
1.

69
ov

17
,2

0,
21

17
,2

0,
21

35
.6

C
H

2
2.

54
ov

1.
84

17 17

23
26

.8
C

H
2

2.
02

ov
1.

73
20

,2
4,

25
17

,2
4,

25
26

.4
C

H
2

2.
02

ov
20

,2
4,

25
17

,2
4,

25
26

.8
C

H
2

2.
16

ov
1.

72
24

,2
5

24
,2

5

24
82

.6
C

H
3.

76
m

25
81

.4
C

H
3.

80
m

25
83

.0
C

H
3.

82
m

1 g
lc

132



Molecules 2019, 24, 1725

T
a

b
le

1
.

C
on

t.

1
2

3

P
o

si
ti

o
n

δ
C

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a
δ

C
,

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a
δ

C
,

T
y

p
e

δ
H

(J
in

H
z
)

H
M

B
C

a

25
71

.2
C

-
71

.2
C

-
79

.9
C

-

26
26

.6
C

H
3

1.
13

s
17

,2
4,

25
26

.5
C

H
3

1.
15

s
17

,2
4,

25
23

.2
C

H
3

1.
22

s
20

,2
3,

24
,2

5

27
27

.6
C

H
3

1.
26

s
24

,2
5,

26
27

.1
C

H
3

1.
24

s
24

,2
5,

26
25

.3
C

H
3

1.
38

s
23

,2
4,

26

28
27

.2
C

H
3

1.
05

s
3,

4,
5,

29
16

.1
C

H
3

0.
98

s
3,

4,
5,

29
16

.5
C

H
3

0.
98

s
3,

4,
5,

28

29
16

.6
C

H
3

0.
98

s
3,

4,
5,

28
27

.1
C

H
3

1.
25

s
3,

4,
5,

28
27

.3
C

H
3

1.
04

s
3,

4,
5,

29

30
20

.3
C

H
3

1.
01

s
9,

14
,1

5
20

.9
C

H
3

0.
96

s
9,

14
,1

5
20

.2
C

H
3

0.
99

s
14

,1
5

1 x
yl

10
5.

9
C

H
4.

32
d

(J
=

7.
4)

3,
5 x

yl
10

5.
9

C
H

4.
43

d
(J
=

7.
4)

3,
5 x

yl
10

7.
4

C
H

4.
26

d
(J
=

7.
0)

3

2 x
yl

75
.4

C
H

3.
26

ov
4 x

yl
75

.4
C

H
3.

26
ov

4 x
yl

75
.5

C
H

3.
19

ov

3 x
yl

75
.2

C
H

3.
57

ov
4 x

yl
,5

xy
l

75
.2

C
H

3.
57

ov
4 x

yl
,5

xy
l

78
.0

C
H

3.
29

ov

4 x
yl

73
.6

C
H

4.
72

m
2 x

yl
,3

xy
l,

5 x
yl

,
2 m

al
73

.6
C

H
4.

72
m

2 x
yl

,3
xy

l,
5 x

yl
,

2 m
al

71
.2

C
H

3.
46

m

5 x
yl

63
.3

C
H

2
3.

28
ov

3.
96

ov
1 x

yl
,3

xy
l,

4 x
yl

1 x
yl

,3
xy

l,
4 x

yl
63

.3
C

H
2

3.
28

ov
3.

96
ov

1 x
yl

,3
xy

l,
4 x

yl
1 x

yl
,3

xy
l,

4 x
yl

66
.7

C
H

2
3.

18
ov

3.
82

ov

1 g
lc

-
-

-
-

-
99

.6
C

H
4.

51
d

(J
=

6.
6)

25

2 g
lc

-
-

-
-

-
75

.0
C

H
3.

18
ov

5 g
lc

3 g
lc

-
-

-
-

-
78

.2
C

H
3.

32
ov

1 g
lc

,5
gl

c

4 g
lc

-
-

-
-

-
71

.2
C

H
3.

31
ov

6 g
lc

5 g
lc

-
-

-
-

-
77

.5
C

H
3.

24
ov

1 g
lc

,3
gl

c

6 g
lc

-
-

-
-

-
62

.7
C

H
2

3.
65

ov
3.

79
ov

4 g
lc

4 g
lc

1 a
c

17
2.

2
C

-
-

-
17

2.
2

C

2 a
c

22
.2

C
H

3
1.

99
s

1 a
c

-
-

21
.8

C
H

3
1.

99
s

1 a
c

1 m
al

17
0.

6
C

-
17

0.
6

C
-

-
-

2
m

al
51

.8
C

H
2

3.
69

s
1 m

al
,
3 m

al
51

.8
C

H
2

3.
69

s
1 m

al
,

3 m
al

-
-

3
m

al
17

1.
7

C
-

17
1.

7
C

-
-

-
a

H
M

BC
co

rr
el

at
io

ns
,o

pt
im

iz
ed

fo
r

6
H

z,
ar

e
fr

om
pr

ot
on

(s
)s

ta
te

d
to

th
e

in
di

ca
te

d
ca

rb
on

;b
ob

sc
ur

ed
;d
=

do
ub

le
t,

m
=

m
ul

ti
pl

et
,o

v
=

ov
er

la
pp

ed
,s
=

si
ng

le
t,

t=
tr

ip
le

t.

133



Molecules 2019, 24, 1725

3.6. Cell Lines

The human HCT-116, HT-29, Caco-2 colorectal cancer cell lines were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA). HCT-116, HT-29 cancer cells were cultured in
RPMI 1640 medium (Lonza, Cologne, Germany) supplemented with 10% fetal bovine serum, 2 mM
l-glutamine, 50 U/mL penicillin and 100 μg/mL streptomycin (Lonza, Cologne, Germany). The Caco-2
cell line was cultured in DMEM medium (Lonza, Cologne, Germany), supplemented with 10% fetal
bovine serum, 2 mM l-glutamine, 1% non-essential amino acid, 50 U/mL penicillin and 100 μg/mL
streptomycin (Lonza, Cologne, Germany).

3.7. Proliferation Assay

The cell proliferation assay was performed with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. Briefly, cells in logarithmic growth phase were plated in 96-well
plates and incubated for 24 h before exposure to increasing doses of DMSO-diluted compounds (20,
40, 60, and 80 μM). For compounds 1 and 4 that exerted a strong cytotoxic effect in the HT-29 cell
line, a lower range of doses (2, 4, 6, and 10 μM) was also investigated. 48 h after treatment, 50 μL
of 1 mg/mL (MTT) were mixed with 200 μL of medium and added to the well. 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 a plate reader. Results were reported as mean ± s.d. of % of cell growth, with respect
to the control from six replicate analyses. The control was represented by a 0.08% DMSO treatment,
which corresponded to the higher amount of DMSO used for the tests.

4. Conclusions

A plethora of previous investigation regarding the phytochemistry and the bioactive components
of diverse species belonging to the Astragalus genus are available in literature. However, to our
knowledge, there are no data regarding the phytochemical constituents of A. boeticus. In this study,
we focused on the cycloartane derivatives present in A. boeticus, because of its putative cytotoxic activity.

Specifically, the targeted phytochemical study of A. boeticus led to the isolation of five
cycloartane-type glycosides (1–5); of these, 1, 2 and 3 were isolated and characterized for the
first time. The cytotoxic activity of compounds 1–5 was evaluated in vitro, disclosing a strong
proliferation-reducing effect of compound 4 in the HT-29 human colon cancer cell line, which was
employed as a preclinical model to study refractory mCRCs that are resistant to anti-EGFR therapies,
as well as other chemotherapeutic drugs currently used in the clinical setting. Our results therefore
provide a small molecule scaffold that might be potentially important for the development of new
agents effective against refractory mCRCs.

Indeed, these insights pave the way to further investigations aimed to figure out whether
compound 4 acts on CRC cell models resistant to EGFR inhibitors with high selectivity, and if so,
to elucidate the mechanism by which the anti-proliferative activity occurs.

On the other hand, as several limitations are intrinsically associated with our in vitro experimental
system, future experiments shall also be addressed to evaluate the pharmacokinetic properties, and the
bioavailability of the active molecule in animal models.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/9/1725/s1,
Figure S1: 1H NMR spectrum of compound 1. Figure S2: 13C NMR spectrum of compound 1. Figure S3: COSY
spectrum of compound 1. Figure S4: HSQC spectrum of compound 1. Figure S5: CIGAR-HMBC spectrum of
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Abstract: New anti-infective agents are urgently needed to fight microbial resistance.
Methicillin-resistant Staphylococcus aureus (MRSA) strains are particularly responsible for complicated
pathologies that are difficult to treat due to their virulence and the formation of persistent biofilms
forming a complex protecting shell. Parasitic infections caused by Trypanosoma brucei and Leishmania
mexicana are also of global concern, because of the mortality due to the low number of safe and
effective treatments. Female inflorescences of hop produce specialized metabolites known for their
antimicrobial effects but underexploited to fight against drug-resistant microorganisms. In this
study, we assessed the antimicrobial potential of phenolic compounds against MRSA clinical isolates,
T. brucei and L. mexicana. By fractionation process, we purified the major prenylated chalcones and
acylphloroglucinols, which were quantified by UHPLC-UV in different plant parts, showing their
higher content in the active flowers extract. Their potent antibacterial action (MIC < 1 μg/mL for the
most active compound) was demonstrated against MRSA strains, through kill curves, post-antibiotic
effects, anti-biofilm assays and synergy studies with antibiotics. An antiparasitic activity was also
shown for some purified compounds, particularly on T. brucei (IC50 < 1 to 11 μg/mL). Their cytotoxic
activity was assessed both on cancer and non-cancer human cell lines.

Keywords: Humulus lupulus; prenylated phenolic compounds; antimicrobial agents; methicillin-
resistant Staphylococcus aureus; Leishmania mexicana mexicana; Trypanosoma brucei brucei
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1. Introduction

Multidrug-resistant microorganisms are rapidly spreading throughout the world leading to
treatment failures [1]. Antibacterial resistance in humans is affected by an inappropriate or excessive
use of antibiotics in human health but is also partially affected by the use of antibiotics in animal-rearing.
Some national action plans, such as restrictive measures of antibiotic use in human and animal health,
are now imposed in all parts of the world but the problem of antimicrobial resistance is far from being
solved [2,3]. Therefore, the discovery of new antimicrobial compounds is crucial.

Several plant-derived natural products, characterized by a huge structural diversity, including
phenolic compounds, are cited as antimicrobial agents and resistance-modifying agents (RMAs) [4].
They could constitute a valuable interim solution, until new classes of antibiotics are discovered [5].

Methicillin-resistant Staphylococcus aureus (MRSA) strains are considered as a very urgent health
problem because of their propagation in the last 15 years in the elderly and in immunocompromised
patients, mainly due to their increasing implication in nosocomial infections and the lack of
development of new antimicrobials. In 2016, the percentage of MRSA among all S. aureus isolates
remained above 25% in several countries in Southern Europe and greater than 15% in France,
especially for invasive isolates [6]. MRSA is also one of the principal multi-resistant bacterial pathogen
responsible for complicated skin and hospital-acquired infections, associated with high mortality
rates [7,8]. Furthermore, these strains are very often involved in infections of diabetic foot ulcers
characterized by frequent complications and risks of lower-limb amputations [9]. S. aureus has the
ability, like most Gram-positive organisms, to acquire resistance to practically all useful antibiotics.
Several mechanisms can explain this resistance: modification of target sites, enzymatic degradation
or structural modification of antibiotics and, expression of efflux pumps [5,10–12]. These bacteria
also produce virulence factors involved in pathogenesis like adhesion and biofilm formation, which
enhance bacterial resistance [13,14].

On the other hand, many parasitic infections deserve a special attention due to the lack of effective
treatments. Trypanosoma brucei is a parasite conveyed by the tsetse fly and responsible for the Human
African Trypanosomiasis (HAT) or sleeping sickness. This fatal disease if untreated leads to central
nervous system disturbances, including sensory, motor and psychic troubles and neuroendocrine
abnormalities [15,16]. Leishmaniasis, caused by different Leishmania species, is responsible for chronic
skin and visceral diseases transmitted by sand-flies [17].

Hop (Humulus lupulus L.) is a climbing dioecious plant belonging to the Cannabaceae family.
This species is cultivated worldwide for its female inflorescences (cones), usually called “hops”, which
are used in the brewing industry. The compounds sought by brewers are prenylated acylphloroglucinol
derivatives, also called bitter acids and in particular α-acids (humulone derivatives) which are
isomerized into iso-α-acids during the brewing process. These compounds confer some bitterness and
antiseptic properties to beer [18]. This plant is also known to have many pharmacological activities,
including sedative, oestrogenic, anti-inflammatory, chemopreventive and antimicrobial activities [19].
The antimicrobial activity is mainly attributed to prenylated acylphloroglucinols, in particular to
α-acids and β-acids (lupulone derivatives) and to prenylated chalcones, including xanthohumol
(Figure 1) [20–22]. Few studies, however, describe the activity of this plant and especially of its
specialized metabolites against multidrug resistant strains [14,23] and parasites [24,25]. In addition,
the mechanisms of the inhibitory activities observed are not really expanded upon now.

In this context, we studied the antimicrobial potential of hop phenolic compounds against MRSA
strains, Trypanosoma brucei brucei (Tbb) and Leishmania mexicana mexicana (Lmm). We opted for a
fractionation using Centrifugal Partition Chromatography (CPC) and preparative High-Performance
Liquid Chromatography (HPLC) to purify the major antimicrobial phenolic compounds from the most
active sub-extract of hop. Purified compounds were then quantified in hop extracts. Their antibacterial
potential against MRSA clinical isolates was assessed. The most promising compounds were then
selected for further experiments in order to strengthen our knowledge of their action on the bacterial
strains, through kill curves, post-antibiotic effects, anti-biofilm and synergy assays. The antiparasitic
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activity of some chalcones and acylphloroglucinols against Tbb and Lmm was also evaluated.
Their cytotoxicity activity was determined on various human cell lines.

Xanthohumol

α

β

 

(A) 

(B) 

Desmethylxanthohumol

Humulone

Lupulone

AdhumuloneCohumulone

AdlupuloneColupulone

Figure 1. Structures of the main prenylated phenolic compounds from hops. (A) prenylated chalcones
(B) acylphloroglucinol derivatives.

2. Results

2.1. Antimicrobial Activity of Hop Extracts and Sub-Extracts against Gram-Positive and Gram-Negative
Bacteria and Parasites

We evaluated the antimicrobial activity of hop extracts and sub-extracts towards bacterial clinical
isolates and parasites (Tbb and Lmm).

We first confirmed the antibacterial activity of the crude hydro-ethanolic extract of cones against
Gram-positive bacteria, namely Corynebacterium, Enterococcus, Mycobacterium, Staphylococcus and
Streptococcus strains, with MICs ranging from 39 to 156 μg/mL (Table 1). Some yeasts have also
been studied. On the 36 Candida albicans strains tested (data not shown), only the two presented in
Table 1 were susceptible to our extracts. Leaves, stems and rhizomes showed a weak antimicrobial
activity. The liquid-liquid fractionation of the most active crude extract (cones) with dichloromethane
(DCM) and water led to set up a second screening only focused on Gram-positive bacteria (Table 2).
This partition also led us to direct the activity towards non-polar compounds as the non-polar
sub-extract was indeed more active than the crude extract. Enterococci appeared less susceptible to the
DCM sub-extract than staphylococci and streptococci. S. aureus strains were the most susceptible with
MICs ranging from 9.8 to 19.5 μg/mL (Table 2). This non-polar fraction of hops is known to contain
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prenylated chalcones and acylphloroglucinol derivatives (Figure 1) which were further purified to
analyze their activity.

Table 1. MIC (in μg/mL) of hop hydro-ethanolic crude extracts (Co: cones, Le: leaves, St: stems, Rh:
rhizomes) against some human pathogenic bacteria with their corresponding antibiotic susceptibility
(S: susceptible I: intermediate, R: resistant).

Bacterial Strains and Yeasts
MIC (μg/mL) Antibiotic and Antifungal Susceptibility

Co Le St Rh GEN VAN AMX

Gram-positive

Corynebacterium T25-17 39 NA NA NA S S S
Enterococcus faecalis C159-6 39 NA NA NA R S R

Enterococcus sp. 8153 156 NA NA NA R S S
Mycobacterium smegmatis 5003 39 NA NA NA S S S

Staphylococcus aureus 8146 39 NA NA NA S S I
Staphylococcus aureus 8147 39 NA NA NA S S S

Staphylococcus epidermidis 5001 39 NA NA NA S S S
Staphylococcus epidermidis 10282 98 NA NA NA S S S

Staphylococcus lugdunensis T26A3 156 NA NA 625 S S S
Staphylococcus warneri T12A12 39 NA NA 625 S R S
Streptococcus agalactiae T25-7 39 NA NA NA R S S
Streptococcus agalactiae T53C2 78 NA NA NA S S S

Streptococcus dysgalactiae T46C14 39 NA NA NA S S S

Gram-negative

Acinetobacter baumannii 9010 NA NA NA NA S R R
Acinetobacter baumannii 9011 NA NA NA 625 R R R

Citrobacter freundii 11041 NA NA NA NA S R S
Citrobacter freundii 11042 NA NA NA NA S R R
Enterobacter cloacae 11050 NA NA NA NA S R R
Enterobacter cloacae 11051 NA NA NA NA R R R
Enterobacter cloacae 11053 NA NA NA NA S R R

Escherichia coli 8138 NA NA NA NA S R R
Escherichia coli 8157 NA NA NA NA S R R

Escherichia coli ATCC 25922 NA NA NA NA S R I
Klebsiella pneumoniae 11016 NA NA NA NA S R R
Klebsiella pneumoniae 11017 NA NA NA NA S R R

Proteus mirabilis 11060 NA NA NA NA S R R
Providencia stuartii 11038 NA NA NA NA S R S

Pseudomonas aeruginosa 8131 NA NA NA 625 S R R
Pseudomonas aeruginosa ATCC 27583 NA NA NA 625 R R R

Salmonella sp. 11033 NA NA NA NA S R R
Serratia marcescens 11056 NA NA NA NA S R R
Serratia marcescens 11057 NA NA NA NA R R R

Stenotrophomonas maltophilia NA NA NA 625 S R R

Yeasts AMB FLC VRC

Candida albicans 13203 156 625 NA NA S R R
Candida albicans ATCC 10231 <39 NA NA NA S S S

Gentamicin (GEN) S ≤ 4, R > 8; Vancomycin (VAN) S ≤ 4, R > 16; Amoxicillin (AMX) S ≤ 4, R > 16; Amphotericin B
(AMB) S ≤ 1, R > 1; Fluconazole (FLC) S ≤ 2, R > 4; Voriconazole (VRC) S ≤ 0.12, R > 0.12. NA means not active,
MIC ≥ 1250 μg/mL.
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Table 2. MIC (in μg/mL) of the crude extract and the dichloromethane (DCM) sub-extract of
cones against Gram-positive strains with their corresponding antibiotic susceptibility (S: susceptible,
I: intermediate, R: resistant).

Gram-Positive Strains
MIC (μg/mL) Antibiotic Susceptibility

Crude Extract DCM GEN VAN AMX

Corynebacterium T25-17 39 19.5 S S S
Enterococcus faecalis C159-6 156 78 R R R
Enterococcus faecalis T26-B7 313 156 R S S
Enterococcus faecalis T34-2 313 156 S S S
Enterococcus faecalis T37A4 156 156 R S S

Enterococcus faecalis T39-C11 156 156 S S S
Staphylococcus aureus 8146 19.5 9.8 S S S
Staphylococcus aureus 8147 19.5 9.8 S S S

Staphylococcus aureus CIP 224 39 19.5 S S S
Staphylococcus aureus T1.1 39 19.5 S S S

Staphylococcus aureus T25.10 39 19.5 S S R
Staphylococcus aureus T25.3 39 19.5 S S R
Staphylococcus aureus T25.9 39 19.5 S S R

Staphylococcus aureus T26A4 39 19.5 S S S
Staphylococcus aureus T28.1 19.5 9.8 S S R
Staphylococcus aureus T36B1 39 19.5 S S R

Staphylococcus aureus T47A12 39 19.5 S S R
Staphylococcus aureus T6.7 39 9.8 S S R

Staphylococcus epidermidis 5001 39 19.5 S S S
Staphylococcus warneri T12A12 78 19.5 S S S

Staphylococcus lugdunensis T26A3 39 19.5 S S S
Staphylococcus pettenkoferi T3.3 78 39 S S S

Staphylococcus saprophyticus 08237 39 9.8 S S S
Streptococcus agalactiae 13225 39 19.5 S S S
Streptococcus agalactiae 13226 39 19.5 S S S
Streptococcus agalactiae T25.7 39 19.5 I S S
Streptococcus agalactiae T38.2 39 19.5 S S S

Streptococcus agalactiae T40A2 39 19.5 S S S

Gentamicin (GEN) S ≤ 4, R > 8; Vancomycin (VAN) S ≤ 4, R > 16; Amoxicillin (AMX) S ≤ 4, R > 16. NA means not
active, MIC ≥ 1250 μg/mL.

Extracts and sub-extracts were also tested for their antiparasitic effect. This activity was for the
first-time described here on Tbb with respective IC50 of 7.8 and 4.6 μg/mL for the hydro-ethanolic
crude extract and the DCM sub-extract of cones. Hops is less active against Lmm with IC50 of 29.0 and
28.2 μg/mL, respectively.

2.2. Purification of Hops Prenylated Chalcones and Acylphloroglucinols and Quantification in Hop Samples

Major prenylated chalcones (xanthohumol and desmethylxanthohumol) and prenylated
acylphloroglucinols (cohumulone, humulone, colupulone and lupulone) were purified from the
active DCM sub-extract of cones by centrifugal partition chromatography (CPC) and preparative
high-performance liquid chromatography (HPLC) (Figure 1). Their structure was established
by comparison with their spectral data, including NMR data and mass spectra, with reported
values [26–29] (Supplementary Material, Tables S2–S4). These compounds were identified in the
different plant crude extracts by UHPLC-UV-MS on the basis of their retention times and their
mass spectrum (Figure 2 and Supplementary Material, Figures S1–S3). They were then used for
quantification in different parts of the plant and for activities testing.

Quantification was performed on crude hydro-ethanolic extracts of the cultivar ‘Nugget’ used
for bioassays. Concerning our method, good linearity was observed for each compound over the
concentration range (Supplementary Material, Table S1). Evaluation of the method on the cones extract
showed acceptable intra- and inter-day precisions for xanthohumol (RSD% = 10.6, 12.0), humulone
(RSD% = 12.4, 13.8) and lupulone (RSD% = 10.3, 10.7).
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The contents in prenylated phenolic compounds were much higher in the crude extract of cones
than in stems, roots and leaves crude extracts (Figures 2 and 3). Only xanthohumol and humulone
have been quantified in the stems extract. No prenylated phenolic compounds could be quantified in
the rhizome extract. Interestingly, humulone was the main compound in cones extract (147 μg/mg),
with a total alpha/beta acid (humulone/lupulone derivatives) ratio of 2.4, whereas lupulone was the
most abundant compound in leaves extract, with a ratio of 0.5.

Figure 2. LC-UV chromatograms (370 nm) of crude extracts prepared at 100 μg/mL in MeOH for
(a) cones and 1 mg/mL in MeOH for (b) leaves, (c) stems and (d) rhizomes. Compounds identified
are as follows: desmethylxanthohumol (1) rt 1.70 min, xanthohumol (2) rt 2.78 min, cohumulone
(3) rt 4.37 min, humulone (4) rt 4.75 min, adhumulone (5) rt 4.86 min, colupulone (6) rt 6.31 min,
lupulone (7) rt 6.92 min, adlupulone (8) rt 7.05 min.

Figure 3. Content of prenylated chalcones and acylphloroglucinols in crude hydro-alcoholic extracts of
different hop parts (in μg/mg) (n = 3, mean ± SD).
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2.3. Antibacterial Activity of Purified Prenylated Phenolic Compounds

2.3.1. Antibacterial Activity of Purified Compounds against Selected MRSA and Methicillin-Sensitive
Staphylococcus aureus (MSSA) Strains

All compounds tested were active against selected oxacillin susceptible and resistant S. aureus
clinical isolates (Table 3). Indeed, methicillin resistance is routine researched by using oxacillin disks.
The first strain (T28.1) was more intensively studied because it combined many pathologic features
like isolation from a diabetic foot infection and harbouring genes implicated in antibiotic resistance,
capsule formation and biofilm formation [30]. Lupulone was the most promising compound with
MICs from 0.6 to 1.2 μg/mL towards MRSA strains. With the exception of lupulone, we demonstrated
that xanthohumol and desmethylxanthohumol were more active than bitter acids, with MICs ranging
from 9.8 to 19.5 and 19.5 to 39 μg/mL towards MRSA. However, desmethylxanthohumol was slightly
less active than xanthohumol. MICs did not differ between MRSA and MSSA strains.

Table 3. MIC of hop chalcones and acylphloroglucinols against selected MRSA (T28.1 and T25.10) and
MSSA (T26A4 and 08143) strains.

Bacteria MIC in
μg/Ml (μM)

Chalcones Acylphloroglucinols
OXA

XN DMX Cohumulone Humulone Colupulone Lupulone

S. aureus T28.1 9.8 (27.7) 39 (114.7) 156 (448.3) 78 (215.5) 39 (97.5) 1.2 (2.9) R
S. aureus T25.10 9.8 (27.7) 19.5 (57.3) 313 (899.4) 156 (430.9) 78 (195) 0.6 (1.45) R
S. aureus T26A4 9.8 (27.7) 39 (114.7) 313 (899.4) 156 (430.9) 39 (97.5) 0.6 (1.45) S
S. aureus 08143 19.5 (55) 39 (114.7) 313 (899.4) 156 (430.9) 78 (195) 1.2 (2.9) S

XN: xanthohumol, DMX: desmethylxanthohumol. Positive control was oxacillin (OXA, S ≤ 2 μg/mL, R ≥ 4 μg/mL [31]).

Isoxanthohumol (Figure 4), a flavanone known to be a metabolite of xanthohumol, was
also tested against the strain MRSA T28.1 and its MIC was found to be of similar activity as
desmethylxanthohumol (MIC = 39 μg/mL).

 Isoxanthohumol

Figure 4. Structure of isoxanthohumol.

Xanthohumol, desmethylxanthohumol and lupulone were selected for further experiments on
the S. aureus T28.1 clinical isolate, in order to better understand how they act on MRSA.

2.3.2. Further Experiments on MRSA T28.1 with the Most Promising Compounds Xanthohumol,
Desmethylxanthohumol and Lupulone

Synergies Assessed by Checkerboard

One of the strategies employed to overcome resistant strains is the combination of current
antibacterial agents with natural compounds. Hops phenolic compounds and selected antibiotics
(ciprofloxacin, gentamicin, oxacillin and rifampicin) were combined using the checkerboard method,
to establish the best combination of products for increasing the activity [32].
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The antibacterial action of hops compounds can be enhanced by combining xanthohumol with
desmethylxanthohumol or with lupulone, showing an additive effect (Table 4). In contrast, the
combination of desmethylxanthohumol with lupulone was found to be antagonistic.

The combination of hops compounds with selected antibiotics highlighted interesting effects
(Table 4). Xanthohumol was synergistic to additive with the four antibiotics. For example, rifampicin
can be 8 times more active when combined with xanthohumol. Desmethylxanthohumol showed
a synergistic activity with gentamicin, synergistic to additive with ciprofloxacin and additive with
oxacillin, while sometimes antagonist effect was observed with rifampicin. The interaction of lupulone
with ciprofloxacin was additive and this association was antagonist or indifferent with gentamicin
and rifampicin.

Table 4. Effect of the combination of hops compounds between them and with selected antibiotics.

Association FIC Index Effect

XN-DMX 0.74–1 Additive
XN-Lupulone 0.75 Additive

DMX-Lupulone 5 Antagonist

CIP-XN 0.49–1 Synergistic to additive
CIP-DMX 0.38–1.5 Synergistic to indifferent

CIP-Lupulone 0.63–1 Additive

GEN-XN 0.14–1 Synergistic to additive
GEN-DMX 0.03–0.28 Synergistic

GEN-Lupulone 9 Antagonist

OXA-XN 0.28–0.75 Synergistic to additive
OXA-DMX 0.5–0.76 Additive

OXA-Lupulone 0.19–1.25 Synergistic to indifferent

RIF-XN 0.25–0.75 Synergistic to additive
RIF-DMX 1–5 Indifferent to antagonist

RIF-Lupulone 2.2–6 Indifferent to antagonist

Association can be synergistic (FIC < 0.5), additive (0.5 ≤ FIC ≤ 1), indifferent (1 < FIC ≤ 4) or antagonist (FIC > 4).
Ranges result from 3 independent experiments. XN: xanthohumol, DMX: desmethylxanthohumol, CIP: ciprofloxacin,
GEN: gentamicin, OXA: oxacillin, RIF: rifampicin.

Kill Curve

Kill curves allowed the determination of time-dependent bacteriostatic and bactericidal
concentrations of each product [33] (Figure 5).

Xanthohumol decreased the bacterial population by 0.5 log(CFU/mL) during the first 6 h at
sub-inhibitory concentration (MIC/2) and by 2 log(CFU/mL) during 24 h at the MIC. It was bactericidal
at 2xMIC, rapidly decreasing the bacterial population to around 3 log(CFU/mL) during the first 4 h
which means that only 1 bacterium among 1000 initially present is still alive (Figure 5A).

Desmethylxanthohumol decreased the bacterial population during the first hours at the MIC.
The bacteria grew back after 6 h of culture. However, it was bactericidal at 2 × MIC; reaching the
detection threshold of 1 log(CFU/mL) after 24 h (Figure 5B).

Although lupulone was the most active compound (based on MIC of 1.2 μg/mL), it slightly
decreased the bacterial population only at 4 × MIC. Lower concentrations just slowed down growth
(Figure 5C) and a reduction between the control and 2 × MIC is about 3 log(CFU/mL).
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Figure 5. Kill curves showing the effect of xanthohumol (A), desmethylxanthohumol (B) and lupulone
(C) on S. aureus T28.1 growing during 24 h. The detection threshold of the experiment is 1 log(CFU/mL).

Post-Antibiotic Effects

Post-antibiotic tests highlighted the fragility of the bacterial population after 2 h exposure to the
active compounds followed by inactivation, which resulted in a delayed regrowth [33]. The growth
retardation is quantified by the difference between the time necessary for each condition to grow
from a log10 (T) and the corresponding time for the control (C). These parameters are graphically
determined as shown in Figure 6.

The three compounds tested caused delayed growth at all concentrations evaluated (Table 5).
Here again, even if lupulone was the most active (based on MIC values), it caused a low

effect after its inactivation with a maximum delay close to 55 min. In contrast, xanthohumol and
desmethylxanthohumol caused a significant delay for regrowth. Desmethylxanthohumol inhibited
bacterial regrowth for up to almost 2.5 h after pre-treatment at the MIC. Xanthohumol had the same
effect at the MIC and it increased with the concentration, the delay reaching 3.29 h at 4 × MIC.

Table 5. Post-antibiotic effect on S. aureus T28.1 for each hops selected compound after 2 h exposure.
Values are the maximum delayed growth retardation obtained after 3 independent experiments.

Maximum Growth Retardation (h)

MIC/2 MIC 2 × MIC 4 × MIC

Xanthohumol 1.34 2.23 2.05 3.29
Desmethylxanthohumol 2.10 2.32 2.29 2.34

Lupulone 0.26 0.53 0.54 0.47
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Figure 6. Post-antibiotic curve of xanthohumol indicating graphical determination of parameters
for the determination of the growth delay. Time between −2 and 0 shows the pre-treatment with
antibacterial product. Time 0 corresponds to the product inactivation. The growth retardation is
quantified during the first hours of culture, comparing each condition with the control, using the
formula: PAE = T − C. Where T is the time needed for the bacterial population to grow by 1 log10 (the
present example is for the MIC) and C is the corresponding time for the control.

Anti-Biofilm Assays

Biofilms contribute to bacterial resistance, forming a complex protecting shell [34]. We initially
considered the activity of hops compounds on artificial surfaces, which was confirmed on a bone
substitute, the natural colonized substrate of the model strain S. aureus T28.1. The influence of the
compounds was assessed both on the biofilm formation and on the destruction of preformed biofilms.

Xanthohumol totally inhibited the biofilm formation on artificial surface at the MIC
(Figure 7A), which correlates with the bactericidal effect pointed out with kill curves (Figure 5A).
Desmethylxanthohumol and lupulone showed a significant inhibition of biofilm formation at
sub-inhibitory concentrations (Figure 7A). Thus, this effect seems independent of the bactericidal
activity (Figure 5B,C). The same trend was observed on bone substitutes (Figure 7C). Even if the
inhibition of the biofilm formation is found less intense in bone substitute, this potential remains very
interesting, in particular for desmethylxanthohumol and lupulone. These last products showed a
significant decrease of the biofilm formation on bone substitute discs at MIC (Figure 7C).

Hops compounds are also able to destroy the biofilm. Xanthohumol showed a non-dose-
dependent activity at the MIC and above, which is similar to the inhibition dose for the biofilm
formation (Figure 7B). As seen previously, desmethylxanthohumol and lupulone showed a greater
anti-biofilm potential than xanthohumol. A significant biofilm destruction was also observed at
sub-inhibitory concentrations, at MIC/4, with 81% and 62.8%, respectively.
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Figure 7. Effect of xanthohumol, desmethylxanthohumol and lupulone on the biofilm formation (A) of
S. aureus T28.1 on artificial surface (A), on the biofilm destruction of S. aureus T28.1 on artificial surface
(B) and on the biofilm formation of S. aureus T28.1 on bone substitute (C). According to Shapiro test,
means tagged with * are significantly different from the control (p = 0.05) using Kruskal Wallis and
Dunn’s tests for (A) and for lupulone and desmethylxanthohumol for (C) or ANOVA and Tukey test
for (B) and for xanthohumol for (C).

2.4. Antiparasitic Activity of Purified Prenylated Phenolic Compounds

The two chalcones, xanthohumol and desmethylxanthohumol, as well as two acylphloroglucinols,
humulone and lupulone, were tested against the two parasites: Trypanosoma brucei brucei (Tbb) and
Leishmania mexicana mexicana (Lmm) and were active. Lupulone is the most promising compound with
IC50 of 0.9 and 4.7 μg/mL against Tbb and Lmm, respectively (Table 6). As for antibacterial activities,
we demonstrated that xanthohumol and desmethylxanthohumol were more active than humulone on
parasites, with IC50 from 2.4 to 6.1 and 7.7 to 26.2 μg/mL on both Tbb and Lmm.

Table 6. IC50 of hops chalcones and acylphloroglucinols against some Trypanosoma brucei brucei and
Leishmania mexicana mexicana strains.

Parasites IC50 in
μg/mL (μM)

XN DMX Humulone Lupulone SUR PEN

Tbb 2.4 ± 0.2 (6.8) 7.7 ± 0.6 (22.6) 10.9 ± 0.8 (30.1) 0.9 ± 0.0 (2.2) 0.05 (0.038) -
Lmm 6.1 ± 3.1 (17.2) 26.2 ± 1.8 (77) 28.8 ± 1.5 (77.9) 4.7 ± 0.1 (11.3) - 0.07 (0.21)

XN: xanthohumol, DMX: desmethylxanthohumol. Positive controls were suramin (SUR) and pentamidine (PEN).
ND: Not determined.

2.5. Cytotoxicity

We evaluated the antiproliferative activity of hops compounds on various cancer and non-cancer
cell lines (Table 7). We showed that desmethylxanthohumol is the less toxic compound. Considering
its moderate activity, active dose could be toxic. Active concentration of desmethylxanthohumol
on Tbb is the only one lower than the cytotoxicity on the tested cell lines. Xanthohumol was also
toxic at the antibacterial concentration on all the targeted cell lines. For both chalcones, selectivity
indexes (cytotoxic IC50/active IC50) would be close to 1. A special attention has to be paid on lupulone,
its pronounced antibacterial activity gives selectivity index > 4 compared to its cytotoxicity against
MG-63 (Table 7). Antibacterial and anti-biofilm concentrations showed a cell viability close to 100%.
These data make lupulone a very good candidate for a topical bone application.
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Table 7. Cytotoxic activities of hops extracts and isolated compounds (chalcones and
acylphloroglucinols) against WI-38, J774, Hep-G2 and MG-63 cell lines.

Cell Lines IC50 ± SD
in μg/mL (μM)

Hydro-Alcoholic
Crude Extract

MC
Sub-Extract

XN DMX Humulone Lupulone CAMP

WI-38 7.6 ± 0.1 5.1 ± 1.0 6.9 ± 0.5
(19.5)

60.7 ± 2.5
(178.5)

10.5 ± 2.3
(29)

1.1 ± 0.0
(2.6)

0.06 ± 0.0
(0.17)

J774 19.7 ± 2.8 11.4 ± 2.1 3.4 ± 0.5
(9.6)

9.7 ± 1.0
(28.5)

11.5 ± 0.3
(31.7)

1.5 ± 0.1
(3.6)

0.01 ± 0.0
(0.03)

Hep-G2 6.8 ± 2.5 6.5 ± 2.1 2.5 ± 0.8
(7.1)

22.4 ± 2.9
(65.9) ND 1.2 ± 0.5

(2.9)
0.4 ± 0.2

(1.15)

MG-63 31.4 ± 8.1 21.1 ± 0.4 10.4 ± 2.6
(29.4)

39.5 ± 3.3
(116.2) ND 4.3 ± 0.4

(10.4)
4.4 ± 1.5

(12.6)

XN: xanthohumol, DMX: desmethylxanthohumol. Positive control was camptothecin (CAMP). ND: Not determined.

3. Discussion

Multi-drug resistance (MDR) bacteria, like methicillin-resistant Staphylococcus aureus (MRSA),
present a major challenge for the medical community in the treatment of infections, such as diabetic
foot infections [6,35]. The discovery of new antibiotics is not fast enough to offset the global spread of
resistant pathogens. At the same time, we can observe a worrying emergence of resistance to some of
the newer antibiotic agents [36–38]. Hence, the development of combination of current agents with
other type of resistance-modifying agents, such as natural antibacterial agents, can be an alternative
strategy to overcome MDR [39].

In this context, we evaluated the antibacterial potential of hop extracts and more particularly
of three pure compounds isolated from hops (xanthohumol, desmethylxanthohumol and lupulone)
towards MRSA, one of the most aggressive agents, with different approaches [33]. We began by
a classical MIC determination, which is only an endpoint method, followed by kill-time curves
assessing the time dependent effect and synergistic studies, in combination with antibiotics, giving
more information on their resistance modifying potential. The checkerboard method is the preferred
technique of choice to analyze these interactions, with however a certain variability in the methods of
interpretation [32]. The study of a post-antibiotic effect (PAE), also applicable to substances other than
antibiotics, made it possible to follow the regrowth of bacteria after inactivation of the antibacterial
substance after a defined contact time at an active concentration. When damaged bacteria need some
time to recover in comparison to the control, the regrowth will be lowered, which means in clinical
situations that administration intervals of the antimicrobial substances can be delayed. Another
innovative point is the effect on biofilms, concerning about 60% of infections. In biofilms, the bacteria
are surrounded by a thick layer of extracellular polysaccharides which makes them inaccessible to
antibiotics but also to defenses of the immune system. Furthermore, the lack of nutrients lowers
dramatically the bacterial multiplication. As most of the antibiotics act on mechanisms implicated in
multiplication, this is the second reason for their lack of action on biofilms. Influence on biofilms can be
studied in two manners: destruction of established biofilms or inhibition of their formation. The first
manner is more relevant for clinicians as at the time of diagnosis the biofilm is already established.

The antibacterial activity of hops has been known for many years [40,41] but has been poorly
evaluated against resistant strains. We showed here their effects on Corynebacterium, Enterococcus,
Mycobacterium, Staphylococcus and Streptococcus strains, some being resistant to antibiotics (Table 1).
Their effect on Bacillus, Streptomyces and Micrococcus strains was previously underlined [22,41].
Hops extracts are also able to combat some human pathogenic bacteria found in food, such as
Clostridium perfringens and Listeria monocytogenes [42,43]. The screening conducted on some C. albicans
strains showed that the spectrum of activity of hops extracts against these yeasts is weak, only two
strains were susceptible to our extracts. The C. albicans ATCC 10,231 reference strain was previously
tested by Langezaal et al. [44] who also found an efficiency of cones extract. Other studies have
demonstrated that hops extracts are more efficient on bacteria than yeasts, showing no effect of hops
constituents on Saccharomyces strains [41]. Contrarily to Langezaal et al. [44] and Abram et al. [45]
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who have detected a slight activity of cones extracts against E. coli strains, our extracts were inactive
towards Gram-negative bacteria. Stems, leaves and rhizomes have been rarely studied. According to
our results, their crude hydro-ethanolic extracts showed a weak antimicrobial activity in comparison
with cones, as already highlighted for leaves against some bacteria [45]. Nevertheless, the rhizomes
extract appeared to be more active than leaves and stems extracts (Table 1). Previous research on
the quantification of the phenolic hop compounds in cones and leaves by LC-UV is reported in the
literature [46]. With our method of quantification, no prenylated phenolic compounds could be
quantified in the rhizome extract. Consequently, the activity of rhizomes could be related to the
presence of other metabolites. The antibacterial activity of cones was mainly attributed to apolar
compounds because the DCM sub-extract of cones was more active than the crude extract of the same
plant part (Table 2). The content of phenolic compounds in hops is influenced in particular by the
cultivar, the growth location, the field conditions, the climate, which may explain the differences in
activities found in the literature [47,48].

Phenolic compounds are known to be an anti-staphylococcal class of metabolites. In our study, all
purified hops prenylated chalcones and acylphloroglucinol derivatives showed an antibacterial activity
towards selected S. aureus strains (Table 3). In the literature, the antibacterial activity of hops is mainly
linked to acylphloroglucinol derivatives. This activity is enhanced by the degree of hydrophobicity
of the compound [49]. The number and the length of the side chains, because of their interaction
with the bacterial cell wall, is stated to influence positively the antibacterial action, so lupulone
derivatives are more efficient than humulone derivatives [22,42], which is in accordance with our
results. Lupulone is much more active than humulone with respective MICs ranging from 0.6 to 1.2 and
78 to 156 μg/mL towards MRSA strains (Table 3). With the exception of lupulone, we also demonstrated
that xanthohumol and desmethylxanthohumol are more active than other bitter acids. Xanthohumol
showed MIC ranging from 9.8 to 19.5 μg/mL against selected S. aureus strains. In comparison with one
of the most studied promising antimicrobial chalcone, licochalcone A, which showed MIC ranging from
2 to 15 μg/mL against Gram-positive bacteria including S. aureus [50], the activity of xanthohumol
is in the same range. Several studies have focused on the antibacterial potential of xanthohumol
which showed various MICs from 2 to 125 μg/mL on S. aureus, depending on the strain’s resistance
profile and the compound’s purity [14,22]. According to our results, desmethylxanthohumol was
slightly less active than xanthohumol, with MICs ranging from 19.5 to 39 μg/mL against S. aureus
strains (Table 3). The structural difference between the two molecules is the 6′-methoxyl group for
xanthohumol replaced by a 6′-phenol group for desmethylxanthohumol (Figure 1). The 6′-phenol
substituent is considered as a crucial group in the equilibrium chalcone-flavanone but is not expected
to contribute to the activity [51]. According to Ávila et al. [51], the methylation of the 6-phenol group
could lead to less active compounds, which is not the case in our study. Desmethylxanthohumol is
known for its antioxidant and apoptotic activities [52] but to our knowledge, no antibacterial potential
was highlighted. Olivella et al. [53] have demonstrated that chalcones have the most favorable structure
for a bacteriostatic action, in comparison with flavanones. In rats, xanthohumol is partially absorbed by
intestinal cells and transported in blood. The non-absorbed part of xanthohumol can be transformed
into the corresponding flavanone, isoxanthohumol, by the intestinal microbiota [54]. The conversion
of isoxanthohumol into 8-prenyl-naringenin occurs only in the colon and not in the stomach and
small intestine [55,56]. In this context, we also tested the activity of isoxanthohumol (Figure 4) against
the strain MRSA T28.1. This compound showed a MIC equal to 39 μg/mL. It is interesting to note
that, even if isoxanthohumol is less active than xanthohumol, its MIC was found to be of similar
than desmethylxanthohumol.

The antibacterial potential of xanthohumol, desmethylxanthohumol and lupulone against MRSA
is therefore promising. Their MICs are in the same order of magnitude as those obtained for
antibacterial phenolic compounds known for their important activity against MRSA strains, with MICs
varying between 1.56 and 125 μg/mL [4]. Most of them are known to be antibacterial compounds
but they are not used to combat strains resistant to antibiotics. Some hops metabolites also showed
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antibacterial activities against others strains such as: Bacillus subtilis, Clostridium difficile, Enterococcus
strains and Streptococcus strains for the Gram-positive bacteria; Bacteroides fragilis, Helicobacter pylori and
Yersinia enterocolitica for the Gram-negative bacteria [20].

To overcome bacterial resistance, one of the strategies employed is the use of a combination
of drugs, such as antibiotics combined with natural products, which has already shown promising
results [57]. The checkerboard is a method to establish the best combination of products increasing
the activity [32,58]. The antibacterial action of hops compounds can be enhanced by combining
concomitantly xanthohumol with desmethylxanthohumol or with lupulone. The effect is twice as
intense because the MIC is divided by two. By contrast, the combination of desmethylxanthohumol
with lupulone leads to an antagonist effect (Table 4). The combination of natural products with
antibiotics may in some cases have a synergistic effect. Xanthohumol and rifampicin can be 8 times
more active when they are combined. Furthermore, for both xanthohumol and lupulone, the MIC for
oxacillin drops below the threshold concentration of 2 μg/mL for oxacillin resistance, which means
that in the presence of these synergistic compounds the strains will no longer be classified as MRSA,
so reverting their resistance. Desmethylxanthohumol has an additive effect with oxacillin but this
interaction does not render the strain susceptible to this antibiotic. Desmethylxanthohumol also has
a promising interaction with ciprofloxacin and gentamicin. Some authors have previously detected
synergies of xanthohumol and lupulone with polymyxin, ciprofloxacin or tobramycin [59]; and of
xanthohumol with oxacillin or linezolid [14].

Kill curves demonstrated a great bactericidal action of xanthohumol at the MIC, of
desmethylxanthohumol from 2 × MIC, whereas lupulone is slightly bactericidal after 24 h only
at 4 × MIC (Figure 5). Comparing the activity of the two chalcones, desmethylxanthohumol showed a
lower bactericidal action at the MIC than xanthohumol, which is probably linked to the presence of the
6′-hydroxyl group (Figure 1). Post-antibiotic effect is a part of pharmacodynamic studies, showing that
xanthohumol and desmethylxanthohumol cause a significant delay for regrowth (Table 6). It means
that the bacterial growth remains inhibited even after the product has been inactivated or metabolized
by the body. These data provide an indication of the delay between two applications in a clinical
situation. This is the first time that PAE is analyzed for hop compounds. This effect underlines an
important reduction time for recovery which means that in vivo models will have to be checked for
delay in drug administration.

Xanthohumol, desmethylxanthohumol and lupulone showed an inhibition of the biofilm
formation of the S. aureus model strain on abiotic surface, with a sub-inhibitory action for
desmethylxanthohumol and lupulone (Figure 7). Rozalski et al. studied the anti-adherent potential of
a hops extract enriched in xanthohumol, pure xanthohumol and a spent hops extract rich in various
common flavonols and flavanols [14]. They demonstrated a potent effect of xanthohumol on the
biofilm formation at the MIC with 86.5% of inhibition. In comparison, our results showed an inhibition
close to 100% at the MIC for the selected MRSA clinical isolate. In addition, we have also demonstrated
that a previous formation of the biofilm does not prevent hops compounds to act on bacteria. In both
cases, desmethylxanthohumol and lupulone seem to be more effective than xanthohumol, with an
inhibition of the biofilm formation and a biofilm destruction at sub-inhibitory concentrations (Figure 7).
Bogdanova et al. [23] also showed an anti-biofilm potential of some hops compounds but lower
than that of our study. This result could be related to a lower purity of their products (from 82 to
87% in Reference [23]). This potential has been confirmed on a synthetic bone substitute which is
the natural colonized substrate of S. aureus T28.1 (Figure 7). Even if the inhibition of the biofilm
formation is found somewhat less intense in bone substitute than on inert surface, this potential
remains very interesting, in particular for desmethylxanthohumol and lupulone. Moreover, according
to our results, the anti-biofilm effect for these two products seems to be independent of the bactericidal
effect pointed out with kill curves (Figure 5). To our knowledge, the anti-biofilm effect has never been
assessed for hops compounds on bone substitutes. These data confirmed the promising potential of
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hops compounds to tackle MRSA not only on planktonic cells (MIC, kill curves) but also on biofilms
approaching clinical situations.

Diabetic foot infections (DFI) affect one ulcerated foot out of two and in many cases lead to
serious complications [60]. About 50% of patients hospitalized for a DFI suffer from an osteomyelitis
and the prevalence of MRSA is often associated [61]. Low diffusion in necrotic tissues emphasizes
topical antibiotic therapy for the management of mildly to moderately infected diabetic foot ulcers
which has shown satisfactory results in some cases, allowing high concentrations of antibiotics at
the site of infection without potentially toxic systemic levels [62]. Some medical devices such as
beads loaded with antibiotics can bring high concentrations of local antibiotics for a long time in the
case of deep wounds [63,64]. In addition, some topical antimicrobial agents, such as impregnated
wound dressings with antimicrobials, could be of interest in the prevention or possibly the treatment
of mild infections [65]. DFI generates many problems in clinical practice in terms of both diagnosis
and therapeutic care mainly due to formation of persistent biofilms. The anti-biofilm action of
hops metabolites both on artificial surface and on a synthetic bone substitute could bring out a new
perspective to treat infected diabetic foot ulcers, an emerging public health problem. Thus, hop
phenolic compounds with their dual action, antibacterial and anti-biofilm, are potential agents in
the treatment of infections due to MRSA. Their additive or synergistic action with antibiotics could
render treatments more effective and thus could prevent potential systemic toxicity if used in topical
application. In this context, we evaluated the antiproliferative activity of the three phenolic compounds
on different human cell lines and in particular against the human osteoblasts MG-63 cell line. After
48 h exposure, we showed a toxicity of xanthohumol on the targeted cell line. In the literature,
data on its cytotoxicity depend on the cell type used and is very variable. For example, Ho et al.
and Yong et al. have determined respectively an IC50 of about 75 and 100 μg/mL against a human
hepatocellular carcinoma [66] and a lung cell line [67]. These concentrations are higher than the active
doses reported in our work. In vivo studies have also confirmed the good safety at approximately
1000 mg of xanthohumol/kg of body weight of mice [68] and up to 180 mg of compound in humans
for a short intake [69]. According to our results, desmethylxanthohumol is the less toxic compound on
the MG-63 osteoblastic cells. However, considering its moderate activity, bactericidal and anti-biofilm
concentrations would be toxic. To our knowledge, there is no comparison data available in the
literature. Special attention has to be paid on lupulone. Its very pronounced antibacterial activity
makes it non-toxic at the active doses. Moreover, anti-biofilm concentrations (MIC/4 and MIC/2) lead
to a cell viability close to 100%. Comparing with the literature, some authors have determined IC50

ranging from 3.7 to 4.4 μg/mL on prostate cancer cells, which is close to other results [70] and IC50

from 8.3 to 16.6 μg/mL on breast cancer cells [71]. IC50 values are always higher than the active doses
we have identified. All these data make lupulone a very good candidate for a topical bone application.
Further research could be done by combining xanthohumol or desmethylxanthohumol with antibiotics
as it would reduce the dose and avoid toxicity.

In addition, we evaluated the antiparasitic activity of the main chalcones and the main
acylphloroglucinols of hop against two parasites: Trypanosoma brucei brucei (Tbb) and Leishmania
mexicana mexicana (Lmm). Human African trypanosomiasis and leishmaniasis are indeed two
protozoan infections considered as neglected tropical diseases with a strong impact on human health
because in particular fatal if untreated [16,17]. Lupulone was the most active compound and humulone
the less active. The four compounds tested were more active against Tbb than against Lmm (Table 6).
Data on the antiparasitic activities of hops compounds are quite limited and especially concern
xanthohumol. This chalcone was active against Plasmodium falciparum [24] and against Leishmania
amazonensis [72] with IC50 in the μM range.
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4. Materials and Methods

4.1. Phytochemical Analysis

4.1.1. General Experimental Procedures

For extraction and fractionation, synthesis grade ethanol (EtOH) and dichloromethane (DCM)
were furnished by VWR Prolabo® (Fontenay-sous-Bois, France). Water was bi-distilled. All organic
solvents for Centrifugal Partition Chromatography (CPC) purification were High Pressure Liquid
Chromatography (HPLC) grade except for the n-heptane which was synthesis grade (Carlo Erba
Reagents®, Val-de-Reuil, France). Ethyl acetate (EtOAc) and methanol (MeOH) were purchased
from Fisher Scientific® (Illkirch, France). Water was purified using Millipore Integral 5 (Merck®,
Trosly-Breuil, France) water purification system with a resistivity of not less than 18 MΩ·cm−1.
For analyses, acetonitrile (LC-MS grade) was purchased in Carlo Erba Reagents® (Val de Reuil, France),
whereas methanol (LC-MS grade) came from Fischer Scientific® (Illkirch, France). The chloroform-d6
(CDCl3) and MeOD for Nuclear Magnetic Resonance (NMR) experiments was obtained from
Euriso-Top® (Gif-sur-Yvette, France).

Analytical Thin Layer Chromatography (TLC) were performed on pre-coated silica gel 60 F
(0.25 mm, Merck®, Darmstadt, Germany). Detection was achieved at 254 and 366 nm, then by spraying
with the unspecific anisaldehyde sulphuric reagent and heating at 100 ◦C for 10 min.

Ultra-High Performance Liquid Chromatography (UHPLC) analyses and quantification were
carried out using an Acquity UPLC® H-Class Waters® system (Waters, Guyancourt, France) equipped
with a diode array detector (DAD) and an Acquity QDa ESI-Quadrupole Mass Spectrometer.
The software used was Empower 3. The stationary phase was a Waters® Acquity BEH C18 column
(2.1 × 50 mm, 1.7 μm) connected to a 0.2 μm in-line filter. Preparative HPLC was performed using a
Shimadzu® HPLC system equipped with a LC-20AP binary high-pressure pump, a CBM-20A controller
and a SPD-M20A diode array detector. The software used was LabSolution. The stationary phase was
a VisionHT HL C18 (5 μm, 250 × 22 mm) column (Grace®, France).

CPC was performed using an Armen instrument 250 mL rotor (SCPC-250-L) provided by Gilson®

(Saint-Avé, France). CPC analyses were monitored using Shimadzu® pump and detector.
Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker® DPX-500 spectrometer.

High Resolution Mass Spectrometry (HR-MS) analyses were carried out using a Thermo Fisher
Scientific® Exactive Orbitrap Mass Spectrometer equipped with an electrospray ion source.

4.1.2. Plant Extract Preparation and Fractionation

Female hop plants (Humulus lupulus L., cultivar ‘Nugget’) were harvested at maturity stage at
the Beck farm (Bailleul, Northern France), at the time of harvesting of hop by producers in September.
A voucher specimen was kept at the Faculty of pharmacy in Lille (laboratory of pharmacognosy) under
reference NugBeck2015. After drying for 10 days at room temperature, protected from light, rhizomes,
stems, leaves and cones were powderized separately with a blender. Crude hydro-alcoholic extracts
of each part were obtained after an ethanol/water (9:1; v/v; 15 mL/g) mixture-based extraction with
three successive macerations of four hours and one overnight, stirring in the dark. The percentage
yields (PY) on a dry weight basis of each crude extract were: 35.5% (cones), 20.3% (leaves), 21.1%
(rhizomes) and 17.2% (stems). The crude extract of female cones was fractionated by a liquid-liquid
separation using dichloromethane (DCM) and water to obtain two sub-extracts. The corresponding
sub-extracts were obtained with percentages yields of 52% and 48% respectively

4.1.3. Purification of Phenolic Compounds

Xanthohumol, desmethylxanthohumol, humulone, cohumulone, lupulone, colupulone were
purified from the DCM sub-extract of cones in several steps. A first fractionation was performed by
CPC. Using the Arizona solvent system P: n-heptane/EtOAc/MeOH/water (6:5:6:5; v/v), the rotor
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was entirely filled at 30 mL/min with the aqueous stationary phase in the ascending mode with
rotation (500 rpm). Then, the rotation speed was increased from 500 to 1600 rpm. The organic mobile
phase was pumped into the column in ascending mode at a flow rate of 8 mL/min. DCM sub-extract
(2 g), initially dissolved in 10 mL of the organic/aqueous phase mixture (1:1), was filtered with a
Millipore (0.45 μm) syringe filter and was injected immediately after the displacement of stationary
phase (approximatively 80 mL). Fractions of 8 mL were collected every min. The CPC was run in
ascending mode for 60 min and then switched to extrusion mode (recovery of the stationary phase) for
10 additional minutes at 30 mL/min with the same rotor speed (1600 rpm). The content of the outgoing
organic phase was monitored by online UV absorbance measurement at 254 nm and 370 nm. All the
fractions were checked by TLC and developed with toluene/ethyl acetate/formic acid (73:18:9; v/v) in
order to regroup 5 sub-fractions (MC1 to MC5) from ascendant mode and 3 sub-fractions (MC6 to MC8)
from extrusion mode. This CPC method allowed us to purify, in one step, xanthohumol (Figure 1), with
98% purity from MC4. The other compounds were purified from other sub-fractions using preparative
HPLC. The mobile phase was composed of water (solvent A) and acetonitrile (solvent B). The following
proportions of solvent B were: 10–75% (0–5 min), 75% (5–30 min), 75–100% (30–35 min) and 100%
(35–45 min) at 12 mL/min. Injections with 500 μL of a 60 mg/mL fraction solution in methanol were
performed. This process allowed us to purify several acylphloroglucinol derivatives (α- and β-acids)
from sub-fractions MC1 and MC2, as well as another chalcone, desmethylxanthohumol, from the
sub-fraction MC7, with a purity greater than 95% (Figure 1). Throughout the process, we protected the
samples of the light as much as possible.

4.1.4. UHPLC-UV-MS Analyses

The crude hydro-ethanolic extracts of hop parts (cones, leaves, stems and rhizomes) were analyzed
by UHPLC-UV-MS. The mobile phase consisted of 0.1% formic acid in water and of 0.1% formic acid in
acetonitrile. The gradient of acetonitrile was: 50% (0–1 min), 50–75% (1–3 min), 75% (3–5 min), 75–100%
(5–7 min) and 100% (7–9,5 min) at 0.3 mL/min. Column temperature was set at 30 ◦C. Solutions of
crude extracts were prepared in MeOH at 100 μg/mL for cones and 1 mg/mL for the other parts.
Injection volume was 2 μL. The main chalcones and acylphloroglucinols were identified on the basis
of the retention time of the purified standards and their mass spectra.

The ionization was performed in negative mode. Cone voltage was set at 10 V. Probe temperature
was 600 ◦C. Capillary voltage was 0.8 kV. The MS-Scan mode was used from 100 to 1000 Da.

4.1.5. Quantification Using UHPLC-UV

The most abundant prenylated chalcones and acylphloroglucinol derivatives were quantified in
hop crude hydro-ethanolic extracts (cones, leaves, stems and rhizomes), according to the international
guidelines for analytical techniques for quality control of pharmaceuticals [73]. Quantification was
performed in UV at 370 nm for chalcones and 330 nm for acylphloroglucinols. Co- and ad-acids
were quantified from the respective calibration curves of the n-acids (humulone for alpha acids
and lupulone for beta acids), using molecular weight ratio. Desmethylxanthohumol was quantified
from xanthohumol calibration curve, using molecular weight ratio. Solutions of crude extracts were
prepared in MeOH at 100 μg/mL for cones and 1 mg/mL for the other parts. Sample solutions were
prepared in triplicate the same day. Aliquots of each solution (2 μL) were injected in triplicate.

Stock solutions of xanthohumol, humulone and lupulone, previously purified, were prepared at
the concentration of 1 mg/mL in MeOH for quantification, then stored at −20 ◦C until use. Fifteen
working solutions (100 μg/mL to 2.5 ng/mL) were daily prepared by dilutions. Three mixed solutions
containing the three analytes were prepared at the concentrations of 100, 50 and 25 μg/mL from
stock solutions. Then, lower concentrations were obtained from these intermediate solutions by
successive dilutions in MeOH. Calibration curves were designed to cover the expected range of
concentrations in samples after preliminary injection of crude extracts solutions. Nine, ten and twelve
concentration levels were respectively used for calibration curves of lupulone, xanthohumol and
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humulone. They were built by plotting peak area (y) as a function of the nominal concentration for
each calibration level (x) and then fitted by weighted (1/x) least square linear regression. Linearity and
precision of the method, as well as the limit of detection (LOD) and the limit of quantification (LOQ)
were reported in Table S1 (Supplementary Material). LOD was defined as the lowest concentration with
a S/N > 3. LOQ was defined as the lowest concentration with a deviation <20% on back calculation.
Intra and inter-day precisions were evaluated on cone sample solutions. They were prepared on three
different days, in triplicate each day (n = 3, k = 3). 2 μL of each solution was injected 3 times.

4.1.6. Structural Elucidation

Structures of purified compounds were determined using NMR and HR-MS. Mono- (1H and 13C)
and bi-dimensional (COSY, HSQC, HMBC) spectra were carried out for each compound. Prenylated
chalcones were solubilized in deuterated methanol (MeOD) whereas acylphloroglucinol derivatives
were solubilized in deuterated chloroform (CDCl3). HR-MS analyses were carried out in positive mode
with a range of m/z 100–1000 amu. Products were solubilized in methanol with a drop of DCM for
the acylphloroglucinols.

4.2. Antimicrobial Bioassays

4.2.1. Antibacterial Screening of Extracts and Sub-Extracts Using Agar Dilution Method

Clinical bacterial isolates from human samples collected in Lille (France) and some collection
strains were used. The first screening step on pathogenic bacteria was carried out with crude
hydro-alcoholic extracts of different hop parts (Table 1). The second screening was performed using
sub-extracts of cones on Gram-positive bacteria, including methicillin-sensitive Staphylococcus aureus
(MSSA) and methicillin-resistant Staphylococcus aureus (MSSA) strains (Table 2). These tests were
carried out on Petri dishes, Mueller-Hinton Agar (MHA) (Oxoid, UK) was mixed with the plant extract
solution in MeOH at 5% (solvent control: 5% MeOH). Final extract concentrations in Petri dishes
ranged from 1250 to 4.9 μg/mL. A multi-headed inoculator allowed spotting bacterial strains at 105

CFU/mL in cysteinated Ringer (CR) solution (Merck®, France). Minimal Inhibitory Concentrations
(MICs) were visually determined after 24 h of incubation at 37 ◦C.

4.2.2. Antibacterial Susceptibility of Compounds Using Broth Microdilution Method

For bioassays, xanthohumol, desmethylxanthohumol, humulone, cohumulone, lupulone and
colupulone were used had a minimum purity of 95% (HPLC-UV). The protocol employed was inspired
by Abedini et al. [74] with some modifications. Products were solubilized in DMSO and serially diluted
two-fold in MH medium. A bacterial suspension at 105 CFU/mL was added to obtain a final volume
of 200 μL. Final phenolic product concentrations in wells ranged from 625 to 2.4 μg/mL (exception
for lupulone for which dilutions were continued until 0.3 μg/mL). The susceptibility of the strain to
DMSO has previously been assessed, the DMSO concentration in wells taken into account did not
exceed 5% (concentration without effect on growth). Plates were incubated overnight with stirring
(60 rpm) at 37 ◦C. The bacterial growth was indicated visually and by a developer of enzymatic activity
(iodonitrotetrazolium chloride—INT, AppliChem, Germany) which reveals bacterial growth by a
purple color after 15 min heating at 55 ◦C.

For the following experiments, the MRSA strain T28.1, isolated from a pathological sample of
osteitis, was used. It was previously characterized by DNA biochips, which allowed highlighting
some β-lactamases and the SCC-mec genes confirming the methicillin resistance [30]. Moreover, genes
for enzymes and proteins involved in the capsule biosynthesis (capH5, capJ5 and capK5) and several
intracellular adhesion proteins implicated in biofilm formation (icaA, icaC and icaD) were present.

The commercial product, isoxanthohumol, was also tested against S. aureus T28.1 (purity superior
to 95%, Phytolab®, Germany).
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4.2.3. Synergies with Selected Antibiotics (Checkerboard Method)

Checkerboard method was used to assess the potential co-action of xanthohumol,
desmethylxanthohumol and lupulone between them or with some antibiotics [32,58]. Antibiotics
were previously selected on the basis of a first screening using E-tests (BioMérieux®, France). They
covered several classes and are currently used to treat either S. aureus infections or bone infections:
oxacillin (purity 95%, Acros Organics, Belgium), ciprofloxacin, gentamicin and rifampicin (purity
99.9%, 65.7% and 99.2% respectively, PanReac AppliChem®, Germany). Each test was performed on a
96-well microplate using an 8-by-8 well configuration. Concentration of hops phenolic compounds and
antibiotics tested ranged from MIC/4 to 4xMIC. Wells were filled with 100 μL of MH medium, 10 μL of
each compound (DMSO for products and water for antibiotics) and 80 μL of a 105 CFU/mL bacterial
suspension with appropriate solvent controls. Final concentration in DMSO was 5%, which did not
affect the bacterial growth. The MIC of each product alone was checked at each test. Microplates were
incubated overnight at 60 rpm and 37 ◦C. The bacterial growth was visually assessed and confirmed
by revealing bacterial enzymatic activity by adding INT.

After visual analysis, the combination with the highest activity was determined by the calculation
of the fractional inhibitory concentration (FIC) index [32], interpreted as synergistic (FIC < 0.5), additive
(0.5 ≤ FIC ≤ 1), indifferent (1 < FIC ≤ 4) or antagonist (FIC > 4).

FIC index =
MIC A with B
MIC A alone

+
MIC B with A
MIC B alone

4.2.4. Kill Curves

This experiment allowed following in time the effect of the product on a growing bacterial
population, highlighting the bactericidal or bacteriostatic effect [75]. Stock solutions of xanthohumol,
desmethylxanthohumol and lupulone were prepared in DMSO 20 times more concentrated than the
desired final concentrations (MIC/4 to 4xMIC). An aliquot of 0.5 mL of purified product in DMSO was
added to 8.5 mL of brain heart infusion (BHI) medium (Oxoid, UK). 1 mL of bacterial suspension at
105 CFU/mL was then introduced to the culture tube. A 5% DMSO control served as a negative control
and was performed at each test. Culture tubes were incubated at 37 ◦C for 24 h. Counts were made
every 2 h until 8 h and at 24 h by plating aliquots of serial tenfold dilutions on MHA. The determined
bacterial concentrations were then converted into log(CFU/mL) and were expressed as a function of
time. The detection threshold of this method was 10 CFU/mL and 1 log(CFU/mL) on graphics.

4.2.5. Post-Antibiotic Effect (PAE)

This method allows quantifying the delayed regrowth of a bacterial population following exposure
to an active compound [76]. Stock solutions of xanthohumol, desmethylxanthohumol and lupulone
were prepared in DMSO 20 times more concentrated than the desired final concentrations (MIC/4 to
4 × MIC). A 2 h pre-treatment with purified prenylated compounds was performed using 8.5 mL of
BHI medium, 0.5 mL of purified product in DMSO and 1 mL of a bacterial suspension at 105 CFU/mL,
incubated at 37 ◦C. Final concentrations in DMSO did not exceed 5%. The hop compound was then
inactivated by a 1000-fold dilution. After inactivation, a growth curve was performed with counts
at 30 min and every 2 h. The growth lag was quantified by comparison with the control, using the
following formula:

PAE = T − C

T is the time needed for the bacterial population to grow by 1 log(CFU/mL) at the given
concentration, C is the corresponding time for the control (Figure 5)
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4.2.6. Anti-Biofilm Tests

These experiments were inspired and adapted from Liu et al. [77]. They were performed using a
96-well microplate with a flat bottom.

On Artificial Surface

First, the effect of xanthohumol, desmethylxanthohumol and lupulone was assessed on the biofilm
formation: 180 μL of BHI medium containing glucose at 10 mg/mL was added to each well of a 96-well
microplate with 10 μL of the product previously solubilized in DMSO and 10 μL of a 105 CFU/mL
bacterial suspension. The maximum concentration in DMSO was 5%. Final concentrations of purified
products were from MIC/4 to 4 × MIC. After 24 h incubation at 37 ◦C, wells were voided and washed
3 times with phosphate buffered saline solution (PBS, Sigma-Aldrich, Saint-Quentin Fallavier, France).
Plates were then dried and 150 μL of crystal violet solution at 20 mg/mL in MeOH (Sigma-Aldrich®,
Saint-Quentin Fallavier, France) were added for 15 min. After removing crystal violet, 150 μL of EtOH
were added to solubilize crystal violet present in adherent bacteria. The optical density was read at
570 nm.

The effect was also evaluated after the biofilm formation in order to evaluate if the hop phenolic
compounds are able to destroy it. A first culture of 24 h at 37 ◦C with 190 μL of BHI medium and 10 μL
of a 105 CFU/mL bacterial suspension allowed producing the biofilm. Wells were voided and washed
with PBS. The biofilm was then treated with xanthohumol, desmethylxanthohumol or lupulone diluted
at 5% in the BHI medium to obtain a final volume of 200 μL. Plates were incubated for 24 h at 37 ◦C,
then voided and colored with crystal violet as above.

On Synthetic Bone Substitute

β-Tricalcium phosphate discs (Cerasorb®, Curasan, Germany) were used as bone substitute.
Non-glucose enriched BHI medium was used here, because the bacterial glucose metabolism causes
an acidification of the culture medium which leads to the disintegration of the discs. Discs were
introduced in a 24-well plate: 1.8 mL of BHI media were added with 0.1 mL of product in DMSO (5%)
and 0.1 mL of a 105 CFU/mL bacterial suspension. Final concentrations of hop phenolic compounds
were from MIC/4 to 4 × MIC. After 24 h at 37 ◦C, counts were performed in two steps. First, planktonic
bacteria were counted from 100 μL of the culture supernatant by plating tenfold dilutions on MHA.
Then, bacteria adhering to the discs were counted: discs were removed and washed with a CR solution,
then, 10 mL of CR were added to each disk and treated 1 min by sonication (35 kHz) and 30 s by
vortex. The obtained suspension was enumerated as previously. The detection threshold was also
1 log(CFU/mL).

4.2.7. Antiparasitic Activity of Hops Using Broth Microdilution Method

Tbb were cultivated in HMI9 medium containing 10% heat-inactivated foetal bovine serum
(FBS) (Sigma-Aldrich), 150 mM L-cysteine and 20 mM beta-mercaptoethanol at 37 ◦C (CO2 5%).
Lmm (MHOM/BZ/84/BEL46) were cultivated in SDM-79 medium (Gibco) supplemented with
15% heat-inactivated FBS (Sigma-Aldrich) and 5 mg/L hemin at 28 ◦C (CO2 5%). Antiparasitic
bioassays were performed as described by Bero et al. [17]. Suramin (SUR) and pentamidine (PEN) were
used as positive controls respectively. The hops compounds (xanthohumol, desmethylxanthohumol,
humulone, lupulone) concentration that inhibits 50% of the cell viability (IC50) was determined using
GraphPad Prism, version 5.01 (GraphPad Software, San Diego, CA, USA).

4.3. Antiproliferative Effect of Purified Compounds on Human Cell Lines

Several human cell lines were used for the cytotoxic bioassays: non-cancer lung fibroblasts (WI-38),
hepatocellular carcinoma (Hep-G2), osteosarcoma (MG-63) and the mouse monocyte macrophage
J774. Cells were seeded into wells of a 96-well microplate in a Gibco™ Dulbecco’s modified eagles
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medium (DMEM), except for MG-63 which were cultivated in a minimum essential medium (MEM)
(ThermoFisher Scientific, Illkirch-Graffenstaden, France). Both media were enriched with 10% FBS
(ThermoFisher Scientific, France) and some antibiotics (mixture penicillin/streptomycin 100 UI/mL,
Sigma Aldrich). After one or two days at 37 ◦C (5% of CO2), wells were emptied by suction. Cells were
then treated with hops compounds (xanthohumol, desmethylxanthohumol, humulone, lupulone) in
DMSO at 0.2% in the culture medium, to obtain a final volume of 100 μL in wells (negative control:
0.2% DMSO). Camptothecin was used as a positive control. After 48 to 72 h exposure, culture medium
was replaced by 10% of Alamar blue or 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) in the medium (ThermoFisher Scientific®, Illkirch, France) and plates were incubated the time
necessary to the reaction. Results were measured respectively by fluorescence (excitation 530 nm and
emission 590 nm) or by optical density at 550 nm. The IC50 of each product was determined using
GraphPad Prism (version 5.01).

4.4. Statistical Analyses

Statistical analyses were carried out using the software R, version 3.4.1 (The R Foundation for
Statistical Computing, Vienna, Austria). Each experiment was performed in independent triplicates.
For each distribution, the normality of the residues was assessed using Shapiro test. If the normality
was accepted, an ANOVA and the Tukey HSD test were performed. If the normality was refused,
Kruskal Wallis and Dunn’s tests were used at a significance level of p = 0.05.

5. Conclusions

Xanthohumol, desmethylxanthohumol and lupulone from hops, with their dual antibacterial and
anti-biofilm actions, are potential agents in the treatment of infections due to MRSA. Their additive
or synergistic actions with antibiotics could render treatments more effective and thus could prevent
toxicity at systemic level if used in topical application. Their chemical structures differ from current
anti-staphylococcal agents and enable us to assume that they act on a different target site of action
in S. aureus. The exact identification of this target is a future challenge. Moreover, for the first-time,
activity of hops phenolic compounds was highlighted on the Tbb and Lmm parasites.

Supplementary Materials: The following are available online, Table S1. Linearity and sensitivity of the
quantification method by UPLC-UV for xanthohumol, humulone and lupulone, Table S2. 1H and 13C NMR
data for xanthohumol and desmethylxanthohumol in MeODa, Table S3. 1H and 13C NMR data for humulone
and cohumulone in CDCl3a, Table S4. 1H and 13C NMR data for lupulone and colupulone in CDCl3a,
Figure S1. Chromatograms at 370 nm of the crude hydro-ethanolic extract of cones and purified chalcones
(desmethylxanthohumol and xanthohumol), Figure S2. Chromatograms at 330 nm of the crude hydro-ethanolic
extract of cones and purified acylphloroglucinol derivatives (cohumulone, humulone, colupulone and lupulone),
Figure S3. Total ion chromatogram of the crude hydro-ethanolic extract of cones in negative mode and selected ion
recording of purified chalcones (desmethylxanthohumol and xanthohumol) and acylphloroglucinol derivatives
(cohumulone, humulone, colupulone and lupulone).
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Abstract: Leea indica (Vitaceae) is a Southeast Asian medicinal plant. In this study, an ethyl acetate
fraction of L. indica leaves was studied for its phytoconstituents using high-performance liquid
chromatography-electrospray ionization-mass spectrometry (HPLC-ESI-microTOF-Q-MS/MS)
analysis. A total of 31 compounds of different classes, including benzoic acid derivatives,
phenolics, flavonoids, catechins, dihydrochalcones, coumarins, megastigmanes, and oxylipins
were identified using LC-MS/MS. Among them, six compounds including gallic acid, methyl
gallate, (−)-epigallocatechin-3-O-gallate, myricetin-3-O-rhamnoside, quercetin-3-O-rhamnoside,
and 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-β-D-glucopyranoside were isolated and
identified by NMR analysis. The LC-MS/MS analysis led to the tentative identification of three
novel dihydrochalcones namely 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-rutinoside,
4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-glucosylpentoside and 4′,6′-dihydroxy-4-
methoxydihydrochalcone 2′-O-(3”-O-galloyl)-β-D-glucopyranoside. The structural identification
of novel dihydrochalcones was based on the basic skeleton of the isolated dihydrochalcone,
4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-β-D-glucopyranoside and characteristic LC-MS/MS
fragmentation patterns. This is the first comprehensive analysis for the identification of compounds
from L. indica using LC-MS. A total 24 compounds including three new dihydrochalcones were
identified for the first time from the genus Leea.

Keywords: Leea indica; HPLC-ESI-microTOF-Q-MS/MS; phenolics; dihydrochalcones

1. Introduction

Leea indica (Burm. f.) Merr. (Vitaceae), commonly known as Bandicoot berry, is an evergreen
perennial shrub or a small tree of 2 to 16 m in height. It is distributed throughout Bangladesh, China,
India, Malaysia, Singapore, North Australia, Thailand, and Vietnam [1–3]. Traditionally, L. indica
is used as a remedy during pregnancy, for birth control, body pain, skin problems, and relief from
dizziness [4,5]. L. indica is reported to possess various pharmacological activities, e.g., analgesic,
anti-angiogenesis, anti-oxidant, anti-inflammatory, anti-microbial, anti-proliferative, hepatoprotective,
sedative, and anxiolytic activities [3,5–12]. The plant contains different classes of compounds including
phenolics, terpenoids, phthalic acid derivatives, and steroids [13–15]. Currently, there are very few
reports available on the phytochemistry of L. indica.
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The objective of the present study was to isolate and identify chemical constituents from an ethyl
acetate fraction of L. indica leaves. The comprehensive chemical identification was carried out by high
performance liquid chromatography coupled to electrospray ionization and quadrupole time-of-flight
mass spectrometry (HPLC-ESI-microTOF-Q-MS) analysis along with the isolation of compounds 1, 5,
10, 14, 18, and 27 from ethyl acetate fraction. The structures of the isolated compounds were identified
using NMR and MS analyses. A total of 31 compounds belonging to different classes including benzoic
acid derivatives, flavonoids, coumarins, megastigmanes, catechins, dihydrochalcones, and oxylipins
were identified. Here we report the identification of three novel dihydrochalcones along with 28 known
compounds from the ethyl acetate fraction of L. indica leaves. In total, 24 compounds, including three
novel dihydrochalcones, are reported for the first time in the genus Leea.

2. Results and Discussion

2.1. Isolation and Identification of Compounds

The methanolic extract of L. indica leaves was fractionated with hexane, dichloromethane and
ethyl acetate. The dried yields were 0.005%, 0.027% and 1.32% respectively. Purification of the major
organic ethyl acetate fraction by repeated column chromatography led to the isolation of compounds
1, 5, 10, 14, 18, and 27. The compounds were identified as gallic acid (1) [16], methyl gallate (5) [17],
epigallocatechin-3-O-gallate (10) [18], myricetin-3-O-rhamnoside (14) [19], quercetin-3-O-rhamnoside
(18), [19] and 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-β-D-glucopyranoside (27) [20] by
comparing their analytical data (1H, 13C and 2D-NMR, and LC-MS) with those reported in the
literature [16–20].

2.2. Identification of Dihydrochalcones by LC-ESI-MS/MS Analysis

The ethyl acetate fraction of L. indica leaves was analyzed by the LC-ESI-MS/MS method.
Figure 1 shows the base peak chromatogram (BPC) of the ethyl acetate fraction of L. indica leaves at
254 nm. Figure 2 shows the structures of the 31 compounds identified. In total, 31 compounds were
identified of which ten compounds (1, 4, 5, 8, 9, 10, 14, 15, 18 and 21) were verified by comparison
with reference standards. Seven compounds were tentatively identified as dihydrochalcone
derivatives: 3-hydroxyphloridzin 17, phloridzin 21, 4′,6′-dihydroxy-4-methoxydihydrochalcone
2′-O-rutinoside 25 (m/z 595), 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-glucosyl pentoside
26 (m/z 581), 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-β-D-glucopyranoside 27,
4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-(6”-O-galloyl)-β-D-glucopyranoside 29 (m/z 601)
and 2′,4′,6′-trihydroxy-4-methoxydihydrochalcone (3-methylphloretin) 31. Compounds 25, 26 and
29 are reported for the first time. While dihydrochalcone phloridzin has been previously reported
in L. indica [13], the other six dihydrochalcone derivatives have not been previously reported in the
same plant species. The observed MS peaks including retention time, observed mass, calculated mass,
molecular formula, ppm error, and MS/MS data are presented in Table 1.

Table 1. Identification of compounds from ethyl acetate fraction of L. indica by
HPLC-ESI-microTOF-Q-MS/MS at 254 nm in negative ionization mode.

Peak
no.

RT
(min)

Observed
[M − H]−

Calculated
[M − H]−

Error
(ppm)

Molecular
Formula

Fragment Ions (m/z) Identified Compound

1 10.9 169.0146 169.0142 −2.2 C7H6O5 125.0444 Gallic acid

2 15.9 305.0668 305.0667 −0.4 C15H14O7

261.0623, 219.0682,
179.0279, 167.0371,
165.0179, 151.1024

Gallocatechin †

3 20.6 327.0726 327.0722 −1.4 C14H16O9

312.0487, 234.0173,
207.0298, 206.0222,

192.0079
Bergenin
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Table 1. Cont.

Peak
no.

RT
(min)

Observed
[M − H]−

Calculated
[M − H]−

Error
(ppm)

Molecular
Formula

Fragment Ions (m/z) Identified Compound

4 21.4 305.0668 305.0667 −0.4 C15H14O7

287.059, 261.076,
219.0694, 221.0473,
179.0362, 167.0387,

165.0199

Epigallocatechin †

5 24.5 183.0304 183.0299 −2.7 C8H8O5 169.0107 Methyl gallate †

6 26.3 913.1455 913.1469 1.6 C44H34O22

761.1369, 743.1264,
609.1287, 591.1153,
573.1038, 447.0733,
423.0709, 285.0410,

169.0143

Theasinensin A (isomer 1) †

7 27.0 913.1471 913.1469 −0.2 C44H34O22

761.131, 743.1255,
609.1205, 591.1148,
573.1104, 447.0721,
423.0752, 285.0422,

169.0178

Theasinensin A (isomer 2) †

8 28.5 285.0399 285.0405 2.1 C15H10O6
243.0291, 217.0528,
199.0420, 175.047 Kaempferol

9 28.8 289.0721 289.0718 −1.0 C15H14O6
221.0795, 203.0724,

175.0323 Epicatechin

10 29.8 457.0784 457.0776 −1.6 C22H18O11
305.0660, 261.0803,
219.0637, 169.0142

Epigallocatechin-3- O-gallate
†

11 31.0 911.1315 911.1312 −0.2 C44H32O22

759.1258, 741.1135,
589.1027, 571.0861,
441.0556, 423.0727,
305.0618, 301.0453,
285.0431, 169.0135

Theasinensin A quinone †

12 32.2 897.1515 897.1520 0.5 C44H34O21

745.1526, 727.1485,
575.1195, 557.1,

449.0938, 423.0693,
287.0576, 269.0482,

169.0127

Theasinensin F †

13 33.7 177.0191 177.0193 1.2 C9H6O4
148.9428, 132.9003,

105.9031 Esculetin †

14 36.4 463.0886 463.0882 −0.8 C21H20O12

317.029, 316.0226,
287.0199, 271.0247,
179.0012, 135.8248

Myricetin 3-O-rhamnoside
(myricitrin)

15 36.9 300.9989 300.9990 0.2 C14H6O8

283.9927, 245.0151,
229.0091, 201.0309,
200.0171, 173.0194

Ellagic acid †

16 38.3 441.0831 441.0827 −0.9 C22H18O10
289.0701, 271.06,

245.9752, 169.0132 Catechin gallate (isomer) †

17 41.2 451.1254 451.1246 −1.7 C21H24O11
289.0724, 271.1548,

167.0353 3-Hydroxyphloridzin †

18 41.7 447.0931 447.0933 0.4 C21H20O11
301.0325, 300.0271,
255.0296, 179.0009

Quercetin 3-O-rhamnoside
(Quercitrin)

19 43.2 417.0833 417.0827 −0.6 C20H18O10
284.0316, 257.0446,
255.0304, 227.0339

Kaempferol 3-O-arabinoside
†

20 45.0 615.1001 615.0992 −1.5 C28H24O16

463.0903, 317.0319,
297.0616, 178.9989,

169.0188

Myricetin-O-(O-galloyl)-
3-rhamnopyranoside

(isomer 1) †

21 46.0 435.1299 435.1297 −0.5 C21H24O10 273.0758, 167.0349 Phloridzin

22 46.5 615.0988 615.0992 0.6 C28H24O16

463.0817, 317.0332,
297.0677, 178.9976,

169.011

Myricetin-O-(O-galloyl)-
3-rhamnopyranoside

(isomer 2) †

23 46.8 315.0146 315.0146 0.1 C15H8O8
299.9902, 270.9912,
243.9987, 151.0037 Methyl-O-ellagic acid †

24 50.4 599.1048 599.1042 −1.0 C28H24O15
447.0893, 301.0369,
169.0125, 151.8637 Quercitrin 2”-O-gallate †

25 51.4 595.2031 595.2032 0.2 C28H36O14

433.1347, 329.1078,
308.2508, 287.0929,

167.0376

4′,6′-Dihydroxy-4-methoxy
dihydrochalcone
2′-O-rutinoside †
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Table 1. Cont.

Peak
no.

RT
(min)

Observed
[M − H]−

Calculated
[M − H]−

Error
(ppm)

Molecular
Formula

Fragment Ions (m/z) Identified Compound

26 52.1 581.1889 581.1876 −0.5 C27H34O14

419.1210, 329.102,
311.0951, 293.0907,
287.0926, 273.0953,
243.1026, 167.0355

4′,6′-Dihydroxy-4-methoxy
dihydrochalcone

2′-O-glucosylpentoside †

27 53.6 449.1452 449.1453 0.4 C22H26O10

329.1080, 287.0921,
273.0744, 272.0683,
243.1032, 181.017,

167.0298, 166.0275,
151.0067

4′,6′-Dihydroxy-4-methoxy
dihydrochalcone

2′-O-β-D-glucopyranoside †

28 54.5 327.2171 327.2177 1.8 C18H32O5

309.2164, 298.9867,
291.1998, 239.1283,
229.1447, 211.1327,
183.0131, 171.103

9,12,13-Trihydroxy
octadecadienoic acid †

29 55.0 601.1595 601.1563 −5.3 C29H30O14

439.0901, 329.1098,
313.0559, 287.0914,
271.0502, 243.1106,
211.0199, 169.0167

4′,6′-Dihydroxy-4-methoxy
dihydrochalcone

2′-O-(3”-O-galloyl)-β-
D-glucopyranoside †

30 57.7 221.1186 221.1183 −1.4 C13H18O3 149.0978 Dehydrovomifoliol †

31 58.6 287.0926 287.0925 −0.2 C16H16O5
243.1034, 167.037,

151.0043

2′,4′,6′-Trihydroxy-4-methoxy
dihydrochalcone

(3-Methylphloretin) †

† Compounds identified for the first time in the genus Leea.

Figure 1. (a) Base peak chromatogram (BPC) of L. indica ethyl acetate fraction by HPLC-ESI-MS in
negative ionization mode; (b) Expanded BPC. Peak labeling represents the compounds identified.

The structural identification of three new dihydrochalcones 25, 26 and 29 was based on the
relevance of the LC-MS/MS fragmentation patterns with the isolated compound 4′,6′-dihydroxy-
4-methoxy dihydrochalcone 2′-O-β-D-glucopyranoside 27. The MS/MS spectra of compounds
25, 26, 27 and 29, showed a common base ion peak at m/z 287 for 2′,4′,6′-trihydroxy-
4-methoxydihydrochalcone, which is a characteristic ion formed by the loss of glycoside(s) and/or
galloyl glycoside moieties.
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Figure 2. Structures of compounds identified in L. indica according to their chemical classes.

In LC-MS spectra, peaks 25, 26 and 29 eluted at retention times (RT) 51.4, 52.1 and 55.0 min,
and showed precursor ions [M − H]− at m/z 595.2031, 581.1889 and 601.1595, respectively.
Peaks 25 (m/z 595) and 26 (m/z 581) showed a mass difference of 146 Da (rhamnose) and
132 Da (arabinose/xylose) respectively compared to the isolated dihydrochalcone 27 (m/z 449).
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Also, peak 26 (m/z 581) was found to be 14 Da lighter than peak 25 (m/z 595), indicating the
presence of a pentose sugar. In agreement with mass analysis data, peaks 25 and 26 were
tentatively characterized as 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-rutinoside (m/z 595)
and 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-glucosylpentoside (m/z 581) respectively.

Peak 25 displayed a molecular ion [M − H]− at m/z 595.2031 (C28H36O14) and fragment ions at
m/z 433, 329 and 287 (Scheme 1 and Figure S1). In the MS/MS spectrum, a characteristic fragment
ion at m/z 287 as base peak suggested that this compound corresponded to a 2′,4′,6′-trihydroxy-
4-methoxydihydrochalcone linked to a rutinose moiety, where the neutral loss of 308 Da is characteristic
of the loss of a rutinose moiety [21]. The fragments at m/z 433 [M − C10H10O2 − H]− and
329 [M − C10H18O8 − H]− were obtained by the cleavage of the C-C bond of chalcone and sugar
moiety respectively (Scheme 1). The fragment ion at m/z 329 [M − H − C9H13O7 − H2O − CH3]− was
obtained by the cleavage of a glucose moiety, with the loss of a water molecule and further by losing
a methyl group. Based on these deductions, peak 25 was tentatively identified as 4′,6′-dihydroxy-
4-methoxydihydrochalcone 2′-O-rutinoside, a new dihydrochalcone.

 

Scheme 1. Proposed MS/MS fragmentation of compound 25.

Peak 26 exhibited a precursor ion [M − H]− at m/z 581.1889 (C27H34O14) and fragment ions at
m/z 419, 311, 293, and 243 (Scheme 2 and Figure S2). The MS/MS spectrum showed product ion at m/z
287 (C16H16O5) [M − H − 162 Da − 132 Da]− as base peak by the loss of a glucosylpentoside
moiety, suggesting to possess a basic skeleton of isolated dihydrochalcone 27. The cleavage of
a C-C bond gave a fragment ion at m/z 419 due to the loss of a C10H10O2 moiety. The neutral
loss of 312 Da showed the presence of a glucosyl pentoside moiety, losing a molecule of water to
generate a product ion at m/z 293 (Scheme 3). Therefore, compound 26 was plausibly identified
as 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-glucosylpentoside and found as first occurrence
in nature.
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Scheme 2. Proposed MS/MS fragmentation of compound 26.

 
Scheme 3. Proposed MS/MS fragmentation of compound 29.

Peak 29 showed a precursor ion [M − H]− at m/z 601.1595 (C29H30O14) and fragment ions
at m/z 439, 313, 287, 271, 211, and 169 in the MS/MS spectrum. A base ion peak at m/z 287
[M − C6H10O5 − C7H4O4 − H]− was observed due to the loss of glucose (162 Da) and galloyl (153 Da)

171



Molecules 2019, 24, 714

moieties. Fragment ions at m/z 169 and m/z 313 indicate the presence of a galloyl and a galloylglucose
moiety respectively. Monogalloylglucose can exist as five possible isomers namely, 1-O-galloylglucose,
2-O-galloylglucose, 3-O-galloylglucose, 4-O-galloylglucose, and 6-O-galloylglucose [22]. The characteristic
fragment ions at m/z 271 and 211 suggest that the substitution of the galloyl group could be at the C-3
position of the glucose moiety (Scheme 3 and Figure S3). Product ion detected at m/z 439 suggested
the cleavage of the C-C bond (loss of C10H10O2 moiety) in the MS/MS spectrum. Thus, the compound
corresponding to peak 29 was tentatively identified as a new dihydrochalcone 4′,6′-dihydroxy-
4-methoxydihydrochalcone 2′-O-(3”-O-galloyl)-β-D-glucopyranoside. It is also a gallic acid derivative
of the isolated dihydrochalcone 27.

The isolated dihydrochalcone 27 exhibited a precursor ion [M − H]− at m/z 449.1452 (C22H26O10).
The MS/MS spectrum showed product ions at m/z 287 [M − C6H10O5 −H]− and 273 [M − C6H10O5

− CH3 − H]− due to the loss of glucose (162 Da) and methyl groups (15 Da) (Figure S4). Compound 27

was isolated and identified as 4′,6′-dihydroxy-4-methoxydihydrochalcone 2′-O-β-D-glucopyranoside.
The LC-MS fragmentation patterns of the three novel dihydrochalcones (25, 26 and 29) were

compared to the isolated dihydrochalcone (27), and we noted that the observed HR-MS data were
in good agreement with the calculated masses. Further isolation of the peaks 25, 26 and 29 and
spectroscopic analyses would be required to unambiguously confirm the proposed structures of
these dihydrochalcones.

3. Materials and Methods

3.1. Plant Materials

Fresh ground leaves of L. indica were collected in Singapore. A voucher specimen (no. LI-0109)
was deposited at the herbarium of the National University of Singapore (NUS) Medicinal Plant
Research Group.

3.2. Chemicals and Reagents

Standards gallic acid, methyl gallate, myricitrin, quercitrin, epigallocatechin-3-O-gallate, ellagic
acid, epicatechin, and kaempferol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Phloridzin and epigallocatechin were purchased from TCI Co. Ltd. (Tokyo, Japan). LC-MS grade
solvents (acetonitrile, methanol and formic acid) were purchased from MERCK (Darmstadt, Germany)
and water used in LC analysis was obtained using Milli-Q advanced system (Millipore, Milford,
MA, USA).

3.3. Extraction and Isolation

The fresh ground leaves of L. indica (2.8 kg) were macerated with 70% v/v MeOH at room
temperature. The extract was filtered and concentrated under vacuum, yielding a crude methanolic
extract. The dried methanolic extract was dissolved in water and partitioned with different solvents,
concentrated under vacuum to give hexane (0.005%), dichloromethane (0.027%) and ethyl acetate
(1.32%) fractions.

The ethyl acetate fraction (37.0 g) was chromatographed over silica gel using 25% EtOAc–hexane
as eluent, yielding a white solid, which was recrystallized in CHCl3-MeOH as white needles of methyl
gallate (60 mg). Fractions obtained from repeated silica gel column chromatography of EtOAc fraction
using 6–10% MeOH-CHCl3 as eluent were further purified by Sephadex (LH-20) and reversed phase
cartridge yielding two compounds gallic acid (140 mg) and 4′,6′-dihydroxy-4-methoxydihydrochalcone
2′-O-β-D-glucopyranoside (12 mg). The estimated concentration of gallic acid in the fresh leaves
was 0.005–0.011% w/w. Pooled fractions obtained from silica gel column chromatography of the
EtOAc fraction using 10–20% MeOH-CHCl3 were further subjected to Sephadex (LH-20) column
chromatography. At an eluent concentration of 50% MeOH-water, a mixture of two compounds was
obtained. It was further purified by silica gel column chromatography eluting with 8% MeOH-CHCl3
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and 10–12% MeOH-CHCl3 to yield quercetin-3-O-rhamnoside (5 mg) and myricetin-3-O-rhamnoside
(650 mg) respectively. Epigallocatechin-3-O-gallate (64 mg) was obtained from the silica gel column
chromatography using 2–5% methanol in dichloromethane. The structures of isolated compounds 1, 5,
10, 14, 18, and 27 were confirmed by NMR and LC-MS analyses.

3.4. General Information

NMR spectra were recorded on a Bruker Avance-400 Spectrometer (Fallanden, Switzerland), 1H
at 400 MHz and 13C at 100 MHz in deuterated solvents using tetramethylsilane (TMS) as an internal
reference. Deuterated solvents, methanol-d4 and dimethyl sulfoxide-d6 for NMR were purchased from
Sigma-Aldrich (USA).

Silica-gel (60–120, 100–200, 70–230 mesh; Merck, Germany), Sephadex LH-20 (Sigma, Uppsala,
Sweden) and reversed phase C18 (77.9 μm) cartridge column from Waters (Ireland) were used for
chromatographic separation. Thin layer chromatography was performed on pre-coated Si-gel 60 F254

plates (Merck, Germany) using a visualizing reagent.
The LC-MS analysis was carried out using a Dionex Ultimate 3000 VWD system coupled with a

VWD and a micro-TOF-Q mass detector (Bruker Daltonics Inc., Billerica, MA, USA). Chromatographic
separation was performed on an RP-C18 column (3.0 × 150 mm; particle size 2.7 μM; Agilent Poroshell
120, New Castle, DE, USA), operated at 25 ◦C. Analysis was carried out using a gradient elution
program of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) as a mobile phase at
a flow rate of 0.5 mL/min. The following gradient system was used: 0–45 min, 5–30% B; 45–60 min
30–100% B and 60–65 min 100% B. UV detection was performed by scanning the samples at 210, 254,
280, and 360 nm. Electrospray ionization mass spectra (ESI-MS) were recorded in negative ionization
mode. The mass range of m/z 50–2000 was scanned. For MS/MS analysis, collision energies were
set automatically.

4. Conclusions

This study presents the comprehensive identification of chemical constituents of an ethyl acetate
fraction of L. indica leaves using HPLC-ESI-microTOF-Q-MS/MS analysis. Here we identified 31
compounds, among them six phenolic compounds were isolated by column chromatography. Three novel
dihydrochalcones derivatives were tentatively identified as 4′,6′-dihydroxy-4-methoxydihydrochalcone
2′-O-rutinoside, 4′,6′-dihydroxy-4-methoxydihydro chalcone 2′-O-glucosylpentoside and 4′,6′-dihydroxy-
4-methoxydihydrochalcone 2′-O-(3”-O-galloyl)-β-D-glucopyranoside. A total of 24 compounds
are reported for the first time in the genus Leea. Our results indicated that L. indica is a good
source of diverse phenolic contents including phenolic acids (gallic acid and methyl gallate),
polyphenolic (ellagic acid), flavan-3-ols (gallocatechin, epigallocatechin and epigallocatechin-
3-O-gallate), flavonoids/flavonoid glycosides (kaempferol, quercitrin, myricitrin), dihydrochalcones
(phloridzin and its derivatives), and dimeric catechins (theasinensin A dimers and theasinensin F).
The wide range of potential bioactive compounds supports the diverse pharmacological activities of
L. indica. Further research to identify and develop useful therapeutics and health supplements from
L. indica is warranted.

Supplementary Materials: Supplementary materials are available online. Figure S1: MS2 spectrum and proposed
fragmentation pattern of compound 25; Figure S2: MS2 spectrum and proposed fragmentation pattern of
compound 26; Figure S3: MS2 spectrum and proposed fragmentation pattern 29; Figure S4: MS2 spectrum
and proposed fragmentation pattern of compound 27.
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Abstract: Phenolics are important mediators in plant-environment interactions. The presence and
concentration of phenolic compounds and their antioxidant activity were evaluated in leaves and
flowers of a set of Trifolium species originating from contrasting environments encompassing lowland
and mountain sites. The current germplasm proved a great reservoir of phenolic compounds,
with different chemical structure and, possibly, diversified biological activity. Germplasm groups
with specific phenolic composition were observed. In some cases, different patterns bore a taxonomic
meaning. Lowland germplasm showed higher concentration of total phenolics in leaves than
mountain accessions (50.30 vs. 34.19 mg/g dry matter (DM)), while the latter had higher concentration
in flowers (114.16 vs. 57.44 mg/g DM). Outstanding concentration of isoflavones was observed in
leaves of lowland germplasm (24.19 mg/g DM), and of both proanthocyanidins and flavonoids in
flowers of mountain germplasm (53.81 and 56.62 mg/g DM, respectively). The pattern of phenolic
composition in lowland and mountain germplasm was suggestive of different adaptive strategies.
Three assays of antioxidant activity were tested, which were characterised by rather different reactivity
towards phenolic composition. The scavenging activity was higher for leaf extracts of lowland
germplasm, and for flower extracts of mountain germplasm. Besides identifying germplasm of
interest, this study also suggested possible links between environmental factors and concentration
and composition of phenolic compounds.

Keywords: antioxidant activity; flavonoids; isoflavones; phenolics; proanthocyanidins; Trifolium

1. Introduction

The genus Trifolium includes a large array of species. Some of them represent very important
forage crops worldwide, such as white clover (T. repens L.), and red clover (T. pratense L.) [1,2].
Other species have an agronomic relevance in specific areas, such as berseem clover (T. alexandrinum L.)
and subterranean clover (T. subterraneum L.) in Mediterranean environments [3]. Wild forms of these
and other cultivated species, as well as populations of many other Trifolium species occur in natural
grasslands of diversified environments, where they can represent valuable feed resources [4–6].

Besides being rich in proteins, Trifolium species have been reported to contain a wealth of
biologically active secondary metabolites [7], of which phenolic compounds are one of the main classes.
Phenolic compounds have a wide range of structures, but they generally share a remarkable antioxidant
activity [8]. Flavonoids are an important class of phenolics that includes compound groups such as
flavones, flavonols and isoflavones, all characterized by a phenylbenzopyran chemical structure [8].

Molecules 2019, 24, 298; doi:10.3390/molecules24020298 www.mdpi.com/journal/molecules177



Molecules 2019, 24, 298

In recent decades, there has been an increasing interest on flavonoids in medical research owing
to their useful properties, such as anti-inflammatory, estrogenic, antimicrobial, antiallergenic and
antitumor activities [9]. The antioxidant activity, determined by their ability of decreasing free radical
formation and scavenging free radicals and reactive oxygen species (ROS), is an asset of major interest
for flavonoids [10,11].

The role of flavonoids and other phenolic compounds as protective dietary constituents
(nutraceuticals) with their antioxidant capacity has also become an increasingly important area of
research [12]. The potential benefit that a dietary intake of phenolics may produce in the prevention or
reduction of degenerative diseases such as cardiovascular diseases and cancer has been reported [13,14].
Isoflavones are a group of flavonoids typical of some legume species only. They exhibit estrogenic
activity and represent the main phytoestrogens of current interest as nutraceuticals and dietary
supplements [15,16]. An antioxidant activity of possible physiological relevance was also reported for
isoflavones such as genistein and daidzein [17].

Phenolic compounds, including flavonoids, have often been used as chemotaxonomic markers
in plants [18]. These compounds were also examined in the genus Trifolium. Oleszek et al. [19]
characterized the phenolic composition of over 50 Trifolium species, emphasizing similarities and
differences among taxa for the concentration pattern of the main groups of phenolics. More recently,
the isoflavone prunetin was proposed as a possible chemotaxonomic marker in snow clover (T. pratense
L. subsp. nivale (Koch) Arcang.) [20].

Phenolics play a fundamental role in the interaction of plants with the environment, including
their defense mechanisms against biotic and abiotic stresses and other adaptation processes [21,22].
It is well known that the presence of phenolics in plants and the subsequent antioxidant capacity can
also be subjected to significant variation due to environmental conditions and to biotic and abiotic
stresses [23,24]. Hence, the current study evaluated the presence and concentration of phenolic
compounds, as well as their antioxidant activity in a set of Trifolium species originating from different
Italian environments. The main objectives of this investigation were to identify germplasm of
interest as potential source of phenolic metabolites, also in view of their possible exploitation for
medical/nutraceutical purposes, and to assess any possible role of the environment on the phenolic
composition of the species.

2. Results

2.1. Germplasm Collection and Identification of Phenolics

The list of Trifolium species used in this investigation is reported in Table 1. Both cultivated and
natural populations from different environments (lowlands and mountains) were analyzed for their
phenolic content. Phenolics occurring in the extract of the 14 Trifolium samples under investigation
were separated by UPLC method (see Materials and Methods) and UV spectra were obtained using a
photo diode array detector. As an example, the UPLC chromatogram of leaf and flower extracts of
T. repens var. sylvestre is shown in Figure 1. Six groups of phenolics were identified based on their
characteristic absorption spectra (Figure 2), namely: phenolic acids (Figure 2A), clovamides (Figure 2B),
flavanols (Figure 2C), flavones (Figure 2D), flavonols (Figure 2E) and isoflavones (Figure 2F).

A comparison was made of their retention times and mass spectral data obtained in positive
and negative mode with those of standard compounds or with compounds previously reported in
literature for Trifolium spp. [19,20,25–28]. A tentative identification of phenolics was performed based
on key fragment ions and other MS observations. For flavonoids and their glycosyl derivatives the
loss of 162 m/z was indicative of hexose (glucose or galactose), the loss of 146 m/z was indicative of
rhamnose, the loss of 132 m/z was indicative of pentose (xylose or arabinose). Moreover, the loss of
44 m/z in the negative ion mode and the loss of 86 m/z were indicative of the presence of a malonate.
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Table 1. List of Trifolium germplasm evaluated for the concentration of phenolic compounds and
antioxidant activity.

# Species Common Name Germplasm Type Name/Origin
Adaptation

to/Origin From

1 T. alexandrinum Berseem clover Experimental cultivar Sintetica E/Italy Lowlands
2 T. pratense Red clover Cultivar Aiace/Italy Lowlands

3 T. pratense
subsp. nivale Snow clover Natural population Rhaetian Alps Mountains*

4 T. repens
White clover
(non-Ladino

large-leaved type)
Cultivar Regal/USA Lowlands

5 T. subterraneum Subterranean clover Natural population Sardinia Lowlands
6 T. subterraneum Subterranean clover Natural population Sardinia Lowlands
7 T. pratense Red clover Natural population Po Valley Lowlands

8 T. repens var.
giganteum

White clover (Ladino
type) Natural population Po Valley Lowlands

9 T. alpinum Alpine clover Natural population Graian Alps Mountains
10 T. badium Brown clover Natural population Graian Alps Mountains
11 T. ochroleucum Sulphur clover Natural population Cottian Alps Mountains

12 T. pratense
subsp. nivale Snow clover Natural population Graian Alps Mountains

13 T. repens var.
sylvestre

White clover
(small-leaved type) Natural population Graian Alps Mountains

14 T. thalii Thal clover Natural population Graian Alps Mountains

* Collected as seed in a mountain area and grown ex-situ in a lowland site.

Figure 1. UPLC chromatogram of extracts from (A) leaves and (B) flowers of T. repens var. sylvestre
(#13). 1: myricetin-3-O-galactoside; 2: quercetin-3-O-[xylosyl-(1→2)-galactoside]; 3: kaempferol-3-O-
[rhamnosyl-(1→6)-xylosyl-(1→2)-galactoside]; 4: quercetin-3-O-galactoside; 5: kaempferol-3-O-
[xylosyl-(1→2)-galactoside]; 6: kaempferol-3-O-galactoside; 7: quercetin-3-O-galactoside-6′′-O-acetate;
8: formononetin-7-O-glucoside; 9: formononetin-7-O-glucoside-6′′-O-malonate.

Branched C-glycosides were also investigated by the presence of characteristic ions [M − H − 60]−,
[M − H − 90]−, and [M − H − 120]− [25–29].

Along with clovamide (N-caffeoyl-l-DOPA), phenolic acids were detected in almost all Trifolium
extracts in low amount and were mostly constituted by glycosyl derivatives of caffeic acid, ferulic acid
and coumaric acid.

Flavanols were identified in very low amount (< 0.3 mg g−1 dry matter) in some extracts,
and identified as catechin/epicatechin and a catechin dimer. Flavones, flavonols and isoflavones
represented the main bulk of flavonoid constituents of the extracts. The most abundant, tentatively
identified, flavonoids in the 14 Trifolium samples are reported in Table 2 where their percentage amount
in the whole extracts is indicated. All the identified compounds were quantitatively evaluated by
appropriate standards (see Experimental).
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Figure 2. Characteristic UV spectra of the six groups of phenolics identified in Trifolium spp. A: phenolic
acid; B: clovamide; C: flavanol; D: flavone, E: flavonol; F: isoflavone.

Glycosyl and glycosyl malonate derivative of luteolin, together with lower amount of derivatives
of apigenin and of the isoflavone biochanin A, were the most abundant compounds identified
in T. alexandrinum (#1) extracts. In flowers, large amounts of quercetin galactoside and quercetin
glucoside were also detected. All these compounds were previously reported in the species [30–32].
High amounts of glycosyl and glycosyl malonate derivative of flavones (quercetin in leaves and
quercetin and kaempferol in flowers) and isoflavones (biochanin A and formononetin in leaves and
flowers) were detected in red clover (#2 and #7), as previously reported in this widely investigated
Trifolium species [19,20,33–36]. In snow clover (#3 and #12) extracts, glycosyl and glycosyl malonate
derivative of flavones (quercetin) and isoflavones (formononetin and prunetin) were detected in
large amounts in both leaves and flowers. The abundant presence of prunetin was reported to be a
characteristic feature of this clover species [20]. Leaf extracts of T. repens (#4, #8 and #13, see Figure 1)
featured high content of di- and trisaccharide derivative of flavonols quercetin and kaempferol,
together with other minor compounds, as already reported [37–40]. Flowers were characterized
instead by high amount of quercetin galactoside and its acetyl derivative, together with lower content
of myricetin galactoside. Subterranean clover (#5 and #6) leaves and flowers confirmed the large
presence of isoflavones biochanin A, genistein and formononetin glycosides and glycosyl malonate
derivatives [28]. T. alpinum (#9) extracts showed a complex mixture of flavonoids. In leaves, they were
mainly constituted by mono and diglycosides of quercetin, while kaempferol glycosides were detected
in flowers. The presence of glycosides of a quercetin isomer (MW=302) was also detected. The very
low amount of isoflavones assessed in this Trifolium species was inconsistent with previous results [26].
Di- and tri-saccharide derivatives of quercetin were observed in T. badium (#10) extracts. An unidentified
flavonoid (MW = 462) was abundant in leaves, while a monoglycoside of luteolin/luteolin isomer (MW
= 286) was detected in large amount in flowers.

Leaves of T. ochroleucum (#11) mainly comprised mono- and di-saccharides of quercetin and,
to a lesser extent, kaempferol. Quercetin and kaempferol glycosyl malonates were detected as the
main constituents of flower extracts. Higher flavonoid content had been previously reported in
T. ochroleucum leaves [19]. Quercetin and kaempferol diglycosides were abundant in T. thalii (#14) leaf
extract, while the flower extract largely contained myricetin and quercetin glycosides. The isoflavone
formononetin glycoside and its malonyl derivative were also detected in leaves.
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2.2. Evaluation of Phenolic Compounds in the Trifolium Species in Relation to Their Antioxidant Activities

To facilitate the assessment of the biological activity of the different Trifolium extracts and to
evaluate their antioxidant properties in relation to the phytocomplex (whole extract), the detected
compounds were grouped into four distinct classes based on their chemical structure and biological
properties, namely, phenolic acids, clovamides, isoflavones, and other flavonoids, this latter
including flavanols, flavonols, and flavones. The presence of a fifth group of phenolic compounds,
namely proanthocyanidins (or condensed tannins) was assessed by the butanol/HCl method [41],
and evaluated with pelargonidin as a standard. Although with some limitations, this method was
reported to allow for the most effective detection of proanthocyanidins [42–44]. Pelargonidin was
selected as a standard because of its presence in all samples among anthocyanidins obtained from the
acid-catalysed cleavage of the condensed tannins. Preliminary investigation performed by a cellulose
bidimensional thin layer chromatography (2D TLC) of the obtained anthocyanidin (data not reported),
showed the presence of pelargonidin, cyanidin and delfinidin. In all the analyzed samples, variation
was observed for these compounds, with pelargonidin being one of the most detected compounds.

Results of the quantitative evaluation of different phenolics in leaves and flowers of the 14 samples
of clover under investigation are reported in Tables 3–5.

Flower tissues featured higher concentration of total phenolics compared to leaves across all
accessions (Table 3). However, differences between plant organs for individual phenolic group
concentrations were not consistent, with no difference for phenolic acids and clovamides, higher
concentration in leaves for isoflavones, and higher concentration in flowers for other flavonoids and
for proanthocyanidins. The antioxidant activity was higher in flower than in leaf extracts according to
each of the three applied assays.

It is widely accepted that leaves have higher amount of phenolic compounds than flowers, owing
to the abundance of pathway precursors in leaves due to photosynthesis [45,46]. However, the current
result of higher concentration of total phenolics in flowers than in leaves had several precedents
in different folk-medicine species, such as yarrow, Achillea millefolium L. [47], pomegranate, Punica
granatum L. [48], or white-weed, Ageratum conyzoides L. [49]. The facts that pigments are composed of
flavonoids in most flowers, and that proanthocyanidins are produced by closely related branches of the
flavonoid pathway using the same metabolic intermediates, make of no surprise the finding that flowers
in our germplasm collection were particularly rich in these groups of phenolics. Abeynayake et al. [50]
reported that white clover plants accumulate higher level of proanthocyanidins in flowers than in
vegetative tissues. In addition to a possible ultraviolet (UV)-screening effect exerted by phenolics [22],
a role for flavonoids was reported in the development of functional pollen [51], which may also
explain the abundance of these compounds in flower tissues. Total phenolic concentration in flowers,
especially as proanthocyanidins, fully supported higher antioxidant activity of flower compared to leaf
extracts, no matter the applied scavenging assay. Nonetheless, greater sensitivity of the peroxyl radical
scavenging for proanthocyanidins was evident, confirming the results in Jayaprakasha et al. [52], thus
accounting for the current outstanding difference between leaf and flower extracts for this assay.

The 14 Trifolium samples differed significantly (P < 0.05) for leaf phenolic concentrations and
antioxidant activity according to ANOVA (Table 4). The red clover cultivar Aiace (#2) was rich in
phenolic acids, followed by the snow clover population #3 and the berseem clover experimental
cultivar #1. Clovamides were found in highest concentration in red clover samples (#2 and #7) and
they were also present in the snow clover populations #3 and #12 and the berseem cultivar #1.
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The subterranean clover populations #5 and #6 showed the highest concentration of isoflavones,
followed by the two red clover samples (#2 and #7) and the two snow clover populations (#3 and
#12). Three mountain species, namely, sulphur clover (#11), brown clover (#10) and alpine clover (#9)
featured the highest concentration of other flavonoids, together with the berseem clover (#1). The two
white clover accessions from lowlands (#4 and #8) and the two subterranean clover populations (#5 and
#6) were characterized by the lowest concentration of other flavonoids. Proanthocyanidins were
abundant in leaves of brown clover (#10) and berseem clover (#1) only. The leaf concentration of total
phenolics exceeded the level of 60 mg g−1 dry matter in the two red clover accessions (#2 and #7),
the subterranean clover population #5 and the berseem clover #1, while barely reaching the level of
10 mg g−1 dry matter in the two lowland white clover samples (#8 and #4).

Just as for the leaf samples, there was significant variation among accessions (P < 0.05)
according to ANOVA for the flower phenolic concentrations and antioxidant activity (Table 5).
However, accession patterns of phenolic concentrations were largely different in flowers compared
to leaves. Only clovamides showed an outstanding consistency between flowers and leaves of
exclusive presence in red clover (#2 and #7), snow clover (#3 and #12) and berseem clover (#1)
germplasm (Tables 4 and 5). Concentration of phenolic acids was highest in flowers of the red
clover samples (#2 and #7), the snow clover population #3, the sulphur clover population #11 and
the berseem clover cultivar #1. Isoflavone concentration (much lower in flowers than in leaves, see
Table 3) was highest in the red clover accessions (#2 and #7), the snow clover population #3 and the
subterranean clover population #6. The subterranean clover population #5, featuring the highest
isoflavone concentration in leaves, was missing in the flower analysis, owing to too few flowers
to be used in the chemical determinations. The brown clover population #10 showed the highest
concentration of other flavonoids, followed by the Thal clover population #14, while the subterranean
clover population #6 had remarkably low concentration of these compounds. Somewhat similar was
the pattern of proanthocyanidin concentration, with highest values in mountain accessions (brown
clover #10, Thal clover #14, snow clover #12, and white clover #13) and lowest one in the subterranean
clover #6. The very high concentration of proanthocyanidins in the mentioned mountain accessions
clearly contributed to their highest concentrations of flower total phenolics, with values exceeding 100
mg/g dry matter, while the subterranean clover population #6 was bottom ranking for flower total
phenolics with a concentration of about 10 mg/g dry matter (Table 5).

Oleszek et al. [19] partitioned their Trifolium collection into groups according to the patterns
of leaf phenolic composition. The present germplasm also featured accession groups with specific
phenolic composition. In some cases, these patterns bore a taxonomic meaning. T. subterraneum and
T. pratense (the latter, both as red clover and as snow clover subspecies) were characterized by high
leaf concentration of isoflavones. Clovamides were restricted to red clover and, to a lesser extent,
snow clover and berseem clover. Most alpine species and berseem clover were rich in flavonoids other
than isoflavones. White clover (across the three evaluated taxonomic forms) featured the lowest leaf
phenolic concentration.

The richness of leaf isoflavones in subterranean clover confirms previous results on this species [28].
Red clover isoflavone extracts are commercially available as nutraceuticals and they have been proposed
as an alternative to hormone-replacement therapy [53]. Subterranean clover may represent an interesting
new source of isoflavones, with higher concentration of these compounds and more diverse pattern of
isoflavone composition compared to red clover [28].

As emphasized [19], attention should be paid for exploitation to those species comprising good
concentration of different phenolic groups, as the presence of these groups may provide synergistic
health effects of plant extracts.

Accession rankings for the antioxidant activity of leaf extracts according to the three assays were
quite inconsistent (Table 4). The highest activity was observed in the two red clover samples (#2 and
#7) for the Fremy’s salt scavenging, in the subterranean clover population #5, the red clover population
#7 and the snow clover population #12 for the peroxyl radical scavenging, and in the brown clover
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population #10 and the red clover cultivar #2 for the superoxide anion scavenging. The inconsistency
of accession ranking for the three assays was confirmed by the lack of significant pairwise correlation
between assays based on leaf accession values (data not reported).

Unlike for the data on leaf extracts, there was some consistency of accession ranking between
assays for the antioxidant activity of flower extracts (Table 5). In particular, the Thal clover population
#14 and the subterranean clover population #6 were always top- and bottom-ranking, respectively,
regardless of the scavenging assay. The mountain white clover population #13 also featured rather
high antioxidant activity of flower extract with all three assays. Overall, there were moderately high
positive pairwise correlations between scavenging assays, ranging from r = 0.74, P < 0.01 (Fremy’s salt
vs. peroxyl radical) to r = 0.87, P < 0.01 (Fremy’s salt vs. superoxide anion).

The presence of diversified patterns of phytochemical composition, and the contemporary
presence of structurally different groups of phenolics, such as isoflavones, other flavonoids and
proanthocyanidins, that were likely to determine different responses to the antioxidant assays [54],
justified the choice of three methods of antioxidant measurements. These assays were characterised,
indeed, by rather different reactivity towards distinct free radical molecular probes, as successively
confirmed by the results of the regression analysis described below.

Lowland accessions had higher concentration of phenolic acids, clovamides and isoflavones, and
lower concentration of other flavonoids and proanthocyanidins, than mountain accessions consistently
in leaves and flowers. However, lowland germplasm showed higher concentration of total phenolics
in leaves, while mountain accessions had higher concentration of total phenolics in flowers (Table 6).
This inconsistency was mostly due to outstanding concentration of isoflavones in leaves of lowland
germplasm, and of both proanthocyanidins and flavonoids other than isoflavones in flowers of
mountain germplasm. An inconsistency of rankings between germplasm provenances was also largely
observed for the antioxidant activity. Lowland accessions had, on average, higher scavenging activity
of leaf extracts in two assays out of three, whereas the scavenging activity of flower samples was higher
in mountain than in lowland germplasm regardless of the assay (Table 6).

As already anticipated, the high concentration of flavonoids (other than isoflavones) and
proanthocyanidins, associated with higher antioxidant capacities, in flower tissues of mountain
germplasm can be a hint of the photoprotection effect recognized to flavonoids and other phenolics [55],
possibly exerted on the sensitive reproductive system [23]. It is indeed well known that UV levels
increase with altitude, and mountain species must be provided with adequate protection. Accumulation
of flavonoids in response to UV-B exposition was reported in silver birch, Betula pendula Roth [56],
while UV-stress-adapted germplasm displayed particularly high constitutive or elicited levels of
flavonoids and other phenolics in Arabidopsis thaliana (L.) Heynh. [57] and in white clover [38].
UV absorption is one of the UV-protective properties ascribed to flavonoids, which also include energy
dissipation and antioxidant activities [55]. A role of free-radical scavenging in response to UV exposure
can be postulated [58].

The pattern of phenolic composition in lowland germplasm was suggestive of different adaptive
strategies. The abundance of isoflavones in lowland leaves, in particular, may indicate natural selection
to decreased palatability for herbivores, or increased defence systems against invertebrate pests [59].

Table 7 summarizes the best linear models predicted for leaf and flower samples from the multiple
regression analysis of the antioxidant activity on mean concentrations of groups of phenolic compounds
within the Trifolium germplasm. The concentration of ‘other flavonoids’ and that of ‘proanthocyanidins’
consistently proved affected by multicollinearity in flowers, and for that reason only the former
was retained in the regressions on flower data. Regardless of the scavenging assay and the plant
organ, the adjusted R2 of the models was only moderate at most, with the exception of the good
prediction of the Fremy’s salt scavenging in leaves (R2 = 0.934, P < 0.001). In both leaves and flowers,
the peroxyl radical scavenging had a complex best fitting model, including most of the phenolic groups
as regressors, whereas the Fremy’s salt and the superoxide anion scavenging showed simpler models
for both plant organ extracts.
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The concentration of clovamides had a consistent, positive regression coefficient in the three best
models predicted for the antioxidant activity in leaves. Similarly, the concentration of the group of
flavonoids other than isoflavones contributed positively to predicting the antioxidant activity with all
assays in flowers (Table 7).

The multicollinearity between the concentrations of flavonoids and proanthocyanidins
prevented their simultaneous assessment as regressors in the prediction of the antioxidant activity.
However, when taken individually in a simple correlation analysis with the three scavenging assays,
the mean flower concentration of proanthocyanidins also proved positively correlated with the
antioxidant activity, with correlation ranging between r = 0.63 (P < 0.05) with the peroxyl radical and
r = 0.73 (P < 0.01) with the superoxide anion scavenging.

Although claimed as interesting antioxidant compounds, clovamides proved to be important but
not critical for the antioxidant activity in cocoa, Theobroma cacao L. [60]. Subsequent findings indicated
them as potent bioactive compounds with anti-inflammatory activity in human cells [61]. In the current
study, clovamides appeared to have a conditional, positive role in determining the antioxidant activity
of leaf extracts in the genus Trifolium. Our results are in line with those by Kolodziejczyk et al. [62],
who reported that clovamide-rich extract from T. pallidum reduced the damage induced by oxidative
stress to blood platelets and plasma.

A key role in determining the antioxidant activity in flowers of Trifolium germplasm was exerted
instead by the classes of flavonoids (isoflavones excluded) and proanthocyanidins, which was fully
justified by the strong antioxidant properties reported for these compounds [11,52,63]. As already
mentioned, flower pigmentation and UV screening contribute to the abundance of flavonoids and
proanthocyanidins in flower tissues.

This investigation confirmed the genus Trifolium as a great reservoir of phenolic compounds,
with different chemical structure and, possibly, largely diversified biological activity. Such a wealth
of potentially important metabolites is available for clinical and nutraceutical utilization. It is
worth reminding that, unlike other species claimed for extraction of biologically active compounds,
most Trifolium species have a well-established agronomic technique for their cultivation. This study
also suggested possible links between environmental factors (stresses, in particular) and concentration
and composition of phenolic compounds.

3. Materials and Methods

3.1. Plant Material

Swards of red clover, white clover, subterranean clover, berseem clover and snow clover were
sampled in the lowland site of Lodi [45◦19′ N, 9◦30′ E, 81 m above sea level (asl)], in the Po Valley
plain, northern Italy (Table 1). Some of the materials belonging to these taxa were grown in plots at
the experimental station of the Research Centre for Animal Production and Aquaculture (CREA-ZA).
In particular, the red clover cultivar Aiace, the white clover cultivar Regal (a non-Ladino large-leaved
type of T. repens) and one snow clover natural population from the Rhaetian Alps were sampled from
one-year-old sown swards. Aiace and Regal are cultivars selected in Italy and the USA, respectively,
and both are adapted to temperate, favorable climatic conditions, such as those experienced under the
sub-continental climate of Lodi (847 mm long-term average annual rainfall, 12.2 ◦C average annual
mean daily temperature, −1.3 ◦C average minimum daily temperature of the coldest month). Seed of
the snow clover population from the Rhaetian Alps was collected at 1850 m asl and it was sown in
the lowland site as part of a trial carried out in altitude-contrasting environments. Germplasm of
the annual species berseem clover (the experimental cultivar Sintetica-E) and subterranean clover
(two natural populations whose seed was originally collected in Sardinia) were sown at CREA-ZA
for this study. As both species are specifically adapted to Mediterranean conditions, they were sown
in Lodi at the end of the winter preceding the sampling season to avoid possible frost damages.
Besides the plot-grown materials, two more populations were sampled from a century-old grassland
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in Lodi, belonging to locally-adapted ecotypes of red clover and Ladino white clover (T. repens L.
var. giganteum Lagr.-Foss.), respectively. Other natural populations used in this investigation were
identified and sampled in the Alpine region (Table 1). They included one small-leaved population of
white clover (T. repens var. sylvestre), which encompassed, therefore, three different types in the study,
and one population each of snow clover, alpine clover (T. alpinum L.), brown clover (T. badium Schreb.),
sulphur clover (T. ochroleucum Huds.) and Thal clover (T. thalii Vill.). Identification of different taxa
was made according to reference guides on the Alpine flora [64]. All the mountain populations except
the sulphur clover were sampled in the Graian Alps above 1900 m asl. The sulphur clover population
was sampled in the Cottian Alps at 1250 m asl.

All the materials were sampled at the same phenological stage of full bloom. This stage occurred in
spring (May) in the lowland site of Lodi, and in summer (July) in the mountain locations. Two samples
of leaves and flowers were collected, respectively, from each sward, refrigerated and immediately
brought to the laboratory. Leaf and flower samples were separately freeze-dried, finely powdered,
defatted with chloroform and then used for the subsequent extractions.

3.2. Extraction and Purification of Total Phenolics

Samples (100 mg) were extracted with 80% MeOH (10 mL) at 50 ◦C using an automated accelerated
solvent extractor ASE 200 (Dionex, Sunnyvale, CA, USA) at a working pressure of 1500 psi. Extracts
were evaporated to dryness under reduced pressure at 40 ◦C, re-dissolved in 5 mL of Milli-Q water
(Millipore Corp., Billerica, MA, USA) and purified using a C18 Sep-Pak (360 mg, 55–105 μm) cartridge
(Waters Associates, Milford, MA, USA) preconditioned with water. The cartridge was washed first
with water (5 mL) to remove sugars and other water-soluble compounds, then with 80% MeOH (5 mL)
to elute phenolics. Extracts were evaporated to dryness under reduced pressure at 40 ◦C, re-dissolved
in 2 mL of 80% MeOH and then used for analysis. Three independent extraction and purification
procedures were performed on each replicated sample, and the extracts were properly diluted before
analysis. A portion of the extracts was also freeze-dried for subsequent antioxidant activity assays.

3.3. Determination and Quantitation of Phenolic Composition

A Waters ACQUITY UPLC system equipped with a binary pump system, sample manager, column
manager, photo diode array (PDA) detector (Waters Corp.) and coupled to a Waters ACQUITY TQD
(tandem quadrupole mass detector) with an electrospray ionization (ESI) source was used. All data
were acquired and processed using Waters MassLynx 4.1 and QuanLynx software. Chromatographic
runs were carried out with a Waters BEH C18 column (100 mm × 1.0 mm i.d., 1.7 μm particles, 13 nm
pore size) under a linear gradient of solvent A (H2O/0.1% HCOOH) and solvent B (CH3CN/0.1%
HCOOH) as follows: 0.0–0.5 min (7% B), 8.0 min (25% B), 11.5 min (60% B), 12.0 min (80% B), 20 min
(80% B). The flow rate was 0.19 mL/min, and the column temperature was 50 ◦C. A sample of 0.5 μL
was injected for analysis. For MS detection, positive and negative ESI were used as ionization modes.
Nitrogen was used as the desolvation and cone gas with flow rates of 800 L/h and 80 L/h, respectively.
Argon was used as the collision gas at a flow rate of 2 mL/min. The MS parameters were as follows:
Capillary 2.8 kV; extractor and radiofrequency voltage fixed at 3.0 V and 0.1 V, respectively; source and
desolvation temperatures of 140 ◦C and 350 ◦C, respectively [20,28].

Phenolic compounds were identified by comparison of their UV absorption spectra, retention times
and mass spectral data (positive and negative mode) with those of standard compounds, as well as with
previously identified phenolic constituents of Trifolium spp. reported in the literature [19,20,25–28].
Individual compounds were quantified against reference standards at 260 nm. Astragalin, hyperoside,
cymaroside, isoquercitrin, genistin, ononin, sissotrin, kaempferol, quercetin, apigenin, luteolin,
myricetin, genistein, biochanin A, formononetin catechin, epicatechin were from Sigma-Aldrich
(Milano, Italy). Concentration of glycoside malonates and acetates were calculated using the standard
curves of the corresponding glycosides. Concentration of isoflavonoids without standards were
calculated using the standard curves of ononin, while the concentration of other flavonoids was
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calculated using the calibration curves of isoquercitrin. Chlorogenic acid from Sigma-Aldrich was
used to quantify clovamides and phenolic acids. For calibration curves, all standards were injected in
triplicate in the range from 4.5 to 300 ng injection.

Proanthocyanidins (condensed tannins) were assessed by the butanol/HCl method [41],
and evaluated with pelargonidin hydrochloride from Sigma-Aldrich as a standard.

All samples were extracted in triplicate and results expressed in mg g−1 dry matter as mean of
three independent analyses ± standard deviation. As an indication of the relative abundance of the
main tentatively identified compounds, the percentage values of their content in the whole extracts
were reported in Table 2.

3.4. Antioxidant Activity

The purified freeze-dried extracts were subsequently treated at room temperature with 2.5 mL
MeOH, 2.5 mL water, and acidified with 0.05 mL of 1N HCl. The mixture was vortexed for 60 s and
centrifuged (5000× g, 5 min) and the supernatant directly used for antioxidant assays. The antioxidant
activity was assessed by three different methods, aimed at understanding the potential action of the
different groups of antioxidant compounds isolated and thoroughly characterized in Trifolium extracts.
The three methods, described as follows, were the Fremy’s salt scavenging and the superoxide anion
scavenging, both carried out by Electron Paramagnetic Resonance (EPR), and the scavenging of peroxyl
radicals, performed with a spectrophotometric approach.

3.4.1. Fremy’s Salt Scavenging

This EPR assay was performed using Fremy’s salt, potassium nitrosodisulfonate [(KSO3)2NO],
a persistent water-soluble free radical that was successfully used in previous experiments investigating
the antioxidant potential of fruit juices [65]. The reaction mixture contained 380 μL of 0.1 M acetate
buffer, pH 4.5, and 100 μL of plant extract with 20 μL of 5.96 mM Fremy’s salt solution dissolved in
acetate buffer, final concentration 0.24 mM. Blank reaction was composed as before, by replacing the
plant extract by the pure extracting solution. The mixture was stirred and transferred into a 100-μL
glass capillary tube, and the EPR spectra were recorded after 3 min at 25 ◦C using a MS 200 EPR
spectrometer (Miniscope, Berlin, Germany) operating on the X-band. The instrument settings were
the following: field modulation 100 KHz, modulation amplitude 1500 mG, field constant 60 s, center
field 3350 G, sweep width 99.70 G, X-band frequency 9.64 GHz, MW attenuation 7 dB, and gain 5.
Under these conditions, the typical triplet Fremy’s salt spectrum (1:1:1) was observed. The intensity of
the EPR signal was measured at the height of the first line, with the resonance at 3336.6 G. The system
was calibrated with solutions of gallic acid at known concentrations, hence the results were given as
μmol of gallic acid equivalents (GAE)/100 g dried extract.

3.4.2. Superoxide Anion Scavenging

The antioxidant potential towards O2
−• was based on the spin trapping of the radical generated

by potassium superoxide (KO2) in dimethyl sulfoxide (DMSO) with the addition of 18-crown-6 ether
to complex K+, using the previously performed and validated method by Picchi et al. [66], with some
modifications. The spin trap reagent was 5,5-dimethylpyrroline-N-oxide (DMPO). Under these
conditions, a typical DMPO-OOH adduct (1:1:1:1) was observed. The scavenging reaction mixture was
18-crown-6 ether/KO2 (1:1, 20 mM) dissolved in DMSO. A blank solution contained 100 μL of a 100 mM
DMPO phosphate buffer solution 0.1 M, pH 7.4, 130 μL of superoxide solution and 10 μL of extracting
solution. The solution with the scavenging compound was composed exactly as the blank, by replacing
10 μL of extracting solution with the equivalent volume of the Trifolium extract. The reaction time
was 60 sec at 25 ◦C. EPR recording conditions were as follows: field set, 3350 G; scan range, 70 G;
scan time, 120 s; modulation amplitude, 1200 mG; microwave attenuation, 5 dB; receiver gain, 8 × 100.
The intensity of the EPR signal was measured at the height of the first spectrum line, with the resonance
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at 3326.1 G. The system was calibrated with solutions of gallic acid at known concentrations, hence the
results were given as mmol of gallic acid equivalents (GAE)/100 g dried extract.

3.4.3. Peroxyl Radical by Enzymatic Degradation of Linoleic Acid

In this method, the enzymatic peroxidation of linoleic acid, generating peroxyl radicals, was
obtained by the addition of lipoxygenase (EC 1.13.11.12) with some modifications of the method
described by Grossman and Zakut [67], successively checked and validated by Lo Scalzo et al. [68].
The peroxidation of linoleic acid was analyzed in the absence (blank) and presence (sample) of the
assayed extracts by recording the increase in absorbance at 234 nm over 2 min at 25 ◦C after a 30 sec
delay. The substrate was prepared by dissolving 40 μL of linoleic acid in 2 mL of absolute ethanol under
nitrogen, followed by the addition of 10 μL of Tween 20. The solution was slowly mixed, then 40 mL
of 0.05 M K2HPO4 were added, and the pH was adjusted to 9.0 with 0.05 M NaOH, the final substrate
concentration resulting 3.21 mM. The lipoxygenase solution was freshly prepared by dissolving 11 mg
of a lipoxygenase standard soybean extract (Sigma, St. Louis, MO, USA) in 16 mL of 0.1 M phosphate
buffer (pH 7.0). In the sample test, the reaction solution was composed of 2.0 mL of 0.1 M phosphate
buffer (pH 7.0), 0.2 mL of substrate (0.27 mM final concentration), 0.15 mL of scavenging solution,
and 0.05 mL of lipoxygenase solution. In the blank test, the scavenging solution was substituted by
0.15 mL of pure extracting solution. The reaction was spectrophotometrically monitored at 234 nm to
follow peroxyl radical conjugate diene formation. The antioxidant activity of enzymatically mediated
linoleic acid peroxidation (LIPOX–LINOL) was expressed as the protection percentage monitored by
the absorbance at 234 nm, by interpolating the data with those of a calibration curve obtained from
standard solutions of Trolox (6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid). The results
were thus reported as mmol of Trolox equivalents (TE)/100 g dried extract.

3.5. Statistical Analyses

The general term ‘accession’ commonly used in germplasm collections was adopted throughout
this work to equally indicate cultivated forms (cultivars), ecotypes, or natural populations of any
evaluated species. Each replication of leaf and flower samples represented the basic experimental unit
of each accession.

An analysis of variance (ANOVA) tested the differences between leaves and flowers (across all
accessions and replications) for the mean concentration of each of the five groups of phenolics identified
in this study and their total, and the mean antioxidant activity determined by three assays (Fremy’s salt
scavenging, superoxide anion scavenging and peroxyl radical scavenging). A second ANOVA assessed
the differences among the 14 accessions (phenolic concentrations and antioxidant activity assays) for
leaves and flowers, individually using the accession× replication variance as the error term. Differences
between the areas of origin/sampling of the germplasm (lowlands vs. mountains) were assessed by
another ANOVA for leaves and flowers, individually, testing the variance of the ‘area’ factor over
the pooled variance of the nested factor ‘accession within area’. In this analysis, the snow clover
population #3, originating from the Alps but sampled in the lowland site, was excluded.

Given the diverse range of Trifolium taxa encompassed by the current germplasm, an attempt was
made to predict by multiple regression the antioxidant activity in the genus based on the recorded
concentrations of phenolic groups. Accession mean values of each of the three antioxidant assays and of
the five groups of phenolics were used as dependent variable and independent variables, respectively,
in the regressions separately run for leaf and flower data. Prior to the choice of the best predicting
models, the presence of multicollinearity between regressors was verified by different indexes, namely,
the variance inflation factor, the condition number and the eigenvalues [69]. The choice of the best
predicting regression model for each antioxidant assay in leaves and flowers was made examining
different methods, namely, the stepwise procedure, the adjusted R2, the C(p) index and the Press
number, and choosing the most consistent model accordingly [69]. All statistical analyses were carried
out using the Proc GLM and Proc Reg of the SAS software.

193



Molecules 2019, 24, 298

Author Contributions: A.T. and L.P. (Luciano Pecetti) designed the experiment, analysed the data, wrote and
revised the paper; A.T., Ł.P. (Łucas Pecio) and R.L.S. performed the analyses; A.S. commented the data and the
draft manuscript. All authors have red and approved the manuscript.

Funding: This work was financially supported by a fellowship (to A.T.) of ‘Consiglio per la ricerca in agricoltura e
l’analisi dell’economia agraria’

Acknowledgments: Technical support from A. Ursino and B. Pintus of CREA-ZA Lodi, Italy, is gratefully acknowledged.

Conflicts of Interest: The authors declare no competing financial interest.

References

1. Abberton, M.T.; Marshall, A.H. White clover. In Fodder Cops and Amenity Grasses; Handbook of Plant Breeding
Series; Volume 5, Boller, B., Posselt, U.K., Veronesi, F., Eds.; Springer: New York, NY, USA, 2010; pp. 457–476.

2. Boller, B.; Schubiger, F.X.; Kölliker, R. Red clover. In Fodder Cops and Amenity Grasses; Handbook of Plant
Breeding Series; Volume 5, Boller, B., Posselt, U.K., Veronesi, F., Eds.; Springer: New York, NY, USA, 2010;
pp. 439–456.

3. Piano, E.; Pecetti, L. Minor legume species. In Fodder Cops and Amenity Grasses; Handbook of Plant Breeding
Series; Volume 5, Boller, B., Posselt, U.K., Veronesi, F., Eds.; Springer: New York, NY, USA, 2010; pp. 477–500.

4. Woodgate, K.; Maxted, N.; Bennet, S. A generic conspectus for the forage legumes of the Mediterranean
basin. In Genetic Resources of Mediterranean Pasture and Forage Legumes; Bennett, S.J., Cocks, P.S., Eds.; Kluwer
Academic Publishers: Dordrecht, The Netherlands, 1999; pp. 182–226.

5. Cavallero, A.; Aceto, P.; Gorlier, A.; Lombardi, G.; Lonati, M.; Martinasso, B.; Tagliatori, C. I Tipi Pastorali delle
Alpi Piemontesi; Alberto Perdisa Editore: Bologna, Italy, 2007.

6. Rognli, O.A.; Fjellheim, S.; Pecetti, L.; Boller, B. Semi-natural grasslands as a source of genetic diversity.
In The Role of Grasslands in a Green Future. Grasslands Science in Europe; Algadóttir, Á., Hopkins, A., Eds.;
Prentsmiđjan Oddi: Reykjavík, Iceland, 2013; Volume 18, pp. 303–313.

7. Sabudak, T.; Guler, N. Trifolium L.—A review on its phytochemical and pharmacological profile. Phytoter. Res.
2009, 23, 439–446. [CrossRef]

8. Pereira, D.M.; Valentão, P.; Pereira, J.A.; Andrade, P.B. Phenolics: From chemistry to biology. Molecules
2009, 14, 2202–2211. [CrossRef]

9. Tapas, A.R.; Sakarkar, D.M.; Kakde, R.B. Flavonoids as nutraceuticals: A review. Tropic. J. Pharm. Res.
2008, 7, 1089–1099. [CrossRef]

10. Wang, H.; Cao, R.L.; Prior, J. Total Antioxidant Capacity of Fruits. J. Agric. Food Chem. 1996, 44, 701–705.
[CrossRef]

11. Pietta, P.G. Flavonoids as antioxidants. J. Nat. Prod. 2000, 63, 1035–1042. [CrossRef] [PubMed]
12. Dillard, C.J.; German, J.B. Phytochemicals: Nutraceuticals and human health. J. Sci. Food Agric.

2000, 80, 1744–1756. [CrossRef]
13. Hertog, M.G.; Feskens, E.J.; Hallman, P.C.; Katan, M.B.; Kromhout, D. Dietary antioxidant flavonoids and

risk of coronary heart disease: The Zutphen Elderly Study. Lancet 1993, 342, 1007–1011. [CrossRef]
14. Bobe, G.; Weinstein, S.J.; Albanes, D.; Hirvonen, T.; Ashby, J.; Taylor, P.R.; Virtamo, J.;

Stolzenberg-Solomon, R.Z. Flavonoid intake and risk of pancreatic cancer in male smokers (Finland).
Cancer Epidemiol. Biomark. Prev. 2008, 17, 553–562. [CrossRef] [PubMed]

15. Cornwell, T.; Cohick, W.; Raskin, I. Dietary phytoestrogen and health. Phytochemistry 2004, 65, 995–1016.
[CrossRef] [PubMed]

16. Hidalgo, L.A.; Chedraui, P.A.; Morocho, N.; Ros, S.; San Miguel, G. The effect of red clover isoflavones on
menopausal symptoms, lipid and vaginal cytology in menopausal women: A randomized, double-blind,
placebo-controlled study. Gynecol. Endocrinol. 2005, 21, 257–264. [CrossRef]

17. Rüfer, C.E.; Kulling, S.E. Antioxidant activity of isoflavones and their major metabolites using different
in vitro assays. J. Agric. Food Chem. 2006, 54, 2926–2931. [CrossRef] [PubMed]

18. McRae, J.M.; Yang, Q.; Crawford, R.J.; Palombo, E.A. Chemotaxonomic applications of flavonoids. In
Nutrition and Diet Research Progress Series: Flavonoids: Biosynthesis, Biological Effects and Dietary Sources;
Keller, R.B., Ed.; Nova Science Publisher: Hauppauge, NY, USA, 2009; Chapter 11; pp. 291–299.

19. Oleszek, W.; Stochmal, A.; Janda, B. Concentration of isoflavones and other phenolics in the aerial parts of
Trifolium species. J. Agric. Food Chem. 2007, 55, 8095–8100. [CrossRef] [PubMed]

194



Molecules 2019, 24, 298

20. Tava, A.; Pecio, Ł.; Stochmal, A.; Pecetti, L. Clovamide and flavonoids from leaves of Trifolium pratense and T.
pratense subsp. nivale grown in Italy. Nat. Prod. Comm. 2015, 10, 933–936.

21. Di Ferdinando, M.; Brunetti, C.; Fini, A.; Tattini, M. Flavonoids as antioxidants in plants under abiotic stresses.
In Abiotic Stress Responses in Plants: Metabolism, Productivity and Sustainability; Ahmad, P., Prasad, M.N.V.,
Eds.; Springer Science+Business Media, LLC: New York, NY, USA, 2012; pp. 159–180.

22. Cheynier, V.; Comte, G.; Davies, K.M.; Lattanzio, V.; Martens, S. Plant phenolics: Recent advances on their
biosynthesis, genetics, and ecophysiology. Plant Physiol. Biochem. 2013, 72, 1–20. [CrossRef] [PubMed]

23. Winkel-Shirley, B. Biosynthesis of flavonoids and effect of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223.
[CrossRef]

24. Blokhina, O.; Virolainen, E.; Fagerstedt, K.V. Antioxidants, oxidative damage and oxygen deprivation stress:
A review. Ann. Bot. 2003, 91, 179–194. [CrossRef]

25. de Rijke, E.; Out, P.; Niessen, W.M.A.; Ariese, F.; Gooijer, C.; Brinkman, U.A.T. Analytical separation and
detection methods for flavonoids. J. Chromatogr. A 2006, 1112, 31–63. [CrossRef]

26. Polasek, J.; Queiroz, E.F.; Hostettmann, K. On-line identification of phenolic compounds of Trifolium species
using HPLC-UV-MS and post-column UV-derivatization. Phytochem. Anal. 2007, 18, 13–23. [CrossRef]

27. Kowalska, I.; Jedrejek, D.; Ciesla, L.; Pecio, L.; Masullo, M.; Piacente, S.; Oleszek, W.; Stochmal, A. Isolation,
chemical and free radical scavenging characterization of phenolics from Trifolium scabrum L. aerial parts.
J. Agric. Food Chem. 2013, 61, 4417–4423. [CrossRef]

28. Tava, A.; Stochmal, A.; Pecetti, L. Isoflavone content in subterranean clover germplasm from Sardinia. Chem.
Biodiv. 2016, 13, 1038–1045. [CrossRef]

29. Stobiecki, M.; Kachlicki, P.; Wojakowska, A.; Marczak, L. Application of LC/MS systems to structural
characterization of flavonoid glycoconjugates. Phytochem. Lett. 2015, 11, 358–367. [CrossRef]

30. Shehata, M.N.; Hassan, A.; El-Shazly, K. Identification of the oestrogenic isoflavones in fresh and fermented
berseem clover (Trifolium alexandrinum). Aust. J. Agric. Res. 1982, 33, 951–956. [CrossRef]

31. Ahmed, Q.U.; Kaleem, M.; Parveen, N.; Khan, N.U. Phytochemical and pharmacological investigations
of Egyptian colver, Trifolium alexandrinum L. Sustainable Management and Utilization of Medicinal Plant
Resources. In Proceedings of the International Conference Medicinal Plants, Kuala Lumpur, Malaysia,
5–7 December 2005; pp. 219–226.

32. Sharaf, M. Chemical constituents from the seeds of Trifolium alexandrinum. Nat. Prod. Res. 2008, 22, 1620–1623.
[CrossRef] [PubMed]

33. Lin, L.Z.; He, X.G.; Lindenmaier, M.; Yang, J.; Cleary, M.; Qui, S.X.; Cordell, G.A. LC-ESI-MS study of the
flavonoid glycoside malonates of red clover (Trifolium pratense). J. Agric. Food Chem. 2000, 48, 354–365.
[CrossRef] [PubMed]

34. Klejdus, B.; Vitamvasova-Sterbova, D.; Kuban, V. Identification of isoflavone conjugates in red clover
(Trifolium pratense) by liquid chromatography-mass spectrometry after two-dimensional solid-phase extraction.
Anal. Chim. Acta 2001, 450, 81–97. [CrossRef]

35. Tsao, R.; Papadopoulos, Y.; Yang, R.; Young, J.C.; McRae, K. Isoflavone profiles of red clovers and their
distribution in different parts harvested at different growing stages. J. Agric. Food Chem. 2006, 54, 5797–5805.
[CrossRef] [PubMed]

36. Saviranta, N.M.M.; Julkunen-Tiitto, R.; Oksanen, E.; Karjalainen, R.O. Leaf phenolic compounds in red clover
(Trifolium pratense L.) induced by exposure to moderately elevated ozone. Environ. Poll. 2010, 158, 440–446.
[CrossRef] [PubMed]

37. Foo, L.Y.; Lu, Y.; Molan, A.L.; Woodfield, D.R.; McNabb, W.C. The phenols and prodelphinidins of white
clover flowers. Phytochemistry 2000, 54, 539–548. [CrossRef]

38. Hofmann, R.W.; Swinny, E.E.; Bloor, S.J.; Markham, K.R.; Ryan, K.G.; Campbell, B.D.; Jordan, B.R.;
Fountain, D.W. Responses of nine Trifolium repens L. populations to ultraviolet-B radiation: Differential
flavonol glycoside accumulation and biomass production. Ann. Bot. 2000, 86, 527–537. [CrossRef]

39. Carlsen, S.C.K.; Mortensen, A.G.; Oleszek, W.; Piacente, S.; Stochmal, A.; Fomsgaard, S. Variation in
flavonoids in leaves, stem and flowers of white clover cultivars. Nat. Prod. Comm. 2008, 3, 1299–1306.

40. Kicel, A.; Wolbis, M. Study of the phenolic constituents of the lowes and leaves of Trifolium repens L. Nat. Prod.
Res. 2012, 26, 2050–2054. [CrossRef] [PubMed]

41. Porter, L.J.; Hrstich, L.N.; Chan, B.G. The conversion of procyanidins and prodelphinidins to cyanidin and
delphinidin. Phytochemistry 1986, 25, 223–230. [CrossRef]

195



Molecules 2019, 24, 298

42. Schofield, P.; Mbugua, D.M.; Pell, A.N. Analysis of condensed tannins: A review. Anim. Feed Sci. Technol.
2001, 91, 21–40. [CrossRef]

43. Wolfe, R.M.; Terrill, T.H.; Muir, J.P. Drying method and origin of standard affect condensed tannin (CT)
concentrations in perennial herbaceous legumes using simplified butanol-HCl CT analysis. J. Sci. Food Agric.
2008, 88, 1060–1067. [CrossRef]

44. Kardel, M.; Taube, F.M.; Schulz, H.; Schütze, W.; Gierus, M. Different approaches to evaluate tannin content
and structure of selected plant extracts—Review and new aspects. J. Appl. Bot. Food Qual. 2013, 86, 154–166.

45. Davies, K.M.; Schwinn, K.E. Molecular biology and biotechnology of flavonoids. In Flavonoids Chemistry,
Biochemistry and Applications; Andersen, O.M., Markham, K.R., Eds.; CRC Press, Tylor & Francis Group:
Boca Raton, FL, USA, 2006; Chapter 3; pp. 143–218.

46. Saboonchian, F.; Jamedi, R.; Sarghein, S.H. Phenolic and flavonoid content of Elaeagnus angustifolia L. (leaf and
flower). Avic. J. Phytomed. 2014, 4, 231–238.

47. Dokhani, S.; Cottrell, T.; Khajeddin, J.; Mazza, G. Analysis of aroma and phenolic components of selected
Achillea species. Plant Food Hum. Nutr. 2005, 60, 55–62. [CrossRef]

48. Mekni, M.; Azez, R.; Tekaya, M.; Mechri, B.; Hammami, M. Phenolic, non-phenolic compounds and
antioxidant activity of pomegranate flower, leaf and bark extracts of Tunisian cultivars. J. Med. Plants Res.
2013, 7, 1100–1107.

49. Dores, R.G.R.; Guimaraes, S.F.; Braga, T.V.; Fonseca, M.C.M.; Martinus, P.M.; Ferreira, T.C. Phenolic
compounds, flavonoids and antioxidant activity of leaves, flowers and roots of white-weed. Hortic. Brasil.
2014, 32, 486–490. [CrossRef]

50. Abeynayake, S.W.; Panter, S.; Chapman, R.; Webster, T.; Rochfort, S.; Mouradov, A.; Spangenberg, G.
Biosynthesis of proanthocyanidins in white clover flowers: Cross talk within the flavonoid pathway.
Plant Physiol. 2012, 158, 666–678. [CrossRef]

51. van der Meer, I.M.; Stam, M.E.; van Tunen, A.J.; Mol, J.N.M.; Stuitje, A.R. Antisense inhibition of flavonoid
biosynthesis in petunia anthers results in male sterility. Plant Cell 1992, 4, 253–262. [CrossRef] [PubMed]

52. Jayaprakasha, G.K.; Singh, R.P.; Sakariah, K.K. Antioxidant activity of grape seed (Vitis vinifera) extracts on
peroxidation models in vitro. Food Chem. 2001, 73, 285–290. [CrossRef]

53. Beck, V.; Rohr, U.; Jungbauer, A. Phytoestrogen derived from red clover: An alternative to estrogen
replacement therapy? J. Steroid Biochem. Mol. Biol. 2005, 94, 499–518. [CrossRef] [PubMed]

54. Cao, G.; Sofic, E.; Prior, R.L. Antioxidant and prooxidant behavior of flavonoids: Structure-activity relationship.
Free Radic. Biol. Med. 1997, 22, 749–760. [CrossRef]

55. Agati, G.; Brunetti, C.; Di Ferdinando, M.; Ferrini, F.; Pollastri, S.; Tattini, M. Funcional roles of flavonoids in
photoprotection: New evidence, lessons from the past. Plant Physiol. Biochem. 2013, 72, 35–45. [CrossRef]

56. Morales, L.O.; Tegelberg, R.; Brosché, M.; Keinänen, M.; Lindfors, A.; Aphalo, P.J. Effects of solar UV-A and UV-B
radiation on gene expression and phenolic accumulation in Betula pendula leaves. Tree Physiol. 2010, 30, 923–934.
[CrossRef]

57. Bieza, K.; Lois, R. An Arabidopsis mutant tolerant to lethal ultraviolet-B levels shows constitutively elevated
accumulation of flavonoids and other phenolics. Plant Physiol. 2001, 126, 1105–1115. [CrossRef]

58. Jansen, M.A.K.; Gaba, V.; Greenberg, B.M. Higher plants and UV-B radiation: Balancing damage, repair and
acclimatation. Trends Plant Sci. 1998, 3, 131–135. [CrossRef]

59. Nichols, P.G.H.; Foster, K.J.; Piano, E.; Kaur, P.; Ghamkhar, K.; Pecetti, L.; Collins, W.J. Genetic improvement
of subterranean clover (Trifolium subterraneum L.). 1. Germplasm, traits and future prospects. Crop Pasture
Sci. 2013, 64, 312–346. [CrossRef]

60. Arlorio, M.; Locatelli, M.; Travaglia, F.; Coisson, J.D.; Del Grosso, E.; Minassi, A.; Appendino, G.; Martelli, A.
Roasting impact on the contents of clovamide (N-caffeoyl-L-DOPA) and the antioxidant activity of cocoa
beans (Theobroma cacao L.). Food Chem. 2008, 106, 967–975. [CrossRef]

61. Zeng, H.; Locatelli, M.; Bardelli, C.; Amoroso, A.; Coïsson, J.D.; Travaglia, F.; Arlorio, M.; Brunelleschi, S.
Anti-inflammatory properties of clovamide and Theobroma cacao phenolic extracts in human monocytes:
Evaluation of respiratory burst, cytokine release, NF-κB activation, and PPARγ modulation. J. Agric. Food
Chem. 2011, 59, 5342–5350. [CrossRef] [PubMed]

62. Kolodziejczyk, J.; Olas, B.; Wachowicz, B.; Szajwaj, B.; Stochmal, A.; Oleszek, W. Clovamide-rich extract from
Trifolium pallidum reduces oxidative stress-induced damage to blood platelets and plasma. J. Physiol. Biochem.
2011, 67, 391–399. [CrossRef] [PubMed]

196



Molecules 2019, 24, 298

63. Bagchi, D.; Bagchi, M.; Stohs, S.J.; Das, D.K.; Ray, S.D.; Kuszynski, C.A.; Joshi, S.S.; Pruess, H.G. Free radical
and grape seed proanthocyanidin extract: Importance in human health and disease prevention. Toxicology
2000, 148, 187–197. [CrossRef]

64. Pignatti, S. Flora d’Italia; Edagricole: Bologna, Italy, 1982.
65. Gardner, P.T.; White, T.A.C.; McPhail, D.B. The relative contribution of vitamin C, carotenoid and phenolics

to the antioxidant potential of fruit juices. Food Chem. 2000, 68, 471–474. [CrossRef]
66. Picchi, V.; Migliori, C.; Lo Scalzo, R.; Campanelli, G.; Ferrari, V.; Di Cesare, L.F. Phytochemical content in

organic and conventionally grown Italian cauliflower. Food Chem. 2012, 130, 501–509. [CrossRef]
67. Grossman, S.; Zakut, R. Determination of the activity of lipoxygenase. In Method of Biochemical Analysis;

Glick, D., Ed.; Wiley-Interscience: New York, NY, USA, 1979; pp. 313–316.
68. Lo Scalzo, R.; Todaro, A.; Rapisarda, P. Methods used to evaluate the peroxyl (ROO·) radical scavenging

capacities of four common antioxidants. Eur. Food Res. Technol. 2012, 235, 1141–1148. [CrossRef]
69. Donatelli, M.; Annicchiarico, P. Nota Sull’analisi di Dati Sperimentali in Agricoltura Tramite il SAS (Statistical

Analysis System), Seconda edizione; ISCI e ISCF: Bologna, Italy, 1999.

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

197





molecules

Article

Studies on the Design and Synthesis of Marine
Peptide Analogues and Their Ability to Promote
Proliferation in HUVECs and Zebrafish

Yinglin Zheng, Yichen Tong, Xinfeng Wang, Jiebin Zhou and Jiyan Pang *

School of Chemistry, Sun Yat-Sen University, Guangzhou 510275, China; zhengylin6@mail2.sysu.edu.cn (Y.Z.);
tongych3@mail2.sysu.edu.cn (Y.T.); tomorrow1996@163.com (X.W.); sysuzhoujieb@163.com (J.Z.)
* Correspondence: cespjy@mail.sysu.edu.cn; Tel.: +86-208-403-6554

Academic Editor: Pinarosa Avato
Received: 30 November 2018; Accepted: 17 December 2018; Published: 25 December 2018

Abstract: In our previous studies, tripeptide 1 was found to induce angiogenesis in zebrafish embryos
and in HUVECs. Based on the lead compound 1, seven new marine tripeptide analogues 2–8

have been designed and synthesized in this paper to evaluate the effects on promoting cellular
proliferation in human endothelial cells (HUVECs) and zebrafish. Among them, compounds 5–7

possessed more remarkable increasing proliferation effects than other compounds, and the EC50

values of these and the leading compound 1 were 1.0 ± 0.002 μM, 1.0 ± 0.0005 μM, 0.88 ± 0.0972 μM,
and 1.31 ± 0.0926 μM, respectively. Furthermore, 5–7 could enhance migrations (58.5%, 80.66%
and 60.71% increment after culturing 48 h, respectively) and invasions (49.08%, 47.24% and 56.24%
increase, respectively) in HUVECs compared with the vehicle control. The results revealed that the
tripeptide including L-Tyrosine or D-Proline fragments instead of L-Alanine of leading compound 1

would contribute to HUVECs’ proliferation. Taking the place of the original (L-Lys-L-Ala) segment of
leading compound 1, a new fragment (L-Arg-D-Val) expressed higher performance in bioactivity in
HUVECs. In addition, compound 7 could promote angiogenesis in zebrafish assay and it was more
interesting that it also could repair damaged blood vessels in PTK787-induced zebrafish at a low
concentration. The above data indicate that these peptides have potential implications for further
evaluation in cytothesis studies.

Keywords: marine peptides; proliferation; migration; angiogenesis; zebrafish

1. Introduction

Marine peptides are mainly obtained from diverse marine organisms. Marine organisms play an
important role as sources of nitrogen and amino acids, which have numerous potential physiological
functions [1]. Because of their special marine environment, marine peptides have unique structures,
such as rare coded amino acids, special connection bonds and highly modified amino acid residues.
The structural diversity of marine peptides results in various bioactivities, such as neurotoxicity [2],
anticancer [3], antivirus [4], antimicrobial [5], and antioxidant [6] effects.

Cellular proliferation is not only one of the most indispensable characteristics of the cell cycle, but
the foundation of organism growth, inheritance and evolution. Proliferation plays an important role
in physiology and pathology. It is a tightly regulated process and a normal occurrence in numerous
biological processes, such as embryogenesis, tissue remodeling, bone development, the ovarian
cycle and wound healing [7]. Over the past few years, researchers have started to focus more on
cellular proliferation, which has a prominent role to play in the treatment of common diseases.
For example, acute dermal wounds heal quickly in healthy individuals but turn into deep sores
in diabetics, leading to severe infections in underlying tissues. Therefore, it is vital for promoting
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faster cellular proliferation and wound healing [8]. In bone repair and regeneration, osteogenic
growth peptide (OGP) is a biologically active peptide that affects immune functions, proliferation and
differentiation [9]. Furthermore, the significance of promoting proliferation has focused on therapeutic
angiogenesis in recent years. Therapeutic angiogenesis, which can re-establish blood perfusion and
rescue ischemic tissue, is used to treat ischemic diseases such as peripheral vascular occlusive disease
(PVOD), a common manifestation of atherosclerosis with a high rate of morbidity [10]. Zebrafish
embryo are recognized as a suitable model to explore the formation of blood vessel because their
vascular system can be easily described in the developing embryo. Numerous pathways involved in
angiogenesis in mammals are highly conserved in this model.

In our earlier work, novel marine cyclopeptide analogue xyloallenoide A (Figure 1) was isolated
from the mangrove fungus Xylaria sp. 2508 in the South China Sea [11]. According to the structure of
xyloallenoide A, a t-Butyloxy carbonyl (Boc)-protected cyclotripeptide (X-13) was synthesized [12],
and it could dose-dependently induce angiogenesis in zebrafish embryos and human umbilical vein
endothelial cells (HUVECs), which consisted of Boc-L-Lys, D-N-MeVal and D-N-MeAla. The compound
X-13 expressed potent angiogenic properties and is very promising for development as a novel class of
pro-angiogenic agents for angiotherapy [13]. Considering the complex structure and hard synthesis of
cyclopeptides, a series of linepeptides were designed and synthesized [13]. Among them, tripeptide 1

with the group of D-Val, Boc-L-Lys and L-Ala had the strongest induced angiogenesis effect, both in vivo
and in vitro. The effect of tripeptide 1 on angiogenesis wasmore significant than that of the compound
X-13 [14]. Previous structure–activity relationship (SAR) analysis revealed that linear tripeptides and
tetrapeptides, including Val, Lys and Ala amino acid segments, displayed favorable activities.

.

Figure 1. The structures of xyloallenoide A, X-13 and 1.

In this paper, to explore more leading bioactive compounds resembling compound 1, we designed
a series of new tripeptides. Based on lead compound 1, more tripeptides 2–8 (Figure 2), including
a variety of different amino acids and substituents, were synthesized. Further promoting cellular
proliferations were performed on HUVECs to identify more new candidate drugs and discuss the SAR.
Moreover, the further proliferative and angiogenesis effects of selected compound were evaluated on
normal and damaged zebrafish models.
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Figure 2. The structures of derivatives 1–8. H-D-Val-L-Lys(Boc)-L-Ala-OH (1); H-D-His-L-Lys(Boc)-L-
Ala-OH (2); H-D-Val-L-Lys(Boc)-L-Met-OH (3); H-D-Val-L-Lys(Boc)-L-Phe-OH (4); H-D-Val-L-Lys(Boc)-
L-Tyr-OH (5); H-D-Val-L-Lys(Boc)-D-Pro-OH (6); H-D-Val-L-Arg-D-Val-OH (7); H-D-Val-L-Lys-L-Ala-
OH (8).

2. Results and Discussion

2.1. Chemistry

To assess the cellular bioactivities of different modifications of compound 1, a series of
analogues 2–8 were designed, with modification focused on the different amino acids and the
lipophilic/hydrophilic and acidity/alkaline properties of compounds. With the aim of studying
the steric effect, compounds 4 and 8 were designed. Compound 2 was synthesized to explore the
bioactivity of unsaturated alkaline amino acid, with D-Histidine instead of D-Valine. Compounds 3 and
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6 were focused on the effect of the structure of the methylthio group and tetrahydropyrrole on cellular
bioactivities. Furthermore, acidity and hydrophily are probably related to activity, so compound 5

was designed. Due to the Arg-Gly-Asp (RGD) sequence relating to angiogenesis [15], compound 7

containing an RGD moiety was synthesized.
The line peptide compounds 1–8 were prepared by our previous method [12] (Scheme 1).

Generally, Cbz-D-Val-OH, Cbz-D-His-OH, H-L-Lys(Boc)-OMe and H-L-Arg(Pbf)-OMe were used
as starting materials and coupled with another amino acid by coupling reagents (HOBt, HBTU and
DIEA) to obtain the corresponding dipeptide and tripeptide. The dipeptide and tripeptide were
demethylated using LiOH in THF/H2O. All Cbz-groups were removed by H2 with Pd/C-catalyzed.
All the target molecules were purified through flash column chromatography, and the structures were
fully characterized by 1H NMR, 13C NMR and HR-EI-MS. The purity of all target compounds was
≥95% as determined by HPLC analysis.

H-D-His-L-Lys(Boc)-L-Ala-OH (2)
H-D-Val-L-Lys(Boc)-L-Ala-OH (1)
H-D-Val-L-Lys(Boc)-L-Met-OH (3)
H-D-Val-L-Lys(Boc)-L-Phe-OH (4)
H-D-Val-L-Lys(Boc)-L-Tyr-OH (5)
H-D-Val-L-Lys(Boc)-D-Pro-OH (6)
H-D-Val-L-Arg-D-Val-OH (7)

Cbz-D-His(Cbz)-OH
Cbz-D-Val-OH
Cbz-D-Val-OH
Cbz-D-Val-OH
Cbz-D-Val-OH
Cbz-D-Val-OH
Cbz-D-Val-OH

H-L-Lys(Boc)-OMe
H-L-Lys(Boc)-OMe
H-L-Lys(Boc)-OMe
H-L-Lys(Boc)-OMe
H-L-Lys(Boc)-OMe
H-L-Lys(Boc)-OMe
H-L-Arg(Pbf)-OMe

Cbz-D-His(Cbz)-L-Lys(Boc)-OH
Cbz-D-Val-L-Lys(Boc)-OH
Cbz-D-Val-L-Lys(Boc)-OH
Cbz-D-Val-L-Lys(Boc)-OH
Cbz-D-Val-L-Lys(Boc)-OH
Cbz-D-Val-L-Lys(Boc)-OH
Cbz-D-Val-L-Arg(Pbf)-OH

1. HBTU
    HOBt
    DIEA 18h rt

2. LiOH  THF/H2O
+

H-L-Ala-OMe
H-L-Ala-OMe
H-L-Met-OMe
H-L-Phe-OMe
H-L-Tyr-OMe
H-D-Pro-OMe
H-D-Val-OMe

1. HBTU
    HOBt
    DIEA 18h rt
2. LiOH  THF/H2O

Cbz-D-His(Cbz)-L-Lys(Boc)-L-Ala-OH
Cbz-D-Val-L-Lys(Boc)-L-Ala-OH
Cbz-D-Val-L-Lys(Boc)-L-Met-OH
Cbz-D-Val-L-Lys(Boc)-L-Phe-OH
Cbz-D-Val-L-Lys(Boc)-L-Tyr-OH
Cbz-D-Val-L-Lys(Boc)-D-Pro-OH
Cbz-D-Val-L-Arg(Pbf)-D-Val-OH

HCl  dioxane
H2  Pd/C

1. H2  Pd/C
2. TFA DCM

H-D-Val-L-Lys-L-Ala-OH (8)

Scheme 1. Synthetic route of compounds 1–8. All peptides were synthesis by HBTU, HOBt and DIEA
as coupling reagents at room temperature 18 h. The dipeptide and tripeptide were demethylated using
LiOH in THF/H2O. All Cbz-groups were removed by H2 with Pd/C-catalyzed.

2.2. Effects of Compounds 1–8 on HUVEC Proliferation

The endothelial cell’s proliferation is an important phase in the process of normal life. Human
umbilical vein endothelial cells (HUVECs) are frequently used to measure the angiogenic property
in vitro. HUVECs are usually used as a laboratory model system for the study of the function and
pathology of endothelial cells such as angiogenesis [16] and hypertension [17]. Like human umbilical
artery endothelial cells, they exhibit a cobblestone phenotype when lining vessel walls. To evaluate the
cellular bioactivity in vitro, compounds 1–8 were studied on the HUVECs with different concentrations:
0.0625 μM, 0.125 μM, 0.25 μM, 0.5 μM, 1 μM, 2 μM, 5 μM, 10 μM, and 50 μM. A quantity of 20 ng/mL
VEGF was used as a positive control. The results are shown in Figure 3 and Table 1.

Lead compound 1 clearly showed a notable proliferative effect on HUVECs with EC50 value of
1.3 ± 0.0926 μM in a concentration-dependent manner. Compounds 5–7 possessed better proliferation
effects with respect to HUVECs than other compounds, and the EC50 values were 1.0 ± 0.002 μM, 1.0
± 0.0005 μM and 0.88 ± 0.0972 μM, respectively.
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Figure 3. Effects of compounds 1–8 on proliferation of HUVECs. HUVECs were cultured with different
concentrations (0–50 μM) of compounds. Cellular proliferation was assessed using the thiazolyl blue
tetrazolium bromide (MTT) assay after 48 h. Data are expressed as the mean ± SEM (n = 4) of three
individual experiments. The x-axis represents different compounds and the y-axis represents the
cell viability (the control as 100%); different column colors represent different concentrations from
0.0625 μM to 50 μM.

Table 1. Values EC50 (μM) of compounds with respect to HUVEC proliferation.

Compounds EC50 (μM)

1 1.31 ± 0.0926
2 57.55 ± 6.10
3 >200.00
4 76.02 ± 0.205
5 1.00 ± 0.002
6 1.00 ± 0.0005
7 0.88 ± 0.0972
8 1.33 ± 0.201

In view of the assays of promoting proliferation, the SAR analysis revealed that:
(a) the D-histidine fragment of compound 2 replaced the D-valine of compound 1, or L-methionine

fragment of compound 3 replaced the L-alanine fragment of compound 1; both reduced cellular
bioactivity, which might indicate that cellular proliferation was depressed due to steric hindrance of
the substrates;

(b) secondly, the L-Tyrosine with phenol group (compound 5) or D-proline with tetrahydropyrrole
fragment (compound 6) substituting for L-alanine also increased proliferation in HUVECs probably
through hydrogen-bonding interaction;

(c) to our surprise, compound 7 exerted strong effects on HUVECs, which revealed that the
L-Arg-D-Val fragment resembles the Lys(Boc)-L-Ala-OH in cytoactive terms;

(d) compared with compound 1 and 8, we found that the t-Butyloxy carbonyl group was not a
determinant factor in increasing cellular proliferation of HUVECs.

2.3. Migration Assays–Wound Healing of Compounds 5–7

Cellular migration is a central process in the development of multicellular organisms. The wound
healing method was used to evaluate the effects of compounds on HUVEC migration. Based on the
results of proliferative assay on HUVECs, compounds 1 and 5–7 were chosen to evaluate the effects of
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reconstruction and migration at 50 μM. DMSO served as a control. The states of cellular growth at 0 h,
12 h, 24 h, 36 h and 48 h are presented in Figure 4. No significant endothelial cellular migrations were
found in compound-treated groups and the vehicle control HUVEC before 12 h. However, compounds
1, 5, 6 and 7 treated groups all showed an increase in migration (58.5%, 80.66%, 60.71%, and 80.63%
increment, respectively) after 48 h when compared with the vehicle control.

(A) 

 
(B) 

Compounds 
Cellular Migration % 

0 h 12 h 24 h 36 h 48 h 
Control 0 12.12 ± 2.64 17.67 ± 1.92 23.76 ± 0.41 32.10 ± 1.23 

1 0 33.55 ± 1.05 47.78 ± 1.01 70.48 ± 1.14 80.63 ± 0.54* 
5 0 18.19 ± 0.90 23.56 ± 1.27 30.83 ± 0.43 58.53 ± 1.21* 
6 0 27.46 ± 1.80 34.76 ± 1.22 38.86 ± 3.77 80.66 ± 0.68* 
7 0 15.33 ± 1.51 25.23 ± 2.77 31.45 ± 1.03 60.71 ± 1.87* 

(C) 

Figure 4. Effects of compounds 1 and 5–7 on HUVEC migration. (A) Observation of the effect of
compounds on HUVEC migration; (B) The values of the compound-induced HUVEC migration at
0–48 h post-wounding; (C) Quantitative evaluation of the migration of HUVECs. Cellular migration
was assessed at 48 h post-wounding. Data are expressed as the mean ± SEM (n = 4) of three individual
experiments. Values vs control group: * p < 0.01 versus control.
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2.4. Invasion Assays of Compounds 5–7 in HUVECs

Cellular proliferation, migration and invasion are clear characteristics of cytothesis in organisms.
Therefore, transwell assays were utilized to determine the invasion of compounds 1 and 5–7 in
HUVECs. There were 49.08%, 47.24%, 56.24%, and 53.17% increases in the invasion of HUVECs treated
with compound 1 and 5–7 at 50 μM, respectively (Figure 5). The results indicated that compounds 5–7

were capable of inducing HUVEC migration similar to compound 1. The above results suggest that
these three tripeptides possess potential in the application of cytothesis studies.

( )

( )

Figure 5. Effects of compounds 1 and 5–7 on HUVEC invasion. (A) Observation of the effect of
compounds on HUVEC invasion; (B) Quantitative evaluation of the compound-induced HUVEC
invasion. Cellular invasion was assessed at 24 h. Data are expressed as the mean ± SEM (n = 3) of three
individual experiments. Values vs control group: * p < 0.01 versus control.

2.5. The Angiogenic Activity of Compound 6 in Zebrafish

It is meaningful to explore new candidate drugs for angiogenic therapy. An increasing number
of studies are now available on the zebrafish model due to its short life cycle, availability and low
cost. Based on the above assays, the proliferative effect of compound 7 was the most of significant
on HUVEC proliferation. To further explore the effect of angiogenesis and restoration of blood vessel
injury of compound 7, the zebrafish assay was performed. The angiogenesis effects of compound 7

on normal zebrafish and PTK787-induced zebrafish blood vessel injury are presented in Figures 6
and 7, respectively. The results indicated that compound 7 could promote angiogenesis in zebrafish.
It was more interesting that compound 7 could relieve the injuries of damaged sub-intestinal vein (SIV)
on PTK787-induced zebrafish at a low concentration at 5 μM (p < 0.05), indicating that it can repair
damaged blood vessels.
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Control 20 M compound 7 

80 M compound 7 40 M compound 7 

( )

( )

Figure 6. The effects of compound 7 on the angiogenesis formation in transgenic Tg (fli1: EGFP)
zebrafish. Zebrafish embryos (24 hpf) were treated with test solution for 48 h and were evaluated
using a microscope. (A) Representative images of blood vessel formation of zebrafish larvae at 72 hpf;
(B) Quantitative analysis of the number of subintestinal vessel plexus (SIVs). Data are expressed as the
means ± SEM (n = 10), and statistical significance was assessed by one-way ANOVA. Values vs control
group: *** p < 0.001.

Control 

PTK787 

PTK787 
+ 5 M compound 7

PTK787 
+ 20 M compound 7

PTK787 
+ 10 M compound 7

( )

( )

Figure 7. Compound 7 relieved the injuries of damaged SIVs in zebrafish. Zebrafish embryos (24 hpf)
were treated with PTK787 for 24 h, then continually incubated with mixed solution of PTK787 and
compound until 72 hpf. Zebrafish embryos were evaluated using a microscope. (A) Representative
images of blood vessel formation of zebrafish larvae at 72 hpf; (B) Quantitative analysis of the
regenerating caudal fin. Data are plotted as the mean ± SEM (n = 20), and statistical significance was
assessed by one-way ANOVA. Values vs control group: ### p < 0.001; values vs model group: * p < 0.05
and ** p < 0.01.
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3. Experimental Section

3.1. Chemistry

All reagents and solvents were of commercial quality. NMR data were recorded in methanol
or DMSO, using TMS as an internal reference on a Varian Inova 500 MB NMR spectrometer (1H,
500 MHz; 13C, 125 MHz, Varian Medical Systems, Inc., Palo Alto, CA, USA), Bruker Avance 400
MB NMR spectrometer (1H, 400 MHz; 13C, 101 MHz, Bruker Corporation, Billerica, MA, USA).
HREIMS were measured using Thermo MAT95XP High Resolution mass spectrometry (Thermo
Fisher Scientific Inc. Waltham, MA, USA). EI were recorded on a Thermo DSQ EI-mass spectrometer.
Column chromatography was carried out on silica gel (200–300 mesh, Qingdao Haiyang Chemical
Co. Ltd., Qingdao, China). High-performance liquid chromatography (HPLC) was performed on a,
Shimadzu LC-2010c (Shimadzu Corporation, Kyoto, Japan) equipped with UV detector. The purity of
all compounds synthesized in this study was ≥95% as determined by HPLC analysis. Compounds 2–8

were first reported. The HPLC of compounds were shown in the Supplementary Flies (Tables S1–S9).

3.2. General Procedure for the Synthesis of Compounds 1–8

All the tested compounds were synthesized according to the literature [12]. Generally, amino acids
Cbz-D-Val-OH and H-L-Lys(Boc)-OMe were used to starting materials and HBTU, HOBt and DIEA as
coupling reagents. The mixtures were dissolved in DCM and stirred for 18 h at room temperature,
followed by demethylation to form Cbz-D-Val-L-Lys(Boc)-OH. Coupling Cbz-D-Val-L-Lys(Boc)-OH and
the O-methylation of L-alanie, L-methionine, L-phenylanaline, L-typrosine, and D-proline, respectively,
in the same way and then demethylating with LiOH in THF/H2O to form compounds 1, 3, 4, 5 and
6. Tripeptide 8 was obtained by removal of the Boc group of compound 1 in HCl/dioxane. Similarly,
tripeptide 2 was obtained by coupling Cbz-D-His(Cbz)-OH, H-L-Lys(Boc)-OMe and H-L-Ala-OMe.
Compound 7 was prepared by coupling Cbz-D-Val-OH, H-L-Arg(Pbf)-OMe and H-D-Val-OMe. The
intermediate was then stirred in TFA/DCM to remove the Pbf-group to yield tripeptide 7. The NMR
spectrum of compounds were shown in the Supplementary Flies (Figures S1–S15).

H-D-Val-L-Lys(Boc)-L-Ala-OH (1). White solid. 1H NMR (500 MHz, MeOD) δ 8.54 (d, J = 8.2 Hz, 1H),
8.37 (d, J = 7.3 Hz, 1H), 6.68 (s, J = 8.4, 5.5 Hz, 1H), 4.21 (p, J = 7.4 Hz, 1H), 3.68 (d, J = 5.2 Hz, 1H),
2.88 (dd, J = 13.1, 6.7 Hz, 2H), 2.51 (dt, J = 3.6, 1.8 Hz, 7H), 2.18–1.98 (m, 1H), 1.73–1.45 (m, 2H), 1.30
(s, 11H), 1.29 (d, J = 7.3 Hz, 4H), 0.94 (dd, J = 11.8,6.9 Hz, 6H). 13C NMR (125 MHz, MeOD) δ 174.26,
171.33, 168.10, 156.00, 77.81, 57.78, 52.63, 47.88, 30.35, 29.52, 28.74, 22.94, 18.86, 17.82, 17.52. EI-MS: m/z
417.5 (M+); HR-EI-MS calcd. for C19H36O6N4: 417.5257 (M+), found: 417.5228.

H-D-His-L-Lys(Boc)-L-Ala-OH (2). White solid. 1H NMR (500 MHz, MeOD) δ 8.72 (s, 1H), 7.38 (s, 1H),
4.42–4.34 (m, 1H), 4.31 (dd, J = 8.7,5.3 Hz, 1H), 4.17 (t, J = 7.1 Hz, 1H), 3.25 (m, J = 15.0, 6.6 Hz, 1H), 3.00
(t, J = 7.2 Hz, 2H), 1.77 (dt, J = 13.8, 7.4 Hz, 1H), 1.69–1.58 (m, 1H), 1.40 (d, J = 7.3 Hz, 4H). 13C NMR
(125 MHz, MeOD) δ 174.25, 172.15, 167.32, 161.62, 157.30, 134.85, 128.41, 117.50, 110.01, 53.35, 52.24,
39.74, 31.43, 29.22, 27.38, 26.83, 22.58, 16.05. EI-MS: m/z 455.10 (M+); HR-EI-MS calcd. for C20H35O6N6:
455.2612 (M+), found: 455.2611.

H-D-Val-L-Lys(Boc)-L-Met-OH (3). White solid. 1H NMR (500 MHz, MeOD) δ 4.59 (dd, J = 9.5, 4.3 Hz,
1H), 4.34 (dd, J = 9.0, 5.2 Hz, 1H), 3.82 (d, J = 3.6 Hz, 2H), 3.80 (d, J = 3.5 Hz, 3H), 3.77 (d, J = 7.8 Hz,
5H), 3.73–3.67 (m, 5H), 3.67–3.56 (m, 6H), 3.10–2.98 (m, 2H), 2.63 (ddd, J = 13.5, 8.5, 5.0 Hz, 1H), 2.53
(dt, J = 13.5, 7.9 Hz, 1H),2.23–2.13 (m, 2H), 2.09 (s, 4H), 1.96 (ddd, J = 14.2, 8.8, 4.3 Hz, 1H), 1.87 (dt,
J = 12.7, 6.1 Hz, 1H), 1.77–1.63 (m, 1H), 1.45 (m, J = 55.4, 14.3, 7.2 Hz, 16H), 1.06 (dd, J = 6.8, 5.1 Hz, 7H).
13C NMR (125 MHz, MeOD) δ 174.81, 174.47, 169.67, 158.59, 79.93, 73.03, 71.40, 65.15, 59.87, 54.90, 52.21,
32.76, 32.19, 31.42, 31.18, 30.54, 28.79, 24.25, 19.03, 18.03, 15.11. EI-MS: m/z 477.05 (M+); HR-EI-MS
calcd. for C21H39O6N4S: 475.2595 (M−), found: 475.2597.
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H-D-Val-L-Lys(Boc)-L-Phe-OH (4). White solid. 1H NMR (500 MHz, MeOD) δ 7.32–7.24 (m, 1H),
7.23–7.14 (m, 1H), 4.63 (dd, J = 8.2, 5.2 Hz, 1H), 4.34 (dd, J = 9.1, 4.8 Hz, 1H), 3.63 (d, J = 6.2 Hz, 1H),
3.19 (dd, J = 14.0, 5.3 Hz, 1H), 3.02 (ddd, J = 8.4, 7.4, 4.4 Hz, 1H), 2.17 (dq, J = 13.6, 6.8 Hz, 1H), 1.8 (ddd,
J = 14.3, 10.8, 5.9 Hz, 1H), 1.73–1.60 (m, 1H), 1.51–1.32 (m, 3H), 1.05 (t, J = 7.4 Hz, 1H ). 13C NMR (125
MHz, MeOD) δ 173.14, 172.67, 168.12, 157.18, 136.98, 128.98, 128.05, 126.39, 78.51, 88.49, 53.99, 53.38,
39.66, 36.85, 31.57, 29.99,29.12, 27.38, 22.84, 17.65, 16.55. EI-MS: m/z 493.10 (M+); HR-EI-MS calcd. for
C25H39O6N4: 491.2875 (M−), found: 491.2877.

H-D-Val-L-Lys(Boc)-L-Tyr-OH (5). White solid. 1H NMR (500 MHz, MeOD) δ 7.07 (d, J = 8.5 Hz, 1H),
4.56 (dd, J = 8.0, 5.1 Hz, 1H), 4.34 (dd, J = 9.0, 4.5 Hz, 1H), 3.86–3.73 (m, 9H), 3.73–3.67 (m, 4H), 3.66–3.57
(m, 5H), 3.14–2.80 (m, 2H), 2.17 (dd, J = 13.4, 6.7 Hz, 1H), 1.80 (dd, J = 14.3, 8.2 Hz, 1H), 1.72–1.61 (m,
1H), 1.05 (dd, J = 8.3, 7.1 Hz, 3H). 13C NMR (125 MHz, MeOD) δ 155.92, 150.16, 129.99, 114.80, 71.63,
70.00, 63.75, 58.50, 54.25, 53.39, 36.11, 31.59, 29.99, 29.13, 27.38, 22.84, 17.66, 16.54. EI-MS: m/z 509.05
(M+); HR-EI-MS calcd. for C25H39O7N4: 507.2824 (M−), found: 507.2825.

H-D-Val-L-Lys(Boc)-D-Pro-OH (6). White solid. 1H NMR (500 MHz, MeOD) δ 5.05 (t, J = 5.5 Hz, 1H),
4.71 (dd, J = 8.9, 4.9 Hz, 2H), 4.47–4.39 (m, 2H), 4.35 (dd, J = 9.7, 4.2 Hz, 1H), 3.91 (dd, J = 10.8, 6.0 Hz,
2H), 3.64 (dt, J = 9.5, 4.7 Hz, 4H), 3.49 (ddd, J = 19.1, 11.3, 6.0 Hz, 1H), 3.10–2.95 (m, 4H), 2.32–2.24 (m,
2H), 2.22–2.14 (m, 2H), 2.11–2.00 (m,5H), 1.94 (dd, J = 15.0, 7.6 Hz, 1H), 1.8 (dd, J = 16.2, 7.0 Hz, 2H),
1.67 (ddd, J = 14.0, 11.6, 6.8 Hz, 2H), 1.13 0 0.97 (m, 14H). 13C NMR (125 MHz, MeOD) δ 173.93, 171.00,
167.96, 157.19, 78.48, 59.62, 59.22, 58.49, 58.31, 39.50, 30.57, 29.14, 28.83, 27.38, 24.20, 22.74, 22.03, 17.69,
16.54. EI-MS: m/z 443.05 (M+); HR-EI-MS calcd. for C21H37O6N4: 441.2718 (M−), found: 441.2720.

H-D-Val-L-Arg-D-Val-OH (7). White solid. 1H NMR (500 MHz, MeOD) δ 4.58 (dd, J = 7.9, 6.0 Hz, 1H),
4.32 (d, J = 5.6 Hz, 1H), 3.85–3.77 (m, 2H), 3.77 (s, 1H), 3.69 (q, J = 5.7 Hz, 2H), 3.63 (dd, J = 11.1, 5.9 Hz,
1H), 3.26–3.14 (m, 3H), 2.19 (dqd, J = 13.7, 6.9, 4.0 Hz, 2H), 1.94–1.81 (m, 1H), 1.81–1.53 (m, 4H), 1.06
(dd, J = 8.6, 7.0 Hz, 7H), 0.98 (dd, J = 6.8, 4.2 Hz, 8H). 13C NMR (125 MHz, MeOD) δ 171.95, 168.26,
157.24, 71.63, 70.01, 63.75, 58.43, 57.90, 40.56, 30.39, 30.03, 29.42, 25.21, 16.29, 17.60, 16.54. EI-MS: m/z
373.10 (M+); HR-EI-MS calcd. for C16H33O4N6: 373.2557 (M+), found: 373.2557.

H-D-Val-L-Lys-L-Ala-OH (8). White solid. 1H NMR (400 MHz, MeOD) δ 4.41 (dd, J = 11.8, 6.0 Hz, 1H),
3.71 (d, J = 6.2 Hz, 1H),2.92 (t, J = 7.5 Hz, 1H), 2.20 (dq, J = 13.4, 6.6 Hz, 1H), 1.90 (tq, J = 14.0, 7.4 Hz,
1H), 1.74 (ddd, J = 23.2, 15.0, 7.8 Hz, 2H), 1.54 (dd, J = 15.0, 7.5 Hz, 1H), 1.39 (dd, J = 36.4, 19.5 Hz, 2H),
1.16–0.97 (m, 3H). EI-MS: m/z 317.20 (M+); HR-EI-MS calcd. for C14H29O4N4: 317.2183 (M+), found:
317.2178.

3.3. Cellular Culture and Drug Treatment

Human umbilical vein endothelial cellular (HUVEC) cells were obtained from ScienCell Research
Laboratories, Inc. (San Diego, CA, USA). (CAT. 8000). HUVECs were cultured in M199 medium with
100 μg/mL penicillin-streptomycin, 30 μg/mL endothelial cellular growth supplement and 10% FBS
in 75 cm2 tissue culture flasks at 37 ◦C in a humidified atmosphere of 5% CO2. Compounds were
dissolved in DMSO to make a 200 μM stock solution and were then diluted to different concentrations
as needed.

3.4. Proliferative Assays

HUVECs were seeded onto 96-well gelatin coated plates at a density of 104 cells/well. In order
to achieve a quiescent state, complete medium was replaced after 24 h incubation with low serum
(0.5% FBS) medium and re-incubated for 24 h. After this, the medium was replaced with various drug
treatments diluted in low serum (0.5% FBS) medium. DMSO (0.1%) and VEGF (20 ng/mL) served as
negative and positive controls, respectively. In accordance with the manufacturer’s protocol, plates
were incubated for an additional 48 h and cellular proliferation was assessed by the MTT, which
is widely used to observe the growth of cell. The spectrophotometric absorbance of each well was
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measured. The wavelengths used to measure absorbance of the formazan product were 570 nm and
630 nm. The results were expressed as the percentage of proliferating cells.

3.5. Migration Assays

HUVEC migration assays were performed using the wound healing method. The HUVECs
(3 × 105 cells) were seeded into each well of a 24-well plate and incubated with complete medium at
37 ◦C and 5% CO2. After 24 h of incubation, cells were starved for additional 24 h by low serum (0.5%
FBS) medium. The HUVECs were then scraped away horizontally in each well using a P100 pipette
tip. Three randomly selected views along the scraped line were photographed on each well using an
Olympus ix53 microscope (Olympus, Tokyo, Japan) and the CCD camera attached to the microscope
at 10× magnification. The medium was then changed to fresh low serum (1% FBS) medium with
compounds 1 and 5–7 (50 μM) or with DMSO. After incubation (0 h, 12 h, 24 h, 36 h and 48 h), another
set of images were taken by the same method. Image analysis for signs of migration was performed
by Metamorph Imaging Series (Molecular Devices, LLC., San Jose, CA, USA). The average scraped
area of each well under each condition was measured and subtracted from that of the before-treatment
condition. Data are expressed as percentage wound closure relative to the wound closure area in the
control medium. The wound closure area of the control cells was set at 100%.

3.6. Invasion Assay

HUVEC invasion assay was carried out following previous methods [13]. Briefly, the effect of
compounds 1 and 5–7 on HUVEC invasion was measured using the 10 mm tissue culture insert
(transwell permeable supports, Corning Incorporated, Tewksbury, MA, USA) with polycabonate
membarane (8 mm pores) and 24-well companion plate. The upper side and lower side of the
membrane were pre-coated with 1:30 (v/v) of Matrigel (Corning Incorporated, Tewksbury, MA, USA).
The HUVECs were resuspended in low serum (1% FBS) medium and seeded onto the culture inserts at
5 × 104 cells per insert in triplicate. They were then deposited into the 24-well companion plate with
500 μL of low serum (1% FBS) medium containing compounds (50 μM) in the presence. In addition,
the wells of the companion plate, containing DMSO (0.1%), served as a vehicle control. The inserts
were removed after 8 h of incubation and were then washed with PBS. Non-invasive cells on the
upper surface of the membrane were removed by wiping with cotton swabs. The inserts were fixed in
paraformaldehyate, stained with DAPI and mounted on a microscope and a CCD camera. Following
this, HUVECs per insert were examined with the software Metamorph Imaging Series (Molecular
Devices, Tokyo, Japan).

3.7. Zebrafish Assay of Compound 7

Zebrafish embryos were used to examine the effect of different compounds on embryonic
angiogenesis. Compound 7 was added to embryo water from 24 hpf. Zebrafish embryos were
generated by natural pairwise mating and raised at 28.5 ◦C in embryo water. Embryos were maintained
in embryo water at 28 ◦C. Three embryos were placed into each well of a 96-well plate containing
200 μL embryo water with or without the drug. The blood vessel development using an inverted
Olympus DP70 epifluorescence microscope (Olympus, Tokyo, Japan). Because the fish embryo receives
nourishment from an attached yolk ball for the duration of the experiment, no additional maintenance
was required during the duration of the experiments. After 72 hpf, the embryos were anesthetized
using 0.05% 2-phenoxyethanol in embryo water, and each embryo was examined for the presence of
ectopic vessels in the subintestinal vessel plexus (SIV). The experiments of zebrafish were conducted
according to the guidelines for animal care and use of China and were approved by the animal ethics
committee of the Chinese Academy of Medical Science (Beijing, China).

PTK787 is frequently used as angiogenesis inhibitors [18]. In order to test the effect of compound 7

on damaged zebrafish, we evaluated a quantitative assay in transgenic zebrafish using angiogenesis
inhibitor PTK787. The 24 hpf embryos were cultured and collected. The inhibitor, PTK787 (0.03 μg/mL)
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was added into embryo water and the embryo were cultured 24 h. Subsequently, compound 7 was
added into embryo water afer removing the PTK787 and cultured for 24 h. After 72 hpf, the embryos
were anesthetized using 0.05% 2-phenoxyethanol in embryo water, and each embryo was examined
for the presence of ectopic vessels in the subintestinal vessel plexus (SIV).

3.8. Statistical Analysis

Statistical analysis was performed using SPSS Statistics 21 software (IBM corporation, Armonk,
NY, USA). Survival curves were analyzed by the life table method and evaluation of the effects of
compounds on the mean survival time was done by the Wilcoxon rank sum test. All the curves and
column diagrams were drawn using GraphPad Prism 6 software (GraphPad Software, Inc., San Diego,
CA, USA). Data are expressed as the mean ± SEM. Statistical comparisons between groups were
performed using one-way ANOVA followed by Dunnett’s t-test using non-treatment as the control
group. p < 0.05 was considered statistically significant.

4. Conclusions

In summary, seven compounds have been designed and synthesized to evaluate the proliferation,
migration and invasion of HUVECs by MTT assays, based on the lead compound 1, which was
demonstrated significantly stimulate angiogenesis both in vivo and in vitro. Among these analogues,
compounds 5–7 possess remarkable proliferations, migrations and invasions of HUVECs compared
with the lead compound 1. The results show that hydrophilic, alkaline group, L-Tyrosine and D-Proline
fragment substituting for L-alanine may greatly contribute to proliferation of HUVECs. To our surprise,
compound 7 exerted a significant effect on HUVECs, which revealed that the L-Arg-D-Val fragment
resembles Lys(Boc)-L-Ala-OH in terms of cytoactivity. With its good proliferation, compound 7 can
promote angiogenesis in zebrafish and can repair blood vessels in PTK787-induced zebrafish at a low
concentration. These small molecular peptides could be easily prepared compared the macromolecule
proteins. Because of the briefness of their strutures, they would eventually develop into a promising
drug candidate for the treatment of damage repair and related diseases.

Supplementary Materials: The following are available online, Figure S1: 1H NMR (MeOD, 500 MHz) of
Compound 1, Figure S2: 13C NMR (MeOD, 125 MHz) of Compound 1, Figure S3: 1H NMR (MeOD, 500 MHz) of
Compound 2, Figure S4: 13C NMR (MeOD, 125 MHz) of Compound 2, Figure S5: 1H NMR (MeOD, 500 MHz) of
Compound 3, Figure S6: 13C NMR (MeOD, 125 MHz) of Compound 3, Figure S7: 1H NMR (MeOD, 500 MHz) of
Compound 4, Figure S8: 13C NMR (MeOD, 125 MHz) of Compound 4, Figure S9: 1H NMR (MeOD, 500 MHz) of
Compound 5, Figure S10: 13C NMR (MeOD, 125 MHz) of Compound 5, Figure S11: 1H NMR (MeOD, 500 MHz)
of Compound 6, Figure S12: 13C NMR (MeOD, 125 MHz) of Compound 6, Figure S13: 1H NMR (MeOD, 500 MHz)
of Compound 7, Figure S14: 13C NMR (MeOD, 125 MHz) of Compound 7, Figure S15: 1H NMR (MeOD, 400 MHz)
of Compound 8, Table S1: Purities and retention times of all tested compounds, Table S2: HPLC chromatography
of compound 1, Table S3: HPLC chromatography of compound 2, Table S4: HPLC chromatography of compound
3, Table S5: HPLC chromatography of compound 4, Table S6: HPLC chromatography of compound 5, Table
S7: HPLC chromatography of compound 6, Table S8: HPLC chromatography of compound 7, Table S9: HPLC
chromatography of compound 8.
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Abstract: In today’s world, diabetes mellitus (DM) is on the rise, especially type 2 diabetes mellitus
(T2DM), which is characterized by insulin resistance. T2DM has high morbidity, and therapies
with natural products have attracted much attention in the recent past. In this paper, we aimed to
study the hypoglycemic effect and the mechanism of an ethanolic extract of Folium Sennae (FSE)
on L6 cells. The glucose uptake of L6 cells was investigated using a glucose assay kit. We studied
glucose transporter 4 (GLUT4) expression and AMP-activated protein kinase (AMPK), protein
kinase B (PKB/Akt), and protein kinase C (PKC) phosphorylation levels using western blot analysis.
GLUT4 trafficking and intracellular Ca2+ levels were monitored by laser confocal microscopy in
L6 cells stably expressing IRAP-mOrange. GLUT4 fusion with plasma membrane (PM) was observed
by myc-GLUT4-mOrange. FSE stimulated glucose uptake; GLUT4 expression and translocation;
PM fusion; intracellular Ca2+ elevation; and the phosphorylation of AMPK, Akt, and PKC in L6
cells. GLUT4 translocation was weakened by the AMPK inhibitor compound C, PI3K inhibitor
Wortmannin, PKC inhibitor Gö6983, G protein inhibitor PTX/Gallein, and PLC inhibitor U73122.
Similarly, in addition to PTX/Gallein and U73122, the IP3R inhibitor 2-APB and a 0 mM Ca2+-EGTA
solution partially inhibited the elevation of intracellular Ca2+ levels. BAPTA-AM had a significant
inhibitory effect on FSE-mediated GLUT4 activities. In summary, FSE regulates GLUT4 expression
and translocation by activating the AMPK, PI3K/Akt, and G protein–PLC–PKC pathways. FSE causes
increasing Ca2+ concentration to complete the fusion of GLUT4 vesicles with PM, allowing glucose
uptake. Therefore, FSE may be a potential drug for improving T2DM.

Keywords: FSE; T2DM; GLUT4; Ca2+; L6 cell

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder resulting from insufficient insulin secretion
or insulin dysfunction. It may lead to a series of complications such as renal failure, cardiovascular
disease, blindness, hypertension, non-alcoholic fatty liver disease (NAFLD), and obesity [1,2].
The global prevalence of DM is on the rise, especially in developing countries [3]. T2DM is the
most prevalent form of DM and accounts for more than 90% of the cases of DM [4]. Insulin resistance
is the typical feature of T2DM, which causes cells to stop responding adequately to the standard role
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of insulin. While the body continues to produce insulin, the cells in the body become resistant to its
effects. Therefore, cells cannot effectively process insulin, resulting in hyperglycemia [5–7].

Blood glucose influx into cells requires glucose transporter family proteins (GLUTs) [1]. With the
onset of hyperglycemia, the glucose uptake in the adipose tissue and muscles is mostly mediated
by GLUT4, an isoform of a family of sugar transporter proteins (encoded on the SLC2A4 gene)
containing 12 transmembrane domains. GLUT4 continuously recycles between intracellular vessels
and the plasma membrane (PM) [8,9]. After insulin stimulation, GLUT4 proteins are mobilized to
PM immediately, which enhances the rate of exocytosis and their fusion with PM (this process is
synonymous with GLUT4 translocation). The increase in PM GLUT4 leads to glucose uptake [10].
Previous studies have reported that defective GLUT4 translocation is a feature of insulin resistance
and an essential precursor of T2DM [4,7,11]. Thus, GLUT4 as a key regulatory target for glucose
homeostasis is widely used in antidiabetic drug research.

Intracellular cytosolic free Ca2+ comes from both extracellular Ca2+ influx and Ca2+ release from
intracellular stores (including sarcoplasmic reticulum, lysosomes, and mitochondria). As an important
second messenger, it participates in many physiological activities of cells. Numerous studies have
highlighted the role of cytosolic Ca2+ in GLUT4 synthesis, GLUT4 traffic (endocytosis and exocytosis),
and glucose uptake. Wright reported that the treatment of L6 muscle cells with agents that increase
Ca2+ leads to an increase in the GLUT4 protein content [12]. Li et al. found that Ca2+ signals promote
GLUT4 exocytosis and reduce its endocytosis in muscle cells [13]. Johanna et al. described the role of
Ca2+ influx for insulin-mediated glucose uptake in skeletal muscles [14]. Contreras-Ferrat et al. clearly
showed that an inositol 1,4,5-triphosphate (IP3)-dependent Ca2+ release pathway is required for
insulin-stimulated GLUT4 translocation and glucose uptake in cardiomyocytes [15]. Similarly, it has
been reported that the AMPK, PKC, and insulin-dependent pathways were relatively independent
of Ca2+-regulated GLUT4 traffic [16–19]. Furthermore, increases in intracellular Ca2+ levels, even at
concentrations too low to induce contractions, provide the signal to activate GLUT4 translocation in
skeletal muscles [17].

Because of serious economic burdens and side effects of chemical agent-based DM treatment
strategies [7,20,21], natural drug products are gaining popularity because of their various advantages,
such as fewer side effects, better patient tolerance, relatively lower cost, and acceptance due to
the long history of use. An important cause of these products’ efficacy is that, unlike a single
chemical entity aimed at a specific single target, many Chinese herbal medicines (such as the
multi-flavonoid-rich plant extracts) are thought to alleviate the disorder of diabetes mellitus through
an integrated effect upon multitarget sites [22,23]. Current studies have shown that phytochemicals,
polysaccharides, flavonoids, terpenoids, tannins, steroids, and other chemicals naturally found
in plants possess antidiabetic activity [8,24,25]. The two main antidiabetic agents represented by
metformin and flavonoids were derived from medicinal plants. Folium Sennae, also called the
senna leaf, is derived from the dried leaflets of Cassia angustifolia Vahl or Cassia acutifolia Delile,
and belongs to the dicotyledonous leguminous family. It is native to India and Egypt, and is
widely distributed in the Taiwan, Guangdong, Guangxi, and Yunnan provinces of China [26].
The Chinese Pharmacopoeia (2010) and Chinese Materia Medica state that senna leaves contain
four sennosides (A, B, C, and D), rhein, emodin, chrysophanol, aloe-emodin, physcion, tinnevellin
glucoside, kaempferol, phytosterol and its glycosides, pine camphor, salicylic acid, and several other
ingredients. In addition to being well known as a natural laxative [27], the senna leaf has been found
to exhibit antioxidant [28], antibacterial [29], anti-inflammatory [30], antitumor [31], analgesic [32],
antimalarial [33], and antidiabetic [34] activities. Ayinla et al. reported that the ethanolic leaf extract of
Senna fistula improved hematologic parameters, lipid profiles, and oxidative stress in alloxan-induced
diabetic rats [35]. Thilagam et al. discovered that the ethanolic leaf extract of Senna surattensis
inhibited the carbohydrate digestive enzymes and increased the peripheral glucose uptake in the
isolated rat hemidiaphragm model [34]. Malematja et al. showed that Senna italica leaf acetone extract
promoted glucose uptake and anti-obesity through the PI3K-dependent pathway [36]. However,
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only a few studies have assessed the possible hypoglycemic properties and hypoglycemic mechanisms
of Folium Sennae (FSE).

In the present study, we observed that FSE displayed a strong effect in promoting glucose
uptake, GLUT4 expression and translocation, and cytosolic Ca2+ levels in L6 rat skeletal muscle cells.
We observed that FSE induced GLUT4 expression and translocation through the AMPK, PI3K/Akt,
and PKC signaling pathways. FSE also increased cytosolic Ca2+ concentration by extracellular
Ca2+ influx or/and intracellular Ca2+ release of G protein-IP3-IP3R signals, which assisted GLUT4
movement and stimulated glucose uptake. We elucidated the mechanism of action and validated the
beneficial effects of FSE as an antidiabetic agent.

2. Results

2.1. FSE Increases GLUT4 Expression Levels and Glucose Uptake in L6 Cells

To confirm the possible hypoglycemic activity of FSE, we first studied its glucose uptake effect.
As shown in Figure 1A, L6 cells were serum-deprived and then incubated with 100 nM insulin or
different concentrations of FSE for 1 h. When compared with the control group, insulin (positive
control) and 30, 60, and 120 μg/mL of FSE significantly promoted the glucose uptake of cells by
2.04-fold, 1.87-fold, 1.95-fold, and 1.68-fold, respectively. This result was based on the corresponding
MTT assay after drug treatment. MTT results showed that neither FSE nor insulin caused toxicity to L6
cells (Figure S1). In the next step, we chose 60 μg/mL as the best concentration of FSE. To understand
whether FSE affected the expression of the glucose regulator GLUT4, the total protein and mRNA
of GLUT4 and the mRNA of IRAP in L6 cells were extracted after stimulation with insulin or FSE.
The results showed that 100 nM insulin and 60 μg/mL FSE increased the protein expression of
GLUT4 by 2.13-fold and 1.89-fold, respectively (Figure 1B). The fold increases of GLUT4 mRNA levels
were even more prominent, at 4.13-fold with insulin and 2.8-fold with FSE (Figure 1C). In addition,
as a resident protein of GLUT4 storage vesicles, insulin-regulated aminopeptidase (IRAP) also changed
at the mRNA level, with 1.46-fold from insulin treatment and 1.70-fold from FSE treatment (Figure 1D).

2.2. FSE Stimulates GLUT4 Translocation and Increases Intracellular Ca2+ Levels

Since intracellular GLUT4 translocation to the cell surface can exert glucose uptake function,
we further analyzed GLUT4 translocation in L6 cells under FSE treatment. L6 cells stably expressing
IRAP-mOrange (L6-mOrange-IRAP) were transfected with red fluorescent protein (mOrange)-tagged
IRAP. IRAP was initially found in specialized vesicles containing GLUT4, which immediately migrated
to the cell surface along with GLUT4 after receiving insulin [37]. Some evidences proved that IRAP
was highly co-localized with GLUT4 [38,39]. We used Fluo-4 AM fluorescent dyes during loading of
cells with Ca2+ and monitored the translocation of GLUT4 and intracellular Ca2+ changes in live cells
by real-time fluorescence microscopy. As a comparative insulin treatment, the image showed that the
intracellular IRAP-mOrange signal was enhanced and signal accumulation appeared in adjacent PM
region. Green fluorescence was significantly brightened after 100 nM insulin treatment in intracellular
Ca2+ detection (Figure S2). Similarly, the IRAP fluorescence intensity in cytoplasm was obviously
raised after the addition of 60 μg/mL FSE, and a substantial amount of red fluorescence accumulated
at the cell periphery as revealed by IRAP-mOrange signals. Meanwhile, the green fluorescence of Ca2+

was densely distributed in the cells (Figure 2A). The fold growth curve increased with IRAP level at
the PM region or with intracellular Ca2+, and it increased in a time-dependent manner (Figure 2B).
Our studies suggested that FSE promoted glucose uptake not only by stimulating GLUT4 expression
and translocation but also by increasing intracellular Ca2+ levels.
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Figure 1. Enhancing the effects of Folium Sennae (FSE) on glucose uptake and GLUT4 expression
in L6 cells. Insulin as a positive control. (A) Cells were incubated with 100 nM insulin or 30, 60,
and 120 μg/mL FSE for 1 h, and glucose uptake was measured using a glucose assay kit. (B) Cells
were stimulated with 100 nM insulin or 60 μg/mL FSE for 30 min. Whole cell lysates were subjected
to western blot analysis for GLUT4, and the protein expression level was normalized against β-actin.
(C) Cells were treated with 100 nM insulin or 60 μg/mL FSE for 30 min. GAPDH was used to normalize
the mRNA level, and the relative expression of GLUT4 mRNA was investigated by real-time PCR.
(D) Cells were treated with 100 nM insulin or 60 μg/mL FSE for 30 min. GAPDH was used to
normalize the mRNA level, and the relative expression of IRAP mRNA was investigated by real-time
PCR. The data were obtained from three independent repeated experiments. Significance analysis:
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 2. Stimulating effects of FSE on GLUT4 translocation and intracellular Ca2+ level. The red
fluorescence of IRAP-mOrange stably expressed in L6 cells and the green fluorescence of Ca2+ were
simultaneously observed by confocal microscope. Scale bar = 50 μm. (A) Intracellular Ca2+ was stained
with Flou-4 AM for 20 min, followed by stimulation with 60 μg/mL FSE for 30 min. IRAP-mOrange
fluorescence intensity and intracellular Ca2+ fluorescence concentration were detected at excitation
wavelengths of 555 nm and 488 nm, respectively, and fluorescence superposition displayed specific
positioning. (B) The cell images were recorded over 30 min, and the red fluorescence from the outside
edges of cells and the green fluorescence of the whole cells were collected. Fluorescence quantization
was done with Zeiss 2010 software. Significance analysis: * p < 0.05; *** p < 0.001.

2.3. The Role of Cytosolic Ca2+ in FSE-Mediated GLUT4 Translocation

In order to determine whether the increase of intracellular Ca2+ concentration after FSE stimulation
was related to GLUT4 translocation, we blocked the different sources of intracellular Ca2+ before
treatment with 60 μg/mL FSE to observe the GLUT4 translocation. FSE-induced increase of
intracellular Ca2+ was partially inhibited with the removal of extracellular Ca2+, but the FSE-mediated
increase of IRAP fluorescence in the PM region remained unchanged (Figure 3A). This phenomenon
can be explained by the observation that for FSE to evoke the rise of intracellular Ca2+, it needs at least
to mobilize extracellular Ca2+ influx. In addition, when 0 mM extracellular Ca2++BAPTA-AM was
used to chelate cytosolic Ca2+, the FSE-induced increase of intracellular Ca2+ was completely inhibited,
and the increase of IRAP fluorescence in the PM region was also obviously blocked (Figure 3B). These
findings supported the idea that cytosolic Ca2+ plays an important role in the process of FSE-induced
GLUT4 translocation to the PM.
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Figure 3. Role of intracellular Ca2+ on FSE-induced GLUT4 translocation. (A) After intracellular Ca2+

was loaded with Fluo-4 AM, cells were treated with 60 μg/mL FSE for 30 min under 0 mM extracellular
Ca2+ conditions. * p < 0.05; ** p < 0.01; *** p < 0.001. (B) Cells were incubated for 30 min under the
condition of 0 mM extracellular Ca2+ + 10 μM BAPTA-AM chelated intracellular Ca2+, followed by
stimulation with 60 μg/mL FSE for 30 min to quantify IRAP-mOrange fluorescence in the PM region
and intracellular Ca2+ levels. Significance analysis: * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. FSE Enhances GLUT4 Translocation and Expression through the AMPK, PI3K/Akt, and PKC Pathways

Next, we attempted to shed light on some of the signaling pathways involved in GLUT4
translocation and expression. After treatment with AMPK inhibitor Compound C (10 μM, 30 min),
PI3K inhibitor Wortmannin (100 nM, 30 min), or PKC inhibitor Gö6983 (10 μM, 30 min), the increase
of IRAP fluorescence in the PM region induced by 60 μg/mL FSE was inhibited (Figure 4A), and the
inhibition from compound C (Figure 4A, left) and Gö6983 (Figure 4A, right) was stronger than that from
Wortmannin (Figure 4A, middle). This indicated that AMPK, PI3K/Akt, and PKC may be involved in
FSE-mediated GLUT4 expression and translocation. Following this, we used western blot analysis to
verify our conjecture. Compared with the control group, the expression levels of GLUT4 protein in L6
cells were increased by 1.87-fold (FSE), 1.33-fold (FSE+Compound C), 1.63-fold (FSE+Wortmannin),
and 1.35-fold (FSE+Gö6983) after treatment with FSE and/or these different inhibitors (Figure 4B).
Consistent with Figure 4, the three inhibitors also exhibited their inhibitory effects on FSE-mediated
GLUT4 protein expression (vs. FSE). Western blotting of the signaling pathway-related proteins
revealed that the phosphorylation levels of AMPK, Akt, and PKC in L6 cells after treatment with
60 μg/mL FSE were upregulated by 1.36-fold, 1.72-fold, and 1.92-fold, respectively. Also, FSE’s effects
were slightly lower than 1.54-fold of what was seen with 100 μg/mL metformin, 1.94-fold of what
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was seen with 100 nM insulin, and 2.74-fold of what was seen with 200 nM phorbol ester (PMA) in
the positive control groups (Figure 4C–E). The above results showed that the increase in FSE-induced
GLUT4 expression was dependent on AMPK, Akt, and PKC activities, and the FSE-promoted GLUT4
translocation also occurred through the AMPK, PI3K/Akt, and PKC pathways.

Figure 4. Effect of FSE on the AMPK, PI3K/Akt, and PKC signaling pathways and related proteins.
(A) Cells were incubated with 10 μM compound C (AMPK inhibitor), 100 nM Wortmannin (PI3K
inhibitor), or 10 μM Gö6983 (PKC inhibitor) for 30 min, and then treated with 60 μg/mL FSE.
We calculated the fold of IRAP fluorescence increases in the PM region. * p < 0.05; ** p < 0.01;
*** p < 0.001. (B) Cells were incubated with 10 μM compound C, 100 nM Wortmannin, or 10 μM Gö6983
inhibitor for 30 min and then were stimulated with 60 μg/mL FSE for 30 min. Whole cell lysates were
subjected to western blot analysis for GLUT4 protein expression levels. * p < 0.05; ** p < 0.01, vs control
group; # p < 0.05; ## p < 0.01, vs. FSE group. (C) L6 cells were treated with 100 μg/mL metformin
(overnight) or 60 μg/mL FSE (30 min) and then analyzed for phosphorylated-AMPK, total AMPK,
and β-actin protein level by western blot analysis. * p < 0.05; *** p < 0.001. (D) Cells were treated with
100 nM insulin or 60 μg/mL FSE for 30 min, followed by western blot analysis of phosphorylated Akt,
total Akt, and β-actin. ** p < 0.01; *** p < 0.001. (E) Cells were treated with 200 nM PMA (4 h) or 60
μg/mL FSE (30 min), and western blot was used to analyze the phosphorylated protein level of PKC in
L6 cells. Data were from three independent repeated experiments. * p < 0.05; ** p < 0.01.
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2.5. G Protein and PLC Regulate FSE-Mediated Intracellular Ca2+ Increases and GLUT4 Translocation

G protein and PLC are upstream of the PKC pathway, and IP3R is one of the major receptors that
trigger intracellular Ca2+ release. We investigated how G protein and PLC regulate FSE-induced Ca2+

increase and GLUT4 translocation. Cells treated with the Gβγ protein inhibitor 100 μM Gallein or Gα

protein inhibitor 100 μM PTX for 6–8 h, or PLC inhibitor 2 μM U73122 for 30 min, significantly inhibited
FSE-induced IRAP fluorescence intensity and intracellular Ca2+ elevation (Figure 5A–C). The results
implied that FSE enhanced GLUT4 translocation via the G protein-PLC-PKC signaling pathway.

Figure 5. G protein-PLC signaling regulated FSE-mediated GLUT4 translocation and intracellular Ca2+

increase. (A) Cells were incubated for 6–8 h with 100 μM Gallein (Gβγ protein inhibitor) and then
treated with 60 μg/mL FSE. * p < 0.05; *** p < 0.001. (B) Cells were incubated for 6–8 h with 100 μM
PTX (Gα protein inhibitor), followed by the addition of 60 μg/mL FSE. *** p < 0.001. (C) Cells were
treated with 2 μM U73122 (PLC inhibitor) for 30 min and were then stimulated by 60 μg/mL FSE.
The IRAP-mOrange fluorescence in the PM region and the intracellular Ca2+ levels were quantified by
Zeiss 2010 software. Significance analysis: * p < 0.05; *** p < 0.001.
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2.6. IP3R Is Involved in FSE-Triggered Intracellular Ca2+ Release

The result shown in Figure 3 suggested the potential impact of intracellular Ca2+ release in the
process of FSE-mediated GLUT4 translocation and the increase in intracellular Ca2+ levels. To support
this hypothesis, we used 100 μM 2-APB to block IP3R-regulated intracellular Ca2+ release. We found
that 2-APB had no effect on FSE-mediated GLUT4 translocation under 2 mM extracellular Ca2+,
but it evidently inhibited FSE-triggered Ca2+ release (Figure 6A). The ryanodine receptor (RyR),
another channel that releases Ca2+ in the sarcoplasmic reticulum (SR)/endoplasmic reticulum (ER) [40],
has attracted much attention due to its manipulation of intracellular Ca2+ output. Inhibition of RyR
with 30 μM ryanodine had no effect on either GLUT4 translocation or intracellular Ca2+ increase
mediated by FSE (Figure 6B). These findings indicated that IP3R, rather than RyR, was involved in the
FSE-triggered increases of intracellular Ca2+.

Figure 6. The IP3R receptor is involved in FSE-stimulated intracellular Ca2+ release. (A) Under extracellular
2 mM Ca2+, cells were treated with 100μM 2-APB (IP3RS blocker) for 30 min and then treated with 60μg/mL
FSE. (B) Under extracellular 2 mM Ca2+, cells were incubated with 30 μM Ryanodine (RyR blocker) for
30 min, and the changes of IRAP-mOrange in the PM area and intracellular Ca2+ were measured after
stimulation with 60 μg/mL FSE. Significance analysis: * p < 0.05; ** p < 0.01; *** p < 0.001.

2.7. Ca2+ Is Required for GLUT4 Insertion into the PM

Some studies have shown that Ca2+-assisted binding of GLUT4 to the PM is involved in
preparation for glucose uptake by cells [41,42]. In our study, myc-labeled GLUT4 was used to
observe the fusion of GLUT4 vesicles with the PM in L6 cells stably expressing myc-GLUT4-mOrange.
Fluorescence imaging revealed that FITC labeling for anti-myc antibody was not detected on the
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cell surface in the absence of drug stimulation. When we treated the cells for 30 min with 100 nM
insulin and 60 μg/mL FSE, we observed significant increases of FITC fluorescence signals on the
cell surfaces (Figure 7A). However, the FSE-induced FITC fluorescence signal on the cell surface was
seriously suppressed under the condition of 0 mM extracellular Ca2+/0 mM extracellular Ca2+ + 10 μM
BAPTA-AM. On the other hand, the proportion of FITC-positive cells in the total number of mOrange
cells showed (Figure 7B) that 0 mM Ca2+ + 10 μM BAPTA-AM had stronger inhibitory effects on
FSE-mediated GLUT4 fusion with PM than the 0 mM Ca2+ group.

Figure 7. Involvement of Ca2+ in the fusion of GLUT4 and PM induced by FSE. (A) L6 cells
transfected with plasmid GV348-myc-GLUT4-mOrange encoding an mOrange fusion protein with myc
epitope-tagged GLUT4 (myc-GLUT4-FITC). Cells were stimulated with 100 nM insulin or 60 μg/mL
FSE under 2 mM extracellular Ca2+, 0 mM Ca2+, and 0 mM Ca2++BAPTA-AM conditions. Then, cells
were fixed and subjected to specific immunofluorescence antibody staining. The mOrange red
fluorescence and FITC green fluorescence were detected by confocal microscopy at 555 nm and 488 nm
excitation wavelengths, respectively. Scale bar = 5 μm. (B) The percentage of FITC-positive cells in the
total mOrange cell population was counted. The results shown were from three independent replicate
experiments. Significance analysis: * p < 0.05; ** p < 0.01; *** p < 0.001.
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2.8. FSE-Induced Ca2+ Increases Improve Glucose Uptake in L6 Cells

To clarify the relationship between FSE-mediated glucose uptake and Ca2+, a glucose uptake
experiment was performed under various Ca2+ conditions. Results demonstrated that there was
no significant difference in the glucose uptake between the groups in the absence of FSE or in the
insulin-positive control group, whereas glucose uptake by cells was remarkably increased by 1.58-fold
after the addition of FSE for 1 h in the culture medium with 2 mM extracellular Ca2+. Similarly, insulin
treatment showed a 1.68-fold increase in glucose uptake. To a certain extent, 0 mM extracellular
Ca2+ inhibited the effect of FSE by 1.3-fold or the effect of insulin by 1.28-fold. Meanwhile, insulin or
FSE-mediated glucose uptake was completely blocked under 0 mM Ca2++BAPTA-AM, which indicated
that Ca2+ plays a crucial role in the FSE-induced glucose uptake process (Figure 8).

Figure 8. Increased effect of FSE on glucose uptake via Ca2+ signaling. Glucose uptake was measured
using a glucose assay kit. L6 cells were serum-deprived for 2 h and incubated in 2 mM extracellular
Ca2+, 0 mM extracellular Ca2+, or 0 mM extracellular Ca2+ + 10 μM BAPTA-AM chelated intracellular
Ca2+ conditions. Cells were stimulated with vehicle, 60 μg/mL FSE, or 100 nM insulin for 1 h,
and then the glucose uptake was measured. The experimental data are from six independent repeated
experiments. Significant analysis: FSE group, * p < 0.05; ** p < 0.01; *** p < 0.001. Insulin group,
# p < 0.05; ## p < 0.01.

3. Discussion

Diabetes has long been a global health problem. In particular, the high proportion of T2DM
characterized by insulin resistance in DM has become the focus of DM research [43]. Skeletal muscle
is the primary tissue for insulin-stimulated glucose uptake in the body. It consumes glucose and
is responsible for approximately 80% of the postprandial glucose intake and consumption, and is
therefore recognized as an important therapeutic target tissue for insulin resistance [11,44]. GLUT4
plays a crucial role in maintaining systemic glucose homeostasis. It is mostly intracellular in the
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unstimulated state but is acutely redistributed to the PM in response to insulin, contraction, and other
stimuli [9]. The amount of glucose uptake is determined by the number of GLUT4 molecules on the
muscle cell membranes [36,45]. Relevant studies reported that GLUT4 translocation and fusion with
PM were the main rate-limiting steps for glucose disposal [46,47]. The existing synthetic antidiabetic
drugs often exhibit side effects or resistance that pose a huge challenge to managing diabetes [43].
It is, therefore, necessary to find better medicines from herbs or natural products. Consequently,
we extracted the effective products from the natural medicinal plant Folium Sennae. We investigated
the potential activity of FSE on glucose uptake in L6 rat skeletal muscle cells in regard to GLUT4
expression, translocation, and fusion with PM and the participation of Ca2+ in this process.

It has been reported that an ethanolic extract of the leaves of Senna surattensis increased glucose
uptake in an isolated rat hemidiaphragm model [34]. However, little is known about how FSE exerts its
hypoglycemic mechanism in vivo. In this study, we first investigated the effect of FSE on the glucose
uptake of L6 cells. Consistent with the reported results, FSE significantly increased glucose uptake in
L6 cells. We also discovered that FSE upregulated GLUT4 mRNA and protein expression in GLUT4
molecular assays. The results suggested that there was some connection between FSE-induced glucose
uptake and intracellular GLUT4 and IRAP motion (Figure 1).

Next, in order to observe the translocation of GLUT4 caused by FSE, we studied L6-IRAP-mOrange
cells under confocal microscopy. Due to the high colocalization of intracellular IRAP and GLUT4 [48],
IRAP was used as a reporter molecule to track and quantify dynamic information about GLUT4 in real
time. Our results showed that FSE promoted the increase in IRAP expression in cytosol. By collecting
red fluorescence in the periphery of the cells, we found marked increases in IRAP in the PM region,
which indicated that FSE promoted GLUT4 translocation (Figure 2A,B). In this way, FSE-mediated increases
in GLUT4 transcription and translation are able to provide more GLUT4 traffic to the PM, triggering glucose
uptake in L6 cells. Previous studies have shown that increasing intracellular cytosolic Ca2+ concentration
increases cell surface GLUT4 levels [19]. We observed that upon intracellular Ca2+ loading, the fluorescent
indicator also increased almost synchronously with GLUT4. This phenomenon implied that FSE-enhanced
GLUT4 translocation may mobilize intracellular Ca2+.

We then sought to search for the signal transduction pathways by which FSE stimulates GLUT4
expression and translocation. There are various signaling pathways which are involved in GLUT4
translocation and/or expression, such as the AMPK pathway, the PI3K/Akt pathway, and the PKC
pathway. AMPK, a key signaling molecule stimulated by muscle contraction, activates to cause
GLUT4 translocation [45]. GLUT4 is a member of the glycolytic enzyme genes. Its expression was
activated under the effect of the AMPK agonist AICAR [49]. PI3K can catalyze the phosphorylation
of phosphatidylinositol 4,5-diphosphate (PIP2) to PIP3, activating the downstream signaling factor
Akt by phosphorylation, thereby promoting GLUT4 translocation to the PM to absorb glucose into
the muscle [44,50]. The PKCα inhibitor dioleoyl phosphoethanolamine retained cell surface GLUT4
by inhibiting PKCα-driven internalization in adipocytes. PKC β and λ were involved in the insulin
signaling cascade causing PKC-meditated GLUT4 traffic in skeletal muscle cells [19,51]. When we
studied which of the three signaling pathways was/were involved in FSE-mediated glucose uptake,
we found that both Compound C and Gö6983 remarkably inhibited the promotion by FSE of GLUT4
translocation and expression, but the inhibition effect of Wortmannin was relatively weak (Figure 4A,B).
This suggested that the PI3K/Akt pathway was not dominant in the process of FSE-mediated GLUT4
translocation. Furthermore, the observation that FSE increased the phosphorylation of AMPK, Akt,
and PKC proteins in L6 cells further conjectured that FSE-induced glucose uptake was associated with
the AMPK, Akt, and PKC signaling pathways (Figure 4C–E).

To study the relationship between FSE-mediated GLUT4 translocation and Ca2+, we partially
removed Ca2+ and found that 0 mM extracellular Ca2+ partially inhibited FSE-induced Ca2+ elevation
but did not affect GLUT4 translocation (Figure 3A). While the intracellular and extracellular Ca2+

were all chelated, the FSE-induced Ca2+ increase was almost completely blocked and the GLUT4
translocation was also severely inhibited (Figure 3B), and it was certified that cytosolic Ca2+
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participated in FSE-induced GLUT4 translocation. In order to examine the source of cytosolic Ca2+,
internal Ca2+ release was also studied, in addition to external Ca2+ influx. IP3R and RyR are two
important barriers to the release of Ca2+ from intracellular Ca2+ stores, controlling the output of internal
Ca2+ [18]. Similar to 0 mM Ca2+, FSE-mediated Ca2+ increase was obviously inhibited after 2-APB
blocking IP3R. Nevertheless, GLUT4 translocation was not altered (Figure 6A). However, the inhibition
of RyR did not have any impact on FSE-triggered Ca2+ elevation or GLUT4 translocation. These results
showed that FSE-induced Ca2+ elevation may be related to IP3R (Figure 6B). To explain why simply
blocking the external or internal Ca2+ source to reduce cytosolic Ca2+ concentration does not inhibit
GLUT4 translocation of FSE, we propose that the lower Ca2+ concentration can cause the GLUT4
translocation process via FSE while Ca2+ can be obtained from another source, even if one of the
sources was blocked.

G protein and PLC are upstream of the PKC signaling pathway and IP3R [52]. This provides
a potential breakthrough point for simultaneously refining the pathway of FSE-regulated intracellular
Ca2+ release and GLUT4 translocation. We found that G protein and PLC inhibitors disrupted
the FSE-induced Ca2+ increase and displayed varying degrees of suppression efficacy. This was
demonstrated by the observation that FSE induced intracellular Ca2+ release through the G
protein-PLC-IP3-IP3R pathway. Regarding the partial inhibition of G protein and PLC inhibitors
of GLUT4 translocation, we concluded that FSE-regulated GLUT4 translocation not only depends on
one pathway, but may involve two or more signaling pathways (Figure 5A–C).

In addition, our studies testified that FSE increases Ca2+ to enhance GLUT4 insertion into the PM
and increases glucose uptake. GLUT4 fusion is the last step in glucose uptake and several studies have
reported a key role for Ca2+/calmodulin in the late stages of GLUT4 vesicle docking/fusion [53,54].
As shown in Figures 7 and 8, both FSE-mediated GLUT4-PM fusion and glucose uptake were somewhat
attenuated under conditions of abolishment of extracellular Ca2+. When free Ca2+ ions were fully
chelated by EGTA and BAPTA-AM, FSE-induced membrane fusion and especially glucose uptake
were also seriously diminished. It can be seen that FSE-mediated membrane fusion and glucose uptake
require Ca2+, which makes Ca2+ indispensable in these steps.

Throughout the course of this research, the signaling pathways induced by FSE-mediated glucose
uptake were found to be quite diverse. This diversity may be attributed to the differences in the
active ingredients of FSE. Based on the components of FSE as described above, many interesting
results have been found. For example, through inhibiting mitochondrial complex I activity, emodin
increases cellular ROS and Ca2+ influx to activate AMPK, causing GLUT4 translocation and glucose
uptake [55]. Emodin significantly improved the blood glucose of diabetic rats by activating the
PI3K/Akt/GSK-3β signaling pathway [56]. Isolated chrysophanol from rhubarb rhizome increased
tyrosine phosphorylation of the insulin receptor (IR) and accelerated GLUT4 mRNA expression [57].
Aloe-emodin glycosides stimulated glucose transport and glycogen storage through PI3K-dependent
mechanisms in L6 myotubes [58]. Long-term dietary supplementation of kaempferol promoted the
expression of AMPK and GLUT4 in skeletal muscles, thereby preventing hyperglycemia in middle-aged
obese mice [59]. These statements implied that the FSE-regulated glucose pathway is a complex and
vast network. Our study shows for the first time that FSE regulates glucose metabolism through
the PKC pathway, but it is not clear which active ingredient plays a role in it and is worth further
exploration. Besides, this research on FSE is limited to the cellular level; hence the hypoglycemic effect
at the animal level remains to be explored.

In conclusion, FSE promoted GLUT4 expression and translocation through the AMPK, Akt, and G
protein-PLC-PKC pathways. FSE increased Ca2+ concentration by external Ca2+ influx and internal
Ca2+ release of G protein-PLC-IP3-IP3R signals to assist GLUT4 traffic and PM fusion, ultimately
leading to glucose uptake (Figure 9). Therefore, FSE is expected to become an effective drug for the
treatment of insulin resistance.
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Figure 9. Proposed mechanism of FSE for the enhancement of glucose uptake in L6 cells. FSE promotes
GLUT4 expression and translocation via the activation the AMPK, IP3K/Akt, and G protein-PLC-PKC
pathways. Moreover, the increase in cytosolic Ca2+ induced by the G-protein-PLC-IP3-IP3R-Ca2+

pathway or/and by extracellular Ca2+ influx assists GLUT4 trafficking and fusion to PM, ultimately
triggering glucose uptake.

4. Materials and methods

4.1. Reagents and Solutions

Alpha-MEM (α-MEM) and penicillin streptomycin solution were purchased from Gibco
(Gran Island, NY, USA). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA).
The glucose assay kit was purchased from Cayman Chemical Company (Ann Arbor, MI, USA).
Fluo-4 AM was obtained from Invitrogen (Camarillo, CA, USA). Compound C was purchased from
Selleckchem (Houston, TX, USA). Wortmannin, BAPTA-AM, U73122, Ryanodine, and 2-APB were
purchased from Sigma (St. Louis, MO, USA). Gallein and PTX were purchased from Tocris Bioscience
(Bristol, UK). Gö6983 was from EMD Millipore (Billerica, MA, USA). GLUT4 antibody, β-actin
antibody, phospho-AMPKα (Thr172) antibody, AMPK antibody, phospho-Akt (Ser473) antibody,
Anti-Akt antibody, and phospho-PKC pan (Thr410) antibody were from Cell Signaling Technology
(Beverly, MA, USA). HRP goat anti-mouse and goat anti-rabbit IgG antibody were from CWBIO
(Beijing, China), anti-c-myc mouse monoclonal antibody and FITC antibody were purchased from
TransGen Biotech (Beijing, China), Phorbol 12-myristate 13-acetate (PMA) was purchased from Ascent
Scientific (Cambridge, MA), metformin and insulin were obtained from Yuanye biological (shanghai,
China). 2 mM Ca2+ (pss): 135 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.4). 0 mM
Ca2+-EGTA: 135 NaCl, 5 KCl, 1 MgCl2, 0.5 EGTA, 10 HEPES, and 10 glucose (pH 7.4). PBS buffer:
137 NaCl, 2.7 KCl, 10 Na2HPO4, 2 KH2PO4, and the volume is adjusted to 1 L with ultrapure water
(PH 7.4).

4.2. Plant Collection and Preparation

Dried plant material was ground into a fine powder using a commercial electric blender and
stored in air-tight containers. Fifty grams of leaf material was soaked in 500 mL of 70% industrial
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ethanol for 30 h, and then refluxed in a 60 ◦C water bath. The extraction procedure was repeated
three times in order to extract as much of the components as possible. The extract was filtered using
Whatman no. 1 filter paper and dried under a stream of cold air. The ethanolic extract of Folium
Sennae (FSE) was dissolved in 3% dimethylsulfoxide (DMSO) for biological detection.

4.3. L6 Cell Culture and Treatment

L6 myoblasts were grown in α-MEM containing 10% (v/v) FBS, 100 units/mL penicillin,
and 100 μg/mL streptomycin in 5% CO2 at 37 ◦C. L6 cells were harvested after about 80% confluent and
used in all experiments. Prior to any treatment, the cells were serum-deprived for 2 h. After treatment,
the cells were divided into different drug treatment groups.

4.4. Amount of Glucose Uptake into Cells

The glucose uptake stimulatory effect of FSE was determined in L6 cells by a previously reported
method [60] with slight modifications [61,62]. Briefly, L6 cells were grown in 96-well culture plates at
37 ◦C under 5% CO2 and cultured for 3–4 days until the cells were confluent. Next, cells were starved
for 2 h with 100 μL serum-free α-MEM medium and then treated with 60 μg/mL FSE or 100 nM insulin
or vehicle control dissolved in 100 μL serum-free α-MEM medium for 1 h. Insulin was used as positive
control. The concentration of glucose remaining in the media was determined according to the glucose
assay kit manufacturer’s instructions using an Infinite M200 Pro microplate reader (Tecan, Croedig,
Austria) with a 505 nm wavelength. Meanwhile, cell numbers from each group were analyzed using
tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) bromide (MTT). For analysis,
20 μL of MTT substrate was added to each well and the plates were incubated for an additional 4 h
at 37 ◦C with 5% CO2. The medium was removed, and the cells were solubilized in 150 μL DMSO.
The colorimetric analysis was performed at a wavelength of 492 nm. The amount of glucose uptake in
each group was calculated by using the amount of glucose uptake for the corresponding cell counts.
Three independent experiments were conducted, comparing the control group (control), the insulin
group (insulin), and the added drug group (FSE).

4.5. Western Blotting Analyses

L6 cells were serum-deprived for 2 h, then treated with FSE (60 μg/mL for 30 min), insulin
(100 nM for 30 min), PMA (200 nM for 4 h) or metformin (100 μg/mL overnight), Wortmannin (100 nM
for 30 min), Gö6983 (10 μM for 30 min), Compound C (10 μM for 30 min). Next, the cells were
placed on ice, washed three times with cold PBS, and treated with a protease inhibitor cocktail (Roche,
Basel, Switzerland) and phosphatase inhibitor cocktail (Selleckchem, Houston, TX, USA) at 4 ◦C.
Cells were then lysed as described previously [60]. After cell debris was removed, supernatants
containing proteins were collected. Equal amounts of protein were separated by 10% (v/v) SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes. Blots were incubated with 5%
BSA blocking solution at 4 ◦C, overnight with a primary antibody (1:1000), and then incubated with
corresponding horseradish peroxidase-conjugated secondary antibody (1:10,000) for 1 h at room
temperature. The intensity of protein bands was quantitated using a ChemiDoc XRS system (Bio-Rad,
Hercules, CA, USA).

4.6. RT-PCR

The L6 cells were subjected to the same western blotting operation described above and divided
into control, insulin, and FSE groups. Total RNA was extracted using TRIzol reagent (Invitrogen)
including chloroform extraction and isopropanol precipitation. The RNA initial extract of each sample
was washed and dried with 75% ethanol and then dissolved in 50 μL DEPC water. The quality of
each RNA extraction was confirmed by electrophoresis on a 1% agarose gel. Next, 2 μg of total
RNA from each sample was reverse-transcribed using the RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, Wilmington, DE, USA) in a 20 μL reaction according to the manufacturer’s
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protocol. The PCR conditions were set as follows: initial activation of Taq polymerase at 95 ◦C
for 10 min, 35 cycles of PCR amplification at 95 ◦C for 15 s, and annealing/elongation at 60 ◦C
for 1 min. cDNA products were diluted with RNAse-free water, and then real-time PCR was
performed using the FastStart Universal SYBR Green PCR Master ROX (Roche) system on the 7500
Fast Real-Time PCR System instrument (Applied Biosystems, Foster City, CA, USA). Primer sequences
were as follows: rat GAPDH (NCBI RefSeq NM_017008.4), F: 5′-TACAGCAACAGGGTGGTGGAC-
3′, R: 5′-GGGATGGAATTGTGAGGGAGA-3′; rat GLUT4 (NCBI RefSeq NM_012751.1), F: 5′-
CTTCCTTCTATTTGCCGTCCTC-3′, R: 5′-GCTGCTGTTTCCTTCATCCTG-3′; rat IRAP (NCBI Refseq
NM_001113403.2), F: 5′-GTGGGGACTAAGGGCGAAAA- 3′ R:5′-CATACATCCGGACCTCCACG-3′.
Relative quantification results obtained for the target genes were normalized using the 2-ΔΔCT method.

4.7. Fluorescence Microscopy for Detection of IRAP Translocation and Ca2+

L6 cells were transfected with pIRAP-mOrange cDNAs (presented by Professor Xu Tao, Chinese
Academy of Sciences) using Lipofectamine 2000 as per the manufacturer’s protocol [2]. Stably
expressing IRAP-mOrange of L6 cells (L6 IRAP-mOrange) were seeded into a glass slide and incubated
overnight until differentiated and confluent over the slides. Cells were starved in serum-free α-MEM
for 2 h. For loading the dye, cells were incubated in 2 μM fluo4-AM (Invitrogen, Carlsbad, CA, USA)
for 20 min at 37 ◦C, followed by a wash with PSS, and then treated with 60 μg/mL FSE or other related
signaling pathway protein inhibitors. Red fluorescence (555 nm) and green fluorescence (488 nm)
images of cells were simultaneously taken with the LSM700 laser scanning confocal microscope
(Carl Zeiss, Jena, Germany). The IRAP-mOrange translocation and intracellular Ca2+ levels were
monitored as spatial and temporal changes in the fluorescence intensity of the indicator mOrange and
dye Fluo4, respectively. In the absence of stimulation, GLUT4 and IRAP are present in intracellular
GLUT storage vesicles (GSVs). Many studies have reported that GLUT4 and IRAP displayed a high
co-localization relationship [63], thus, detecting the IRAP can indirectly reflect the localization of
GLUT4. The images were captured with 555 nm or 488 nm excitation laser every 10 s in the first 5 min
and then every 5 min over 25 min.

4.8. Immunofluorescence of GLUT4 Fusion with PM

L6 cells were transfected by lentivirus with GV348 plasmid DNA encoding myc, GLUT4,
and mOrange constructs of the myc-GLUT4-mOrange fusion protein. GLUT4myc cDNA was
constructed by inserting the human c-myc epitope (14 amino acids) into the first ectodomain of
GLUT4, as described [64]. Live cell imaging was performed to measure membrane fusion and
GLUT4 trafficking with myc and mOrange as molecular probes, respectively [42]. A single clone
containing the highest fluorescence intensity was selected and used for the following experiments.
The GV348-myc-GLUT4-mOrange of L6 cells were seeded onto the glass slide, incubated until they
reached 80% confluence, and then serum-deprived for 2 h. In addition to the control group and the
100 nM insulin-positive control group of 2 mM Ca2+, the cells were treated with 60 μg/mL FSE under
the conditions of 2 mM Ca2+, 0 mM Ca2+, and 0 mM Ca2++BAPTA-AM, respectively. After 30 min
of stimulation, the cells were fixed with 4% paraformaldehyde. Then, 50 mM glycine was used to
remove impurities which would cause background signals. Then samples were blocked with PBS
containing with 2% FBS for 1 h. Afterward, cells were labeled with anti-c-myc mouse monoclonal
antibody (1:200) and goat anti-mouse IgG (H+L) FITC-conjugated secondary antibody (1:200). Cell
images of green fluorescent protein (FITC) and mOrange fluorescence were measured by the LSM700
microscope (Carl Zeiss).

4.9. Statistical Analysis

Data are presented as the mean ± SEM of at least three independent experiments. All statistical
analyses were performed using OriginPro 8 (OriginLab, Northampton, MA, USA). Multigroup
comparisons were conducted by one-way analysis of variance and differences between two group
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means were compared by Student’s t-test. p values < 0.05 were considered to represent statistical
significance. The n values represent the number of cells.

5. Conclusions

The present study showed that FSE promoted GLUT4 expression and translocation in L6 cells
via the AMPK, PI3K/Akt, and G protein-PLC-PKC signaling pathways. It also increased Ca2+

concentration in the form of external Ca2+ influx and Ca2+ pool release, assisting GLUT4-PM fusion
to enhance glucose uptake. These results suggested the possibility of FSE being used as a novel
hypoglycemic agent for the treatment of T2DM.

Supplementary Materials: Supplementary materials are available online. Figure S1: MTT test with different
treatment groups. Figure S2: Comparative images with insulin treatment.
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Abstract: The siphonous green algae form a morphologically diverse group of marine macroalgae
which include two sister orders (Bryopsidales and Dasycladales) which share a unique feature
among other green algae as they are able to form large, differentiated thalli comprising of a
single, giant tubular cell. Upon cell damage a cascade of protective mechanisms have evolved
including the extrusion of sulfated metabolites which are involved in the formation of a rapid
wound plug. In this study, we investigated the composition of sulfated metabolites in Dasycladus
vermicularis (Dasycladales) which resulted in the isolation of two phenolic acids and four coumarins
including two novel structures elucidated by nuclear magnetic resonance spectroscopy (NMR) as
5,8′-di-(6(6′),7(7′)-tetrahydroxy-3-sulfoxy-3′-sulfoxycoumarin), a novel coumarin called dasycladin
A and 7-hydroxycoumarin-3,6-disulfate, which was named dasycladin B. In addition, an analytical
assay for the chromatographic quantification of those compounds was developed and performed on
a reversed phase C-18 column. Method validation confirmed that the new assay shows good linearity
(R2 ≥ 0.9986), precision (intra-day R.S.D ≤ 3.71%, inter-day R.S.D ≤ 7.49%), and accuracy (recovery
rates ranged from 104.06 to 97.45%). The analysis of several samples of Dasycladus vermicularis from
different collection sites, water depths and seasons revealed differences in the coumarin contents,
ranging between 0.26 to 1.61%.

Keywords: siphonous green algae; sulfated coumarins; Dasycladus vermicularis; isolation
and quantification

1. Introduction

Dasycladus vermicularis (Scopoli) Krasser is an evolutionarily ancient, small siphonous green alga,
which is widely distributed throughout tropical to temperate regions such as several Atlantic islands
(Canary islands, Madeira, Antilles), many regions in the Mediterranean Sea, Central America (Belize),
Caribbean islands, South America (Brazil), and Asia (Japan, South China Sea, Philippines) [1]. This
chlorophyte inhabits well-illuminated shallow waters (0.3–20 m) with high light exposures in the
upper littoral zone on rocky substrates and are often covered by a thin layer of sediment [2]. To thrive
under enhanced doses of UV radiation, photo-protective mechanisms are needed. In 1983, Menzel
et al. [3] isolated and identified 3,6,7-trihydroxycoumarin (thyc) as a UV absorbing compound from
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D. vermicularis for the first time, which was also the first report of coumarins in algae. Subsequently,
several studies have been carried out to investigate the relevance of thyc in D. vermicularis. They
indicated an elevated excretion of thyc due to increasing UV exposure and temperatures suggesting
that this compound is a natural sunscreen/UV protectant [4–6]. Another very remarkable characteristic
of D. vermicularis is its morphology. D. vermicularis is a member of the so-called siphonous green macro
algae comprising unique giant single cells without cross walls. These thalli can grow up to 10 cm
long, gaining stability by surrounding themselves with a calcareous coating which supports the long
unicellular algae with sufficient stability to grow upright. Siphonous algae typically contain a huge
central vacuole and a thin layer of cytoplasm, the latter inhabiting multiple nuclei (Bryopsidales) or
just one nucleus (Dasycladales) [7]. After cell damage, for example due to herbivory, a rapid wound
closure is essential for the survival of such organisms. Therefore, immediately upon injury a cascade
of biochemical reactions is induced to assimilate cellular contents into an insoluble wound plug
initially formed by gelling, followed by a slower hardening process (1–2 h) [8,9]. This mechanism is
indispensable to avoid cytoplasmic loss and limits the intrusion of extracellular components, herbivore
attack or pathogenic invasion, which could otherwise result in high mortality rates [8,10]. A few
years ago Welling et al. [8] investigated both the intact and wounded alga to monitor changes in
chemical composition, which may be involved in the wound plug formation. This study surprisingly
revealed the dominant secondary metabolite to be 6,7-dihydroxycoumarin-3-sulfate (dhycs) in
the methanolic extracts of intact D. vermicularis, while the previously reported major compound
3,6,7-trihydroxycoumarin was only found in the methanolic extracts after wounding. Thus, the dhycs is
supposed to act as a precursor and is transformed into the more active thyc in the presence of sulfatases.
According to Welling et al. [9] thyc acts as an intermediate which is rapidly oxidized and serves as a
protein cross-linker for the formation of a wound sealing co-polymer in combination with amino acid
side chains from the alga. Such polymerization processes are known from other marine organisms,
which are usually involved in bioadhesive processes that are needed for sessile marine organisms
such as tubeworms and mussels to attach themselves to surfaces. For example, the common blue
mussel Mytilus edulis uses a metal centered chelate that initiates the biopolymerisation process which
includes secondary metabolites such as protein-bound-dopamine [11]. Sulfated secondary metabolites
are widely distributed among marine species and are stored therein in a dormant state. They are then
transformed enzymatically into more active metabolites, for example, psammaplin A sulfate from the
sponge Aplysinella rhax or zosteric acid, an antifouling metabolite in the seagrass Zostera marina. Both
metabolites are converted upon tissue disruption to their desulfated form thereby increasing activity
as a defensive metabolite [12,13]. Kurth et al. [14] just recently revealed the presence of two sulfated
phenolic acids in D. vermicularis namely 4-(sulfooxy)benzoic acid (SBA) and 4-(sulfooxy)phenylacetic
acid (SPA), which are also proposed to exist in a dormant state prior to transformation to more active
desulfated metabolites. However, these two sulfated phenolic acids are most likely not involved in the
wound plug formation, but could be serving as biofilm inhibitor. In this study we investigated the
phytochemical composition of D. vermicularis extracts of different polarities. The coumarin composition
of this alga seems to be more complex than previously described, and hence we report on two novel
coumarins from D. vermicularis and their analysis via HPLC-MS and NMR. Coumarins are natural
benzopyrone derivatives with a variety of desirable pharmacological properties which are commonly
found in higher plants [15], however sulfated molecules are rather uncommon and beyond that D.
vermicularis is the first alga known to contain these secondary metabolites. Therefore, we report on
the first validated HPLC assay for the separation and quantification of sulfated coumarins in algae
which has been applied to samples from three different sampling sites across the Mediterranean Sea to
compare their coumarin content.
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2. Results

2.1. Isolation and Identification of the Coumarins

With the aim of isolating the major compounds present in Dasycladus vermicularis four coumarins
and two phenolic acids were isolated from the methanol and the aqueous extract. A sample (2.5 g) of
the aqueous extract was separated by means of repeated flash chromatography and semi-preparative
HPLC, which resulted in the isolation of compounds 1, 4 and 8. Compounds 2, 3 and 7 were obtained
from 4.5 g of crude methanol extract by silica gel and Sephadex LH 20 column chromatography. 1H-
and 13C-NMR shift values of all isolated coumarins are summarized in Table 1. The shift values for
thyc were in good agreement with literature values [16]. Compounds 1 and 2 were identified as new
natural products.

Table 1. NMR shift values of compounds isolated from the marine green alga Dasycladus vermicularis;
spectra were recorded on a 600 MHz NMR instrument in deuterated water.

Position
Dasycladin A (1) in D2O HMBC

C

Dasycladin B (2) in D2O HMBC
CδH δC, Type δH δC, Type

2 163.3, C 161.0, C
3 136.1, C 134.1, C
4 7.40 (s) 134.4, CH 2, 3, 5, 9 7.94 (s) 133.3, CH 2, 3, 5, 9
5 118.3, C 7.64 (s) 122.4, CH 4, 6, 7, 9
6 144.1, C 137.6, C
7 152.7, C 153.0, C
8 7.10 (s) 106.8, CH 6, 7, 9, 10 7.05 (s) 105.1, CH 6, 7, 9, 10
9 150.2, C 151.1, C
10 113.5, C 112.1, C
2′ 163.0, C
3′ 135.8, C
4′ 7.96 (s) 135.8, CH 2′, 3′, 5′, 9′
5′ 7.28 (s) 115.8, CH 4′, 6′, 7′, 9′
6′ 145.7, C
7′ 151.5, C
8′ 111.2, C
9′ 147.7, C
10′ 113.9, C

Compound 1 was isolated as a yellowish amorphous powder. Its molecular formula was
established as C18H10O16S2 by HR-ESI–MS (m/z 544.934, calcd. for [C18H10O16S2-H]−, 544.936)
indicating the presence of a sulfated dicoumarin. Fragments at m/z 464.9 [M-H-80]− and 385.0
[M-H-80-80]− could be attributed to the loss of sulfate groups, respectively. The melting point was
measured to as 278–280 ◦C The IR spectra shows a strong and characteristic S=O stretching vibration
at about 1038 cm−1 for the R-OSO3H groups, 1689 and 1629 cm−1 for (C=O), 3059 and 3203 cm−1 (OH).
In the 1H-NMR (Table 1) spectrum, four singlet aromatic proton resonances at δH 7.96 (1H, s, H-4′), 7.40
(1H, s, H-4), 7.28 (1H, s, H-5′), 7.10 (1H, s, H-8) were observed. The 13C-NMR (Table 1) spectrum showed
eighteen carbon signals, which were assigned by DEPT experiments to four aromatic methines and
fourteen quaternary carbons, two of which (δC 163. 3 and 163.0) could be attributed to intramolecular
ester groups. The spectroscopic data suggested that 1 is composed of two identical coumarin moieties
substituted in positions C-3(C-3′), C-6(C-6′), and C-7 (C-7′). The absence of corresponding signals
in the 1H-NMR spectrum and the low field-shifted C-5 and C-8′ signals in the 13C-NMR spectrum
indicated that the two symmetric coumarin moieties were connected at 5–8′ through a C-C bond.
Localization of the two sulfate groups was established based on the low field-shifted signals of C-3
and C-3′ as well as by comparison of NMR data with those of thyc (4) [16] and compound 3. HSQC
and HMBC experiments of 1 were useful to assign all signals in the 1H and 13C spectra. C-4 (δ 134.4)
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and C-8 (δ 106.8) were used to assign the H-4 (7.40, s) and H-8 (7.10, s) as well as C-4′ (δ 135.8) and
C-5′ (δ 115.8) which were assigned to H-4′ (7.96, s) and H-5′ (7.28, s) by 1H-13C HSQC.

The HMBC spectrum showed key correlation peaks between the proton signal at δH
7.93 (1H, s, H-4′) and carbon resonances at δC 163.0 (C-2′), 147.7 (C-9′), 135.8 (C-3′), 115.8
(C-5′); and between the proton signal at δH 7.38 (1H, s, H-4) and carbon resonances at
δC 163.3 (C-2), 150.3 (C-9), 136.1 (C-3), 118.3 (C-5). Thus, compound 1 was identified as
5,8′-di-(6(6′),7(7′)-tetrahydroxy-3-sulfoxy-3′-sulfoxycoumarin), a new coumarin for which we propose
the trivial name “dasycladin A”.

Compound 2 was also isolated as a yellowish amorphous powder. The molecular formula
of C9H6O11S2 was determined by HR-ESI–MS (negative mode) with a mass peak at m/z 352.928
(calcd. for [C9H6O11S2-H]−, 352.926). The mass spectrum showed a fragment at m/z 272.8 [M-H-80]−

corresponding to the loss of a sulfate moiety. The melting point was measured as 233–238 ◦C. The IR
spectra shows a strong and characteristic S=O stretching vibration at about 1038 cm−1 for the R-OSO3H
groups, 1697 cm−1 for (C=O), 3217 cm−1 (OH). The 1H-NMR spectrum (Table 1) of 2 showed signals
for three aromatic protons at δH 7.94 (1H, s, H-4), 7.64 (1H, s, H-5), 7.05 (1H, s, H-8). In the 13C-NMR
(Table 1) spectrum nine carbon signals, including three aromatic methines and six quaternary carbons
were observed. HSQC and HMBC experiments of Compound 2 were useful to assign all signals in
the 1H- and 13C-NMR spectra. C-4 (δ 133.3), C-5 (δ 122.4) and C-8 (δ 105.2) were used to assign the
protons H-4 (7.94, s), H-5 (7.64, s) and H-8 (7.05, s) by 1H-13C HSQC. The HMBC spectrum showed
correlation peaks between the proton signal at δH 7.94 (1H, s, H-4) and carbon resonances at δC 161.1
(C-2), 151.1 (C-9), 134.2 (C-3), 122.4 (C-5); between the proton signal at δH 7.64 (1H, s, H-5) and carbon
resonances at δC 152.9 (C-7), 151.1 (C-9), 137.7 (C-6), 133.3 (C-4); and between the proton signal at δH
7.04 (1H, s, H-8) and carbon resonances at δC 152.9 (C-7), 151.1 (C-9), 137.7 (C-6), 112.3 (C-10). These
spectroscopic data suggested that compound 2 is 3,6,7-trisubstituted coumarin. The low field-shifted
signal of C-3 and the up field-shifted of C-6 indicated that the sulfate groups were attached at these
carbons. The structure of 2 was deduced as 7-hydroxycoumarin-3,6-disulfate. Compound 2 represents
a new coumarin for which we propose the trivial name “dasycladin B”.

NMR spectra and HR-ESI–MS data for the novel sulfated coumarins 1 and 2 are shown in Figures
S1A–E and S2A–E in the Supplementary Material.

2.2. HPLC-Method Development

A HPLC method was developed for quantification of the coumarins. Four coumarins were isolated
as described above and used as standards in addition to the two synthetized sulfated phenolic acids
and their educts (see Figure 1). Several different stationary phases were screened for the separation
of the coumarins and phenolic acids in D. vermicularis, such as Zorbax SB-C18 3.5 μm, Hyperclone
ODS 3 μm, YMC-triart C-18, 3.5 μm and Kinetex C-18 2.6 μm. However, the best separation was
achieved on the Gemini C 18 110 Å, 3 μm (150 mm × 4.6 mm). The latter column yielded the best
results concerning separation efficiency and peak shape, resulting in an optimum separation within
less than 25 min (Figure 2).

5,8′-Di-(6(6′),7(7′)-tetrahydroxy-3-sulfoxy-3′-sulfoxycoumarin) (1) eluted first (13.12 min),
followed by 7-hydroxycoumarin-3,6-disulfate (2; 16.58 min), the sulfated phenolic acids
4-(sulfooxy)benzoic acid and 4-(sulfooxy)phenylacetic acid (5; 17.73 min, 6; 18.3 min),
then 6,7-dihydroxycoumarin-3-sulfate (3; 18.81 min), 3,6,7-trihydroxycoumarin (4; 20.63 min),
4-(hydroxyl)phenylacetic acid (7; 21.62 min), and finally 4-(hydroxyl)-benzoic acid (8; 22.07 min).
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Figure 1. Chemical structure of the isolated coumarins from the marine green alga Dasycladus
vermicularis, the sulfated phenolic acids and their educts.

2.3. Method Validation

The new analytical method was validated according to the ICH guidelines [17] by establishing
calibration curves of the two coumarin standards 1 and 4, as well as the phenolic acids 4-hydroxy-benzoic
acid and 4-hydroxyphenylacetic acid and their sulfated products 4-(sulfooxy)benzoic acid (SBA) and
4-(sulfooxy)phenylacetic acid (SPA) 5–8. Sufficient material was not available for 2 and 3. Excellent
determination coefficients (R2 ≥ 0.9986) were obtained within a concentration range of 0.859–1154 μg/mL.
Individual calibration levels were obtained by serial dilution, and each solution was analyzed under
optimum HPLC conditions in triplicate. Limit of detection (LOD) and limit of quantification (LOQ) were
calculated using defined concentration equivalents to S/N ratios of 3 (LOD) and 10 (LOQ). LOD and LOQ
values ranged from 0.014–1.939 μg/mL, and from 0.044–5.876 μg/mL, respectively (Table 2). Selectivity
of the method was assured by no visible co-elution (shoulders) in the relevant signals, LC-MS data, and
by very consistent UV-spectra (as confirmed by the peak purity option in the operating software). The
methods precision was confirmed by its repeatability, as well as inter- and intra-day variation which were
determined in D. vermicularis sample (DV-2). For this purpose five individual samples at 250 mg/25 mL
were extracted and analyzed on each of three consecutive days (Table 3). Intra-day (RSD ≤ 5.99%)
and inter-day precision (RSD ≤ 7.49%) were within accepted limits. Accuracy was assured by spiking
accurately weighed samples of DV-2 with three different concentrations of the standard substances. For
all compounds the observed recovery rates were acceptable and ranged from 95.6 to 104.6%. Only for
3,6,7-trihydroxcoumarin the value for the low spike was at 91.3% (Table 3). This compound appeared to
be stable in solution for at least several h, however when added to the extract it degrades rapidly and
therefore the recovery rates are poor, especially at the lower concentrations.
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Figure 2. HPLC separation of all standards 1 to 8 at 254 nm and all coumarins 1 to 4 isolated from the
marine green alga Dasycladus vermicularis at 350 nm, and the sample DV-1 from the marine green alga
Dasycladus vermicularis at 254 nm and 350 nm under optimized conditions (column: Gemini C18, 110 Å
column (150 × 4.6 mm, 3 μm); mobile phase (A) aqueous 20 mM ammonium acetate solution with
1.5% acetic acid and (B) methanol/water (9:1) with 20 mM ammonium acetate and 1.5% acetic acid.
Gradient: 2% B to 15% B from 0 to 5 min and 15% B to 60% B from 5–20 min and 60% B to 98% B from
20–25 min; detection at 254 nm and 350 nm, flow rate 0.3 mL/min, injection volume 5 μL and 40 ◦C
oven temperature. Peak assignment is according to Figure 1.
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2.4. Analysis of Samples

Four different samples of D. vermicularis, all originating from the Mediterranean Sea, were
analyzed for their coumarin content. For further details on collection sites, seasons and water depths
see Supplementary Material Table S1. As expected, the total amount of coumarins in sample DV-2
(1.60–1.80 m depth) was much lower (3.66 mg/g DW) compared to sample DV-3 (0.30–0.80 m depth;
10.17 mg/g DW). The quantity of the monomeric sulfated coumarins 2 and 3 was the same, while the
content of the dimeric compound 1 was about three times higher in the sample that was collected from
shallow waters. The two samples that were collected from the same spot in Volos, Greece (DV-3 and
DV-4) indicated that there might be seasonal changes in the coumarin content of D. vermicularis as well.
In November (sample DV-4; 4.27 mg/g DW), the total coumarin content was only half the amount
as in August (sample DV-3; 10.17 mg/g DW). The sample that was harvested from Malaga, Spain
(DV-1) showed the highest amount of coumarins with 16.09 mg/g DW. The dimeric coumarin 1 was
the most abundant compound in all samples, followed by 3, the 6,7-dihydroxycoumarin-3-sulfate, and
7-hydroxycoumarin-3,6-disulfate (2). Thyc, which is reported to be the sole metabolite of compound 3,
only occurred in traces in the highest concentrated samples DV-1 and DV-3. Phenolic acids were also
present in all samples, however, in much lower content. All samples contained 4-hydroxybenzoic acid
and at a higher concentration its sulfated precursor 4-(sulfooxy)benzoic acid. All quantitative results
are summarized in Figure 3. 4-(Sulfooxy)phenylacetic acid which was reported to be present in D.
vermicularis in a previous publication by Kurth et al. [14] could not be detected in the samples by DAD;
however, LC-MS revealed the presence of this compound in all samples. In addition to the standard
compounds, three other signals were tentatively identified as coumarins based on the typical UV and
MS-spectra; they are marked with a star (Figure 4). The compounds a* and b* both have UV absorption
maxima of 346 nm and m/z of 465 [M-H−]. These two compounds may be monosulfated dicoumarins.
The assignment of other signals was easily possible by comparison to standards. For example, the
determination of coumarins in sample DV-1 is shown in Figure S5 in the Supplementary Material.
Chromatograms were recorded at 254 nm and 350 nm, the other traces show the identification of
individual compounds by LC-MS in EIC mode.

 
(A) 

Figure 3. Cont.
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(B) 

Figure 3. Quantification of the coumarins (1) dasycladin A, (2) dasycladin B, (extbf3)
6,7-dihydroxycoumarin-3-sulfate, (4) 3,6,7-trihydroxycoumarin. Concentrations are given as mg coumarins/g
dry weight (A) and as mg/g phenolic acids as dry weight (B) (n = 3) in the green alga Dasycladus vermicularis
collected at different sampling sites and dates in the Mediterranean Sea.

Figure 4. Base peak chromatograms of all extracts DV1-DV3 prepared from the marine green alga
Dasycladus vermicularis. The red area is enlarged and shows the extracted ion chromatograms (EIC) for
the sulfated phenolic acids SBA (5) and SPA (6). Tentatively identified minor coumarins are marked
with a star (similar UV spectra) and with a* and b* (similar UV spectra and molecular weight).
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3. Discussion

The chemical composition of coumarins and phenolic acids in the marine green alga D. vermicularis
was investigated in detail in this study, revealing that the coumarin composition is more complex
than previously reported [8]. Dasycladin A is the major compound, which probably degrades to the
previously reported 6,7 dihydroxycoumarin-3 sulfate. Similarly, it can be speculated that dasycladin B
is metabolized to the corresponding monosulfated coumarin first and afterwards to the more active
metabolite 3,6,7-trihydroxycoumarin, since the sulfated compounds have been reported as dormant
forms which are enzymatically transferred into active metabolites through sulfatases [9]. The sulfated
phenolic acids SPA and SBA were both present in the extract, however at very low concentrations.
These findings are highlighted with red in Figure 4 and are in good agreement with the LC-MS data
published by Kurth et al. [14]. Coumarins in general show a wide range of different pharmacological
activities, including anti-HIV, anti-tumor, anti-hypertensive, anti-coagulant, anti-inflammatory just
to name a few. They have become important lead compounds in drug research due to their high
bioavailability, low molecular weight, and low toxicity [15,18]. For simple coumarins anti-oxidative
activity has been reported especially for compounds with free hydroxyl groups. Likewise, the C-7 free
hydroxyl group is important for anti-bacterial activity and is also important for an anti-inflammatory
activity [19]. The C-6 free hydroxyl group is important for both anti-bacterial and anti-fungal activity.
A free hydroxyl group in position 3 (e.g., Compound 4 in this study) is especially important for a
strongly enhanced inhibition of 5-Lipoxygenase and α-D-glucosidase [20]. Sulfated coumarins are
rather uncommon but due to their negative charge they could bind to heparin receptors or inhibit
platelet aggregation [21].

Besides recently developed HPLC-DAD, LC-MS and SFC methods for the separation of furo-
pyrano- and monocoumarins on reversed phase columns [22–24], this study presents the first method
for the separation of the definitive more polar sulfated coumarins. Their content was found to be
quite variable in the different samples suggesting that water depth and seasonal changes including
fluctuations in the visible and ultraviolet part of solar radiation might have a strong influence.
D. vermicularis has been reported to excrete UV-absorbing brown-green substances under in-situ
conditions staining the nearby seawater and thus being beneficial as photo-protective compounds
for other macroalgae living in the vicinity [6]. The responsible compounds were later identified as
coumarins and since they are accumulated in the outer parts of the siphonous cell walls, particularly
after UV exposure, they are considered to act as UV-sunscreens [6]. 3,6,7-trihydroxycoumarin (thyc)
was found to be preferentially localized in the apical part of the D. vermicularis thallus, which usually
experiences highest natural insolation, particularly in the internal part of the cell wall and around
the tonoplast. The percentage of UVR absorbed by both thyc layers could be measured from the
in-vitro total thallus concentration of thyc and histological measurements of these layers. While
the cell wall thyc layer absorbed 88% of the incident UVR irradiance, the one close to the vacuole
membrane absorbed a similar fraction with 87.5% [6]. These data strongly support the hypothesis
of coumarins/phenolics as natural sunscreen compounds reducing biologically harmful UVR from
reaching sensitive biomolecules in the cell such as DNA and proteins. Phenolic compounds also
play an important role in the interaction of macroalgae with their environment. They are relevant for
different supporting or protective tissues, for example in cell wall formation, they can be involved
in defense mechanisms, for example in anti-herbivory or having antibacterial effects, and signaling
properties, for example in allelopathy [25].

The conspicuous decrease of coumarin content in November could make D. vermicularis more
susceptible to abiotic and biotic stressors, but UVR and biotic interactions are less strong in late
autumn compared to summer in the Mediterranean Sea. However, a larger number of samples
from different origins, seasons and water depths is definitely needed to examine the qualitative and
quantitative metabolic composition of D. vermicularis and its chemical reaction after wounding or other
stress situations.
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4. Materials and Methods

4.1. Reagents and Chemicals

All solvents used for isolation, synthesis and analytical studies were of analytical grade and
purchased from Merck (Darmstadt, Germany). HPLC grade water was produced by a Sartorius arium
611 UV water purification system (Sartorius Göttingen, Germany). Reagents for the synthesis of
4-(sulfooxy)benzoic acid and 4-(sulfooxy)phenylacetic acid (4-hydroxybenzoic acid, sulphur trioxide
pyridine complex (Pyr*SO3), and 4-hydroxyphenylacetic acid) were purchased from Sigma Aldrich
(Taufkirchen, Germany). Deuterated water for NMR experiments was obtained from Euriso-top
(Saint-Aubin Cedex, France).

4.2. Algal Material

Four samples of Dasycladus vermicularis were analyzed. DV-1(330 g dry weight) was collected in
September 1998 from the upper part of the infralittoral zone (0.5 m depth) in the Cabo de Gata-Nijar
Natural Park (36◦ 52′ N, 2◦ 12′ W, Almerıa, Southern Spain) and identified by Prof. Felix Figueroa
(University of Malaga), freeze-dried and sent to Ulf Karsten, who stored the material under cool, dry
and dark conditions prior to further processing in Innsbruck. Sample DV-2 was harvested in August
2017 in Alonissos, Greece (39◦08′23.8′ ′ N, 23◦50′43.3′ ′ E) at 1.80 m depth; Sample DV-3 and DV-4
were both harvested in Volos, Greece (39◦1900.0′ ′ N, 23◦01′11.5′ ′ E), DV-3 in August 2017 and DV-4
in November 2017 at 30–80 cm depth. All samples from Greece were collected and identified by the
author (A. Hartmann). All samples were air-dried and voucher specimen of all samples are stored at
the Institute of Pharmacy, Pharmacognosy, University of Innsbruck.

4.3. Instrumentation

NMR experiments were conducted on an Avance II 600 spectrometer (Bruker, Karlsruhe, Germany)
operating at 600.19 (1H) and 150.91 MHz (13C). Spectra of the respective compounds were recorded
in deuterated solvents from Euriso-Top adding 3-(trimethylsilyl)-propionic acid sodium salt (TMSP)
as an internal standard. Infrared (IR) spectra were recorded on an ALPHA Fourier transform (FT)-IR
apparatus (Bruker, Billerica, MA, USA) equipped with a platinum attenuated total reflection module.
Analytical HPLC experiments were carried out on an Agilent 1100 system (Agilent, Waldbronn,
Germany) equipped with a binary pump, autosampler, diode array detector and column oven. For the
purification of the compounds a semi-preparative HPLC from Dionex (ThermoFisher, Waltham, MA,
USA), comprising of a HPG-3200 pump, a VWD-3100 detector, column oven and a fraction collector
was utilized. Additionally, the exact mass of the novel compounds 1 and 2 were determined in negative
ESI mode on a micrOTOF-Q II MS (Bruker, Bremen, Germany). The settings were: nebulizer gas:
4.4 psi, dry gas: 4 L/min, dry temperature: 180 ◦C, capillary voltage: 2.5 kV, set capillary V 3500, set
endplate offset V-500.

4.4. Isolation and Structural Analysis of Coumarins

Dried algal material of Dasycladus vermicularis (300 g, DV-1, Malaga), were finely ground to powder
and subsequently extracted five times with 100% dichloromethane (p.a.) for 15 min in an ultrasonic
bath. After centrifugation at 1537× g, the combined solutions were evaporated to dryness at 40 ◦C
under reduced pressure to yield 1.13 g of crude dichloromethane extract (DV-1D). The plant material
was subsequently extracted with 100% methanol (p.a.) using the same procedure to yield 4.71 g of crude
methanol extract (DV-1M). The algal residue was extracted for a third time using the same procedure
with a 1:1 mixture of water and methanol to yield 7.9 g crude aqueous extract. The crude methanol
extract (4.5 g) was separated into 10 fractions (DV-M-S1-10) on silica gel (40–63 μm particle size) using
a dichloromethane/ethyl acetate/methanol/water gradient. Fraction DasyM-S7 was further purified
using size-exclusion chromatography on Sephadex LH-20 material with methanol:water (1:1) as eluent
to obtain 16 subfractions (DV-M 7.1-16). This resulted in the isolation of compounds 2 (5.24 mg) and 3
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(4.04 mg). A portion (2.5 g) of the crude aqueous extract was first separated using flash chromatography
(on RP-18 material (80 g Reveleris cartridge, 40 μm) and a water/methanol gradient, containing 0.25%
formic acid in each solvent. 20 subfractions were obtained (DV-W-R1-20). Fraction 18 resulted in the
pure compound 4. DV-W-R6 (39.56 mg) was purified by semi-preparative HPLC on a Lichrosorb RP-18
(250 × 10 mm, 7 μm) column with a gradient of 2–50 % methanol in water within 25 min at a flow of
1 mL/min. The oven temperature was set to 20 ◦C and the UV-detector signal to 350 nm, resulting
in 7.91 mg of compound 1. Fraction DV-W-R14 (123 mg) was re-chromatographed on a smaller C18
column using flash chromatography which resulted in 2.6 mg of compound 8. The samples were
dissolved in deuterated water with sodium trimethylsilyl propionate (TSP) as internal standard and in
case of 3,6,7-trihydroxycoumarin deuterated methanol was used. NMR data of the isolated coumarins
are summarized in Table 1. The shift values for thyc were in good agreement to literature values [16].
NMR spectra for the novel sulfated coumarins 1 and 2 are shown in Figure 1A–D and Figure 2A–D in
the Supplementary Material. Compounds 3 and 4 are known natural products. Their structures were
identified by comparison of their reported spectroscopic data, including ESI-MS and NMR data:

6,7-Dihydroxycoumarin-3-sulfate (3, Figure 1): UVmax 268, 346 nm. It was assigned with a molecular
formula C9H5O8S of ESI-MS, m/z 272.98 [M − H]−. 1H-NMR (600 MHz, D2O + 0.05% TSP) δ(ppm):
7.87 (s, 1H), 7.10 (s, 1H), 6.95 (s, 1H) 13C NMR δ(ppm): 163.6 (C-2), 135.9 (C-3), 135.8 (C-4), 115.7 (C-5),
145.1 (C-6), 151.8 (C-7), 106.0 (C-8), 149.7 (C-9), 114.2 (C-10) [9].

3,6,7-Trihydroxycoumarin (4, Figure 1): UVmax 268, 346 nm. It was assigned with a molecular formula
C9H6O5 of ESI-MS, m/z 193.14 [M − H]−. 1H-NMR (600 MHz, D2O + 0.05% TSP) δ(ppm): 6.94 (s, 1H),
6.79 (s, 1H), 6.73 (s, 1H) 13C-NMR δ (ppm): 161.7 (C-2), 140.3 (C-3), 117.6 (C-4), 111.6 (C-5), 144.5 (C-6),
148.0 (C-7), 103.5 (C-8), 145.3 (C-9), 113.9 (C-10) [16].

4.5. Sample Preparation

The powdered dried alga (200 mg) was extracted three times with 8 mL of water: methanol
(1:1) each by 15 min of sonication (Sonorex 35 KHz, Bandelin, Berlin, Germany). After centrifugation
(1000× g for 3 min), the supernatants were combined in a 25 mL volumetric flask. Samples were
measured immediately after extraction.

4.6. Analytical Conditions

Experiments were performed on an Agilent 1100 HPLC system using a Gemini C18, 110 Å column
(150 × 4.6 mm, 3 μm) from Phenomenex (Aschaffenburg, Germany). The mobile phase (A) contained
water with 20 mM ammonium acetate and 1.5% acetic acid and (B) methanol/water (9:1) with 20 mM
ammonium acetate and 1.5% acetic acid. Elution was performed in gradient mode starting with 2% B to
15% B from 0 to 5 min, 15% B to 60% B from 5–20 min and 60% B to 98% B from 20–25 min, followed by
10 min of re-equilibration with 98% A. The DAD was set to 254 nm and 350 nm, and flow rate, sample
volume and column temperature were adjusted to 0.3 L/min, 5 μL and 40 ◦C, respectively. HPLC-MS
experiments were carried out on an Agilent 1260 HPLC system coupled to an amaZon iontrap mass
spectrometer (Bruker, Bremen, Germany). The chromatographic conditions were as described before;
MS-spectra were recorded in negative ESI mode, with a drying gas temperature of 220 ◦C, the nebulizer
gas (nitrogen) set to 23 psi, and a nebulizer flow (nitrogen) of 6 L/min. The scanned mass range was
between m/z 70–1500, at a capillary voltage of 4.5 kV.

4.7. Synthesis of 4-(sulfooxy)benzoic Acid and Synthesis of 4-(sulfooxy)phenylacetic Acid

The synthesis of the two sulfated phenolic acids 5 and 6 was carried out as described recently
by Kurth et al. [14], however using smaller quantities. 4-Hydroxybenzoic acid (1.5 g), sulfur trioxide
pyridine complex (Pyr∗SO3, 1.72 g) were dissolved in water free pyridine (25 mL) and stirred in a
250 mL round bottomed flask at 25 ◦C for 48 h. For the synthesis of SPA, 4-hydroxyphenylacetic
acid (0.75 g) and sulfur trioxide pyridine complex (Pyr∗SO3, 0.83 g) were used. Subsequently, the
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pyridine was removed by evaporation at 40 ◦C under reduced pressure. The remaining yellow-brown
oil was dissolved in water (20 mL, HPLC grade) and the solution adjusted to pH 6–7 (pH-Meter,
Mettler Toledo, Greifensee, Switzerland) using 25% potassium hydroxide. The aqueous solution was
washed three times in a separatory funnel. A white precipitate was formed and filtered off after phase
separation. Subsequently, the clear aqueous solution was evaporated at 45 ◦C under reduced pressure
to give a white residue, which was re-dissolved in water and adjusted to pH 10 again using 25% KOH.
To cleave the anhydride side products this solution was stirred at 60 ◦C for 1 h and subsequently
neutralized using diluted sulfuric acid and afterwards evaporated again. The yellow-white residue
was suspended in 10 mL water at 40 ◦C (5 mL for the synthesis of SPA). A white precipitate was
formed by adding 20 mL (10 mL) of methanol, which was filtered off and subsequently washed with
10 mL (5 mL) of methanol. The methanol fractions were combined and left at 4 ◦C for 24 h in the fridge,
so that a crystalline precipitate was formed; it was filtered off and the solution evaporated to dryness.
The so obtained raw product was suspended in the ultrasonic bath using 2 mL (1 mL) methanol
(HPLC-grade), which resulted in a white powder in a yellow solution. This step was repeated twice.
Finally the product was washed with acetone and dried at 70 ◦C to give 660.93 mg (44% yield) SBA
and 253.86 mg SPA (33.8% yield).

SBA: 1H-NMR (600 MHz, D2O + 0.05% TSP) δ(ppm): 7.91 (d, 2H; J = 8.4 Hz); 7.36 (d, 2H; J = 8.4 Hz),
13C-NMR δ(ppm): 177.7(C, C-1), 123.9 (C, C-2), 136.8 (CH,C-3,C-7), 133.3 (CH, C-4,C-6), 156.4 (C, C-5)
HPLC–MS m/z [M − H]−: 216.99

SPA: 1H-NMR (600 MHz, D2O + 0.05% TSP) δ(ppm): 3.55 (s, 2H; J = 8.4 Hz), 7.26 (d, 2H; J = 8.5 Hz),
7.32 (d, 2H), 13C-NMR δ(ppm): 183.5 (C, C-1), 46.5 (CH2, C-2), 124.2 (C, C-3), 133.1 (CH,C5; CH, C7),
138.1 (CH,C4; CH,C8), 152.3 (C, C-6), HPLC–MS m/z [M − H]−: 231.00.

4.8. Synthesis of 3,6,7-trihydroxycoumarin

The synthesis of thyc was performed as previously published by Cotelle et al. [26] Briefly, 2,4,5
trihydroxybenzaldehyde (2.31 g), acetylglycine (2.10 g) and sodium acetate (1.59 g) were weighted
into a round bottomed flask (100 mL), acetic anhydride (7.5 g) was added and the mixture was
heated under reflux for 4 h (130 ◦C). The solution was cooled to room temperature and ice water
(10 mL) was added. The precipitate was filtered, washed with ethanol/water (50:50) and dried to give
3-acetamido-6,7-diacetoxycoumarin. A solution of this intermediate (1.59 g) in 3 M HCl (50 mL) plus
acetic acid (2 mL) was refluxed for 1 h and subsequently cooled to room temperature. The obtained
precipitate was washed again with water to give pure 3,6,7-trihydroxycoumarin (667.2 mg).

Supplementary Materials: The following are available online. Table S1: Origin of analyzed samples,
Figure S2A–E: NMR spectra and HR-ESI-MS spectra of Compound 1, Figure S3A–E: NMR spectra and
HR-ESI-MS spectra of Compound 2, Figure S4: UV spectra of the 4 Coumarins recorded on line by DAD,
Figure S5: Determination of coumarins (1: dasycladin A, 2: dasycladin B, 3: 6,7-dihydroxycoumarin-3sulfate, 4:
3,6,7-trihydroxycoumarin) in the marine green alga Dasycladus vermicularis.
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Abstract: Pain is one of the most common cause for hospital visits. It plays an important role
in inflammation and serves as a warning sign to avoid further injury. Analgesics are used to
manage pain and provide comfort to patients. However, prolonged usage of pain treatments
like opioids and NSAIDs are accompanied with undesirable side effects. Therefore, research to
identify novel compounds that produce analgesia with lesser side effects are necessary. The present
study investigated the antinociceptive potentials of a natural compound, cardamonin, isolated from
Boesenbergia rotunda (L) Mansf. using chemical and thermal models of nociception. Our findings
showed that intraperitoneal and oral administration of cardamonin (0.3, 1, 3, and 10 mg/kg) produced
significant and dose-dependent inhibition of pain in abdominal writhing responses induced by acetic
acid. The present study also demonstrated that cardamonin produced significant analgesia in
formalin-, capsaicin-, and glutamate-induced paw licking tests. In the thermal-induced nociception
model, cardamonin exhibited significant increase in response latency time of animals subjected to
hot-plate thermal stimuli. The rota-rod assessment confirmed that the antinociceptive activities
elicited by cardamonin was not related to muscle relaxant or sedative effects of the compound.
In conclusion, the present findings showed that cardamonin exerted significant peripheral and central
antinociception through chemical- and thermal-induced nociception in mice through the involvement
of TRPV1, glutamate, and opioid receptors.

Keywords: cardamonin; antinociceptive; TRPV1; glutamate; opioid

1. Introduction

Cardamonin or 2′,4′-dihydroxy-6′-methoxychalcone (C16H14O4) is a naturally occurring chalcone.
Cardamonin was firstly isolated from the seeds of Amomum subulatum [1] and later from other
plant species, such as Boesenbergia pandurata, Alpinia rafflesiana, Alpinia katsumadai, Alpinia henryi,
and Campomanesia adamantium. Previous report showed that cardamonin exerted antiproliferative
activity and induced apoptosis in PC-3 [2], myeloma [3], and A549 cell lines [4]. In addition,
cardamonin was capable to protect lipopolysaccharide (LPS)-induced septic mice against acute lung
injury [5] and showed nephroprotective effect against cisplatin-induced renal injury [6]. Furthermore,
cardamonin could exert inhibition of platelet aggregation [7], vasorelaxant effect [8], improvement in
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insulin resistance and vascular complication in a high fructose-fed rat model [9], suppression of
lipid accumulation in vitro [10], inhibition of pigmentation in human normal melanocytes [11],
and anti-pruritic activity [12].

In vitro study showed that cardamonin inhibits the release of pro-inflammatory mediators [13]
and it was supported by the findings on inhibitory action of cardamonin upon the expression of NO
and PGE2 via interruption of the NF-κB pathway [14,15]. This mechanism of action is common to
phenolic compounds showing protective effects [16,17]. In vivo study also presented the capability of
cardamonin in suppressing NO generation in LPS-challenged ICR mice [18]. NO has been reported
to be involved in generation of pain perception through a series of pathway [19]. Since cardamonin
reduces generation of NO, we believe that cardamonin may show antinociceptive activityies.

Recently, the antinociceptive profile of cardamonin has been reported through PBQ-induced
writhing and carrageenan-induced hyperalgesia test [20], but there is still no report on the possible
mechanism of antinociceptive action of cardamonin. Thus, the present study was aimed to examine the
antinociceptive effect of cardamonin in chemical- and thermal-induced nociception using mice models.

2. Results

2.1. Evaluation of the Antinociceptive Activity

2.1.1. Acetic Acid–Induced Abdominal Writhing Test

The effect of cardamonin in acetic acid-induced abdominal writhing response in mice is depicted
in Figure 1. Cardamonin produced significant reduction in the number of writhing in both routes of
administration, intraperitoneally (Panel a) and orally (Panel b) at p < 0.001. Cardamonin administered
intraperitoneally (i.p.) showed 45, 56, 80, and 100% of inhibition against acetic acid-induced pain as
compared to control at doses of 0.3, 1, 3, and 10 mg/kg respectively, with calculated ED50 (and its
respective confidence interval) of 2.1 (1.9–2.5) mg/kg. Oral administration (p.o.) of cardamonin
exhibited 39%, 40%, 63% and 77% of inhibition as compared to control at doses of 0.3, 1, 3,
and 10 mg/kg, respectively, with calculated ED50 (and its respective confidence interval) of 2.5
(2.0–3.3) mg/kg. Indomethacin, produced significant inhibition in acetic acid-induced abdominal pain
with 80% (i.p.) and 60% (p.o.) of inhibition respectively, as compared to control at p < 0.001.

Figure 1. (a) Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) administered intraperitoneally against acetic
acid-induced nociception. (b) Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) administered orally against
acetic acid-induced nociception. Each column represents the mean ± S.E.M. of 6 mice. Control group
received only the vehicle (ethanol: Tween 20: distilled water in 5:5:90, v/v/v) used to dilute the
compound. Indomethacin (Indo, 10 mg/kg) was used as positive control. The asterisks denote the
significance levels compared with the control group (one-way ANOVA, followed by Dunnett’s post
hoc test); *** p < 0.001. Values in parentheses were percentage of inhibition.
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2.1.2. Formalin-Induced Paw Licking Test

Cardamonin treated animals showed significant analgesic effect on both early neurogenic phase
(0–5 min) and late inflammatory phase (15–35 min) in the formalin-induced paw licking test as shown
in Figure 2 (Panel a and b respectively). Cardamonin inhibited the inflammatory pain better in
comparison with the neurogenic pain at all dosage use, especially at 1 mg/kg (98%) and 3 mg/kg (99%)
against inflammatory pain. Morphine (5 mg/kg; s.c.) produced significant inhibition (p < 0.001) against
formalin-induced pain at both the early neurogenic phase (96%) and late inflammatory phase (99%).
In contrast, indomethacin significantly inhibits formalin-induced pain better at the late inflammatory
phase (70% of inhibition) than the early neurogenic phase (31% of inhibition).

Figure 2. (a) Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) in formalin-induced paw licking test
(early phase) in mice. (b) Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) in formalin-induced paw
licking test (late phase) in mice. Each column represents the mean ± S.E.M. of 6 mice. Control group
received only the vehicle used to dilute the compound. Morphine (Morph, 5 mg/kg, s.c.) and
indomethacin (Indo, 10 mg/kg, i.p.) were used as positive control. The asterisks denote the significance
levels compared with the control group (one-way ANOVA, followed by Dunnett’s post hoc test);
*** p < 0.001. Values in parentheses were percentage of inhibition.

2.1.3. Hot Plate Test

i.p. administration of cardamonin and morphine significantly increased the latency time of
nociceptive responses in the hot plate test at the temperature of 52 ± 0.2 ◦C compared with vehicle-
treated animals (Table 1).
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2.2. Investigation of the Mechanisms of Action

2.2.1. Involvement of the TRPV1 Receptor

Cardamonin showed significant inhibition against capsaicin-induced nociception at 1, 3 and
10 mg/kg with p < 0.001 in Figure 3. The maximum inhibition was produced by cardamonin at the
dose of 3 mg/kg with 66% inhibition compared to control. Likewise, capsazepine and indomethacin
significantly exhibited 89% and 74% inhibition, respectively.

Figure 3. Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) against capsaicin-induced nociception.
Each column represents the mean ± S.E.M. of 6 mice. Control group receives only the vehicle used
to dilute the compound. Capsazepine (Cap, 0.17 mmol/kg, i.p.) was used as the positive control for
capsaicin-induced nociception. Indomethacin (Indo, 10 mg/kg, i.p.) was used as positive control.
The asterisks denote the significance levels compared with the control group (one-way ANOVA,
followed by Dunnett’s post hoc test); *** p < 0.001. Values in parentheses are percentage of inhibition.

2.2.2. Involvement of the Glutamate Receptor

Using the glutamate-induced nociception study, it was observed that cardamonin produced
significant antinociceptive activities at all dosage (Figure 4). The percentage of inhibition for were 46%,
44%, 66%, and 84% for 0.3, 1, 3, and 10 mg/kg of cardamonin, respectively, as in comparison with
control. Indomethacin showed 69% of significant inhibition against glutamate-induced nociception at
p < 0.001.

Figure 4. Effect of cardamonin (0.3, 1, 3, 10 mg/kg, i.p.) against glutamate-induced nociception.
Each column represents the mean ± S.E.M. of 6 mice. Control group receives only the vehicle used to
dilute the compound. Indomethacin (Indo, 10 mg/kg, i.p.) was used as positive control. The asterisks
denote the significance levels compared with the control group (one-way ANOVA, followed by
Dunnett’s post hoc test), *** p < 0.001. Values in parentheses are percentage of inhibition.
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2.2.3. Involvement of the Opioid Receptors

Pre-treatment of mice with the non-specific opioid receptor antagonist, naloxone (5 mg/kg; i.p.)
significantly reversed the antinociceptive effect of cardamonin (1 mg/kg; i.p.) at p < 0.001 only in
the early neurogenic phase, but not the late inflammatory phase (Figure 5). The effect of morphine
(5 mg/kg; s.c.) was significantly reversed by naloxone in both the early neurogenic phase as well
as late inflammatory phase. This suggested that opioid system might be involved in the centrally
activated antinociceptive activity by cardamonin.

Figure 5. (a) Effect of naloxone (5 mg/kg, i.p.) on antinociception caused by cardamonin (1 mg/kg,
i.p.) in the early phase in formalin-induced paw licking test. (b) Effect of naloxone (5 mg/kg, i.p.) on
antinociception caused by cardamonin (1 mg/kg, i.p.) in the and the late phase in formalin-induced
paw licking test. The asterisks and hash denote the significance levels (one-way ANOVA, followed by
Tukey’s post hoc test), * p < 0.05, *** p < 0.001, ### p < 0.001.

2.3. Toxicity Assessment

After seven days of observation, no mortality was reported at all doses of cardamonin used.
During the observation period, the animals did not show any signs of abnormal behavior and locomotor
activity. The observations were done qualitatively.
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2.4. Motor Coordination Evaluation

Animals subjected to rota rod task after administration of cardamonin (10 mg/kg; i.p.) did not show
any disturbance in motor coordination. The mean ± S.E.M. in the rota rod test for control, cardamonin
(10 mg/kg) and diazepam (4 mg/kg) were 114.7 ± 5.33 s, 120.0 ± 0.00 s, and 38.83 ± 4.38 s, respectively.

3. Discussion

According to the Third National Health and Morbidity Survey 2006, 7% of the Malaysian
population were suffering from chronic persistent pain [21]. Chronic pain has become a prevalent
health problem among the older generation in Malaysia [22]. This has led to higher hospitalization
rates among the elderly and severely interferes with the quality of life.

Non-steroidal anti-inflammatory drugs (NSAIDs), opioids, and analgesic adjuvants are the major
classes of pharmacological therapies for pain relief currently available in modern medicine [23]. In spite
of pain relieving effects, prolonged usage of these drugs leads to undesirable side effects such as
gastrointestinal bleeding, renal toxicity, hypotension and respiratory depression [24,25]. These adverse
effects have limited the usage of well-known effective pain relieving medicines. Research has been
continuously carried out to seek for alternative pharmacologically potent analgesic treatment with
fewer or milder side effects.

Previous studies have demonstrated an increase in NOS and TNF-α gene expression in the
injected paw of animals after intraplantar administration of CFA [26]. It was postulated that NO
capable of inducing peripheral hyperalgesia by regulating the expression of cyclooxygenase (COX)
which then results in an increase of prostaglandin release [27]. Thus, with the reports of the inhibitory
effect of cardamonin upon the release of pro-inflammatory mediators and also inhibition of both the
NO and PGE2 [13–15], we suggest that cardamonin possess antinociceptive effect in both chemical-
and thermal-induced nociception models in mice.

The present study demonstrated the antinociceptive effects of cardamonin, either through
intraperitoneal or oral administration, at doses that did not produce impairment of motor coordination.
It showed a dose-dependent inhibition in acetic acid-induced abdominal writhing test in mice.
This result support the finding on antinociceptive activity of cardamonin in PBQ-induced writhing
test [20]. The acetic acid–induced abdominal writhing model has been utilized as a screening tool for the
assessment of antinociceptive and also anti-inflammatory properties of potential analgesic agents [28].
Following acetic acid administration into the peritoneal cavity of the animals, chemical mediators
released directly or indirectly at the free nerve endings of sensory polymodal neurons. They also
reported on the increase level of prostaglandins, especially PGE2 in the peritoneal fluid following
acetic acid injection [29]. In line with the in vitro finding where cardamonin exerted inhibitory action
of PGE2 secretion and down regulation of COX-2 gene expression, we suggest that the antinociceptive
mechanism of cardamonin may be linked partly to the disruption of the LOX and/or COX in the
peripheral tissues, leading to decrease in PGE2 synthesis, which then interferes with the mechanism
of signal transduction in primary afferent nociceptors. It has also been previously reported that
cardamonin inhibits inflammatory cytokines like TNF-α, IL-1β and IL-6 and interferes with the NF-κB
signaling pathway [15] that may additionally explain the antinociceptive effects of cardamonin.

The commonly used analgesic agent NSAIDs inhibits the synthesis of prostaglandin, and in the
present study, indomethacin exerted a significant inhibition in the acetic acid–induced pain model.
As shown in Figure 2, cardamonin at the dose of 3 mg/kg has similar analgesic effect as indomethacin
at dose 10 mg/kg. However, acetic acid–induced nociceptive model has good sensitivity but poor
specificity. This is due to the suppressing effect of abdominal writhes by muscle relaxants or other
types of drugs to misinterpretation of the results [30,31]. Thus, formalin-induced paw licking and hot
plate test were carried out in the present study to avoid this problem.

The responses of formalin-induced paw licking is biphasic [32]. The first phase reflects the neurogenic
pain whereby formalin-injected into the paw directly sensitize the C-fiber primary afferent nociceptors.
The second phase is the result of inflammatory response caused by the action of inflammatory mediators,
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or to some extent, the central sensitization of the dorsal horn neurons [32,33]. Substance P and bradykinin
was reported release during the neurogenic phase, whereas histamine, serotonin, prostaglandins and also
bradykinin were involved in the inflammatory phase [34]. Centrally acting analgesics such as morphine
inhibit nociception in both phases equally; in contrast, peripherally acting analgesics such as indomethacin
only inhibit the second phase [33,34]. The present study indicates that cardamonin at all doses reduce
paw lickings induced by formalin in both phases. Thus it was suggested that cardamonin works both
centrally and peripherally, which also implies that cardamonin not only possess antinociceptive response
but also anti-inflammatory activity.

In line with its centrally acting properties, cardamonin exert significant prolongation in response
latency time to thermal stimuli as in the hot plate assessment. Hot plate test is a sensitive and specific
thermal model for the evaluation of the involvement of central analgesic activity, or in other words
supra-spinal activity [35,36]. Thus, the present study provides strong evidence that cardamonin exert
centrally mediated antinociceptive activity as it decreases nociception in the first phase of formalin test
and increased nociceptive threshold in the hot plate test. In addition, pre-treatment with non-selective
opioid antagonist, naloxone has significantly antagonized the antinociceptive effect of cardamonin
and morphine in both the formalin-induced paw licking and hot plate test. These finding suggest that
the central antinociceptive mechanism of cardamonin could involve the activation of opioid receptors
or modulation of the effect of endogeneous opioid peptides.

In order to further understand the antinociceptive action of cardamonin, capsaicin-induced
neurogenic paw licking test was carried out. Capsaicin, the pungent ingredient of hot chili peppers,
upon administered, it directly stimulates the transient receptor potential cation channel V1 (TRPV1)
which found on the sensory C-fibers. Capsaicin also mediates the release of excitatory amino acids
(glutamate and aspartate), nitric oxide and pro-inflammatory mediators and thus transmitting the
nociceptive impulses to the central spinal system [37]. In this study, cardamonin also exhibit significant
reduction in nociceptive responses in capsaicin-induced paw licking assessment.

Another interesting finding of this study reveals that cardamonin exhibit significant
inhibitory nociceptive response against intraplantar injection of glutamate into mouse hind paw.
Glutamate-induced nociceptive responses appears to involve peripheral, spinal and supra-spinal
sites of action and is mediated by both of the activation of N-methyl-D-aspartate (NMDA) and
α-amino-3-hydroxyl-5-methyl-isoxazolepropionate (non-NMDA) receptors, as well as by nitric oxide
release or by some NO-derived substances. The release of nitric oxide eventually increased the
synthesis or release of pro-inflammatory mediators such as cytokine, reactive oxygen species (ROS)
as well as prostanoids followed by enhanced inflammatory reaction [38]. The present study strongly
suggests that antinociceptive activity induced by cardamonin in the glutamate test, at least in part,
could be due to its interaction with the glutamatergic system or its ability to inhibit NO production.

Finally, the present study provides convincing evidence that systemic administration of
cardamonin was largely devoid of significant effect on motor coordination of animals in the rota
rod assessment. Therefore, the possibility of non-specific muscle relaxation and sedative effects of
cardamonin-induced antinociception could be eliminated. The result of preliminary acute toxicity
investigation showed that no occurrence of animal mortality over the period of observation. The study
conducted qualitatively by observing signs of toxicity indicated that cardamonin have a reasonably
low toxicity profile and should be regarded as safe while detailed quantitative assessments to be
carried out in the future.

4. Materials and Methods

4.1. Plant Material

Five kilograms of Boesenbergia rotunda were purchased from the local market in Serdang,
Malaysia and was authenticated by a resident botanist at the Institute of Bioscience, Universiti Putra
Malaysia (IBS, UPM), Malaysia. A voucher specimen (SK1780/10) was deposited at the Herbarium,
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Laboratory of Natural Products, IBS, UPM and small part of the rhizomes were cultivated at the
Medicinal Plant Garden, IBS, UPM for future reference.

4.2. Extraction and Isolation

The fresh rhizomes of B. rotunda were sliced into small flat pieces and dried under shadow for one
weak. The dried rhizomes were ground into fine powder by using domestic food processor. The dried
powder 2.5 kg was dissolved in distilled methanol for two-three days. The methanolic extract was
filtrate and concentrate on rotary evaporator to obtained 255 gm crude extract. The methanolic extract
was subjected to solvent extraction. The crude methanolic extract was dissolved in 250 mL distilled
water and transferred into separating funnel. About 150 mL hexane was added into aqueous layer
and subsequently extracted with chloroform, ethyl acetate, and butanol. The chloroform layer finally
passed over sodium sulfate anhydrous to remove the moisture. The chloroform extract was subjected
to flash column chromatography by using ethyl acetate and hexane as eluents. Finally, the compound
(Figure 6) was purified from chloroform extract and identify as cardamonin (CARD) after performing
the detailed NMR spectroscopic and chromatographic methods, respectively. The purity of the
compound was 98.0%.

Figure 6. The chemical Structure of cardamonin.

(Cardamonin): (E)-1-(4′,6′dihydroxy-2′-methoxyphenyl)-3-phenylprop-2-en-1-one. (E)-1-(4′,6′-dihydroxy-2′-
methoxyphenyl)-3-phenylprop-2-en-1-one: yellow needles crystals: m.p. 192–194 ◦C, EI-MS m/z
270.23, (molecular formula C16H16O4). IR max (cm−1, KBr disc): 3256 (OH), 1632 (C=O), 1544, 1490,
1288, 1326, 1228 cm−1. 1HNMR (CDCl3, 500 MHz): δ 7.92 (d, 1H, J = 15.5 Hz, Hβ), 7.80 (d, 1H, J = 15.5
Hz, Hα), 7.62 (br, d, 2H, H-2,6), 7.46 (m, 3H, H-3,4,5), 6.12 (br, s, 1H, H-3′), 5.98 (br, s, 1H, H-5′), 3.85 (s,
3H, OMe, C-2′). int.): m/z 270 ([M+], 269 (54), 253 (5), 193 (100), 131 (35, 103 (39), 77 (32).

4.3. Experimental Animals

All animal care and the antinociceptive experimental procedures performed were in accordance
with the ethical guidelines for investigations of experimental pain in conscious animals (Zimmermann,
1983) and approved by the Animal Care Unit Committee (ACUC), Faculty of Medicine and Health
Sciences, Universiti Putra Malaysia (UPM/FPSK/PADS/BR-UUH/00425). The antinociceptive
experiments were carried out using male ICR mice (20–30 g). They were housed in groups of
10 per cage and maintained on a 12/12-h light/dark cycle (lights were switched on at 06:00 h),
at the animal house facility, Faculty of Medicine and Health Sciences, Universiti Putra Malaysia.
Food and water were available ad libitum, except during the experimental procedure. The animals
were habituated to the condition of the laboratory at least 2 h before testing and were used only once
throughout the experiments. The number of animals and intensities of noxious stimuli used were
the minimum necessary to demonstrate consistent effects of drug treatments. All efforts were made
to minimize animal suffering. At the end of the experiments, the animals were anesthetized and
euthanized by cervical dislocation. In all experiments, data were collected by a blinded, randomized,
and controlled design.

257



Molecules 2018, 23, 2237

4.4. Drugs and Chemicals

Tween 20, absolute ethanol, acetic acid, formalin, morphine hydrochloride, naloxone, indomethacin,
diazepam, capsaicin, capsazepine, and glutamate were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). All drugs used were dissolved in physiological saline (0.9% NaCl). Cardamonin and
indomethacin were dissolved in ethanol, Tween 20 and distilled water in 5:5:90 (v/v/v) fractions.
Respective controls received only solvent vehicle, whereby it had no effect per se on nociceptive
responses. All drugs, chemicals, and CARD solutions were freshly prepared and administered
intraperitoneally (i.p.) in a volume of 10 mL/kg, unless otherwise stated in the method.

4.5. Evaluation of the Antinociceptive Activity

4.5.1. Acetic Acid–Induced Abdominal Writhing Test

The acetic acid–induced abdominal writhing test was conducted as previously described [39].
Mice were pre-treated with CARD (0.3, 1, 3 and 10 mg/kg; i.p.), 30 min prior to injection of 0.6% acetic
acid (10 mL/kg; i.p.). Indomethacin (10 mg/kg) was used as reference drug and was administered by
i.p. route, 30 min before the nociceptive agent. Following the injection of acetic acid, the animals were
immediately placed into a perspex chamber, and the number of writhing was recorded for 30 min,
starting from 5 min post-injection. Antinociceptive activity of CARD was expressed as a reduction
in the mean number of abdominal writhes in the group pre-treated with CARD compared with the
control group.

4.5.2. Formalin-Induced Paw Licking Test

The formalin-induced paw licking test was carried out as previously described [40]. Mice used
were individually adapted in an observation chamber made of transparent acrylic. CARD (0.3, 1, 3,
and 10 mg/kg; i.p.) or vehicle (10 mL/kg; i.p.) was administered 30 min before the formalin injection.
Indomethacin (10 mg/kg; i.p.) and morphine (5 mg/kg; s.c.) were used as positive control drug and
were administered 30 min and 1 h before the test. After 30 min, 20 μL of 2.5% of formalin solution
(v/v in distilled water) was injected subcutaneously into the ventral surface of the right hind paw of
the mice. The amount of time (in seconds) spent on licking and biting the injected paw was recorded
up to 35 min after formalin injection as an indicator of nociceptive behavior. The initial nociceptive
scores normally peaked at 0–5 min (early phase) and 15–35 min (late phase) after formalin injection,
representing the neurogenic and inflammatory pain responses, respectively.

4.5.3. Hot Plate Test

The antinociceptive property of cardamonin for thermal noxious stimuli was evaluated according
to the method described previously [41]. The metal surface of the hot plate (Model 7280, Ugo Basile,
VA, Italy) was set and maintained at temperature of 52 ± 0.2 ◦C. Mice were then placed into the
Plexiglas cylinder on the heated metal surface individually and the time elapsed between placement
and licking the forepaws, or jumping were recorded as response latency time. The reaction time was
recorded before and at 30, 60, 90, 120, 180 and 210 min after administration of cardamonin (0.3, 1, 3,
and 10 mg/kg; i.p.) or vehicle (10 mL/kg; i.p.). Morphine (5 mg/kg; s.c.) was used as a reference drug.
A cut-off time of 20 s was defined as complete analgesia and to avoid tissue damage.

4.6. Investigation of the Mechanisms of Action

4.6.1. Involvement of the TRPV1 Receptor

The involvement of TRPV1 in antinociceptive activity by CARD was investigated by using
capsaicin-induced paw licking model. The procedure implemented was similar to that described
previously [42]. Mice were pre-treated with CARD (0.3, 1, 3, and 10 mg/kg; i.p.), capsazepine
(0.17 mmol/kg; i.p.), indomethacin (10 mg/kg; i.p.) or vehicle (10 mL/kg; i.p.) prior to injection of
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20 μL of capsaicin (1.6 μg/paw) intraplantarly (i.pl) into the ventral surface of the right hind paw of
the mice. The animals were observed individually for 5 min after capsaicin injection. The amount of
time spent licking the injected paw was recorded and was considered as an indication of pain behavior.

4.6.2. Involvement of the Glutamate Receptor

The participation of glutamate receptor in antinociceptive activity by cardamonin was investigated
through glutamate-induced paw licking model. The experiment was carried out as previously
described [38]. Mice were pre-treated with CARD (0.3, 1, 3, and 10 mg/kg; i.p.), indomethacin
(10 mg/kg; i.p.) or vehicle (10 mL/kg; i.p.). After 30 min, 20 μL of glutamate (10 μmol/paw;
i.pl.) was injected into the ventral surface of right hind paw of the mice. The mice were then
observed individually for 15 min after glutamate injection. The amount of time spent licking the
glutamate-injected paw was recorded and was considered as an indication of pain behavior.

4.6.3. Involvement of the Opioid Receptors

To investigate the possible involvement of the opioid system in the antinociceptive activity
of cardamonin, separate groups of mice were pre-treated with the non-selective opioid receptor
antagonist, naloxone (5 mg/kg; i.p.) 15 min prior to the administration of cardamonin (1 mg/kg; i.p.),
morphine (5 mg/kg; s.c.) or vehicle (10 mL/kg; i.p.). After 30 min (for i.p. administration) and 60 min
(for s.c. administration), the mice were subjected to the formalin-induced paw licking test and hot
plate test [42].

4.7. Toxicity Assessment

The acute toxicity study was conducted to assess the toxicity of cardamonin as described
previously [41]. Animals were fasted overnight prior to the test with free access to water ad libitum.
Mice were divided into groups and were administered with experimental doses of cardamonin (0.3,
1, 3 and 10 mg/kg) orally (p.o.) and intraperitoneally (i.p.). The control group received the vehicle
(10 mL/kg). After administration of cardamonin, the animals were observed for 4 h for any abnormal
behaviors, respiratory distress, motor impairment, sedation, and hyper-excitability qualitatively.
In addition, any incidence of mortality was recorded up to 24 h after administration of cardamonin.
Animals were given free access to standard pellet and water throughout the study.

4.8. Motor Coordination Test

Rota-rod test was conducted to investigate the possible sedative and motor-coordination
effect of cardamonin. The method employed was similar to that described previously with slight
modification [43]. Mice that successfully remain on the revolving bar of the rota rod apparatus
(Model 7600, Ugo Basile) revolving at a speed of 20 rounds per min for two consecutive periods of 60 s
were selected 24 h prior to the test. The selected mice were administered with cardamonin (10 mg/kg;
i.p.), vehicle (10 mL/kg; i.p.) or diazepam (4 mg/kg; i.p.) 30 min prior to the experiment. Motor
performance was evaluated as the latency of permanence(s) on the revolving bar up to 120 s at the
time of 30, 60, and 90 s after the treatment. The average time of the animals remain on the revolving
bar was recorded.

4.9. Statistical Analysis

The data collected was expressed as mean ± S.E.M. obtained from 6 animals per group and
analyzed using one-way ANOVA followed by Dunnett’s post hoc test, unless otherwise stated.
The differences between means were considered as statistically significant at p < 0.05. The experimental
ED50 (effective dose producing a 50% reduction in abdominal writhes) and its 95% confidence intervals
(CI) were determined by linear regression using GraphPad Prism (Version 5, GraphPad Software,
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La Jolla, CA, USA). The percentages of inhibition were calculated by comparing the results of treatment
group with control group.

5. Conclusions

In conclusion, the present study demonstrated that systemic administration of cardamonin
at a dose which does not cause any toxic effects and interference of motor co-ordination exerted
significant peripheral and central antinociception when assessed in the chemical- and thermal-induced
nociception test models in mice through the involvement of TRPV1, glutamate, and opioid receptors.
The precise mechanism underlying the antinociceptive activity of cardamonin remains to be
investigated. Currently, a study to determine the possible mechanism(s) of action responsible for
cardamonin-induced antinociceptive activity is in progress.
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Abstract: Imperata cylindrica (L.) Raeusch. (IMP) aerial part ethyl acetate extract has anti-proliferative,
pro-apoptotic, and pro-oxidative effects towards colorectal cancer in vitro. The chemical constituents
of IMP aerial part ethyl acetate extract were isolated using high-performance liquid chromatography
(HPLC) and identified with tandem mass spectrometry (ESI-MS/MS) in combination with
ultraviolet-visible spectrophotometry and 400 MHz NMR. The growth inhibitory effects of each
identified component on BT-549 (breast) and HT-29 (colon) cancer cell lines were evaluated after
48/72 h treatment by MTT assay. Four isolated compounds were identified as trans-p-Coumaric acid
(1); 2-Methoxyestrone (2); 11, 16-Dihydroxypregn-4-ene-3, 20-dione (3); and Tricin (4). Compounds
(2), (3), and (4) exhibited considerable growth inhibitory activities against BT-549 and HT-29 cancer
cell lines. Compounds (2), (3), and (4) are potential candidates for novel anti-cancer agents against
breast and colorectal cancers.

Keywords: Imperata cylindrica; HPLC; ESI-MS/MS; growth inhibitory activity; cancer

1. Introduction

Imperata cylindrica (L.) Raeusch. (IMP) is widely used for the treatment of hemorrhage,
improvement of urination, and enhancement of the immune system [1]. Amounts of bio-active
compounds isolated from IMP rhizomes and leaves were identified including benzoic acid and its
derivatives [2], lignans [3], phenolic compounds [4], steroids [5], methoxylated flavonoids [6], and
chromones [7].

Cancer is one of the leading causes of death worldwide. Herbal medicines are commonly used as
both complementary ingredients and alternative therapies in cancer treatments. Potential bio-active
components from herbal medicines can be isolated and purified using a high-performance liquid
chromatography (HPLC) system. A tandem MS/MS detection system providing fragmentation
information of the targets is one of the best choices adopted in chemical structural characterization
and drug discovery [8,9].

Our previous study demonstrated that IMP aerial part ethyl acetate extract had growth-inhibiting,
pro-apoptotic, and pro-oxidative effects on a colorectal cancer cell line HT-29 in vitro [10]. The present
study aims to isolate the chemical constituents from IMP aerial part ethyl acetate extract and identify
the bio-active compounds with considerable growth inhibitory activity against cancers.

Molecules 2018, 23, 1807; doi:10.3390/molecules23071807 www.mdpi.com/journal/molecules263
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2. Results

2.1. Isolation, Identification, and Quantification of Compounds (1)–(4)

Chemical structures of four compounds isolated from IMP aerial part ethyl acetate extract are
shown in Figure 1.

Figure 1. Chemical structures of compounds (1)–(4) isolated from IMP aerial part ethyl acetate extract.
These are trans-p-Coumaric acid (1); 2-Methoxyestrone (2); 11, 16-Dihydroxypregn-4-ene-3, 20-dione
(3); and Tricin (4).

2.1.1. Compound (1): Trans-p-Coumaric Acid

The molecular formula of compound (1), C9H8O3, was identified by comparing the liquid
chromatographic retention time, UV absorption spectrum, and ESI-MS/MS spectrum with the
trans-p-Coumaric acid standard (Sigma Aldrich, St. Louis, MO, USA). The HPLC chromatogram
of compound (1) and trans-p-Coumaric acid standard (in methanol) possessed the same identical
retention time (Figure 2A,B).

Figure 2. HPLC-DAD chromatogram of IMP aerial part ethyl acetate extract at 323 nm. IMP aerial
part ethyl acetate extract solution (10 mg/mL in methanol, 20 μL) was analyzed in the 60 min HPLC
gradient program. (A) The retention time of the trans-p-Coumaric acid standard (0.125 mg/mL in
methanol, 20 μL) purchased from Sigma (B) was consistent with compound (1) in IMP aerial part ethyl
acetate extract fingerprint.
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The MS/MS fragmentation pattern of compound (1) accurately matched with the MS2 spectrum
from the NIST14 mass spectral database and the trans-p-Coumaric standard (Figure 3).

 
(A) 

 
(B) 

(C) 

Figure 3. Relevant tandem mass (MS/MS) spectra. (A) trans-p-Coumaric acid spectrum (from
NIST 14 mass spectral library); (B) isolated and purified compound (1); (C) trans-p-Coumaric acid
standard (Sigma).

2.1.2. Compound (2): 2-Methoxyestrone

The molecular formula of compound (2), C19H24O3, was identified with the MS/MS spectrum by
searching the NIST14 mass spectral database (Figure 4).
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(A) (B) 

Figure 4. Relevant tandem mass (MS/MS) spectra. (A) 2-Methoxyestrone (from NIST 14 mass spectral
library); (B) isolated and purified compound (2).

2.1.3. Compound (3): 11, 16-Dihydroxypregn-4-ene-3, 20-dione

The molecular formula of compound (3): C21H30O4, was identified with the MS/MS spectrum by
searching the NIST14 mass spectral database (Figure 5).

  
(A) (B) 

Figure 5. Relevant tandem mass (MS/MS) spectra. (A) 11, 16-Dihydroxypregn-4-ene-3, 20-dione (from
NIST 14 mass spectral library); (B) isolated and purified compound (3).

2.1.4. Compound (4): Tricin

The molecular formula of compound (4), C17H14O7, was identified by comparing the MS/MS
spectrum with the published literature [11] (Figure 6A,B). The UV spectrum (Figure 6C), obtained
using λmax at 351 nm, was consistent with the previous description [12].
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(A) 

(B) 

 
(C) 

Figure 6. Relevant tandem mass (MS/MS) spectra. (A) Tricin (from literature [11]); (B) isolated and
purified compound (4). (C) Compound (4) has absorption peaks (λmax) at 351 nm. A control of 100%
methanol was used and auto-zeroed automatically by the software.

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.964 (1H, s, 5-OH), 10.804 (s, 1H, 7-OH), 9.318 (s, 1H,
4-OH), 7.330 (2H, s, H-6′ and H-2′), 6.984 (1H, s, H-3), 6.564 (1H, d, J = 2.0 Hz, H-8), 6.209 (1H, d,
J = 2.0 Hz, H-6), 3.887 (6H, s, 2OCH3). 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 181.75 (C-4), 164.08
(C-2), 163.61 (C-7), 161.35 (C-5), 157.28 (C-9), 148.41 (C-3′ and C-5′), 139.81 (C-4′), 120.34 (C-1′), 104.35
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(C-3), 103.68 (C-2′ and C-6′), 103.55 (C-10), 98.77 (C-6), 94.14 (C-8), 56.32 (2OCH3). DEPT90-NMR
(DMSO-d6) δ (ppm): 94.12 (C-8), 98.75 (C-6), 103.53 (C-10), 104.31 (C-3). DEPT135-NMR (DMSO-d6) δ
(ppm): 56.31 (2OCH3), 94.13 (C-8), 98.76 (C-6), 103.54 (C-10), 104.3 (C-3). DEPT spectra revealed that
there were two primary carbons, five tertiary carbons, and ten quaternary carbons. A signal at δ3.887
(s, 6H) observed in the 1H-NMR spectrum and a signal at δ 56.32 observed in the 13C-NMR spectrum
indicated that there were two equivalent methoxy groups. The NMR results (Figure 7) were consistent
with the published data [13,14].

 
(A) 

 
(B) 

 
(C) 

Figure 7. Cont.
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(D) 

Figure 7. NMR spectra of Tricin. Purified Compound (4) in DMSO-d6 solution was conducted NMR
analysis. 1H, 13C, DEPT90, and DEPT135-NMR spectra are shown in (A–D), respectively.

Compounds (1)–(4) identified by tandem mass spectrometry (MS2) are listed in Table 1.

Table 1. Characteristics of compound (1)–(4) identified by tandem mass spectrometry.

Analyte Ion Mode
Molecular
Formula

CAS No. MS/MS Fragments (m/z)

trans-p-Coumaric acid [M+H]+ C9H8O3 501-98-4 165.7, 147.4, 136.3, 118.9, 90.5
2-Methoxyestrone [M-H]− C19H24O3 362-08-3 299.9, 285.0, 271.8, 256.3, 243.8

11, 16-Dihydroxypregn-4-ene-3, 20-dione [M-H]− C21H30O4 55622-61-2 344.9, 327.0, 309.1, 290.9, 265.2, 247.0
Tricin [M+H]+ C17H14O7 520-32-1 331.1, 315.0, 287.0, 270.1, 258.0, 242.4

2.1.5. Content of Analytes in IMP Aerial Part Ethyl Acetate Extract

Quantitative analysis of each isolated and purified compound in IMP aerial part ethyl acetate
extract was determined by HPLC-DAD. The linearity of the calibration curve, limit of detection (LOD),
and limit of quantification (LOQ) are listed in Table 2.

Table 2. Content of analytes in IMP aerial part ethyl acetate extract.

Analytes Calibration Curves a R2 b
Linear
Range

(mg/mL)

LOD c

(μg/mL)
LOQ d

(μg/mL)

Contents of
Analytes (mg/g
Extract, n = 3)

trans-p-Coumaric acid y = 114751x − 31.91 0.9999 0.0010–0.25 0.30 0.95 0.12 ± 0.010
2-Methoxyestrone y = 13217x + 195.65 0.9992 0.031–1.00 7.28 24.84 0.86 ± 0.042

11,16-Dihydroxypregn-4-ene-3, 20-dione y = 15063x + 1173.70 0.9995 0.12–2.50 6.71 22.91 0.65 ± 0.13
Tricin y = 35025x − 126.29 0.9999 0.016–2.00 3.23 11.02 0.59 ± 0.041

a y, the value of peak area (by HPLC-DAD at 323 nm); x, the value of concentration (mg/mL); b R2, correlation
coefficient for six points on the calibration curves (n = 3); c LOD, limit of detection (S/N = 3); d LOQ, limit of
quantification (S/N = 10).

2.2. Growth Inhibitory Evaluation of Compounds (1)–(4) on Breast Cancer and Colorectal Cancer In Vitro

The purified dried powder of each compound was dissolved in DMSO with a gradient of
concentrations (μM). The growth inhibitory effects of compounds (1)–(4) on BT-549 (breast cancer cell
line) were evaluated after 48/72 h treatment by MTT assay (Figure 8). Data are presented as mean
values ±SD from three independent studies (n = 3).
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Figure 8. The growth inhibitory effects of compound (1)–(4) on BT-549 (breast cancer cell line) were
evaluated after 48/72 h treatment by MTT assay.

The growth inhibitory effects of compounds (1)–(4) on HT-29 (colon cancer cell line) are shown in
Figure 9.

Figure 9. The growth inhibitory effects of compounds (1)–(4) on HT-29 (colon cancer cell line) were
evaluated after 48/72 h treatment by MTT assay.

The half-maximal inhibitory concentration (IC50) of compounds (2), (3), and (4) on BT-549 breast
cancer cell line (72 h) was 102, 97, and 68 μM, respectively. IC50 of compounds (2), (3), and (4) on a
HT-29 colon cancer cell line (72 h) was 147, 134, and 114 μM, respectively. There were no statistically
significant differences between 48 h and 72 h treatment groups (p > 0.05) (Table 3).
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Table 3. IC50 of compounds (1)–(4) on BT-549 and HT-29 cancer cell lines.

Cancer Unit
Treatment Group (48/72 h)

Trans-p-Coumaric Acid 2-Methoxyestrone 11,16-Dihydroxypregn-4-ene-3, 20-dione Tricin

BT-549
μg/mL 151/83 43/31 35/34 31/23
μM 920/507 144/102 a 101/97 a 95/68 a

HT-29
μg/mL 135/135 51/44 33/46 39/38
μM 821/821 169/147 a 96/134 a 118/114 a

a Numbers identified refer to the considerable growth inhibitory activity with half-maximal inhibitory concentration
(IC50 < 150 μM).

3. Discussion

A previous study showed that the 50% growth inhibitory effect (GI50) of the IMP aerial part
ethyl acetate extract against HT-29 was 14.5 μg/mL [10]. The three isolated compounds, including
2-Methoxyestrone (2), 11, 16-Dihydroxypregn-4-ene-3, 20-dione (3), and Tricin (4), have considerable
growth inhibitory activities on BT-549 and HT-29 with the IC50 values among 23–51 μg/mL. Synergy
and positive interactions between isolated constituents may contribute to the greater effect of the crude
extract against cancers that can be further investigated.

Compound (1), trans-p-Coumaric acid, was able to induce apoptosis of HCT-15 colon cancer cells
through a ROS-mitochondrial pathway with an IC 50 value of 1400 μM [15]. Natural trans-p-Coumaric
acid exists in a wide variety of edible plants. The phenolic components from flaxseed oil was reported
to have cytotoxic and pro-oxidant effects on MCF-7 human breast cancer cells [16]. The high gastric
absorption efficiency of p-Coumaric acid was observed in rats, which makes it a potential bio-active
compound in vivo [17]. Compound (2), 2-Methoxyestrone, is one kind of metabolite of estrone and
estradiol. It is worth mentioning that 2-Methoxyestradiol was under a phase II clinical trial and
expected to be a novel oral drug against multiple human melanoma, including breast cancer and
ovarian cancer [18,19]. Metabolic inter-conversion between 2-Methoxyestrone and 2-Methoxyestradiol
are based on the enzymatic catalyze reactions. Reductive activity promotes 2-Methoxyestrone
conversion to 2-Methoxyestradiol. 2-Methoxyestrone can be formed by the enzymatic oxidation
of 2-Methoxyestradiol [20]. Our study first reported the growth inhibitory activities of compound (3),
11, 16-Dihydroxypregn-4-ene-3, 20-dione, against BT-549 and HT-29 cancer cell lines. The structure
of 11, 16-Dihydroxypregn-4-ene-3, 20-dione is similar to the well-known endogenous steroid
(11α-Hydroxyprogesterone, C21H30O3). Transformations of 11α-Hydroxyprogesterone generate a
series of metabolites. Amounts of metabolites with different isoforms were identified as novel
candidates of steroid drugs [21]. The molecular mechanisms of 11, 16-Dihydroxypregn-4-ene-3,
20-dione against cancers can be further investigated. Compound (4), Tricin, a well-studied bio-active
flavonoid, is widely distributed in rice bran and bamboo leaves [22,23]. A previous study also isolated
Tricin from the aerial part of Imperata cylindrica (L.) Beauv. [5]. Tricin was reported to have remarkable
anti-cancer potential against SW-480 colon cancer cells and MDA-MB-468 breast cancer cells, and is
safe for clinical development as a cancer preventive agent [24–28].

4. Materials and Methods

4.1. Cells, Chemicals and Reagents

BT-549 and HT-29 cell lines were obtained from ATCC (Manassas, VA, USA). BT-549 and HT-29
cells were cultured at 37 ◦C in a humidified atmosphere of 5% CO2 in RPMI 1640 (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA). Acetonitrile
(ACN) (E. Merck, Darmstadt, Germany), Methanol (E. Merck, Darmstadt, Germany) and trifluoroacetic
acid (TFA) (Sigma Aldrich, St. Louis, MO, USA) were of HPLC grade, and distilled and deionized
water (ddH2O) was prepared using a Millipore water purification system (Millipore, Milford, MA,
USA). All other reagents used in this study were of analytical reagent grade or higher and purchased
from Sigma Aldrich.
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4.2. Preparation of Powder Extract of IMP Aerial Part

The extraction method was described previously [10].

4.3. HPLC Analysis

The HPLC fingerprint was analyzed on a HP1100 series system (Santa Clara, CA, USA) equipped
with a diode-array detector. An extract solution of 50 mg/mL (dissolved in methanol) was filtered
with a 0.22 μm polytetrafluoroethylene (PTFE) membrane. A 15 μL sample was injected to a
semi-preparative HPLC column (ALLTIMA C18, 5 μm, 250 mm × 10 mm i.d. Hichrom, Searle,
UK) and detected at 323 nm. The initial mobile phase composed of solvent A (0.1% TFA in ddH2O)
and solvent B (100% methanol). The gradient for the HPLC analysis was programmed as follows:
0–5 min, 65% B; 5–15 min, 70% B; at a flow rate of 1.5 mL/min; 15–25 min, 80% B, at a flow rate of
1.0 mL/min; 25–40 min, 85% B, at a flow rate of 0.8 mL/min; 40–50 min, 100% B, at a flow rate of
2.0 mL/min, and then was held for additional 5 min.

4.4. Isolation and Purification of Compounds (1)–(4) by HPLC

Fractions were collected manually by observing the elution profile of the chromatography
workstation. The elution profile was programmed with the gradient mobile phase composed of solvent
A (0.1% TFA in ddH2O), solvent B (100% methanol), and solvent C (100% ACN). Fractions were isolated
and purified with the semi-preparative HPLC column (ALLTIMA C18, 5 μm, 250 mm × 10 mm i.d.
Hichrom, Searle, UK). The gradients used for collecting each fraction were set as follows: Fraction
(1), 0–14 min, 60% C; 14–19 min, 100%; at a flow rate of 1.5 mL/min; Fractions (2) and (3), 0–15 min,
85% B; 15–18 min, 100% B; at a flow rate of 2.0 mL/min; Fraction (4), 0–15 min, 85% B; at a flow
rate of 2.0 mL/min; and 15–17 min, 100% B; at a flow rate of 2.5 mL/min. The purity of each HPLC
fraction was calculated based on the proportion of the target peak area. The purified HPLC eluent was
lyophilized and stored at −20 ◦C for further use.

4.5. Mass Spectrometry

The identification of each purified component was performed on a tandem mass spectrometer
equipped with an electrospray ionization source. Each purified compound was dissolved in methanol
at an appropriate concentration and was infused into the QTRAP 5500 mass spectrometer system
(AB SCIEX, Framingham, MA, USA) equipped with a Turbo VTM Spray ion source. Multiple reaction
monitoring (MRM) in both positive and negative mode was used to enhance the selectivity of detection.
The source-dependent parameters for the mass spectrometer (MS) were set as follows: ion spray
voltage (IS) = ±5500 V; curtain gas (CUR) = 20 psi; collision gas (CAD) = 10 psi; nebulizer gas
(GS1) = 12 psi, heater gas (GS2) = 0 psi, and source temperature (TEM) = 0 ◦C. The fraction-dependent
parameters were set as follows: declustering potential (DP) = +120.0 V/−130.0 V; entrance potential
(EP) = ±10.0 V; collision cell exit potential (CXP) = ±13.0 V. The MS/MS optimized collision energy
applied to compounds (1)–(4) was given as follows: 25 V in positive mode, 25 V in negative mode, 25 V
in negative mode, and 40 V in positive mode, respectively. For trans-p-Coumaric acid standard, the
collision energy applied was 10 V in positive mode. Raw data and images of spectra were generated
by Analyst® Software (Redwood, CA, USA) and modified using Excel® (Redmond, WA, USA).

4.6. Ultraviolet-Visible Spectrophotometry

The UV spectrum of compound (4) was measured using a Shimadzu UV-3600 spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). Each absorption spectrum was recorded from 200.00 nm to
400.00 nm. Profiles were generated by UVProbe 2.21 Software (Shimadzu Corporation, Kyoto, Japan).
A control of 100% methanol was set and auto-zeroed automatically by software.
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4.7. NMR Analysis

A 5 mg sample of purified compound (4) was dissolved in DMSO-d6, and 1H NMR (400 MHz),
13C NMR (100 MHz), DEPT 90, DEPT 135 spectra were recorded using the Bruker Avance III 400 MHz
NMR spectrometer spectroscopy (Bruker Corporation, Solna, Sweden). All chemical shifts were
reported in δ (ppm) relative to tetramethylsilane (TMS).

4.8. Quantitative Analysis

The content of each identified compound in IMP aerial part ethyl acetate extract was determined
using a HPLC-DAD system. The linearity and range was evaluated by constructing a calibration curve
(peak area vs concentration). Quantification was performed upon six levels of external standards.
The limit of detection (LOD) was determined as the concentration with a signal-to-noise ratio of three,
and the limit of quantification (LOQ) was determined as the concentration with a signal-to-noise ratio
of ten.

4.9. MTT Assay

The growth inhibitory effects of compounds (1)–(4) on HT-29 (colon) and BT-549 (breast) cancer
cell lines were evaluated. Cells were seeded at 4 × 103 cells per 96-well and incubated for 24 h.
The cells were then treated by 0.5% DMSO (as solvent control) or various concentrations of compounds
(as treatment group) and incubated at 37 ◦C for 48 and 72 h. The MTT assay and data analysis were
performed as previously described [29].

4.10. Data Analysis

All statistics were calculated with SPSS 17.0 software and data were expressed as mean ± standard
deviation (SD) for each analyte. For MS/MS spectrometry analysis, each mass spectrum shown was
the average spectra of each sample detected with ten repetitions in each analysis. Compounds were
identified by comparing the tandem mass (MS/MS) fragmentation patterns with those in the literatures,
NIST14 mass spectral database, and the MS Search Program v.2.2 (National Institute of Standards and
Technology, Gaithersburg, MD, USA). For the viability assay, a nonlinear regression test was applied
to obtain a fit curve (R2 > 0.98). Analysis of the differences between the 48/72 h treatment groups was
carried out by one-way ANOVA (coupled with a post-test, Dunnett’s test) with * p < 0.05.

5. Conclusions

In this study, it is the first time that trans-p-Coumaric acid (1); 2-Methoxyestrone (2); 11,
16-Dihydroxypregn-4-ene-3, 20-dione (3), and Tricin (4) were isolated and identified from IMP aerial
part ethyl acetate extract. 2-Methoxyestrone, 11, 16-Dihydroxypregn-4-ene-3, 20-dione and Tricin
possess considerable growth inhibitory activities against BT-549 breast and HT-29 colon cancer cell
lines. The data provided important information about the bio-active components from IMP aerial
part ethyl acetate extract. Imperata cylindrica (L.) Raeusch., one kind of traditional herbal medicine,
has rational medical application potentials with respect to breast and colorectal cancer prevention.
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HPLC-DAD, high-performance liquid chromatography–diode array detector (HPLC-DAD); ESI-MS/MS,
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MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide; ACN, acetonitrile; TFA, trifluoroacetic
acid; λmax, wavelength of maximum absorption; LOD, limit of detection; LOQ, limit of quantification; IC50,
half-maximal inhibitory concentration; TMS, tetramethylsilane; SD, standard deviation.
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Abstract: Dryopteris fragrans is a valuable medicinal plant resource with extensive biological
activities including anti-cancer, anti-oxidation, and anti-inflammation activities. This work aims
to study further the cytotoxic constituents from Dryopteris fragrans. In this work, two new
phenolic derivatives known as dryofragone (1) and dryofracoumarin B (2) with six known
compounds (3–8) were isolated from the petroleum ether fraction of the methanol extract of the
aerial parts of Dryopteris fragrans (L.) Schott by two round cytotoxicity-guided tracking with the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay and cell counting
kit-8 (CCK-8) assay. Their structures were elucidated by the extensive spectroscopic analysis
(1H-NMR, 13C-NMR, and two dimensions NMR), chemical derivatization, and comparison with data
reported in the literature. All the isolates were evaluated for their cytotoxicity against nine cancer cell
lines as well as their in vitro immunomodulatory activity. The results showed that compounds have
a modest cytotoxicity toward human HeLa cell line with IC50 value below 30 μM and compounds 4

and 5 may modulate immunity to affect the growth of tumor cells.

Keywords: cytotoxicity-guided; phenolic derivatives; Dryopteris fragrans; chemical derivatization;
immuno-regulation activity

1. Introduction

Dryopteris fragrans (L.) Schott (Figure 1) belonging to the genus Dryopteris is a perennial herb with
aroma widely distributed throughout the world and is mostly distributed in the alpine and volcanic
regions of Northeast China [1,2]. D. fragrans has been used as folk medicine for treating arthritis and
skin diseases such as psoriasis, dermatophytosis, and more [3]. Previous phytochemical investigations
on this plant have led to the identification of terpenoids [4], phloroglucinols [5], glucosides [6], and
other phenolic derivatives such as coumarin [3]. The earlier biological studies have shown that
D. fragrans was a valuable medicinal plant resource with extensive biological activities including
anti-cancer, anti-oxidation, insect repellent, anti-microbial, and anti-inflammation activities [3–7].

Of its various biological effects, the mechanism of anti-cancer effects has been studied most.
Dryofragin, which is a derivative of phloroglucinol, was found to activate the endogenous pathway
of apoptosis by affecting the changes of ROS in mitochondria and inducing changes in mitochondria
in breast cancer cell MCF-7 and to cause tumor cell apoptosis by the apoptosis-related protein Bcl-2,
Bax, Caspase-9, Caspase-3, and PARP [8]. It has also been reported to be an inhibitor of migration and
invasion of the human osteosarcoma cell line U2OS through the PI3K/Akt and MAPK energy pathway
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involving MMP-2/9 and TIMP-1/2 proteins [9]. Aspidin PB, which is another phloroglucinol derivative
from D. fragrans, has been recorded as a tumor cell-inhibiting agent for its impact on cyclin p53/p21
and mitochondrial changes in human osteosarcoma cells Saos-2, U2OS, and HOS [10]. In addition,
there have been many other reports on compounds from D. fragrans with cytotoxicity [11–13].
To further study cytotoxic constituents from D. fragrans, a cytotoxicity-guided isolation of the extract
of D. fragrans was designed. The isolation of two new phenolic derivatives and six known compounds
by cytotoxicity-guided tracking as well as their cytotoxicity and immunomodulatory activity detection
is described in this paper.

 

Figure 1. Dryopteris fragrans plant.

2. Results and Discussion

2.1. Determination of Isolated Compounds

After two round cytotoxicity screening by MTT [14] and CCK-8 [15] assay, Fractions SG1-SG7 from
the petroleum ether-soluble part with prominent cytotoxic activities were selected as the bioactive sites
(Figures S1 and S2). Two new phenolic derivatives known as dryofragone (1) and dryofracoumarin
B (2) (Figure 2) along with six known compounds (3–8) (Figure 2), were isolated from the above
seven bioactive fractions by using extensive chromatographic methods like silica gel, MCI gel,
Sephadex LH-20, and HPLC. The known compounds were identified as dryofracoumarin A (3) [3],
vitamin E quinone (4) [16], albicanol (5) [5], 2′,4′-dihydroxy-6′-methoxy-3′,5′-dimethylchalcone (6) [17],
norflavesone (7) [18], and aspidinol (8) [19] by comparing their 1H- and 13C-NMR data with that
reported in the literature.

Compound 1 was obtained as yellow powder from CHCl3. The HR-ESI-MS data (m/z 239.0926
[M − H]−, calcd for 239.0925) of 1 showed the molecular formula C12H16O5, which correspond
to five degrees of unsaturation. The IR spectrum of 1 displayed hydroxyls (3321 cm−1), carbonyl
groups (1714 cm−1), and double bonds (1607 cm−1) absorptions. The red shifted hydroxyl signal
(3321 cm−1) also showed that some hydroxyls in 1 were involved in the hydrogen bonding interaction.
The 1H-NMR spectrum of 1 (Table 1) showed one 3H-singlet at δH 1.54 for a tertiary methyl group,
one 3H-singlet at δH 3.91 for a methoxy group, one 3H-triplet at δH 1.01 for a primary methyl group,
and an olefinic proton at δH 5.37. The 13C-NMR spectrum of 1 revealed 12 resonance signals including
two ketone carbons at δC 196.3 (conjugated) and 203.7, two pair of olefinic carbons (δC 189.4, 176.0,
104.5 and 94.5) with two oxygenated sites (δC 189.4 and 176.0), an oxygenated tertiary carbon (δC

75.4), a methoxy carbon (δC 57.4), two aliphatic methylene carbon (δC 41.0 and 18.7), and two methyl
carbons (δC 30.2 and 14.1). The above evidence indicated that compound 1 presumably possessed an
oxygenated phloroglucinol core [20]. This inference was further confirmed by the 2D-NMR spectra
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(Figure 3). The long-range HMBC couplings—H-4/C-2, C-3, C-5, and C-6 as well as Me-11/C-1, C-2,
and C-3 demonstrated the presence of a cyclohexadiene moiety with two oxygen-bearing carbon at
C-2 and C-5. The HMBC correlation from a methoxy at δH 3.91 (Me-12) to a quaternary olefinic carbon
at δC 176.0 (C-3) revealed that a methoxy was located at C-3. Furthermore, a butyryl was linked to
C-6, which was supported by the HMBC correlations from protons at C-8 (δH 2.99 and 2.92) to carbons
at δC 104.5 (C-6), 203.7 (C-7), 18.7 (C-9), and 14.1 (C-10), respectively. The CD experiment towards
compound 1 was performed. However, the CD spectrum (Figure S9) of 1 showed no characteristic
cotton effect. Compound 1 was considered to be a pair of enantiomers.

Figure 2. Structures of compounds 1–8.

Table 1. NMR data for Compound 1 (TMS as the internal standard, δ in ppm, J in Hz) a.

No. δH δC No. δH δC

1 196.32 (C) 8a 2.99 (1H, m) 41.04 (CH2)
2 75.37 (C) 8b 2.92 (1H, m)
3 176.04 (C) 9 1.69 (2H, m) 18.71 (CH2)
4 5.37 (1H, s) 94.49 (CH) 10 1.01 (3H, t, J = 7.4) 14.07 (CH3)
5 189.34 (C) 11 1.54 (3H, s) 30.20 (CH3)
6 104.49 (C) 12 3.91 (3H, s) 57.35 (CH3)
7 203.65 (C)
a 1H-NMR and 13C-NMR data were recorded in CDCl3 at 600 MHz and 150 MHz, respectively.
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Figure 3. Key HMBC correlations of 1 and 2.

Therefore, the structure of 1 was concluded to be a new acylphloroglucinol, 6-isobutyryl-2,
5-dihydroxy-2-methyl-3-methoxy-cyclohexa-3,5-dien-1-one, and was named dryofragone.

Compound 2 was obtained as a mixture with compound 3 initially. The 13C-NMR spectrum of
the mixture revealed 28 resonance signals (Figure S12) in which half were consistent with the data
reported for a coumarin and dryofracoumarin A (3) [3]. However, the ESI-MS data (m/z 249[M + H]+,
271[M + Na]+, 287[M + K]+) of the mixture showed only one molecular weight (248 Da), which aligned
with that of 3. Consequently, the other half of carbon resonance signals in the 13C-NMR for the mixture,
which were highly similar with that of 3, were supposed to be of an isomer of 3 featuring exchanged
positions of hydroxyl and methoxy groups in the coumarin core. Based on the large space size of
tert-butyl dimethyl silicyl group, which can strike the balance of molecular polarity for compounds 2

and 3 and the high yield of the desilication step, a silicon etherification-desilication procedure was
designed for the isolation of the mixture (See Section 3.5 and Figure 4). NMR data of compounds
2 and 3 are shown in Table 2. After the chemical derivatization, compound 2 was afforded as a
simplex. The IR spectrum of 2 exhibited a signal of hydroxyl with no hydrogen bonds (3548 cm−1),
a strong band at 1668 cm−1 for the lactone subunit in coumarin core, and absorptions (1636, 1602,
1572 cm−1) of benzene ring moiety in coumarin. The HR-ESI-MS data (m/z 247.0975 [M − H]−,
calcd for 247.0976) indicated a molecular formula C14H16O4 with seven degrees of unsaturation for
2. The HMBC correlations (Figure 3) from Me-12 and -13 (δH 1.30 × 2) to C-4 (δC 163.0) as well
as the correlations from H-11(δH 3.25) to C-3 (δC 107.8), C-4 (δC 163.0), and C-9 (δC 112.2), which
suggests that an isopropyl was fused to C-4. Another HMBC correlation Me-15/C-8 verified that a
methoxyl group was linked to C-8. In addition, the HMBC correlations from an isolated methyl (δH

2.31) to C-5 (δC 120.0), C-6 (δC 121.1), and C-7 (δC 150.0) inferred a methyl at C-6 in 2. The above
analyses disclosed our former hypothesis. As a result, the structure of 2 was determined to be
7-hydroxy-6-methyl-8-methoxy-4-isopropyl-2H-chromen-2-one, which was given the trivial name of
dryofracoumarin B.

 

Figure 4. Silicon etherification involved the isolation of 2 and 3.
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Table 2. NMR data for compound 2 and 3 (TMS as the internal standard, δ in ppm, J in Hz) a.

No.
2 3

δH δC δH δC

1
2 161.5 (C) 161.1 (C)
3 6.16 (1H, s) 107.8 (CH) 6.22 (1H, s) 109.2 (CH)
4 163.0 (C) 163.0 (C)
5 7.17 (1H, s) 120.0 (CH) 7.01 (1H, s) 115.5 (CH)
6 121.1 (C) 127.5 (C)
7 150.0 (C) 147.8 (C)
8 133.6 (C) 136.7 (C)
9 112.2 (C) 114.5 (C)
10 145.5 (C) 141.3 (C)
11 3.25 (1H, m) 28.7 (CH) 3.25 (1H, m) 28.7 (CH)
12 1.30 (3H, d, J = 6.8) 22.1 (CH3) 1.31 (3H, d, J = 6.8) 21.9 (CH3)
13 1.30 (3H, d, J = 6.8) 22.1 (CH3) 1.31 (3H, d, J = 6.8) 21.9 (CH3)
14 2.31 (3H, s) 15.9 (CH3) 2.32 (3H, s) 16.3 (CH3)
15 4.08 (3H, s) 61.9 (OCH3) 3.95 (3H, s) 60.5 (OCH3)
a 1H-NMR and 13C-NMR data were recorded in CDCl3 at 600 MHz and 150 MHz, respectively.

2.2. In Vitro Cytotoxicity and Immunomodulatory Activity Detection

For all the isolates, their cytotoxicities against nine human cancer cell lines known as HepG2,
A549, HeLa, U251, HOS, MG63, U2OS, MB231, and SKBR-3 as well as their immuno-regulation
activities were evaluated. The cytotoxicities were screened using the CCK-8 assay [15]. The IC50

values of cytotoxicities for the eight compounds are shown in Table 3. For compounds isolated
by cytotoxicity-guided tracking, they exhibited moderate activities to the HeLa cell line and weak
activities to glioma, liver cancer, and lung cancer cell lines. However, they were not very sensitive
to osteosarcoma and breast cancer cell lines when compared to the crude extract. For their
immuno-regulation activities, LPS stimulated THP-1 cells were used as the in vitro model for the
detection [21]. Fenofibrate (Feno) pre-treatment (20 μM) was used as a positive control [21]. The results
for immuno-regulation activities are shown in Figure 5. Only compounds 4 and 5 could enhance the
secretion of the factors TNF-α and IL-1β. The results showed that compounds 4 and 5 may activate the
LPS signaling pathway, which may modulate immunity to affect the growth of tumor cells.

Table 3. IC50 values (μM) of cytotoxicity for eight compounds against nine human cancer cell lines.

Compound HepG2 A549 HeLa U251 HOS MG63 U2OS MB231 SKBR-3

1 - 45.86 ± 1.64 25.37 ± 2.62 46.13 ± 1.90 - - - - -
2 45.52 ± 3.21 47.70 ± 2.43 15.12 ± 4.01 46.14 ± 2.40 - - - 25.59 ± 2.30 -
3 48.39 ± 2.15 38.01 ± 3.56 - - - - - 38.09 ± 2.40 -
4 38.13 ± 1.03 37.41 ± 1.24 1.24 ± 0.08 - - - 47.56 ± 2.23 41.95 ± 2.35 -
5 - 49.74 ± 3.35 - - - - - - -
6 - 47.42 ± 2.25 - - - - - -
7 - 40.03 ± 0.98 - - - - - -
8 18.02 ± 0.89 - 17.76 ± 3.43 41.21 ± 1.35 43.67 ± 2.52 22.76 ± 2.65 36.36 ± 1.32 39.61 ± 1.50 33.40 ± 1.50

Taxol a 5.32 ± 0.12 3.46 ± 0.23 0.17 ± 0.02 5.02 ± 0.21 3.71 ± 0.33 5.86 ± 0.24 1.01 ± 0.03 6.23 ± 0.36 3.12 ± 0.25

Note: IC50 values represented the means ± SD of six independent experiments and “-” means the IC50 value is
above 50 μM. a Taxol was used as a positive control.
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(A) (B) 

Figure 5. The influence of eight compounds on immuno-regulation factors over a period of 24 h. (A) for
the factor TNF-α and (B) for the factor IL-1β. The “*” indicates that there were significant differences
(p < 0.05) between other compounds and the BLANK group amd the “#” indicates that there were
significant differences (p < 0.05) between other compounds and the BLANK + LPS group. Each value
represented the means ± SD of three independent experiments.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were recorded in MeOH using a JASCO P-1020 Polarimeter (Jasco Corp.,
Tokyo, Japan). UV spectra were acquired in MeOH with a Shimadzu UV-2401PC UV-VIS
spectrophotometer (Shimadzu Corp., Kyoto, Japan). IR spectra were measured on a Bruker Tensor
27 FTIR Spectrometer with KBr disks (Bruker Corp., Karlsruhe, Germany). 1H-NMR, 13C-NMR,
and 2D NMR spectra were recorded in CDCl3 using a Bruker AVANCE III-600 spectrometer or a
Bruker DRX-400 spectrometer (Bruker Corp., St. Gallen, Switzerland). TMS was used as the internal
standard. ESI-MS spectra were recorded using a Waters Xevo TQ-S Ultra High Pressure Liquid
Chromatography Triple Quadrupole Mass Spectrometer (Waters Corp., Manchester, UK). HR-ESI-MS
data were obtained using an Agilent G6230 Q-TOF mass instrument (Agilent Corp., Santa Clara, CA,
USA). Column chromatography (CC) was performed using a silica gel (200–300 mesh, Qingdao Marine
Chemical Inc., Qingdao, China), MCI gel CHP 20P (75–150 μm, Mitsubishi Corp., Tokyo, Japan), and
Sephadex LH-20 (25–100 mm, Pharmacia Biotech Ltd., Uppsala, Sweden). Thin-layer chromatography
(TLC) was performed using pre-coated silica gel GF254 plates (0.25 mm in thickness for analysis and
0.60 mm thickness for preparation, Qingdao Marine Chemical Inc., Qingdao, China) with various
solvent systems. Spots were visualized under UV light (254 nm) and colored by iodine and by spraying
silica gel plates with 10% H2SO4 in MeOH followed by heating. Preparative HPLC separations
were performed on a CXTH system equipped with a UV3000 detector (Beijing Chuangxintongheng
Instruments Co. Ltd., Beijing, China), and a Kromasil C18 column (250 mm × 20 mm i.d., 5 mm,
EKA Chemicals Corp., Bohus, Sweden) using a flow rate of 8.0 mL/min at a column temperature
of 25 ◦C. Semi-preparative HPLC was conducted on a HITACHI Chromaster system (Hitachi Ltd.,
Tokyo, Japan) equipped with an Agilent ZORBAXSB-C18 column (150 mm × 9.4 mm i.d., 5 mm,
Agilent Corp., Santa Clara, CA, USA) using a flow rate of 3.0 mL/min at a column temperature of
25 ◦C. The detection was performed with a DAD detector.

3.2. Plant Material

The aerial parts of Dryopteris fragrans (L.) Schott were collected in June 2016 from the Wudalianchi
scenic area, Heihe City, Helongjiang Province, China and identified by Prof. Baodong Liu from the
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Harbin Normal University. A voucher specimen (No. df-20070702-9) was deposited in the Plant
Herbarium of Northeast Agricultural University in Harbin, China.

3.3. Determination of Anti-Tumor Fraction of Dryopteris fragrans

After methanol extraction, the crude extract was then partitioned with petroleum ether (rt),
dichloromethane (DCM) (rt), EtOAc (rt), and n-BuOH (rt) in sequence. The crude extract was divided
into six parts (the whole extracts, petroleum ether layer, DCM layer, EtOAc layer, n-BuOH layer, and
water phase). Each fraction was dissolved in DMSO and the final concentration of DMSO in the cell
culture medium was no more than 0.1%. The osteosarcoma cell lines HOS and MG63 were used as
the first round screening target in MTT [14] for the above six parts of the crude extracts. As shown
in Figure S1, petroleum ether fraction of crude extracts had the most obvious cytotoxic effects at the
point of 48 h. The petroleum ether fraction was then divided into 14 sub-fractions (Fr SG1-SG14) by
using silica gel column chromatography. The above 14 fractions were then subjected to MTT or CCK-8
assay [15] against HepG2, MB231, and MG63 cell lines, respectively. As shown in Figure S2, Fractions
SG1–SG7 from the petroleum ether-soluble part exhibited prominent cytotoxic activities.

3.4. Extraction and Isolation

The air-dried aerial parts of Dryopteris fragrans (L.) Schott powder (2 kg) were extracted with 100%
methanol (20 L × 2 d × 3) and ultrasonized (40 Hz) for 4 h at each time. After filtration, the filtrate
was concentrated to yield the crude extract. The crude extract was then suspended in water (1.5 L)
and partitioned with petroleum ether (3 × 1.5 L), DCM (3 × 1.5 L), EtOAc (3 × 1.5 L), and n-BuOH
(3 × 1.5 L) sequentially. Guided by the first round cytotoxicity screening, the petroleum ether fraction
(54 g) was chosen for further isolation. The petroleum ether-soluble part was then subjected to silica
gel CC and eluted with petroleum ether–EtOAc (1:0–0:1) to create 14 fractions (SG1–SG14). According
to the second round cytotoxicity screening, Fractions SG1–SG7 were selected as the isolation targets
for the next step. Fractions SG1 and SG2 were not actually involved in the next step because their low
polarities made an effective separation on column chromatography difficult.

Fraction SG3 (5.93 g) was submitted to the silica gel CC (petroleum ether–EtOAc 1:0–0:1) and
Sephadex LH-20 CC (MeOH–CHCl3 1:1) and followed by preparative TLC (petroleum ether–EtOAc
11:2, Rf = 0.53) to afford compound 4 (14.4 mg). Compound 5 (103.2 mg) was isolated from Fraction
SG4 (5.01 g) by undergoing a protocol of repeated silica gel CC (petroleum ether–EtOAc 1:0–10:1),
Sephadex LH-20 CC (MeOH–CHCl3 1:1), and preparative TLC (petroleum ether–EtOAc 8:1, Rf = 0.40).
Fraction SG6 (3.54 g) was chromatographed on MCI CC (MeOH–H2O 40:60 to 100:0) to yield 16
sub-fractions (Fr M1–M16). Further purification of Fr. M6 by semi-preparative HPLC (MeOH: H2O
53:47) resulted in the isolation of compounds 6 (15.8 mg) and 7 (10.0 mg). Fraction SG7 (2.49 g)
was further separated by MCI CC (MeOH–H2O 20:80 to 100:0) to yield 11 fractions (Fr. M21–M211).
Compound 1 (4.5 mg) was purified from Fraction M24 using semi-preparative HPLC (MeOH:H2O
58:42). In the same way, compound 8 (2.0 mg) was obtained from Fraction M27. Compounds 2 and
3 were obtained as a mixture (17.0 mg) from Fraction M26 by semi-preparative HPLC (MeOH:H2O
77:23). They were separated by a silicon etherification-desilication procedure (See Section 3.5).

Dryofragone (1): yellow powder (CHCl3). [α]23.7
D –20.3 (c 0.10, MeOH); UV (MeOH) λmax (log ε):

198 (3.17) nm, 241 (3.38) nm, 276 (3.20) nm, 320 (3.14) nm, IR (KBr) νmax IR (KBr) νmax 3321, 2929, 1714,
1607, 1533, 1442, 1231, 1104; 1H-NMR (600 MHz, CDCl3): δH 5.37 (1H, s, H-4), 3.91 (3H, s, Me-12), 2.99
(1H, m, H-8a), 2.92 (1H ,m, H-8b), 1.69 (2H, m, H-9), 1.54 (3H, s, Me-11), 1.01 (3H, t, J = 7.4 Hz, Me-10);
203.7 (C-7), 196.3 (C-1), 189.4 (C-5), 176.0 (C-3), 104.5 (C-6), 94.5 (C-4), 75.4 (C-2), 57.4 (C-12), 41.0 (C-8),
30.2 (C-11), 18.7 (C-9),14.1 (C-10), ESI-MS m/z 239 [M − H]−, and HR-ESI-MS m/z 239.0926 [M − H]−

(calcd for C12H15O5, 239.0925).

283



Molecules 2018, 23, 1652

3.5. Silicon Etherification Involved Isolation of 2 and 3

3.5.1. Silicon Etherification of the Mixture of Compounds 2 and 3

With regard to the solution of the mixture of Compounds 2 and 3 (17 mg, 0.068 mmol) in dry
DCM (0.5 mL), 2,6-luditine (30 μL, 0.27 mmol, 4.0 equiv) was added at 0 ◦C, which is followed by
the addition of TBSOTf (35 μL, 0.17 mmol, 2.5 equiv). The resulting mixture was warmed to room
temperature (rt) naturally, stirred for 6 h, and then quenched with water (2.0 mL). The mixture was
then stirred for 10 min, followed by an extraction with EtOAc (10.0 mL) three times, and the EtOAc
layer was dried over anhydrous Na2SO4 and subsequently concentrated. The residue was further
purified by semi-preparative HPLC (85% MeOH in H2O, 3 mL/min, a HITACHI Chromaster system
equipped with a DAD detector, an Agilent ZORBAX SB-C18 column, 150 mm × 9.4 mm i.d., 5 μm) to
yield compound 2a (6.8 mg, tR = 19.8 min) and 3a (4.2 mg, tR = 15.8 min) as white solids. Compound
2a: 1H-NMR (400 MHz, CDCl3): δH 7.17 (1H, s, H-5), 6.18 (1H, s, H-3), 3.91 (3H, s, Me-15), 3.24 (1H, m,
H-11), 2.29 (3H, s, Me-14), 1.30 (6H, d, J = 6.8 Hz, Me-12, 13), 1.03 (9H, s, Me-19, 20, 21), 0.24 (6H, s,
Me-16, 17), 13C-NMR (100 MHz, CDCl3): δC 162.5 (C-4), 161.7 (C-2), 150.1 (C-7), 146.9 (C-10), 138.3
(C-8), 126.5 (C-6), 119.5 (C-5), 113.4 (C-9), 108.5 (C-3), 61.1 (C-15), 28.7 (C-11), 26.1 × 3 (C-19, 20, 21),
22.1 × 2 (C-12, 13), 19.0 (C-18), 17.7 (C-14), −4.0 × 2 (C-16, 17). Compound 3a: 1H-NMR (400 MHz,
CDCl3): δH 7.07 (1H, s, H-5), 6.21 (1H, s, H-3), 3.82 (3H, s, Me-15), 3.24 (1H, m, H-11), 2.32 (3H, s,
Me-14), 1.30 (6H, d, J = 6.8 Hz, Me-12, 13), 1.08 (9H, s, Me-19, 20, 21), 0.25 (6H, s, Me-16, 17), 13C-NMR
(100 MHz, CDCl3): δC 162.2 (C-4), 161.4 (C-2), 152.5 (C-7), 145.3 (C-10), 137.2 (C-8), 127.8 (C-6), 117.0
(C-5), 115.4 (C-9), 109.8 (C-3), 60.2 (C-15), 28.7 (C-11), 25.9 × 3 (C-19, 20, 21), 22.1 × 2 (C-12, 13), 18.8
(C-18), 16.4 (C-14), −4.2 × 2 (C-16, 17).

3.5.2. Desilication of Compound 2a

To a solution of compound 2a (6.8 mg, 0.0188 mmol) in dry THF (0.1 mL), TBAF (1 M in THF,
19 μL, 0.0197 mmol, 1.05 equiv) was added at 0 ◦C. The resulting mixture was stirred at 0 ◦C for
5 min and then quenched by adding 1.0 mL of the saturated ammonium chloride aqueous solution.
The resulting mixture was then extracted by EtOAc (5.0 mL) three times and the combined organic
extracts were dried over anhydrous Na2SO4 and were then concentrated. The residue was purified
by using flash column chromatography on the silica gel (200–300 mush, 1.0 × 3.0 cm, petroleum
ether/EtOAc 4:1), which yielded compound 2 (4.5 mg, 96.6% yield) as a white solid. Compound 2: UV
(MeOH) λmax (log ε): 206 (3.81) nm, 218 (3.52) nm, 250 (2.78) nm, 330 (3.29) nm; IR (KBr) νmax 3548,
3466, 3169, 2942, 1668, 1602, 1460, 1404, 1229, 1094, 1024, 925, 856; 1H-NMR (600 MHz, CDCl3): δH 7.17
(1H, s, H-5), 6.16 (1H, s, H-3), 4.08 (3H, s, Me-15), 3.25 (1H, m, H-11), 2.31 (3H, s, Me-14), 1.30 (3H, d,
J = 6.8 Hz, Me-12), 1.30 (3H, d, J = 6.8 Hz, Me-13); 13C-NMR (150 MHz, CDCl3): δC 163.0 (C-4), 161.5
(C-2), 150.0 (C-7), 145.5 (C-10), 133.6 (C-8), 121.1 (C-6), 120.0 (C-5), 112.2 (C-9), 107.8 (C-3), 61.9 (C-15),
28.7 (C-11), 22.1 (C-12), 22.1 (C-13), 15.9 (C-14), HR-ESI-MS: m/z 247.0975[M − H]−, calcd. 247.0976
for C14H15O4.

3.5.3. Desilication of Compound 3a

To a solution of compound 3a (4.2 mg, 0.0116 mmol) in dry THF (0.1 mL), TBAF (1 M in THF,
12 μL, 0.0121 mmol, 1.05 equiv) was added at 0 ◦C. The resulting mixture was stirred at 0 ◦C for
5 min and then quenched by adding 1.0 mL of saturated ammonium chloride aqueous solution.
The resulting mixture was then extracted by EtOAc (5.0 mL) three times and the combined organic
extracts were dried over anhydrous Na2SO4 and concentrated. The residue was purified by flash
column chromatography on the silica gel (200–300 mush, 1.0 × 3.0 cm, petroleum ether/EtOAc 4:1),
which yielded compound 3 (2.8 mg, 97.4% yield) as a white solid. Compound 3: 1H-NMR (600 MHz,
CDCl3): δH 7.01 (1H, s, H-5), 6.22 (1H, s, H-3), 3.95 (3H, s, Me-15), 3.25 (1H, m, H-11), 2.32 (3H, s,
Me-14), 1.31 (6H, d, J = 6.8 Hz, Me-12, 13); 13C-NMR (150 MHz, CDCl3): δC 163.0 (C-4), 161.1 (C-2),
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147.8 (C-7), 141.3 (C-10), 136.7 (C-8), 127.5 (C-6), 115.5 (C-5), 114.5 (C-9), 109.2 (C-3), 60.5 (C-15), 28.7
(C-11), 21.9 (C-12 & C-13), and 16.3 (C-14).

3.6. MTT and CCK-8 Assay

Human HepG2, HeLa, U251, HOS, MG63, U2OS, MB231, and SKBR-3 cells were obtained from
the Cell Library of Committee on Type Culture Collection of Chinese Academy of Sciences (Shanghai,
China). Cells were cultured at 37 ◦C, 5% CO2 in the Dulbecco’s Modified Eagle’s medium (DMEM),
Minimum Eagle’s medium (MEM), or the Roswell Park Memorial Institute (RPMI) medium containing
10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin.

Compounds 1–8 were dissolved in DMSO and diluted with DMEM medium (containing 1% FBS
and 100 U/mL penicillin/streptomycin) for certain concentrations (1.5625 μM, 3.125 μM, 6.25 μM,
12.5 μM, 25 μM, 50 μM, and 100 μM). The concentration of DMSO in the final solutions was no
more than 0.1%. Human HepG2, HeLa, U251, HOS, MG63, U2OS, MB231, and SKBR-3 cells were
seeded in 96-well micro-titer plates (100 μL, 1 × 104 cells/well). When the cells grew to certain
concentrations (70%–80% of the well), the medium was removed and the diluted compounds (200 μL)
were added to each well. Blank (only medium) and control (cells with DMEM medium) group were
set to calculate the cell viability and Taxol was used as a positive control. After 48 h, the 96-well
micro-titer plates were taken out from the incubator and the medium was removed. When using
the MTT assay, DMEM medium (200 μL) should be first added into the well and then followed by
MTT (20 μL, 5 mg/mL dissolved in PBS). After culturing for 4 h, the 96-well micro-titer plates were
taken out from the incubator and the medium was removed and then 150 μL of DMSO was added
into the well. The absorbance was measured by a microplate reader (Bio-Rad, America) at 560 nm.
When using CCK-8 assay, DMEM medium (100 μL) should be first added into the well and then CCK-8
(Dojindo, Kumamoto, Japan) followed. After culturing for 2.5 h, the 96-well micro-titer plates were
taken out from the incubator and the absorbance was measured by a microplate reader at 450 nm.
The cell viability = (Lab group − Blank group)/(Control group − Blank group) and the IC50 value was
calculated by the software GraphPad Prism 7.0 with the cell viability value.

3.7. Immunoregulation Activity

THP-1 cells were obtained from the Harbin medical university and was cultured in RPMI medium.
The cell was seeded in 6-well plate (2 mL, 2 × 106 cell/well) and starved for 12 h. Lipopolysaccharide
(LPS, Sigma, St. Louis, MI, USA) (2 mg/mL in PBS) was then added in the well to stimulate the
cell. One hour later, each compound was dissolved in DMSO at a concentration of 20 μM. It was
added in the well and cultivated for 24 h. The cell was then collected. Following the manufacturer’s
instructions, the Trizol reagent (Invitrogen, Carlsbad, CA, USA) was used to isolate the total RNA
of THP-1 cell. The extracted total RNA was dissolved in RNA enzyme-free water and added into a
100 μL reaction mixture for reverse transcription into complementary DNA (cDNA). The extracted
RNA solution contained 8 μg, 8 μL of 50 pmol/μL Oligo d(T)18 and the volume was brought up to
46 μL with RNA enzyme-free water, incubated at 70 ◦C for 5 min, and then 4 ◦C for 5 min. Afterward,
20 μL of 2.5 μmol/mL dNTP, 20 μL of 5× RT buffer, 8 μL of dTT, 2 μL of RNA inhibitor, and 4 μL
of M-MLV were added and the mixture was incubated at 42 ◦C for 3 h. The 100 μL mixture was
stored at −20 ◦C for qualitative PCR (qPCR). Detected via qPCR, the gene expression levels were
identified with a LightCycler® 480 System (Roche, Basel, Switzerland) using the TransStart® Tip
Green qPCR SuperMix (TRANSGEN BIOTECH, Beijing, China). The cDNA was added into a 20 μL
reaction mixture: 10 μL of 2× TransStart® Tip Green qPCR SuperMix, 2 μL of cDNA Template
(100–200 pg), 0.8 μL of primer mixture (10 μM), 0.4 μL of Passive Reference Dye (50×), and 6.8 μL
of ddH2O. The PCR procedure includes a temperature of 94 ◦C and a time period of 30 s followed
by 40 cycles at 94 ◦C for 5 s, 57 ◦C for 15 s, and 72 ◦C for 10 s. The β-actin gene was used a
control to quantify other genes. The results were calculated using 2−ΔΔCt where ΔΔCt = (Ct Target
− Ct β-actin)Lab − (Ct Target − Ct β-actin) Control. Primers of the target gene TNF-α, IL-1β, and
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β-actin were designed by Primer 5.0 software following the published gene sequence in GenBank:
TNF-α Forward: CAGCAAGGGACAGCAGAGG, Reverse: AGTATGTGAGAGGAAGAGAACC;
IL-1β Forward: TGATGGCTTATTACAGTGGCAATG, Reverse: TGATGGCTTATTACAGTGGCAATG;
β-actin Forward: ATCGGCAATGAGCGGTTCC, Reverse: ATCGGCAATGAGCGGTTCC.

4. Conclusions

In this work, two new phenolic derivatives dryofragone (1) and dryofracoumarin B (2)
were isolated from Dryopteris fragrans by cytotoxicity-guided tracking. Two coumarin isomers
dryofracoumarin B (2) and dryofracoumarin A (3) were separated by a silicon etherification-desilication
procedure. Compounds (4) and (6) were first reported in this plant. The cytotoxicity and immuno-
regulation activity were examined among the eight compounds and the relationship between
cytotoxicity and immuno-regulation activity revealed that compounds may activate the LPS signaling
to regulate the growth of tumor cells through immuno-regulation. This relation needs further study.

Supplementary Materials: The following are available online. Supplementary materials included Figures S1 and
S2: Two round screening of cytotoxicity with MTT or CCK-8 assay, Figures S3–S27: Spectrum and Spectroscopy
data of compounds 1–3, 2a and 3a, and NMR spectral data of compounds 4–8.
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Abstract: The evolution of antimicrobial resistance (AMR) in pathogens has prompted extensive
research to find alternative therapeutics. Plants rich with natural secondary metabolites are one
of the go-to reservoirs for discovery of potential resources to alleviate this problem. Terpenes and
their derivatives comprising of hydrocarbons, are usually found in essential oils (EOs). They have
been reported to have potent antimicrobial activity, exhibiting bacteriostatic and bactericidal effects
against tested pathogens. This brief review discusses the activity of terpenes and derivatives against
pathogenic bacteria, describing the potential of the activity against AMR followed by the possible
mechanism exerted by each terpene class. Finally, ongoing research and possible improvisation to the
usage of terpenes and terpenoids in therapeutic practice against AMR are discussed.

Keywords: terpenes; terpenoids; antimicrobial resistance; synergy

1. Introduction

The increase of antimicrobial resistance (AMR) in microbiological pathogens has spurred a
global mandate to identify potentially effective alternatives [1]. AMR is defined as inefficacious
infection-associated treatment with an antimicrobial agent that used to be effective [2]. The rise of
AMR is contributed by both intrinsic and extrinsic factors. For instance, evolution of intrinsic factors in
microbes include development of structural attributes [3] such as microbial biofilm production [4],
and insertion of transposons [5]. On the other hand, extrinsic contributing factors include excessive
antibiotic usage resulting from non-judicious prescribing practices, fueled by increased competition in
the production and marketing of antimicrobials within the pharmaceutical industry [6]. As a whole
there is also inadequate public education, in tandem with a lack of consistent regulatory systems in
place. Both of these, coupled with improper infection control in healthcare, poor sanitation, and water
hygiene in low-middle income countries (LMIC), are expanding the AMR challenge [1,7].

Laxminarayan et al. [7] reported that the antibiotic usage in growth and disease prevention on
veterinary, agriculture, aquaculture, and horticulture are the main contributors in the non-clinical
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setting. In the clinical settings however, lack of antibiotic stewardship and uncertain diagnoses by
physicians add to emerging pathogen resistance. In fact, as far back as in 1959, the potentially adverse
consequences related to antibiotic misuse resulting in selection pressure to the development of resistance
were observed. Recent genetic mutations in pathogens which were aided by chromosomal genes and
inter species gene transmission has resulted in the rise of resistant microbes such as methicillin resistant
Staphylococcus aureus (MRSA), Escherichia coli ST131 and Klebsiella ST258; this further contributes to
the dissemination of resistant genes such as Klebsiella pneumoniae carbapenemase (KPC), NDM-1, and
Enterobacteriaceae-producing extended-spectrum β-lactamases (ESBL) [7].

The continuous dissemination of AMR not only contributes to new resistance mechanisms; it
will also have a detrimental impact whereby the efficacy of current antibiotics are drastically reduced,
leading to therapeutic failure [8]. It is worrisome to note that in 2010, there were almost 1000 resistant
cases worldwide associated with β-lactamases, a 10-fold increase since 1990 [9]. Correlation between
antibiotic misuse and AMR is clearly evidenced when quinolone misuse caused the revival of MRSA
30 years after it was first introduced in 1962, while carbapenem misconduct via overuse causing
resistance in Enterobacteriaceae has significantly increased over the past decade [7]. In addition, loss
of function of ampicillin and gentamicin under the World Health Organisation (WHO) recommended
dosage in neonatal infection-related pathogens such as Klebsiella spp. and E. coli was common in the
hospitals of developing countries [10]. This was attributed to the high mortality rates of sepsis cases
caused by carbapenem-resistant Enterobacteriaceae and Acinetobacter spp. in neonatal nurseries. It was
also noted by Saleem [11] that in Pakistan, common oral antibiotics such as cefixime and ciprofloxacin
have become inefficient in Gram-negative pathogens such as E. coli, bacteria commonly associated with
urinary infection. Barbieri [2] stated in his review that dissemination of AMR inadvertently affected
health systems in the community in LMICs due to the escalating cost of accessing necessary therapies
and the prolonged duration of illness caused by AMR which increases treatment time.

Bacterial resistance is commonly mediated by transfer of resistance genes [12]. Overall, there
are four main ways in which resistance is acquired, firstly, via inactivation of the drug (Figure 1) as
reported by Shen [13]. The modification of the antibiotics which occurred based on their target location
(bacterial cell wall, cytoplasm, and genome) rendered ineffective to that antibiotic [14]. The second
method is the specific modification (Figure 1) at the target such as penicillin-binding protein (PBPs) in
MRSA [15]. Similar modifications may arise from mutational or post-translational modifications [3].
Furthermore, porin mutation causes reduction in the number of porins, preventing antibiotic entry
and thus increased resistance to antibiotics [16]. Mutations can either be acquired from existing genes
(vertical transfer) or new genes can be acquired from other cells (horizontal gene transfer) [17]. Third is
the ability of the bacteria to obtain genes for metabolic pathways, these genes then prevent antimicrobial
agents from binding to their target. For instance, mobile genes in resistant Enterococcus spp. can be
disseminated to susceptible strains via horizontal transfer mediated by conjugative plasmids [18].
Finally, the fourth method of bacterial resistance is the reduction of antimicrobial agent intracellularly
due to the presence of a bacterial efflux pump. In fact, some resistant bacteria increase impermeability
in the cell membrane or increase active efflux, both of which result in reduced drug concentration
(Figure 1) in the bacterial cell [19]. The up-regulation in expression of efflux pump has been found to
be a major resistance mechanism in many bacteria [20].
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Figure 1. Overall mechanisms of antibiotic resistance in bacteria. Picture adapted from [17].

Strategies to curb the ongoing emergence of AMR require the involvement from various parties.
They include policy makers to develop antibiotic regulations, pharmacists and physicians to practice
proper antibiotic stewardship, the pharmaceutical industry to invest in new antibiotic discovery, as well
as academics to provide adequate public education [7]. Some strategies for control and containment of
AMR included extensive surveillance of antimicrobials, especially for antibiotic prescriptions amongst
health care providers, avoiding unnecessary use of antimicrobials in the agricultural sectors, limiting
drugs advertising, improvising on sanitation, in tandem with continuous research of novel drugs
and invention of nanotechnology; these were some of the measures to be implemented [7]. A shift in
focus towards alternative therapies targeting AMR mechanisms would also be an important aspect
and these include incorporation of antimicrobial peptides (AMPs), phage therapy, metalloantibiotics,
lipopolysaccharides, efflux pump inhibitors, and phytochemicals [1].

Antimicrobial agents may comprise of naturally-occurring compounds such as phytochemicals
and essential oils (EOs) [21]. They can also be either semi-synthetic or synthetic [22] in nature. Natural
secondary metabolites which have a molecular weight ≤500 g/mol may have the ability to act as
adjuvants for antimicrobials and exhibit synergy effects [2,23]. Exploration of new antimicrobial agents
via biotransformation such as through microbial modification may present an important alternative [24].
Combination therapy of an antimicrobial agent with a low molecular weight natural product, such as
terpene derivatives have shown promising effects, with the ability to eliminate fungal and bacterial
biofilm production [4]. Terpenes and their derivatives are secondary metabolites which are commonly
found in EOs and have been shown to have antimicrobial activities against susceptible and resistant
pathogens [25]. Combination therapy between natural compounds and drugs may be able to recover
the loss of function for existing antimicrobial agents [26], potentiating the action of drugs. Wagner and
Merzenich [27] reported that the potentiation of antimicrobial agents was accomplished via several
mechanisms in combinatorial therapy; these provide a multi-targeted pharmacokinetic effect, allowing
simultaneous destruction of existing resistance mechanisms in a specific pathogen.

EOs are naturally produced from aromatic plants such as herbs as their secondary metabolites.
Usually EOs exist in liquid form, are volatile and exhibit good solubility in lipids and inorganic
compounds that are less dense compared to water. They can be extracted from various parts of
the plant organ such as flowers, buds, leave, bark, twigs, stem, wood, seed, or root [28] by various
methods which include solvent extraction (solvent, supercritical CO2, subcritical water), distillation
(steam, hydrodistillation, hydrodiffusion), solvent-free (microwave) and combination method (solvent
+ steam) [29]. Generally, plants store their EOs in specific cellular compartments such as in the
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secretory cells, cavities, or glandular trichomes. EOs primarily function as protection against plant
pests and infections [30]. In particular, EOs have been reported to be a prominent antimicrobial,
antioxidant, and insecticidal agent, significantly inhibiting microbial biofilm production and the growth
of bacteria, yeasts, and molds [31]. Previously our group has also focused on the bacterial membranous
disruption effect when subjected to treatment with EOs [32]. A list of reports summarized in Table 1
indicate various antimicrobial activities possessed by EOs. In 2018, our research group demonstrated
synergistic activity when peppermint (Mentha x piperita L. Carl) essential oil was added to meropenem
against resistant E. coli [33]. Recently, our research group established a mode of action of EO from
cinnamon bark against KPC-KP via oxidative stress [34]. There are challenges involved in working
with EOs. They are laborious to handle as they need to be extracted and purified before being tested
and manipulated. Furthermore, despite EOs being used for testing, it is difficult to ascertain as to
which bioactive component in EOs is contributing to the antimicrobial activity. Acquisition of EOs
will also require higher cost as compared to synthetic additives because they need to be processed
prior to screening for their activity. One method to resolve the cost issue involves downscaling the
volume via extraction of the antimicrobial compounds. This review in particular will focus on one
such compound commonly found in EOs, namely the terpenes and their antimicrobial potential and
their possible mechanisms of action.

Table 1. Essential oils extracted from plant against tested pathogens.

Plants spp. Common Name Pathogens Tested
MIC/Sensitivity/
Inhibition Zone

Citation

Eugenia
caryophyllata Clove Burkholderia cepacia complex ES [35]

Origanum vulgare Oregano B. cepacia complex ES [35]
Thymus vulgaris Thyme B. cepacia complex ES [35]

Eucalyptus
camadulensis

Eucalyptus Streptococcus pyogenes 1 mg mL−1 [36]
Fusarium oxysporum f. sp.

lycopersici 15.93% to 72.5% [37]

Mentha spicata Spearmint

S. pyogenes 2 mg mL−1 [36]
E. coli 21 mm at 150 μL [38]

Salmonella thyphi 13 mm at 150 μL
S. aureus 12 mm at 150 μL

Cymbopogon citratus Lemongrass Acinetobacter baumannii 0.65% (v/v) [39]
F. oxysporum f. sp. lycopersici 250 ppm [37]

Syzygium
aromaticum

Clove
Candida albicans 360 μg mL−1 [40]

F. oxysporum f. sp. lycopersici 125 ppm [37]
Pelargonium
graveolens Geranium

B. cepacia complex 0.4% (v/v) [41]
Prototheca zopfii 3.5 to 4.0 μL mL−1 [42]

Laurus nobilis Bay laurel
S. typhimurium 3 % (v/v) [43]

E. coli 1 % (v/v) [44]
Candida spp. 250 to 500 μg mL−1

Melaleuca
alternifolia Tea tree Campylobacter spp. 0.00% [45]

Leptospermum
petersonii Manuka Campylobacter spp. 0.01% [45]

Backhousia citriodora Lemon myrtle Campylobacter spp. 0.01% [45]

Lavandula
angustifolia Lavender

S. aureus 2 mg mL−1

[46]Pseudomonas aeruginosa 2 mg mL−1

C. albicans 3 mg mL−1

Mentha x piperita Peppermint Clostridium perfringens Fusarium
oxysporum f. sp. lycopersici

10 mg mL−1 [47]
500 ppm [37]

Chamaemelum nobile Roman chamomile Porphyromonas gingivalis 20.5 ± 0.5 mm [48]

Origanum majorana Marjoram Micrococcus luteus 0.097 mg mL−1
[49]

Vibrio alginolyticus 0.39 mg mL−1

Foeniculum vulgare Fennel Candida spp. 1.56 to 12.48 mg
mL−1 [50]

Pinus sylvestris Pine Pseudomonas spp. 4.33 ± 0.58 mm [51]

Cedrus atlantica Cedarwoood
E. coli 0.4 μL mL−1

[52]Bacillus subtilis 0.2 μL mL−1

Bacillus cereus 0.4 μL mL−1

Aniba rosaeodora Rosewood Trichophyton mentagrophytes 0.002 M [53]

ES: extremely sensitive.
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2. Terpenes and Their Derivatives

Terpenes are large hydrocarbon groups that consist of 5-carbon isoprene (C5H8) units as their
basic building block. They are synthesized via two pathways which are the non-mevalonate pathway;
the Methylerythritol Phosphate (MEP) and the mevalonate pathway from Acetyl CoA precursor. Their
backbones can be reorganized into cyclic structure by cyclases. The commonly found terpenes which
differ in numbers of isoprene units are the monoterpenes and sesquiterpenes; however longer chains
such as diterpenes and triterpenes also exist [47,54]. P-Cymene, limonene, sabinene, terpinene, carene,
and pinene are examples belonging to the terpene groups. Most terpenes possess reduced antimicrobial
activities [54]. Terpenoids are derivatives of terpenes which takes place when modification of terpenes
occur, such as with the addition/removal of functional groups [2]. Therefore, the antimicrobial activity
of terpenoids are determined from their functional group [55]. For instance, the shifting or removal
of a methyl group and addition of oxygen by a specific enzyme result in derivation of terpenes. The
hydroxyl group of the phenolic terpenoids and delocalized electrons are amongst the antimicrobial
determining factors. Linalool, menthol, carvacrol, thymol, linalyl acetrate, piperitone, geraniol, and
citronella are amongst the best studied terpenoids.

2.1. Bioactive Terpenes and Terpenoids

Terpenoids represent a large group of phytochemicals with promising antimicrobial activity [2].
The chemical diversity of terpenoids have led to discovery of over 40,000 structural varieties, with
a few classes serving as pharmaceutical agents, some of which include terpenoid derived indole
alkaloids [56]. There are a total of eight different classes of terpenoids (hemiterpenoids, monoterpenoids,
sesquiterpenoids, diterpenoids, sesterpenoids, triterpenoids, tetrapenoids, and polyterpenoids) which
differ in the number of isoprene (C5H8) units. Recently in 2017, it was reported that 67% of potentiators
belong to monoterpenes and sesquiterpenes [4]. Meanwhile, specifically among the discovered
potentiators of antibacterial drugs, 75% were terpenes; these include classes of mono-, di-, and
tri-terpenes [4].

Although the antibacterial mode of action of terpenes remains largely unknown, Griffin et
al. [55] reported in his study that most terpenoids are able to inhibit two crucial processes which are
essential to microbial survival, this includes oxygen uptake and oxidative phosphorylation. Aerobic
microbes require oxygen in order to yield energy for their growth. Previously, it was proven that
low oxygen concentrations caused limitation in bacterial respiration rates [57]. Meanwhile, oxidative
phosphorylation is a crucial biochemical process responsible for cellular respiration that takes place in
the cytoplasmic membrane. Thus, terpene interaction leads to alteration in cellular respiration which
later causes uncoupling of oxidative phosphorylation in the microbe [58]. Additionally, carbonylation
of terpenoids was believed to increase bacteriostatic activity but not necessarily the bactericidal activity.
A bacteriostatic agent is an agent that stops or inhibits microbial growth, while a bactericidal is
responsible for killing the microbe. Terpenoids have also been found to exhibit antiseptic potential
according to their solubility in water. Lipophilicity and/or hydrophobicity and presence of hydroxyl
groups in the terpenes are amongst the determining elements of their antibacterial action [58]. In skin
barrier-associated treatment, terpenes have also been reported to affect the lipid membrane activity
by interacting with lipophilic tails of intermembrane lipid and polar head groups which, at the end,
affects the lipodial intermembrane and polar transmembrane pathways [59].

2.1.1. Monoterpenes and Monoterpenoids

Monoterpenes comprise of two isoprene units and exist in many plants. It has been reported
by Griffin et al. [55] that monotepenes possess antimicrobial activity. For instance, carvacrol, thymol,
menthol, and geraniol were able to work against Gram-positive and Gram-negative bacteria. Geraniol
was also later claimed to efficiently increase the susceptibility of the Gram-negative multi-drug resistant
(MDR) Enterobacter aerogenes by becoming a potent efflux pump inhibitor [60]. Trombetta et al. [61]
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claimed in his study that three monoterpenes linalyl acetate, (+) menthol and thymol showed positive
responses against S. aureus and E. coli. Other compounds such as carvacrol, trans-cinnamaldehyde and
(+)-carvone were reported to possess potent inhibitory activity against E. coli and S. typhimurium [30].
In addition, other types of monoterpenes such as halogenated monoterpenes recorded good cytotoxic,
antimalarial, and antialgal effects while monocyclic monoterpenes had been reported to exhibit potent
insecticidal, as well as antifungal effects [62].

In fact, in as early as 1979, Kurita et al. [63] had listed a total of 13 monoterpenes ((+)-terpinen-4-ol,
γ-terpinene, α-terpinene, terpinolene, α-pinene 1,8-cineole, ρ-cymene, (+)-limonene, β-myrcene,
(+)-β-pinene, (±)-linalool, α-phellandrene, α-terpinoel) which exhibited antifungal properties against
14 fungal strains. The phenolic monoterpenes such as carvacrol, eugenol and thymol were found to be
highly active against bacteria [64]. There were twenty one monoterpenes (borneol, d-3-carene, carvacrol,
carvacrol methyl ester, cis/trans citral, eugenol, geraniol, Geranyl acetate, cis-hex-3-en-1-ol, R(+)limonene,
(2)-linalool, menthone, nerol, α-pinene, β-pinene, (+)sabinene, α-terpinene, terpinen-4-ol, α-terpineole,
(−)-thujone, thymol) which were previously reported regarding their antimicrobial activity against 25
bacterial strains [65]. Phenol monoterpenes, such as carvacrol were also reported to inhibit biofilm
development of S.aureus and S. typhimurium [66]. Recently, our research group found one monoterpene
compound, linalool, extracted from lavender essential oil which exhibited strong antimicrobial activity
against resistant K. pneumoniae [34]. The proposed mechanism of action for the compound was
membrane disruption [34].

Monoterpene ketones were also found to exhibit antimicrobial properties [67]. In comparison,
alcoholic monoterpenes are more bactericidal agents rather than bacteriostatic agents. In line with
this, Bhatti et al. [67] reported that monoterpenes alcohol of terpinen-4-ol, α-terpineol, 1, 8-cineole
and linalool exhibited good antifungal activity and suggested alcohol moieties as determinants of
antifungal activity. In addition, myrcene, one of the acyclic monoterpene alcohols showed a negative
response against fungal specimens; this infers that the cyclic structure of monoterpenes may also be the
structure responsible for this activity [68]. Monoterpenes consisting of aldehydes, however, possessed
a potent antimicrobial activity which can be explained through its carbon double bond arrangements;
this creates high electronegativity. The observations of nine monoterpenes (α-terpinene, γ-terpinene,
α-pinene, ρ-cymene, terpinen-4-ol, α-terpineol, thymol, citral and 1, 8-cineole) against Herpes simplex
virus type 1 (HSV-1) were made by Thompson in 1989. Later in 2010, Dunkic et al. [69] listed a few
more monoterpenes having considerable activity against HSV-1 which are borneol, bornyl acetate, and
isoborneol, 1, 8-cineole, thujone, and camphor. Thymol and carvacrol were also noted to be powerful
agents against the Tobacco mosaic virus (TMV) and Cucumber mosaic virus (CMV) [70].

2.1.2. Sesquiterpenes and Sesquiterpenoids

It has been long recognized that sesquiterpenes possess antimicrobial activites [55]. Back in 2011,
Torres-Romero et al. [71] identified one of dihydro-β agarofuran sesquiterpenes, namely 1α-acetoxy-6β,
9β-dibenzoyloxy-dihydro-β-agarofuran inhibits the growth of Bacillus spp. [71]. Farnesol, which is an
isoprenoid natural acyclic sesquiterpene alcohol showed moderate effects against Streptococcus mutans
and Streptococcus sobrinus biofilm formation [72]. Farnesol also showed antibacterial activity against S.
aureus and S. epidermidis whereby it inhibited the biofilm development [73]. Two studies conducted
by Masako [74] evidenced that combinations of farnesol with xylitol have positive effects against
atopic dermatitis caused by S. aureus without altering the microbial flora and successfully inhibited the
biofilm production of S. aureus. Sesquiterpenes were also incorporated in the combination therapy
using existing drugs.

A recent study conducted by Castelo-Branco et al. [75] showed potentiation effects of a combination
therapy of farnesol with amoxicillin, doxycycline, ceftazidime, and sulfamethoxazole-trimethoprim
against B. pseudomallei. A phenol sesquiterpene, xanthorrhizol was found to reduce 60% of Staphylococcus
mutans cell adherence ability [76], and inhibited the growth of Mycobacterium smegmatis [77]. Recently,
it was discovered that sesquiterpenes have potent antibiotic enhancement against MRSA and also
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Gram-negative bacteria [4]. In 2011, Gonçalves et al. [78] reported a significantly larger inhibition
zone when sesquiterpenes were incorporated into antibiotic discs. The experiment was conducted
against MDR strains of S. aureus with a combination of sets of available antibiotics such as tetracycline,
erythromycin, penicillin, and vancomycin.

2.1.3. Diterpenes and Diterpenoids

Diterpene is a class of terpene with broad biological activities [79]. Previously, 60 terpenoids
have been tested for their minimum inhibitory concentration (MIC) against P. aeruginosa, E. coli, S.
aureus, and C. albicans [55]. They were then classified into five groups to determine their activity
patterns. Hydrogen bond was found to be the factor that determines the positive antimicrobial activity.
On the other hand, low water solubility was discovered to be the factor of antimicrobial inactivity.
Griffin [55] suggested that inhibition of microbial oxygen uptake and oxidative phosphorylation
are likely mechanisms of action responsible for the antimicrobial properties of the diterpene class.
Separately, diterpene derivatives such as ent-kaurane and ent-pimarane are able to inhibit growth of
the dental caries pathogens. The MIC value of 2–10 mg/mL confirmed the antibacterial potential of
the compounds [80]. Additionally, the diterpenoid salvipisone prevented cell adherence and biofilm
developments of S. aureus and S. epidermidis [81].

Besides sesquiterpenes, diterpenes also function as a good antibiotic enhancer against MRSA.
Moreover, diterpenes have been widely used in combination therapy with antibiotics [82]. For instance,
clerodane diterpenoid 16αhydroxycleroda-3, 13 (14)-Z-dien-15, 16-olide (CD) extracted from leaves of
Polyathia longifolia enhanced the efficacy of oxacillin, tetracycline, daptomycin, and linezolid against
clinical isolates of MRSA. All MICs of the antibiotic dropped significantly between 10–80, 4–16, 2–8 and
2–4-folds respectively when combined with CD. Gupta et al. [82] then proposed the in vivo mechanism
of CD in reversing the resistance of clinical isolates of MRSA. The same clinical MRSA isolates were
tested with CD combined with norfloxacin, ciprofloxacin, and ofloxacin. qRT-PCR analysis showed
that the expression of genes coding for efflux pumps were significantly modulated in cells treated with
CD alone and in combination with antimicrobial drugs. In fact, the results of time-kill assay showed
the MIC in combination of CD with norfloxacin was half of the MIC of CD and norfloxacin alone,
undoubtedly decreasing the viability of bacterial cells. Unfortunately, despite the promising effects
offered by CD, sourcing to obtain CD became the bottleneck for further testing [4].

Salvipisone and aethiopinone are diterpenoids isolated from roots of Salvia sclarea [81]. They were
shown to express antibacterial and antibiofilm activities against S. aureus, Enterococcus faecalis and S.
epidermidis. Both salvipisone and aethiopinone were also tested for their synergistic activity when
combined with antimicrobial drugs alongside oxacillin, vancomycin, and linezolid against MRSA
and Methicillin resistant Staphylococcus epidermidis (MRSE). It was discovered that they were either
bactericidal or bacteriostatic against planktonic cultures of tested MRSA and MRSE [83]. Remarkably,
the MIC was achieved with 50% reduction in the dose of antibiotic when diterpenoids were used
in combination.

2.1.4. Triterpenes and Triterpenoids

Triterpenes comprises of six isoprene units. It was reported that Pandanaceae containing triterpenes
in the form of 24, 24-dimethyl-5β-tirucall-9 [11], 25-dien-3-one showed promising activities against
tubercular strains. Another triterpene, Oleanic acid (OA) is potent against pathogens such as
Mycobacterium tuberculosis. OA also had promising synergy against MDR when combined with
rifampicin, isoniazide, and ethambutol with significant MIC reduction of 128–16 fold, 32–4 fold, and
from 128 to 16 fold, respectively [2].

Besides OA, bonianic acid A and B are two triterpenoids that were extracted from Radermachera
boniana. Both compounds were found to be active against M. tuberculosis. There are at least six known
molecules which include OA, ergosterol peroxide, and ursolic acid (UA). In fact, the combination of
both ergosterol peroxide and UA showed synergistic activity against M. tuberculosis [84]. The reports
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conducted by Cunha et al. [85] depicted that OA and UA that were isolated from Miconia ligustroides,
resulted in significant antibacterial activity when tested on selected bacteria (B. cereus, Vibrio cholerae, S.
choleraesuis, K. pneumoniae and S. pneumoniae). When UA was used against B. cereus, the MIC value
was 20 μg/mL and OA showed MIC value of 80 μg/mL against B. cereus and S. pneumoniae. In 2013, a
study conducted by Zhou et al. [86] showed that UA and OA were active against planktonic cariogenic
microorganism and their biofilm. Later in 2015, Liu et al. [31] expanded the research and reported the
combinatory effects of UA and xylitol against biofilm produced by S. mutans and S. sobrinus. Moreover,
OA and UA were reported to enhance antimicrobial activity against Listeria monocytogenes without
affecting toxin secretion; this influenced the virulence factors of L. monocytogenes and inhibited the
capacity of biofilm production from these bacteria [45].

OA also exhibited strong interactions alongside aminoglycoside (gentamicin and kanamycin)
against A. baumanii, but not with other classes of which ampicillin, norfloxacin, chloramphenicol,
tetracycline, and rifampicin are examples [4]. Based on time-kill assay, the bactericidal effects of
gentamicin were significantly greater when combined with OA compared to gentamicin alone [4].
Three triterpenoids, amyrin, betulinic acid, and betulinaldehyde were extracted from the bark of
Callicarpa farinose Roxb (Verbenaceae) and were shown to exhibit potent antimicrobial activity against
clinical methicillin-resistant (MRSA) and methicillin-susceptible (MSSA) with MICs ranging from 2 to
512 μg/mL [87].

While there is no firm report specifically on modes of action by terpenoids, the mechanisms of
action of phytochemicals found in nature have been proposed. Typically, phytochemicals aim either
for disruption of the bacterial cell membranes, modulation of bacterial efflux pump, suppression of
bacterial biofilm development or inhibition of some virulence factors which include enzymes and
toxins [2]. For instance, carvacrol was found to be responsible for sub-lethal injury to bacterial cells
due to alteration of fatty acid compositions, while other reports state that carvacrol and thymol caused
disintegration of the outer membrane and disruption of the cytoplasmic membrane of Gram-negative
bacteria [30]. Antimicrobial activity effects of some terpenoids are summarized in Table 2 while the
postulated mode of action of terpenes on antibiotic resistance pathogens and as combination therapies
are depicted in Figure 2.

Table 2. Summary of antimicrobial activity effects of some terpenoid class.

Terpenoids Class Chemical
Compounds

Tested
Microorganism

Antimicrobial
Effect

Reference

Monoterpenes and
monoterpenoids

Carvacrol
Thymol
Geraniol

Resistant
Enterobacter

aerogenes

Efflux pump
inhibition

[60]

Linalyl acetate
(+)- Menthol

Thymol

S. aureus
E. coli

Growth inhibition [61]

Carvacrol
Trans-cinnamaldehyde

(+)-Carvone

E. coli
S. typhimurium

Growth inhibition [30]

(+)-Terpinen-4-ol
γ-Terpinene
α-Terpinene
Terpinolene
α-Pinene

1,8-Cineole
ρ-Cymene

(+)-Limonene
β-Myrcene

(+)-β-Pinene
(±)-Linalool

α-Phellandrene
α-Terpinoel

T. mentagrophytes
Trichophyton

violaceum
Microsporium

gypseum
Histoplasma
capsulatum
Blastomyces

dermatitidis . . . etc.

Growth inhibition [63]
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Table 2. Cont.

Terpenoids Class Chemical
Compounds

Tested
Microorganism

Antimicrobial
Effect

Reference

Carvacrol
Eugenol
Thymol

Acinetobacter
calcoacetica
Aeromonas
hydrophila
B. subtilis

Growth inhibition [64]

Borneol
d-3-Carene
Carvacrol

Carvacrol methyl
ester

cis/trans Citral
Eugenol
Geraniol

Geranyl acetate
cis-hex-3-en-1-ol
R(+)Limonene

(2)-Linalool
Menthone

Nerol
α-Pinene
β-Pinene

(+)sabinene
α-Terpinene

Terpinen-4-ol
α-terpineole
(−)-Thujone

Thymol

S. aureus
E. coli

Salmonella typhia
S. typhimurium

Salmonella
enteritidis

A. hydrophila
Yersinia sp. Vibrio

anguillarum
Shigella sp. Vibrio
parahaemolyticus C.

albicans
Penicillium
expansum

Aspergillus niger . . .
etc.

Growth inhibition [65]

Carvacrol S.aureus
S. typhimurium

Biofilm inhibition [66]

Linalool Resistant K.
pneumoniae

carbapenemase
(KPC)

Cell membrane
disruption

[34]

Terpinen-4-ol
α-Terpineol
1, 8-Cineole

Linalool

A. niger
Botrytis cinerea

Growth inhibition [67]

α-Terpinene
γ-Terpinene
α-Pinene
ρ-Cymene

Terpinen-4-ol
α-Terpineol

Thymol
Citral

1, 8-Cineole
Borneol

Bornyl acetate
Isoborneol

1, 8-Cineole
Thujone

Camphor

Herpes simplex virus
type 1 (HSV-1)

Growth inhibition [69]
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Table 2. Cont.

Terpenoids Class Chemical
Compounds

Tested
Microorganism

Antimicrobial
Effect

Reference

Thymol
Carvacrol

Tobacco mosaic virus
(TMV)

Cucumber mosaic
virus (CMV)

Growth inhibition [70]

Sesquiterpenes and
Sesquiterpenoids

1α-Acetoxy-6β,
9β-dibenzoyloxy-

dihydro-β-agarofuran

Bacillus spp. Growth inhibition [71]

Farnesol
Streptococcus

mutans
Streptococcus

sobrinus

Biofilm formation
inhibition

[72]

S. aureus
S. epidermidis

[73]
[74]

B. pseudomallei Potentiation
effect—combination

therapy

[75]

Xanthorrhizol
Staphylococcus

mutans
Reduction of cell
adherence ability

[76]

Mycobacterium
smegmatis

Growth inhibition [77]

Diterpenes and
diterpenoids

(-)-Carvone
Thymol

Dihydrocarveol
(-)-Perilla alcohol

Carvacrol
(-)-Carveol . . . etc.

P. aeruginosa
E. coli

S. aureus
C. albicans

Growth inhibition [55]

Ent-kaurane
Ent-pimarane

Dental carries
pathogens

Growth inhibition [80]

Salvipisone S. aureus
S. epidermidis

Bacterial cell
adherence
prevention

Biofilm
development

inhibition

[81]

16αHydroxycleroda-3,
13 (14)-Z-dien-15,

16-olide (CD)

MRSA Antibiotic
potentiation
Efflux pump
modulation

[82]

Salvipisone
Aethiopinone

S. aureus
Enterococcus faecalis

S. epidermidis

Biofilm production
inhibition

[81]

MRSA
MRSE

Synergistic activity
alongside antibiotic

[83]
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Table 2. Cont.

Terpenoids Class Chemical
Compounds

Tested
Microorganism

Antimicrobial
Effect

Reference

Triterpenes and
triterpenoids

24, 24-Dimethyl-5β-
tirucall-9

Tubercular strains Growth inhibition [11]

25-Dien-3-one
Oleanic acid (OA)
Bonianic acid A
Bonianic acid B

Mycobacterium
tuberculosis

Synergistic activity
alongside antibiotic

[2]

OA
Ergosterol peroxide
Ursolic acid (UA)

Synergistic
activity—combination

therapy

OA
UA

B. cereus
Vibrio cholerae
S. choleraesuis
K. pneumoniae
S. pneumoniae

Growth inhibition [85]

Planktonic
cariogenic

microorganism
S. mutans
S. sobrinus

Biofilm inhibition
[86]
[31]

Listeria
monocytogenes

[45]

OA A. baumanii Antibiotic
potentiation

[4]

Amyrin
Betulinic acid

Betulinaldehyde

MRSA
MMSA

Growth inhibition [87]

Figure 2. Postulated mode of action of terpene/terpenoids on antibiotic resistance pathogens and as
combination therapies.
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2.2. Therapeutic Implementation

2.2.1. Drugs and Antibiotics

Combination therapy with terpenes have been widely seen in current therapeutic practice especially
in antifungal drugs [26]. It was shown that fluconazole which had once lost its efficacy, had been
potentiated by monoterpenes, thymol, and carvacrol when subjected against 38 fluconazole-sensitive
C. albicans, C. tropicalis, and C. glabrata and 11 fluconazole-resistant C. albicans, C. krusei, C. glabrata, C.
tropicalis, and C. parapsilopsis. The combination analysis showed that of the strains tested, 32 out of
38 strains and eight out of 10 strains have obtained a Fractional Inhibitory Concentration (FIC) index of
less than 0.5 [88]. FIC is a term used to express the degree of synergy interaction between antibacterial
drugs whereby FIC < 0.5 shows positive synergism while FIC > 0.5 shows negative synergism [89].
The sequiterpene, farnesol, also showed potentiation activity with fluconazole against candidiasis [88].
Previously, it was reported that three diterpene compounds, ent-clerodanes (bacchotricuneatin,
bacrispine and hawtriwaic acid) which were isolated from Baccharis extract synergistically reduced the
dose of the anti-fungal drug Terbinafine against Trichophyton rubrum [90]. Another triterpene, retigeric
acid, found in the lichenized fungi family, Lobariaceae exhibited strong potentiation when combined
with either fluconazole, itraconazole or ketoconazole against azole-resistant C. albicans strains [91]. It
was proposed that facilitation of azole uptake or membranous repair associated with azoles were the
modes of action of retigeric acid.

Prior to the development of novel drugs, in vitro and in vivo testing are usually performed to
ascertain the safety and efficacy of the compound to better understand the physiological effects. Despite
a number of published in vitro reports pertaining to terpenes antimicrobial testing, incorporation of
various terpenes in clinical trials focusing on antimicrobial activity is still lacking due to insufficient
data on the in vivo system. Most in vivo testing for terpenes and its derivatives has been conducted for
human health associated with anti-inflammatory, anti-tumorigenic, anti-cancer, transdermal delivery
medium and neuroprotective [92] aspects. However, incorporation of terpenes into household products
and cosmetics due to antibacterial properties showed increasing assurance in vivo, inhibiting multiple
species of bacteria [93]. In 2006, Mondello et al. [94] demonstrated in vivo activity of the monoterpene
terpinen-4-ol which is the main bioactive constituent of Malaleuca alternifolia Cheel (tea tree) oil
against azole-susceptible and resistant human pathogenic candida species. In this demonstration,
terpinen-4-ol was able to clear a well-established model of rat vaginal candidiasis. Terpenes which
were found in Cassia occidentalis and Phyllanthus niruri showed antimalarial activity in vivo using
mice against Plasmodium berghei [95]. In addition, β-sitosterol was tested in the treatment of culture
proven pulmonary tuberculosis (PTB) patients using blinded randomized placebo-controlled trials.
Two groups of patients consisting of a sitosterol group and a placebo group were set up upon the
treatment. Patients were hospitalized for the duration of treatment and checked monthly with regards
to sputum culture positivity, chest radiography, weight gain, hematology, liver function, and Mantoux
test response. At the end of trials, it was reported that the sitosterol group marked a greater weight
gain, lymphocyte and eosinophils count compared to the other group [96].

2.2.2. Terpenes Bioavailability

In order to ensure greater therapeutic effect from drugs, terpene bioavailability should be
determined. It was reported that while natural volatile terpenes from 1,8-cineole of uncrushed
capsule from the plasma yielded relatively 100% of bioavailability, limomene and α-pinene were only
detectable for a few subjects [97]. In 2017, research conducted by Papada et al. [98] demonstrated
positive bioavailability of major terpenes from Mastiha powder after 30 min of ingestion with the
highest peak between 2–4 h post ingestion. The plasma analysis was done using ultra-high-pressure
liquid chromatography high-resolution MS (UHPLC-HRMS/MS). The bioavailability bottleneck of
medicinal herbs including terpenes, however, had been improved ever since phytosome technology
arrival. It was reported that the bioavailability of Ginkgo biloba extract (GBE) which constitutes of the
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terpene, lactone, was improved significantly with 2–4 times greater plasma concentration compared to
a non-phytosome delivery method [99].

2.2.3. Evaluation of Compounds Interaction in Combination Therapies

Combination therapies using natural products such as the terpenoids may synergistically,
additively, or antagonistically affect the treatments. Zacchino et al. [4] reported in a review that
the nature of interaction between phytochemical and antimicrobial drugs can be determined using
the median-effect method of Chou [89] which permits the calculation of combination index (CI). As
for combination therapy, both agents at a fixed ratio will result in IC50 respectively; these are mixed
with two-fold dilutions of both agents with a fixed ratio. The CI will resolve synergistic (CI < 1),
additive (CI = 1) and antagonistic effects (CI > 1). In addition, another method that contributed
significantly in synergistic activity was to calculate the Dose Reduction Index (DRI), also known as the
reversal enhancement ratio, that measures how many folds the dose of antimicrobial drugs may be cut
down when used in combination rather than alone. One of the measures that can be used to evaluate
synergism is through checkerboard assay.

In our previous study, through this method, peppermint essential oil was proven to synergistically
react with meropenem. MIC of individual peppermint oil and meropenem were 8% and 4 μg/mL
respectively. Meanwhile when used in combination, the MIC of peppermint oil and meropenem were
reduced to 1% and 0.5 μg/mL respectively. The CI value of 0.26 obtained in checkerboard assay had
portrayed a high synergism. Last year, our group carried out extensive analysis to investigate the
additive interaction of cinnamon bark oil and meropenem. The shift of attention towards synergism
between compounds and antibiotics have caused researchers to overlook the additive effects, thus we
conducted the study to understand additive interaction which focused on the effect on the bacterial
membrane [100].

2.2.4. Methods for Antimicrobial Evaluation

Both in vitro and in vivo experimental systems can be used to evaluate the antimicrobial activity
of either synthetic compounds or naturally-acquired compounds. Nevertheless, in vitro approaches
have been more commonly used due to their feasibility. In vivo studies, however, are seldom applied
due to limitations in detecting the actual mechanism of action. Susceptibility testing which determines
the MIC of a compound against bacteria is routinely done using variations in the methods of MIC assay
such as rapid p-Iodonitrotetrazolium chloride (INT) colorimetric assay, micro- or macro-dilution and
disc diffusion methods. However, Griffin et al. [55] stated in his study that the disc diffusion method
is prone to problems as the method was highly dependent on water solubility and suitability of the
test agent to be diffused through the agar. In combination therapy, however, the effects are assessed
through the checkerboard assay which investigated the interaction between agents. The checkerboard
antibiofilm microsomal triglyceride transfer protein (MTP) assay through which the checkerboard
microdilution was seeded with biofilm have also been used in an experiment associated with biofilm
producing bacteria [88]. By performing the checkerboard assay, an important index called the FIC will
reveal the potential of an individual compound [4]. The Dose Reduction Index (DRI) [89] can also be
conducted in a compound combination analysis in order to find out the dosage reductions ruled out by
individual compounds that affected the MIC of the second compound. A greater DRI disclosed better
adjuvant capabilities for a given effect level [89]. More extensively, further analysis usually includes
isobolograms and time-kill studies.

3. Perspectives

3.1. Ongoing Research

Effective management and treatment of microbial resistance are among the main priorities in
healthcare. Terpene derivatives are an important and promising source of novel antibiotics. Indeed,
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ent-kaurenoids (ent-kaur-15-en-18, 20-diol and ent-kaur-15-en-18-ol) extracted from Senegalia nigrescens
are among the novel terpene derivatives discovered recently. Both in vitro and in silico anti-quorum
sensing evaluation have demonstrated potential anti-quorum sensing against Chromobacterium
violaceum [101]. In addition, it was reported that antiquorum sensing does not contribute towards
evolution of MDR pathogens as there is no enforcement of selection pressure [32]. Additionally,
terpenoids found in microbial volatile compounds (MVCs) have exhibited the ability to combat and
modulate antibiotic resistance in human and animal pathogens [102].

With the success of terpenoids in the treatment of microbial resistance, the hunt for new terpenoids
has been an important quest amongst the scientific community as a potential application. For instance,
screening for terpenoids was conducted on semi-arid plants such as Caesalpinia pulcherrima, Lawsonia
inermis, Pithecellobium dulce, Euphorbia tithymaloides, Punica granatum, Plumeria obtusa, Carica papaya,
Cassia fistula, Cordia dichotoma, Euphorbia prostrate, Nerium oleander, and Cyanthillium cinereum [103].
A separate study conducted in 2018 identified three terpenoid derivatives (α-pinene—45.44%,
3-carene—38.34%, and terpinolene—5.36%) of Cupressus torulosa essential oil. The compounds
are effective against pathogens including B.subtilis, Pseudomonas alcaligenes, M. luteus, and B. cereus [104].
This can mitigate AMR problems by manipulating combinatory therapeutics of existing antimicrobial
agents with terpenoid derivatives. Ganoderma lucidum (Reishi) which is a medicinal mushroom,
contains several triterpenoid substances such as ganoderic acid and lucidenic acid. The compounds
were then evaluated for their therapeutic effects whereby they exhibited anti-human immunodeficiency
virus (HIV) activity by inhibiting the effects of HIV progression [105].

3.2. Application of Terpenoids in Clinical Settings: Challenges

As mentioned previously, terpenes and terpenoids had been known to exert antimicrobial activity
against a wide variety of bacteria, both Gram-positive and Gram-negative. Clinical trials regarding
highlighting the application of terpenes had been performed in several studies. In addition, β-sitosterol
had also demonstrated immune enhancing ability in tuberculosis patients, demonstrating significant
weight gain and higher white blood cell counts which resulted in faster recovery [106]. However,
the application of terpenes as antimicrobials in the clinical phase is yet to be explored. This can
be attributed to several factors, as the mode of actions of terpenes is not fully understood and the
amount of time and resources required for clinical trials are limited and not always rewarding [107].
Terpenes consist of a diverse group of lipophilic organic compounds, resulting in different structures
which affect their mode of action. β-caryophyllene showed poor antimicrobial activity against a
panel of bacteria [108]. In the event whereby terpenes with efficient antimicrobial activities have
been discovered, the safety of the terpenes would often be the next obstacle prior to clinical trials.
Certain terpenes are reported to be toxic at low dosage and thus not preferred [109]. For instance,
even at 1% dose of eugenol, it was reported to effectively inhibit growth of Dermanyssus gallinae at 20%
of the pathogen population. Eugenol, geraniol, and citral found in plant essential oils were able to
administer 100% mortality when used undiluted. This shows that some undiluted terpenes are highly
toxic upon direct usage [110]. Generally, the unfavorable toxicity of terpenes towards whole cells
takes place due to disturbance; primarily disrupting cell membrane integrity which eventually leads to
cell lysis [111]. Due to the lipophilic nature of terpenes, upon ingestion, they are easily absorbed by
epidermal cells before reaching the site of infection. Thus, delicate drug delivery systems are required
for their application into clinical trials.

3.3. Future Prospects

The evidenced antimicrobial activity of terpenes and their derivatives need to be further expounded
with the aid of automation and advancement in technology. Experimental analyses will need to be
more streamlined to become more precise, resulting in less ambiguity so that the results obtained can
be ensured and are consistent. This will reduce the time taken for experimental work and more time
can be spent for extended analyses. Researchers may then study the modification effects of natural
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products with a special focus on terpenoids. Structural modifications of natural compounds produced
either synthetically or via biotransformation may offer a new facet in finding novel AMR solutions as it
explores new antimicrobial agents. In addition, delivery methods involving existing treatments against
AMR should be improved and new inventions can be investigated. Combination therapeutics may
be enhanced by exploring more antimicrobial adjuvants which will synergistically affect treatment
outcomes with greater efficiency and less side effects. Natural terpenes and terpenoids which are
available at very low prices such as carvacrol, thymol, and geraniol [4], should be optimally used for
development of good antibacterial combination drugs. However, application at the pharmaceutical
level remains challenging as the in vivo after effect is, currently, still very much unexplored. Extended
analysis involving well-designed clinical trials should be improved in order to manipulate potent
compounds of terpenoids to the best of their functional potential.

4. Conclusions

From this review, it has been evidenced that some terpenes and their derivatives were proven
to be potent antimicrobial agents against drug resistant pathogens which mainly include bacteria
and fungi. Specific mechanisms of each class of terpenes have also been highlighted and as a whole,
terpenes provide a possible mitigation route for AMR and navigating the dead end of the diminishing
antibiotic pipeline, hence, an appropriate match between terpenoids and existing antimicrobial agents
may provide ultimate therapeutic options for AMR-associated infections.
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Abstract: Angiotensin I-converting enzyme (ACE) is a paramount therapeutic target to treat
hypertension. ACE inhibitory peptides derived from food protein sources are regarded as safer
alternatives to synthetic antihypertensive drugs for treating hypertension. Recently, marine organisms
have started being pursued as sources of potential ACE inhibitory peptides. Marine organisms such
as fish, shellfish, seaweed, microalgae, molluscs, crustaceans, and cephalopods are rich sources of
bioactive compounds because of their high-value metabolites with specific activities and promising
health benefits. This review aims to summarize the studies on peptides from different marine
organisms and focus on the potential ability of these peptides to inhibit ACE activity.

Keywords: ACE inhibitory peptide; antihypertensive; bioactive peptides; hypertension; marine
resources

1. Introduction

Hypertension or high blood pressure is generally caused by behavioral risk factors, ageing,
and population growth. It emerged in upper-middle income countries among adults aged >25 years.
Hypertension causes 9.4 million deaths each year worldwide [1]. Currently, hypertension is one of the
leading causes of morbidity and mortality globally, followed by metabolic disorder [2]. It is a key risk
factor for cardiovascular disease, heart attack, stroke, and arteriosclerosis. The common examination
used to diagnose hypertension is the measurement of blood pressure; a systolic blood pressure (SBP)
and diastolic blood pressure (DBP) higher than 140 mm Hg and 90 mm Hg, respectively, indicates
hypertension. To mitigate the aberrations in blood pressure and restore normal physiological function,
functional molecules derived from food have been widely pursued.

The renin angiotensin aldosterone system (RAAS) plays a significant role in the maintenance of
arterial blood pressure and fluid balance and is regarded as the major target to combat hypertension [3].
In RAAS, angiotensinogen is cleaved by renin, producing angiotensin I. Angiotensin I is then converted
to angiotensin II, a strong vasoconstrictor, by angiotensin I-converting enzyme (ACE). In addition,
ACE inactivates the vasodilator bradykinin, which acts as a mediator of inflammation, a natriuretic
peptide, and a potent stimulator of vasodilator prostaglandins, and is involved in nitric oxide
synthesis [4]. Because the production of angiotensin II increases blood pressure [5,6], the inhibition
of ACE is a reliable strategy to control hypertension [7]. ACE inhibitors decrease ACE activity
and indirectly reduce the angiotensin II level, thereby exerting a vasorelaxation effect on blood
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vessels [8]. Captopril, enalapril, lisinopril, and benazepril are commonly used as effective synthetic
ACE inhibitors and have been developed for treating hypertension. However, synthetic drugs usually
cause undesirable side effects [9,10]. To reduce these side effects, food-derived ACE inhibitory peptides
are preferred over synthetic drugs to combat hypertension. ACE inhibitory peptides are considered
as potent antihypertensive drugs, and they do not have any undesirable side effects. ACE inhibitors
are more effective than other hypertensive drugs in retarding the progression of renal damage and
reducing proteinuria. Two health organization, namely the international society of hypertension-world
health organization (ISHWHO) and the Canadian society of hypertension recommend ACE inhibitors
as the first line of treatment for hypertension [11].

Proteins are an important macronutrient as they provide the necessary energy and amino acids
essential for growth and the maintenance of normal bodily functions. Many physiological and
functional properties of proteins are attributed to bioactive peptides [8]. Bioactive peptides derived
from food protein have been growing attractive because of awareness of their health-boosting properties.
Bioactive peptides from several natural and processed foods have now been isolated and characterized.
They function as potential physiological modulators in the process of metabolism during intestinal
digestion and are liberated depending on their structure, composition, and amino acid sequence.
Some bioactive peptides have been identified to possess nutraceutical potential and promote overall
human health [12], with the potential of being used as candidates for treating conditions, such as
hypertension [13].

Bioactive peptides are usually isolated from milk and cheese. They are also isolated from
other animal sources, such as meat, gelatin, eggs, and various fish species (salmon, sardine, tuna,
and herring), and plant sources, such as mushroom, wheat, pumpkin, and sorghum [14]. For example,
ACE inhibitory peptides derived from fish have been shown to have a favorable effect on blood
pressure [7,15,16]. Unlike many synthetic ACE inhibitors, which cause dry cough and angioedema,
natural peptide-inhibitors have no side effects and are considered to be safer and healthier [17].
In recent years, ACE inhibitors have been derived from food proteins, such as milk [18,19], corn [20,21],
ovalbumin [22], legume [23,24], Chinese soft-shelled turtle eggs [25,26], bitter melon seeds [27],
cheese [28,29], chicken eggs [30–33], casein [34–36], fish [37–39], and algae [40,41].

Oceans cover >70% of the earth’s surface and are a rich resource for humans. There is increasing
interest in marine organisms as new sources of natural products. Several compounds with unique
biological activities have been isolated from marine organisms. The marine environment is rich
in biological as well as chemical diversity; compounds isolated from marine organisms have
been used as pharmaceuticals, nutraceuticals, cosmeceuticals, molecular probes, fine chemicals,
and agrochemicals. Macro-and microorganisms in marine habitats possess a wide array of secondary
metabolites, including terpenes, steroids, polyketides, peptides, alkaloids, polysaccharides, proteins,
and porphyrins. Because the environment surrounding marine organisms is extreme, aggressive,
and competitive, these organisms produce several secondary metabolites with a promising potential
for use as drugs, nutritional supplements, and therapeutic agents [42–44]. Marine organisms, such as
fish, shellfish, seaweed, microalgae, molluscs, crustaceans, and cephalopods, are rich sources of
several functional compounds, such as bioactive peptides, enzymes, polyunsaturated fatty acids,
vitamins, minerals, phenolic phlorotannins, and polysaccharides. Moreover, as some marine organisms,
especially fish, are particularly rich sources of protein, they are ideal for generating protein-derived
bioactive peptides [45,46]. Marine bioactive peptides have gained significant attention for their health
promoting effects, such as antihypertensive, antioxidant, anticoagulant, antimicrobial, antithrombotic,
and hypocholesterolemic properties [47]. Furthermore, compounds isolated from marine organisms
have been commercially distributed in health markets [48]. In this review, we discuss the ACE
inhibitory peptides derived from marine resources and provide information on their production,
characterization, and potential health benefits. We also review the future prospects of ACE inhibitory
peptides derived from marine organisms as therapeutic drugs to combat hypertension.
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2. ACE Inhibitory Peptides Derived from Marine Organisms

Zinc ion (Zn2+)-dependent dipeptidyl carboxypeptidase, also known as ACE (EC 3.4.15.1),
plays a pivotal role in the regulation of blood pressure because of its action in RAAS [49].
ACE is present in biological fluids, such as plasma and semen, and in many tissues, such as
testis, intestinal epithelial cells, proximal renal tubular cells, brain, lungs, stimulated macrophages,
vascular endothelium, and the medial and adventitial layers of blood vessel walls [4]. In humans,
ACE exists in two isoforms: somatic ACE (sACE) and germinal ACE (gACE). sACE is distributed
in many types of endothelial and epithelial cells, whereas gACE occurs in germinal cells in
the testis, and is therefore also known as testicular ACE [6]. In RAAS, ACE cleaves the
decapeptide angiotensin I (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu) into the octapeptide angiotensin
II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) by removing the C-terminal dipeptide His-Leu. Angiotensin II
stimulates the release of aldosterone and antidiuretic hormone or vasopressin, consequently increasing
the retention of sodium and water; it also acts as a potent vasoconstrictor (Figure 1). These phenomena
act in concert to directly increase the blood pressure [6]. Substrates of ACE include not only angiotensin
I in RAAS and bradykinin in the kinin–kallikrein system, but also the haemoregulatory peptide
N-acetyl-Ser-Asp-Lys-Pro, which is a putative bone marrow suppressor. It contributes to haemopoietic
cell differentiation, regulating tissue and blood levels of the vasoactive hormones angiotensin II and
bradykinin [50]. In addition, ACE shows endopeptidase activity against a wide range of substrates,
such as cholecystokinin, substance P, and luliberin. The inhibition of ACE enzymatic activity on
angiotensin I is one of the major challenges to combat hypertension-related disorders [51].

Figure 1. Role of angiotensin I-converting enzyme in the renin angiotensin aldosterone system and the
kinin–kallikrein system [15].

Recently, natural marine products have been investigated as alternative synthetic drugs; they have
been the topic of interest for many researchers due to their numerous beneficial effects, and some novel
ACE-inhibitory compounds have been isolated from algae [52,53]. Marine proteins, such as Heshiko,
a fermented mackerel product [38], sardine muscle [9], shark meat [54], Alaska pollock skin [55], marine
shrimp [56], and chum salmon [57], exhibit ACE inhibitory activity. ACE inhibitory peptides usually
contains 2–12 amino acid residues [10,58,59]. However, some studies have identified up to 27 amino
acid residues in ACE inhibitory peptides [60,61]. Proteases, such as pepsin, chymotrypsin, alcalase,
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and trypsin, are frequently used in hydrolysis for generating ACE inhibitory peptides [9,10,55]. List of
identified peptides derived from marine resources; origin, sequence peptides, and IC50 value, can be
seen in Table 1.

Table 1. List of identified peptides derived from marine resources; origin, sequence peptides,
and IC50 value.

Origin Enzyme Sequence Peptide IC50 (μM) Reference

Fish

Sea bream Alkaline Protease

GY 265

[62]VY 16
GF 708
VIY 7.5

Lizard fish Neutral Protease
MKCAF 45.7 [63]
RVCLP 175 [64]

Alaska pollock
(Theragra chalcogramma)

Alcalase, Pronase E and
Collagenase

GPL 2.6 [55]
GPM 17.3

Grass carp Alcalase VAP 19.9 [10]

Atlantic salmon (Salmo salar L.) Alcalase and Papain AP 356.9 [65]
VR 1301.1

Skipjack (Katsuwonus pelamis) Alcalase
DLDLRKDLYAN 67.4

[66]MCYPAST 58.7
MLVFAV 3.07

Yellowfin sole (Limanda aspera) Chymotrypsin MIFPGAGGPEL 268.3 [67]

Pacific cod Pepsin GASSGMPG 6.9 [68]
LAYA 14.5

Paralichthys alivaceus Pepsin MEVFVP 79 [69]
VSQLTR 105

Channa striatus Thermolysin VPAAPPK 0.45 [70]
NGTWFEPP 0.63

Microalgae

Chlorella vulgaris Pepsin

IVVE 315

[40]
FAL 26.3
AEL 57.1

VVPPA 79.5
AFL 63.8

Chlorella ellipsoidea Alcalase VEGY 128.4 [71]

Spirulina platensis Pepsin
IAE 34.7

[40]IAPG 11.4
VAF 35.8

Molluscs

Sea cucumber (Acaudina molpadioidea) Bromelain and Alcalase MEGAQEAQGD 15.9 [72]

Cuttlefish (Sepia officinalis) Cuttlefish hepatopancreas

VYAP 6.1
[73]VIIF 8.7

MAW 16.32

GIHETTY 25.66
[74]EKSYELP 14.41

VELYP 5.22

Squid (Dosidicus gigas) skin collagen Esperase GRGSVPAPGP 47.78 [75]

Corbicula fluminea Protamex + Flavourzyme VKP 3.7 [76]
VKK 1045

The potency of peptides derived from marine organisms is expressed as the half maximal inhibitory
concentration (IC50), which indicates the ACE inhibitor concentration that leads to 50% inhibition of
ACE activity. Moreover, Lineweaver–Burk plots are usually used to determine the inhibition mode of
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ACE inhibitory peptides. Most of the reported peptides act as competitive inhibitors of ACE. In the
competitive inhibition mode, the inhibitor competes with the substrate and binds to the active site of
ACE. In the non-competitive inhibition mode, the inhibitor binds to a site other than the active site.
The binding of inhibitor to ACE alters the conformation of ACE, which prevents the substrate from
binding to the active site of ACE. The enzyme, substrate, and inhibitor cannot form a complex; thus,
the enzyme–substrate complex or enzyme–inhibitor complex is formed. In the uncompetitive inhibition
mode, the inhibitor binds to only the substrate–enzyme complex. The C-terminal end of the inhibitory
peptide associates with the active site pockets of ACE. ACE harbors three sub-sites: antepenultimate
position (S1), penultimate position (S1′), and ultimate position (S2′). In the substrate, the amino acids
Pro, Ala, Val, and Leu are the most favorable for S1; Ile is the most favorable for S1′; and Pro and
Leu are the most favorable for S2′ [77]. The S1 sub-site includes Ala354, Glu384, and Tyr523 residues;
S1′ pocket contains Glu162; and S2′ pocket includes Gln281, His353, His513, Lys511, and Tyr520 [78,79].
Many studies have shown that peptides with high ACE inhibitory activity contain Trp, Phe, Tyr, or Pro
at the C-terminus and branched aliphatic amino acids at the N-terminus [49].

In China, soft-shelled turtle eggs have been used as a tonic food for a long time. Low-molecular
weight peptides (<3 kDa) have been isolated from soft-shelled turtle egg by ultrafiltration and
fractionated by reversed-phase high-performance liquid chromatography (RP-HPLC). In vitro screening
of the resulting fractions for ACE inhibitory activity has revealed an IC50 value of 4.39 μM for the
peptide IVRDPNGMGAW isolated from soft-shelled turtle egg white. This peptide has been identified
as a competitive inhibitor of ACE [26]. The peptide AKLPSW, isolated from soft-shelled turtle
egg yolk, has also been shown to exhibit potent ACE inhibitory activity, with an IC50 value of
15.3 μM, and inhibition kinetics has indicated that this peptide is a non-competitive inhibitor of ACE.
The AKLPSW peptide significantly reduces the systolic blood pressure by approximately 13 mm Hg
after 6 h of oral administration, thus confirming its antihypertensive effect [25]. In another study,
Sardinella protein hydrolysates (SPHs) were obtained from fermentation with Bacillus subtilis (SPH-A26)
and Bacillus amyloliquefaciens (SPH-An6). Approximately 800 peptides have been identified in SPH-A26
and SPH-An6 using nano electrospray ionization liquid chromatography tandem mass spectrometry.
Of these 800 peptides, eight isolated from SPH-A26 and seven from SPH-An6 have been selected
based on homologies with previously characterized peptides (Biopep data bank), as well as peptide
length. Among the synthesized peptides, NVPVYEGY and ITALAPSTM show ACE inhibitory activity
with IC50 values of 210 and 229 μM, respectively. Fermented SPHs have a potential for use as
hypotensive nutraceutical ingredients [80]. The popular freshwater tilapia also reported the potential
antihypertensive peptides from hydrolysate by using papain, bromelain, and pepsin. In order to
enhance the activity, the hydrolysate was fractionated into four fractions (<1 kDa, 1–3 kDa, 3–5 kDa,
and 5–10 kDa). The pepsin-hydrolyzed FPH (FPHPe) with the highest DH (23%) possessed the
strongest ACE-inhibitory activity (IC50 of 0.57 mg/mL). Its <1 kDa ultrafiltration fraction (FPHPe1)
suppressed both ACE (IC50 of 0.41 mg/mL). In addition, FPHPe1 significantly reduced SBP (maximum
−33 mmHg), DBP (maximum −24 mmHg), mean arterial pressure (MAP) (maximum −28 mmHg),
and hearth rates (HR) (maximum −58 beats) in SHRs [81].

The production of peptides with ACE inhibitory activity must consider the amino acid composition
and molecular weight of hydrolysates. Purification is carried out to obtain a single peptide with
a specific amino acid residues which is in accordance with characterized sequence of bioactive peptide
inhibiting ACE. The pure peptide could be easily observed its activity and stability, as well as the dosage
of peptide administration in the patients with hypertension symptom would be validly determined.
Total hydrolysates with high molecular weight revealed lower activity for inhibiting the ACE rather
than single peptide. The shorter amino acid residues is more visible to reach the target site when
through the digestive tract and they can be absorbed easily. Then, lower-molecular weight peptides also
have a higher probability of passing through the intestinal barrier and exerting biological function [65].
The C-terminal residue in tripeptides or dipeptides plays an important role in binding to sub-sites S1,
S1′, and S2′ sub-sites within the active site of ACE [82]. Aromatic or hydrophobic amino acid residues,
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such as Trp, Phe, Tyr, and Pro, are more active if present at positions in the C-terminal end that bind to
each of the three sub-sites of ACE. In addition, tripeptides or dipeptides with a branched aliphatic
amino acid at the N-terminus show potent ACE inhibition. Basic amino acid residues, such as Lys
and Arg, at the C-terminus also contribute to potent inhibition against ACE [83]. Many studies have
shown that the C-terminal residue of potent ACE inhibitory peptides is usually a hydrophobic amino
acid [39,70,74,84,85].

There is no correlation between competitive inhibitor with high ACE inhibitory activity. Several
non-competitive inhibitors show high ACE inhibitory activity. The peptide Ala-Lys-Leu-Pro-Ser-Trp
derived from soft-shelled turtle egg yolk exhibits a low IC50 value of 13.7 μM [25], whereas the
peptide Val-Glu-Leu-Tyr-Pro isolated from cuttlefish muscle protein exhibits an even lower IC50

value of 5.22 μM [74]; both these peptides are considered non-competitive inhibitors. Moreover,
some peptides inhibit ACE activity by the uncompetitive mode of inhibition. For example, the peptides
Ile-Trp and Phe-Tyr have been ientified as uncompetitive inhibitors [86]; similarly, the peptides
Tyr-Ley-Tyr-Glu-Ile-Ala and Tyr-Leu-Tyr-Glu-Ile-Ala-Arg-Arg have been identified as uncompetitive
inhibitors [87]. Depending on the results of pre-incubation of the peptide with ACE, the ACE inhibitory
peptides are divided into three categories: true inhibitors, prodrugs, and real substrates. A true inhibitor
shows no significant difference in the IC50 value before and after pre-incubation with ACE, whereas
a prodrug shows dramatic reduction in the IC50 value after pre-incubation with ACE. On the other
hand, a real substrate shows an increase in the IC50 value after pre-incubation with ACE, suggesting
a reduction in its inhibitory activity against ACE. Generally, the prodrug- and true inhibitor-type
peptides are expected to exhibit long-lasting antihypertensive activity in spontaneously hypertensive
rats used as a model to study hypertension in humans [88,89].

3. Generation of Bioactive Peptides

Protein hydrolysates have an excellent amino acid balance, are readily digestible, show rapid
uptake, and contain bioactive peptides [90]. Bioactive peptides act as therapeutic agents and are
characterized by high biological specificity, low toxicity, high structural diversity, high and wide
spectrum of activity, and small size, which implies that they have a low likelihood of triggering
undesirable immune responses [91]. Bioactive peptides are defined as protein fragments with beneficial
effects on bodily functions and human health. Peptides isolated from food sources are structurally
similar to endogenous peptides and therefore interact with the same receptors and play a prominent
role as immune regulators, growth factors, and modifiers of food intake [92]. Depending on the
sequence of amino acids, these peptides can exhibit diverse activities, including antimicrobial [93],
antioxidant [94], antithrombotic [95], and antihypertensive [25].

Bioactive peptides are generally produced via enzymatic hydrolysis using digestive enzymes,
fermentation using proteolytic starter cultures, or proteolysis using microorganism-or plant-derived
enzymes. To generate short-chain functional peptides, enzymatic hydrolysis is used in combination
with fermentation or proteolysis [96]. During growth, microorganisms release the protease enzyme
into the extracellular medium, leading to proteolysis and peptide generation. Microorganisms are
typically used for fermentation for several hours to several days, depending on the desired peptide and
the type of fermentation [97]. During fermentation, microorganisms break down complex compounds
into smaller molecules with various physiological functions [98]. Fermented marine food products are
rich sources of bioactive compounds, including amino acids and peptides [99]. Digestive enzymes,
such as trypsin, chymotrypsin, and pepsin, release the bioactive peptides for gastrointestinal digestion
in vivo. To stimulate gastrointestinal digestion, several proteolytic enzymes, such as alcalase and
thermolysin, engage with trypsin and pepsin. In addition, recombinant DNA technology and chemical
synthesis have been used to produce bioactive peptides [92]. The physicochemical properties, such as
molecular weight, isoelectric point, and hydrophilic or hydrophobic indices of the resulting peptides,
change after enzymatic hydrolysis. Prominent amino acids, such as Pro and Val, play key roles in most
antihypertensive peptides [91].
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In the digestive system, bioactive peptides are absorbed through the intestine and enter the blood
stream to exert systemic effects or local effects in the gastrointestinal tract. Dipeptides and tripeptides
are easily absorbed in the intestine. To exert antihypertensive effects, bioactive peptides must reach the
target cells after absorption through the intestine. Common bioactive peptides with antihypertensive
effects include Val-Pro-Pro (VPP) and Ile-Pro-Pro (IPP); they are produced via fermentation using
Lactobacillus helveticus and Saccharomyces cerevisiae. These two peptides have been detected in the aortal
tissue using HPLC, and their effect on ACE activity was lower in the aorta in the study group than in
the control group (saline) [14].

4. Screening Approach

The search for peptides capable of inhibiting ACE activity has been intensified. The pursue of ACE
inhibitory peptides from marine, as well as other sources, has been substantiated. A reliable assay to
determine the ability of peptides to inhibit ACE activity is of paramount concern. In vitro determination
of ACE inhibitory peptides is preceded by enzymatic digestion or microbial fermentation, followed by
the analysis of structure and chemical synthesis of active peptides. Most assays evaluating the ACE
inhibitory activity of peptides have been performed as described previously [100]. The technique used
to evaluate the ACE inhibitory activity of peptides must be simple, sensitive, and reliable. Several such
methods have been developed, such as spectrophotometry, HPLC, fluorometric capillary electrophoresis,
and radiochemistry. Among these, spectrophotometry is the most commonly used method to measure
ACE inhibitory activity. This method involves the hydrolysis of hippuryl-histidyl-leucine (HHL) by
ACE to hippuric acid (HA). The amount of HA produced from HHL is directly correlated with ACE
activity [101]. The amount of HA formed is determined by measuring the absorbance at 228 nm
(absorption maximum of HA) [102]. Although the spectrophotometry is useful, it is time consuming,
complicated, and is unable to detect trace amounts of the sample.

In practice, results of different assays may vary because of the use of different
substrates, such as the synthetic peptides HHL and furanacryloyl-l-phenylalanylglycyl-glycine
(FAPGG), which are the most commonly used substrates, and the fluorescent molecule
o-aminobenzoylglycyl-P-nitrophenylalanylproline for specific detection and quantification [103].
Results may also vary within the same assay because of the use of different test conditions or
the use of ACE from different origins. Thus, ACE activity levels must be carefully controlled to obtain
comparable and reproducible results [83,104].

HPLC is a common method to determine ACE inhibitory activity of peptides as it generates
reproducible results. Although HPLC has been used for decades, it requires the extraction of the
product from the reaction mixture using an organic solvent, which limits the number of samples
that can be analyzed per day and is also a source of error [105]. Moreover, HPLC analysis shows
peculiar results from samples with added inhibitor, which exhibit high HA release than samples
without the added inhibitor. This occurs if the enzyme or the substrate (HHL) is unstable in solution.
The evaluation of ACE inhibition is depends on the comparison between the concentration of HA
in the presence or absence of an inhibitor (inhibitor blank). The occurrence of autolysis of HHL to
give HA was evaluated by a reaction blank, i.e., a sample with the higher inhibitor concentration and
without the enzyme [24]. Another substrate, FAPGG, has also been used for HPLC [106,107]; FAPGG
releases 2-furylacryloyl-l-phenylalanine (FAP) as a product. This method is used to quantitate the
levels and can be used a model of inhibition according to the sigmoid character of the response curve.
The slope of the curve, describing absorbance versus time, is thus a direct measure of ACE activity.
It is based on the combination of enzymatic reaction with HPLC detection of the inhibition of enzyme
activity by measuring the levels of the substrate and product formed. The amount of FAP formed is
determined by measuring the absorbance at 305 nm. This method is beneficial, as it does not require
sophisticated equipment or radiolabelled compounds [108]. Because the price of the two substrates,
HHL and FAPGG, is similar, the HPLC method is advantageous over spectrophotometry, as it requires
less labor and has a higher throughput than spectrophotometry [103].
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The determination of ACE activity also utilizes fluorescent tripeptides, such as
o-aminobenzoylglycyl-p-nitro-l-phenylalanyl-l-proline [Abz-Gly-Phe(NO2)-Pro]. The hydrolysis
of this substrate by ACE generates o-aminobenzoylglycine (Abz-Gly) as a product, which is easily
quantified fluorometrically using appropriate excitation and emission wavelengths. Fluorescence
detection of the reaction products is highly sensitive and precise. Moreover, commercial availability of
all reagents is a major advantage, allowing easy introduction of the assay in laboratories [109].

To obtain ACE inhibitory peptides, slight modification of the assay is crucial. Orthogonal
bioassay-guided fractionation is considered as a potential method to obtain ACE inhibitory peptides.
This method involves the separation of the potential peptides using two ways of fractionation: Strong
cation exchange (SCX) and RP-HPLC (Figure 2). SCX separates peptides based on their charge, whereas
RP-HPLC separates peptides based on their hydrophobicity [110]. Although both SCX and RP-HPLC
separate peptides using different mechanisms, peptides are regarded as potential ACE inhibitors
because they remain in the most active fraction using both methods. Pujiastuti et al. [25] revealed the
identification of overlapping peptides using SCX and RP-HPLC.

Figure 2. Flowchart showing the production of bioactive peptides for angiotensin I-converting enzyme
(ACE) inhibitory assay [25].
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A new method used to measure ACE activity is ultra-performance liquid chromatography (UPLC).
The UPLC-mass spectrometry method has been developed to determine ACE activity using HHL as
the substrate and purified rabbit ACE. This method is rapid, accurate, and reproducible, and is used to
determine trace amounts of compounds. In addition, this method requires a short analysis time and
small reaction volume and is highly selective compared to conventional methods. It is also suitable for
high-throughput screening of potential ACE inhibitors and candidate compounds isolated from herbal
medicines [111].

The in vitro gastrointestinal digestion approach provides a straightforward approach to
imitate peptide function by incubating the peptide with ACE before in vivo oral administration.
Oral administration of ACE inhibitory peptides in hypertensive patients requires these peptides to pass
through the digestive tract and be absorbed through the intestinal epithelium. Pepsin is widely used
to represent gastrointestinal enzymes that function at acidic pH. Polypeptides are further truncated by
pancreatic proteases, including trypsin, α-chymotrypsin, elastase, and carboxypeptidases A and B at
alkaline pH. In vivo testing of peptides is frequently performed in spontaneously hypertensive rats as
they mimic hypertension in humans. This animal model has been used to evaluate the effects of both
short-and long-term administration of antihypertensive peptides. In human studies, food-derived
peptides have been used to establish whether peptides exhibit an antihypertensive effect in humans
with high-to-normal blood pressure. For example, the antihypertensive effect of the peptides IPP
and VPP isolated from the commercial fermented milk show antihypertensive effects after long-term
administration. The sour milk product Calpis from Japan has been examined in mildly hypertensive
patients [112]. In some cases, ACE inhibitory peptides fail to show hypotensive activity after oral
administration in vivo, possibly because of the hydrolysis of these peptides by ACE or gastrointestinal
proteases [74,113]. It is difficult to evaluate a direct correlation between in vitro ACE inhibitory
activity and in vivo antihypertensive activity because the bioavailability of these peptides after oral
administration varies. ACE inhibitory peptides must remain active during gastrointestinal digestion
and reach the specific organ. However, it is possible that ACE inhibitory peptides are degraded before
reaching the specific organ. The antihypertensive mechanism of ACE inhibitory peptides, rather than
the ACE inhibition mechanism, may be of greater interest [77,114].

In silico methods are used to predict the structure of ACE inhibitory peptides based on similarity
between sequences available in databases. The molecular docking approach is widely used to predict
and characterize the binding site of target proteins according to ligand conformation and binding
affinity score [115]. The most convenient approach to elucidate the accuracy of molecular docking
is to determine the distance of binding conformation using the scoring function in the docking
program [116]. Several scoring functions are used to evaluate the docking procedure, such as CDocker
Energy, CDocker Interaction Energy, LibDockScore, PLP1, PLP2, LigScore1, LigScore2, Jain, PMF,
and PMFO4. Besides, BIOPEP-UWM and BLAST database is increasingly popular to be in silico
approaches for investigating biological activities from tilapia and chickpea [117]. BIOPEP-UWM
database is used to predict bioactive peptides composed in protein sequences. This method has
benefits such as time and cost reduction, as well as being a rapid method to identify and characterize
proteins. Briefly, the bioactivities, sequences, number, and location of the peptides were obtained
from the sequences of the identified proteins analyzed using the “profiles of potential bioactivity”
tool. Moreover, the sequences of the identified proteins were examined using the “enzyme action”
tool to simulate enzymatic hydrolysis [118]. Knowing the position of the binding site before docking
significantly increases the docking efficiency. Moreover, knowledge of the structure and activity
relationship is important to explore potential ACE inhibitory peptides. The ACE structure contains
a Zn site, which usually coordinates with oxygen, nitrogen, and sulphur donors of Asp, Cys, and His,
respectively, wherein His is the most regularly encountered in the sphere of Zn2+ ion. The other
Zn ligand in catalytic sites is water; it is activated for polarization, ionization, and arrangement of
ligands in coordination with Zn [11]. The Zn2+ ion is also important for the binding strength between
ACE and its inhibitors [119]. Generally, ACE inhibitors contain one or more molecular functionalities,
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such as Zn-binding ligand, a hydrogen bond donor, and a carboxyl-terminal group [120]. The ability of
a protein to interact with small molecules plays a major role in the dynamics of that protein, which may
enhance or inhibit its biological function. Studies on the catalytic mechanism of ACE have revealed
that the 19 amino acid residues in the active site of ACE, including His353, Ala354, Ser355, Ala356,
His383, Glu384, His387, Phe391, Pro407, His410, Glu411, Phe512, His513, Ser516, Ser517, Val518, Pro519,
Arg522, and Tyr523, bind to small molecules or to protein (ligand).

5. Conclusions

Bioactive peptides derived from marine resources have potential ACE inhibitory activity and are
considered as therapeutic agents to combat hypertension. The main characteristic of ACE inhibitory
peptides is the position of the hydrophobic residue, usually Pro, at the C-terminus. In vitro and in vivo
testing are the most challenging tasks in antihypertensive research as their results do not always show
direct correlation, although gastrointestinal digestion is suggested to mimic peptide release in human
body. Marine organisms represent sustainable sources of ACE inhibitory peptides for the production
of pharmaceuticals and nutraceuticals at an industrial scale. Due to the importance of pure peptide
inhibiting ACE for future pharmaceutical and nutraceutical industry, the purification techniques of
identified peptide is highly crucial. Therefore, upscaling research on bioactive peptide purification
should trigger biotechnologists to perform the research.

Highlights:

• Angiotensin I-converting enzyme (ACE) is a key target for treating hypertension.
• Food-derived bioactive peptides inhibit ACE activity, decreasing blood pressure.
• These peptides improve bodily functions and human health, without adverse effects.
• Marine organisms are sustainable sources of ACE inhibitory peptides.
• Various methods for their industrial production and testing are available.
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Abstract: Despite an increase in life expectancy that indicates positive human development, a new
challenge is arising. Aging is positively associated with biological and cognitive degeneration,
for instance cognitive decline, psychological impairment, and physical frailty. The elderly population
is prone to oxidative stress due to the inefficiency of their endogenous antioxidant systems. As many
studies showed an inverse relationship between carotenoids and age-related diseases (ARD) by
reducing oxidative stress through interrupting the propagation of free radicals, carotenoid has been
foreseen as a potential intervention for age-associated pathologies. Therefore, the role of carotenoids
that counteract oxidative stress and promote healthy aging is worthy of further discussion. In this
review, we discussed the underlying mechanisms of carotenoids involved in the prevention of ARD.
Collectively, understanding the role of carotenoids in ARD would provide insights into a potential
intervention that may affect the aging process, and subsequently promote healthy longevity.

Keywords: aging; cancer; cardiovascular disease; dementia; diabetes; inflammation; oxidative stress

1. Introduction

The average life expectancy has been rising rapidly in recent decades, with an average of 72.0 years
in 2016 globally [1]. However, the healthy life expectancy was 63.3 years in 2016 worldwide [1]. In view
of the demographics of the global population from 2000 to 2050, the population aged 60 years or more
is estimated to increase from 605 million to 2 billion people [2]. In many countries, the average life
expectancy aged 60 years could expect to live another 20.5 years in 2016 [1]. This longevity accounts for
a growing share of age-related diseases (ARD) and their consequent economic and social burden [3].
In fact, aging is positively associated with biological and cognitive degeneration including cognitive
decline, psychological impairment, and physical frailty [4].

Reactive oxygen species (ROS) are continuously generated in normal aerobic metabolism as a
by-product; however, when the amount is elevated under stress, it may cause potential biological
damage [5]. Oxidative stress emerges from an imbalance of either pro- and/or antioxidant molecules,
being characterized by the decreased capacity of endogenous systems to combat an oxidative attack and
subsequently leading to molecular and cellular damage [6]. Oxidative stress has been recognized as the
main contributor to the pathophysiology and pathogenesis of ARD [7] such as metabolic syndromes,
atherosclerosis, osteoporosis, obesity, dementia, diabetes, cancer, and arthritis [8,9].

ARD have become the most common health threats in recent decades. ARD have been linked
to structural changes in mitochondria, accompanied by an alteration of biophysical properties of the
membrane such as reduced fluidity and altered electron transport chain complex activity, which in turn
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contribute to mitochondrial failure and energy imbalance. This perturbation impairs mitochondrial
function and cellular homeostasis, and increases susceptibility to oxidative stress [10,11]. The elderly
population is susceptible to oxidative stress due to the inefficiency of their endogenous antioxidant
systems [12]. An irreversible progression of oxidative decay due to ROS also causes a negative impact
on the biology of aging such as reducing lifespan, increasing disease incidence, and the impairment of
physiological functions [13]. Several organs, for example the heart and brain, with a high consumption
of oxygen and limited replication rate are vulnerable to these phenomena, suggesting the high
prevalence of neurological disorders and cardiovascular disease (CVD) in elderly populations [14,15].
Increased ROS has been linked to the progression and onset of aging. Although ROS generation may
not be an essential factor for aging [16], they are more likely to aggravate ARD development through
interaction with mitochondria and cause oxidative damage [17]. Due to their reactivity, high levels of
ROS can generate oxidative stress by interrupting the balance of prooxidant and antioxidant levels [18].
Substantial evidence highlights that carotenoids can decrease oxidative stress and the progression
of ARD [19]. Lycopene, a carotenoid that is abundantly found in tomatoes, is a crucial antioxidant
source. A meta-analysis study has demonstrated an inverse relationship between lycopene intake
and cardiovascular disease (CVD) risk [20]. This favorable effect could be attributed to the decreased
inflammatory response and cholesterol level, as well as the reduced oxidation of biomolecules [21].
Besides CVD, several studies have also found that consumption of carotenoid-rich fruits and vegetables
can prevent cancers such as prostate and cervical [22–24]. As many studies show that carotenoid
intake is negatively associated with ARD by disrupting the formation of free radicals and subsequently
reduces oxidative stress, carotenoid has been foreseen as a promising nutritional approach for ARD.
Therefore, the role of carotenoids that combat oxidative stress and promote healthy longevity is worth
to discuss further. Of particular interest in this review, we discussed the underlying mechanisms
of carotenoids involved in the prevention of ARD. Understanding the role of carotenoids in ARD
would provide insight for potential interventions that may affect the aging process, and subsequently
promoting healthy longevity.

2. Carotenoids

Carotenoids are a family of naturally occurring organic pigmented compounds that are produced
by the fungi, several bacteria, and plastids of algae and plants [25]. Notably, red pea aphid
(Acyrthosiphon pisum) and spider mite (Tetranychus urticae) are the only animals that produce carotenoids
from fungi through gene transfer [26]. In plants, carotenoids contribute to the photosynthetic machinery
and protect them from photo-damage [27]. They occur in all organisms capable of photosynthesis,
a process to convert into chemical energy in the presence of sunlight. Generally, carotenoids absorb
wavelengths between 400 and 550 nanometers, and hence the compounds are present in red, orange,
or yellow color [28].

Nearly 600 carotenoids have been identified in nature to modulate a broad spectrum of
functions [29]. However, only about 50 carotenoids are found in a typical human diet [30], while about
20 carotenoids are present in human tissues and blood [31]. Carotenoids are classified into two
groups, namely xanthophylls and carotenes, according to their chemical constituents [32]. Oxygenated
derivatives are known as xanthophylls; while hydrocarbon only carotenoids (lycopene, β-carotene,
and α-carotene) are called carotenes. Additionally, aldehyde groups (β-citraurin), epoxide groups
(neoxanthin, antheraxanthin, and violaxanthin), oxo/keto groups (canthaxanthin and echinenone),
and oxygen substituents (zeaxanthin and lutein) are categorized as complex xanthophylls [33].

3. Chemical Structures

In particular, most of the carotenoids are tetraterpenoids, containing 40 carbon atoms and derived
from eight isoprene molecules [34]. All carotenoids have a polyisoprenoid structure, accompanied by a
long-conjugated chain adjacent with multiple double bonds and symmetry on the central double bonds.
The molecular structures of carotenes and xanthophylls are shown in Figures 1 and 2, respectively.
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Alteration of the basic acyclic structure acquired oxygen-rich functional groups [35]. One of the features
of carotenoid is a strong coloration, which is a consequence of light absorption in the presence of
a conjugated chain [36]. Due to the presence of the electron-rich conjugated system of the polyene
structure, carotenoids scavenge the free radicals by trapping peroxyl radicals and quenching the singlet
oxygen [37]. Indeed, the conjugated double bond is critical for the proper functioning of carotenoids,
for example in light absorption for photosynthetic organisms [36].

Figure 1. Molecular structures of carotenes (Phytoene, lycopene, γ-carotene, α-carotene, β-carotene,
and δ-carotene).

 
Figure 2. Molecular structures of some common xanthophylls (β-cryptoxanthin, zeaxanthin, lutein,
astaxanthin, and fucoxanthin).

4. Dietary Sources

Carotenoids are abundantly found in deeply pigmented fruits and vegetables (Table 1), in which
the orange-yellow vegetables and fruits are rich in β-carotene and α-carotene. While, α-cryptoxanthin,
lycopene, and lutein are found in orange fruits, tomatoes and tomato products, and dark green
vegetables, respectively [38]. Egg yolk is a highly bioavailable source of zeaxanthin and lutein [39].
The unsaturated nature of the carotenoids makes them prone to oxidation [40]. Other factors like pH,
light, and temperature can also affect the color and nutritional value of foods [41]. Some common
household cooking methods, for example boiling, steaming, and microwave cooking, do not markedly
change the extent of the carotenoid content in food [42]. However, extreme heat can cause oxidative
damage to carotenoids [42].
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5. Metabolism and Bioavailability

There are several factors that affect the carotenoid absorption, bioavailability, breakdown, transport,
and storage. For example, the dietary intake of fat (in the form of salad dressing, cooking oil for instance
extra virgin olive oil or whole egg) at the same meal with carotenoid consumption (cooked vegetables or
raw vegetable salad) has been found to effectively increase the absorption of some carotenoids [56–59].
The bioavailability of carotenoids may reduce when consumed within the same meal due to the
competition between carotenoids during absorption [60]. In addition, dietary fiber from plant
sources, for example guar gum and pectin, were found to decrease carotenoid absorption [61],
and the localization of carotenoids with the chromoplasts and chloroplasts of plants may reduce the
bioavailability [62]. A study reported by Hornero-Mendez and Mínguez-Mosquera [63] evaluated
the impact of cooking on carotenoids in the plant. The data showed that although heat reduces
the carotenoid content, the bioavailability of the carotenoids was enhanced compared to the control
(uncooked) [63]. Furthermore, Baskaran et al. [64] evaluated the micellar phospholipid in relation to the
intestinal uptake of carotenoids in in vivo study. The data showed that phosphatidylcholine suppressed
the accumulation of lutein and β-carotene in plasma and liver, suggesting the phospholipids derived
from food and bile could influence the cellular uptake of carotenoids solubilized in mixed micelles
formed in the intestinal tract. In addition, the rate of bioaccessibility of carotenoids is highly affected by
the food matrix. The previous study revealed that in vitro transfer rate of β-cryptoxanthin, zeaxanthin,
and lutein is nearly 100% from fruits such as sweet potato, grapefruit, kiwi, and orange compared
to the vegetables such as spinach and broccoli, which is between 19 to 38% [65]. This observation
indicates that the release of carotenoids from a food matrix followed by absorption is a determining
factor for delivering potential health benefits.

The release of carotenoids from the food matrix is highly dependent on their state, as well as their
associations with other food components such as protein [66]. As an example, the microcrystalline form
of carotenoids, for instance lycopene in tomato and β-carotene in carrot, reduces their bioavailability
compared to those that are immersed entirely in lipid droplets [36]. The bioavailability of carotenoids
is markedly varied in food. The previous data stated that nearly 5% of carotenoids (whole, raw
vegetables) are absorbed by the intestine whereas up to 50% of the carotenoid is absorbed from
the micellar solutions [67]. This finding implies that the physical form of carotenoids present in
intestinal mucosal cells is vitally important. Many studies have revealed that thermal treatment
increases the bioaccessibility of carotenoids and improves their absorption due to the bond loosening
and disruption of cell walls [68]. They are absorbed into gastrointestinal mucosal cells and remain
unchanged in the tissues and circulations [69,70]. In the intestine, carotenoids are absorbed via
passive diffusion after being incorporated into the micelles formed by the bile acid and dietary fat.
Subsequently, these micellular carotenoids are incorporated into the chylomicrons and released into
the lymphatic system. Ultimately, they bind with the lipoprotein at the liver and are released into
the bloodstream [71]. Carotenoids are predominantly accumulated in adipose tissue and the liver;
whereas in brain stem tissue, the carotenoid concentration is below the detection limit [72,73]. Other
factors such as gender, aging, nutritional status, genetic factor, and infection may also influence the
bioavailability of carotenoids [74,75]. It has been demonstrated that any disease with an abnormal
absorption of fat from the digestive tract markedly alters the incorporation of carotenoids. Additionally,
interaction with drugs such as aspirin and sulphonamides has been found to reduce the bioavailability
of β-carotene [74].

6. Physiological Changes in Aging

Aging is characterized by a progressive loss and decline of tissues and organ systems.
The degeneration rate is varied between individuals and is highly dependent on genetics and
environmental factors, for instance exercise, ionizing radiation, pollutant exposure, and diet. In general,
the physiological changes of aging are divided into three groups that include (1) changes in cellular
homeostatic mechanisms, such as extracellular fluid volume, blood, and body temperature; (2) a
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decrease in organ mass; and (3) the loss and decline of the functional reserve of the body system [76].
The loss of functional reserve may impair the ability of an individual to cope with external challenges,
for instance trauma and surgery.

Cardiovascular aging attenuates contractile and mechanical efficiency. The specific changes
include an increase in smooth muscle tone, promotion of collagenolytic and elastolytic activity,
and arterial wall thickening [77]. Subsequently, vessels stiffen progressively with age and contribute to
the elevation of systolic arterial pressure and increase cardiac afterload and systemic vascular resistance.
This phenomenon is usually demonstrated in isolated systolic hypertension, in which the left ventricle
has to work harder to eject blood into the stiffer aorta, and hence increase the workload and contribute
to the left ventricular hypertrophy. Hypertrophy of myocytes in response to increased afterload may
promote contraction time as well as the cardiac cycle. Ventricular relaxation is delayed at the time of
mitral valve opening and leads to diastolic dysfunction. Further, the early diastolic filling rate is also
decreased with age and partly compensated by an elevated rate of late diastolic filling. Aging is also
linked to the reduction of cardiac output in the face of falls in blood pressure [77].

In the context of the central nervous system, aging reduces the neural density, accounting for
nearly a 30% loss of brain mass by the age of 80 years, largely grey matter. Growing older is linked to a
reduction of central neurotransmitters such as acetylcholine, serotonin, and catecholamine. In addition,
aging may also reduce dopamine uptake transporters and decrease γ-aminobutyric acid, β-adrenergic,
α2-adrenergic, and cortical serotonergic binding sites. All these changes may reduce the speed of
memory and processing [77].

The greatest change in gastrointestinal physiology affecting nutrient bioavailability is atrophic
gastritis, which presents in nearly 20% of the elderly population [78]. It has been shown that a slight
decline in the secretion of pepsin and hydrochloric acid occurs with advancing age. Nutrient absorption
is affected by low acid conditions in the stomach. Research evidence revealed that growing older is
associated with the age-associated decline in the absorption of certain substances absorbed by active
mechanisms such as vitamin B12, β-carotene, iron, and calcium [79]. For example, dietary vitamin B12

is linked to the food protein, in which the vitamin B12 molecules must be digested before bound to the
endogenous R binders. This digestion takes place in the presence of pepsin and acid. If stomach acid is
low, the digestion of vitamin B12 cannot take place effectively [78].

In addition to the effects mentioned above, aging may reduce the number of fibroblasts and
keratinocytes, decrease epidermal cell turnover, and impair the barrier function [80]. Moreover, aging
can also decrease the vascular network such as round hair glands and bulbs (skin atrophy and fibrosis).
Notably, elderly people are susceptible to the changes in cutaneous function due to the reduction in
vitamin D synthesis. These changes increase their susceptibility to skin injuries such as skin tear and
pressure ulcer [77].

7. The Role of Carotenoids in the Prevention of ARD

Antioxidant plays a predominant role in the termination of oxidative chain reactions by disrupting
the free radical intermediates [81]. Antioxidants control autoxidation by disrupting the formation of free
radicals or suppressing the propagation of free radicals through several mechanisms. This compound
facilitates in quenching •O2

−, breaking the autoxidative chain reaction, inhibiting the formation of
peroxides, and scavenging the species that promote the peroxidation [82].

Carotenoids are known as a highly effective physical and chemical singlet oxygen quencher and
a potent scavenger of ROS [83]. The previous study stated that the antioxidant activity of lycopene
is superior to α-tocopherol and β-carotene [84]. This favorable effect is attributed to the singlet
oxygen quenching ability [85], suggesting that a tetraterpene hydrocarbon polyene accompanied with
two unconjugated and eleven conjugated double bonds readily interact with electrophilic reagents,
and subsequently affect the reactivity of oxygen and oxygenated free radical species [85]. The previous
finding has revealed that a high consumption of carotenoids is inversely associated with ARD [86].
It has been suggested that the alleviation of chronic diseases is mainly due to the antioxidant properties
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of carotenoids [87]. Figure 3 shows the effect of oxidative stress and the interaction of carotenoids in
relation to ARD.

 
Figure 3. The effect of oxidative stress and the interaction of carotenoids in relation to ARD.
Accumulation of reactive oxygen species (ROS) leads to inflammation, cellular dysfunction and
cell death, and mitochondrial dysfunction. Mitochondria function decline, oxidative stress response in
aging, and accumulation of aberrant proteins may contribute to ARD. The consumption of carotenoids
may block ROS production.

7.1. Eye Disorders

Visual impairment has become the second most common cause of lived with disability [88].
Diabetic retinopathy, glaucoma, cataract, and age-related macular degeneration (AMD) are the most
common types of vision loss among the elderly [89]. The development of AMD is not only due to the
age factor, other factors, for example diet, oxidative stress, and smoking, may also increase the risk [90].
Tosini et al. [91] revealed that prolonged exposure to blue light emitted by energy-efficient lightbulbs
and electronics enhanced retinal cell damage. This study further demonstrated that long-term exposure
to energy-efficient lightbulbs and electronics can reduce visual function and promote AMD [91].

AMD is the predominant contributor of blindness among the elderly aged 75 years and above
in developed countries [92,93]. AMD contributes approximately 8.7% of all blindness globally [94].
Notably, some research has emerged to predict that the percentage of AMD patients will double
between 2010 and 2050 [95]. Non-proliferative postmitotic cells including retinal pigment epithelium
cell and photoreceptors are particularly sensitive to oxidative damage due to the absence of DNA
damage detection systems compared to other cells [96]. In the context of cataracts, zeaxanthin and
lutein therapy has provided significant beneficial outcomes [97]. Zeaxanthin/lutein (2 mg/10 mg)
significantly reduced the risk of cataract surgery [98]. Moreover, AMD is inversely correlated with the
dietary intake of a carotenoid-rich diet (5–10 mg/day) compared to those individuals who rarely or
never consume carotenoids [98].

Carotenoids have been demonstrated as an eye-sight protecting agent [99]. Such carotenoids are
categorized as pro-vitamin A comprised of the unsubstituted β-ionone ring (γ-carotene, α-carotene,
β-carotene, and β-cryptoxanthin) which can be converted into retinal [100]. Two dietary carotenoids,
namely zeaxanthin and lutein, are macular pigments found in the human retina [101]. Macular
pigments exert antioxidant properties, which can absorb short wavelengths and high energy blue light,
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and subsequently protect the retina from photochemical damage [86]. This pigment can protect against
UV-induced peroxidation and neutralize ROS [101].

Deficiency of vitamin A affects immunity, which can damage the light-sensitive receptors [102].
Further, vitamin A deficiency may also lead to permanent blindness called xerophthalmia [103].
The previous study stated that supplementation with carotenoids such as zeaxanthin (2 mg/day/year)
and lutein (10–20 mg/day/year) can increase macular pigment optical density levels [104,105]. Several
studies reported by Hammond et al. [104] and Nolan et al. [106] also showed that zeaxanthin/lutein
(2 mg/10 mg/day/year) can enhance visual performance such as photostress recovery, glare tolerance,
and contrast sensitivity. Collectively, carotenoid intake could be a potential approach for the
amelioration of oxidative stress and provide potential benefits for ocular health and function.
The potential implication of carotenoids on AMD, as well as the dosage of the zeaxanthin and lutein
when combined with other nutrients is worthy of further investigation in randomized clinical trials.

7.2. Neurodegenerative Diseases

Dementia is a chronic and progressive neurodegenerative disease in which there is deterioration
in behavior, thinking, memory, and the ability to perform daily activities [107]. Dementia has become
one of the major causes of disability and dependency among older people and contributes to nearly
60% of the total cases. It is projected that by 2050 there will be 152 million dementia cases in low-
and middle-income countries [107]. Alzheimer’s disease is the most common form of dementia and
accounts for nearly 60–70% of cases [107].

The data from the previous study revealed that the concentration of carotenoids is passively
associated with cognitive performance in both cognitively intact and cognitively impaired
people [108,109]. A human study involving 91 healthy individuals suggested that twelve months
supplementation with lutein (10 mg/day), zeaxanthin (2 mg/day), and meso-zeaxanthin (10 mg/day)
improved the memory compared to the placebo control group [110]. A study reported by Rubin et
al. [111] also demonstrated that carotenoids (16 mg/day for 26 days) are inversely associated with
inflammatory markers, for instance interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-6, vascular
cell adhesion molecule-1 (VCAM-1), and monocyte chemoattractant protein 1 (MCP-1) in both human
and animal models. A study analyzed of 3031 participants aged 40–75 years revealed that total
carotenoids (1.63 μmol/L) were negatively correlated with retinol binding protein 4 (RBP4) [112]. RBP4
also known as adipose-derived cytokine is a sole retinol transporter in the blood which is secreted from
the adipocyte and liver [113]. RBP4 plays a crucial role as a proinflammatory marker by activating
c-Jun N-terminal kinase (JNK) and nuclear factor-kappa B (NF-κB) pathways [114,115], as well as
increasing the secretion of IL-1β, IL-6, and TNF-α expression. Thus, controlling systemic inflammation
could be a targetable tool for the prevention of ARD.

Much information indicates that carotenoids may limit neuronal damage from free radicals,
which is potentially served as a modifiable risk factor for cognitive decline. The data from 2011–2014
National Health and Nutrition Examination Survey involving 2796 participants aged ≥60 years
demonstrated that lutein and zeaxanthin supplementation (2.02 mg/day) may prevent cognitive
decline [116]. Carotenoids delay neurodegenerative diseases progression through several pathways,
for example suppress proinflammatory cytokines [117], trigger Aβpeptide production [118], and reduce
oxidative stress [119]. Due to its high binding energy with Alzheimer’s disease-associated receptors
(histone deacetylase and P53 kinase receptors) [120], β-carotene is potential to be an Alzheimer’
disease antagonist. Fucoxanthin, a marine carotenoid, destabilizes Aβ fibril and inhibits Aβ

formation [121]. Likewise, Ono and Yamada [122] reported that both β-carotene and vitamin A
can block the oligomerization of Aβ42 and Aβ40 during Aβ peptide formation. Further, lycopene
(1–4 mg/kg body weight/14 days) also decreases the Aβ42-induced inflammatory cytokine, for instance
TNF-α, NF-κB, IL-1β, and transforming growth factor beta (TGF-β) in the brain [123]. High serum
carotenoid levels such as lycopene, zeaxanthin, and lutein were found to reduce Alzheimer’s disease
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mortality [124]. Collectively, carotenoids play a significant role as an antioxidant to delay the progression
of neurodegenerative disease.

7.3. Cardiovascular Disease

According to the World Health Organization [125], nearly 17.9 million people die from CVD,
represents 31% of all deaths worldwide. About 85% of all CVD deaths are due to strokes and heart
attacks [125]. CVD is the disorder of blood vessels and the heart such as cerebrovascular disease,
rheumatic heart disease, and coronary heart disease [125]. CVD is the major clinical concern in the
elderly, with 68% of individuals aged 60–79 years having CVD and the prevalence is increased to 85%
among people aged 80 years and above [126]. Oxidative stress is implicated in the development and
progression of CVD [127]. High oxidative stress in the heart is one of the common characteristics of
CVD [128]. Indeed, reduced antioxidant defense and enhanced ROS accumulation can cause systemic
oxidative damage in CVD patients [129].

Carotenoids have been reported to prevent oxidative stress-induced diseases including CVD [130].
The implication of carotenoids against pathophysiology of CVD has been widely studied in both
in vivo and in vitro models [131,132]. Lutein suppresses the NF-κB activation which plays a prominent
role in the pathogenesis of several human diseases [133]. The anti-inflammatory and antioxidant
properties of lutein (1–25 μM/24 h) reduced the risk of coronary artery disease [134] and CVD [135]
in the elderly population. Lutein consumption (one soft boiled egg per day for 4 weeks) was shown to
reduce the oxidized low-density lipoprotein (LDL), implies that lutein may prevent the development of
atherosclerosis [136]. High plasma lutein levels were found to protect the myocardium from ischemia
injury by decreasing oxidative stress and apoptosis [135]. A meta-analysis involving 387,569 participants
suggested that a high lutein intake or high lutein concentration in the blood reduced the risk of stroke
and coronary heart disease [137]. The previous study reported by Costa-Rodrigues et al. [138] further
revealed that carotenoids (lycopene) are of benefit in the protection of vascular, endothelial, and cardiac.
Moreover, research evidence also indicates that carotenoids reduce LDL-cholesterol plasma levels [139]
and promote high-density lipoprotein (HDL) functionality (three eggs for 30 days) [140]. Compared to
those who rarely or deficient in lycopene, individuals who supplemented with lycopene may trigger a
significant reduction in coronary artery disease [141]. Although most of the studies have reported a
positive effect of lycopene on cardiovascular health, not all data demonstrated such a link. Several
human intervention studies failed to identify an inverse relationship between lycopene intake and
CVD markers [140,142–145]. There are many reasons underlying these negative associations. Both the
metabolism and bioavailability of lycopene are highly affected by genetic variability, as they are found
in more than 28 single nucleotide polymorphisms in 16 genes [146,147]. In addition, the cardiovascular
markers utilized in different studies also varied significantly, which makes detailed comparisons
difficult. A difference in lycopene sources and doses may also reduce the lycopene effects, which in turn
influence the observed effects. Further, most of the studies used less than 100 subjects, which reduce
the statistical power of the results. Therefore, further studies should be performed in large populations,
preferably from the same geographic location to avoid high genetic variability. The processing method
and amount of tomatoes ingested also should be strictly controlled [138]. Taken together, carotenoid
intake might be a promising strategy to enhance cardiovascular health.

7.4. Cancer

Cancer represents the second most common cause of death worldwide, with nearly 9.6 million
deaths and 18.1 million new cases in 2018 [148,149]. Emerging research evidence has suggested that
30–50% of cancer deaths could be prevented by modifying the key risk factors, for instance exercise
regularly, maintaining healthy body weight, reducing alcohol consumption, and avoiding tobacco [148].

Carotenoids have been reported to decrease the risk of certain cancers such as colon [150],
prostate [151], and lung [152]. Several carotenoids, for instance lutein, zeaxanthin, and lycopene, have
been reported to decrease the inflammatory mediator’s production through the blockage of NF-κB
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pathway [153,154]. Lutein was found to negatively link to several types of cancer. A study obtained by
Chang et al. [133] reported that lutein decreases the proliferation of breast cancer cells, ameliorates
ROS, and improves the expression of cellular antioxidant enzymes via activation of nuclear factor
E2-related factor 2 (Nrf2)/antioxidant responsive element (ARE) and inhibition of NF-κB pathways.
In prostate cancer patients aged 64–75 years, high carrot, tomatoes, and lycopene intakes were shown
to decrease the risk of prostate cancer compared to those with low carrot, tomatoes, and lycopene
consumption [22]. The data from a human population-based study involving 638 independently living
elderly aged 65–85 years revealed that increased serum carotenoid levels are inversely associated with
cancer mortality [155]. The preventive role of carotenoids against cancer could be attributed to their
antioxidant activity. In fact, the anticancer ability of carotenoids such as lycopene is modulated via
several mechanisms such as apoptosis, cell cycle arrest, phase II detoxifying enzymes, and growth
factor signaling [156]. However, a previous study revealed that smokers who supplemented with
β-carotene (20 mg/day for 5–8 years) experienced increased lung cancer incidence, and these findings
were not associated with the nicotine or tar level of cigarettes smoked, suggesting that all smokers
should continue to avoid β-carotene supplementation [157]. The detrimental effect of β-carotene
supplementation in smokers could be due to the instability of the β-carotene molecule in the lung after
exposure to cigarette smoke. Oxidized β-carotene metabolites diminish retinoic acid levels and thus
enhance lung carcinogenesis [158]. Taken together, regular consumption of carotenoids may become a
useful approach to ameliorate oxidative stress. The beneficial effect of carotenoids in relation to cancer
is worth attention.

7.5. Diabetes Mellitus

Diabetes mellitus is a chronic disease due to the deficiency or ineffective of the pancreas to produce
insulin. The prevalence of diabetes has risen from 108 million in 1980 to 422 million in 2014 [159]. Nearly
1.6 million people worldwide died due to diabetes in 2016 [159]. Type 2 diabetes is the most common
form of the disease, accounting nearly 90% of all diabetes mellitus cases worldwide [159]. Diabetes
mellitus is a progressive disease, accompanied by complications including macro- and microvascular
damage, neuropathy, retinopathy, and nephropathy [160].

Oxidative stress has been recognized as a key risk factor in the development of diabetes [161].
Several risk factors for instance aging, obesity, and unhealthy dietary intake, all contribute to an
oxidative environment and subsequently alter the insulin sensitivity via impairment of glucose
tolerance or promote the insulin resistance [162]. Hyperglycemia is commonly related to diabetes and
leads to the progression and an overall oxidative environment [163]. The dysregulation of cellular
and molecular process is common in type 2 diabetes, particularly in β-cells. Reactive nitrogen species
(RNS) and ROS, for instance hydroxyl radical (OH·), peroxynitrite (ONOO−), NO, superoxide anion
(O2

•−), and H2O2, all contribute to key metabolic and physiologic processes [164,165].
Another common carotenoid, astaxanthin, is a potent antioxidant for the prevention and treatment

of diabetes. An animal study has shown that astaxanthin (1.0 mg/mouse/day for 13 weeks) decreases
blood glucose levels, improves insulin serum levels, and reduces glucose tolerance in type 2 diabetes
mellitus rodent models [166]. A 10-year prospective study involving 37,846 men and women revealed
that high dietary intake ofβ-carotene (10± 4 mg/day) can reduce the risk of type 2 diabetes mellitus [167].
A low serum β-carotene level has also been associated with impaired insulin sensitivity [168]. Another
common carotenoid, fucoxanthin has been demonstrated to prevent diabetes mellitus. Maeda et al. [169]
revealed that feeding obese mice Fucoxanthin-rich Wakame lipids (1.06–2.22%) may restore insulin and
blood glucose levels via the upregulation of glucose transporter type 4 (GLUT4) mRNA expression in
the skeletal muscle. A previous study reported by Manabe et al. [170] evaluated astaxanthin in relation
to inflammatory markers and proinflammatory cytokine production. The data showed that astaxanthin
(10−7–10−4 M) reduces high glucose-induced ROS production in the mitochondria and downregulates
the expression of cyclooxygenase-2 (COX-2), TGF-β, NF-κB, and MCP-1. In a further study focused on
inflammation outcomes, Kim et al. [171] found that astaxanthin inhibits the peroxynitrite (ONOO−),
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nitric oxide (NO), and superoxide (O2
−) induced by high glucose concentration. These data suggest that

astaxanthin may exert the potential in the prevention of diabetic nephropathy. The Epidemiology of
Vascular Aging Study involving 127 diabetes cases and 1389 volunteers aged 59–71 years revealed that
individuals with high plasma carotenoid levels were significantly reduced the risk of dysglycemia [172].
Collectively, carotenoids may be a useful nutritional intervention for diabetes and its complications.

7.6. Osteoporosis

Osteoporosis is the most common metabolic bone disease, which is characterized by low bone
mass and increase bone fragility [173]. Osteoporosis has become a global epidemic, affecting more
than 8.9 million fractures annually worldwide [174]. Nearly 75% of the distal forearm, spine, and hip
fractures occur in patients aged 65 years and above [175]. By 2050, the incidence of hip fracture is
expected to increase by 240% and 310% in women and men, respectively [176].

Studies in both in vivo and in vitro models have suggested that carotenoids could prevent bone loss
via the reduction of oxidative stress. Osteoclastogenesis and the apoptosis of osteocytes and osteoblasts
are accelerated with the presence of oxidative stress, and subsequently lead to bone resorption [177,178].
A study found that a high intake of β-carotene, β-cryptoxanthin, and lutein/zeaxanthin reduces the risk
of hip fracture in the middle-aged and elderly population [179]. Further, epidemiological studies have
also found that a dietary intake of carotenoids may decrease the risk of osteoporosis [180] and improve
bone mineral density [181]. The in vivo study further demonstrated that lutein (50 mg/kg for 4 weeks)
protects the ovariectomized rats against oxidative stress and osteoporosis by downregulating the
inflammation and osteoclast-specific marker (NFATc1) expression via Nrf2 activation [182]. Likewise,
Tominari et al. [183] also showed that lutein (3, 10, and 30 μM) suppresses osteoclastic bone resorption
and enhances bone formation. High serum lutein and zeaxanthin levels increase bone density in young
healthy adults, suggesting that lutein and zeaxanthin play a pivotal role in optimal bone health [184].

8. Carotenoids and Aging

Numerous animal and clinical studies suggest that a diet rich in antioxidants can prevent
aging [185]. In support of this, an animal study has revealed that lutein could prolong the
lifespan and ameliorate the mortality rate induced by hydrogen peroxide and paraquat in Drosophila
melanogaster [186]. The data showed that supplementation with 0.1 mg/mL lutein significantly increased
the mean lifespan of Oregon-R-C (OR) wild type flies by 11.35% compared to the control group [186].
This study further revealed that the maximum lifespan is increased more than 11.23 days after
supplementation with 0.1 mg/mL lutein compared to the control [186]. Similarly, the study obtained by
Neena et al. [187] has also demonstrated that lutein (0.5, 1.5, 5, 15 μM) could reduce the age-associated
decline in human skin cells. Despite none of the clinical study demonstrating that a diet high in
lutein could promote human lifespan, several human clinical studies revealed that a dosage ranging
from 2.4–30 mg/day is beneficial to human health without undesirable outcomes [188]. In another
study, Yazaki et al. [189] showed that astaxanthin (0.1–1 mM) can prolong the lifespan in the wild-type
and long-lived mutant age-1 of C. elegans. The data revealed that astaxanthin increased DAF-16 gene
expression and reduced mitochondrial production of ROS, suggesting that carotenoid is partially
involved in the modulation of insulin-like growth factor 1 (IGF-1) signaling [189]. Indeed, IGF-1
plays a predominant role in biological aging [190]. Fucoxanthin (0.3–1.0 μM) has also been reported
to prolong lifespan and promote the viability of the organism such as Drosophila melanogaster and
C. elegans [191]. An adequate intake of lutein-rich food is vitally important throughout the lifespan.
The previous finding suggests that carotenoids such as lutein play an important role in neural health
(cognitive and visual function) in adults [192], implying that carotenoids may provide an optimal or
better health outcome.
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9. Safety and Toxicity

In a well-balanced diet, the intake of carotenoids, such as lutein, is sufficient to maintain health.
However, supplementation is needed in cases of chronic disease or the inadequate absorption of
carotenoids. Several studies conducted in both in vitro [193] and animal models [193,194] have revealed
that the use of lutein is safe without teratogenic and mutagenic outcomes. Despite the fact that no
toxic effect was observed during lutein supplementation in both intervention and epidemiological
studies [195], the Joint Expert Committee on Food Additives established an upper safety limit for daily
lutein consumption of 2 mg/kg [196]. Whereas the European Food Safety Authority (EFSA) indicated
an upper safety limit of 1 mg/kg [197]. EFSA further established an upper limit for lutein-enriched
milk for infants of 250 μg/L [198]. Notably, the data showed that there is no interaction between
lutein consumption and cytochrome P450 enzyme activity, suggesting that lutein may not modify the
metabolism of endogenous or exogenous substances [199]. An animal study has shown that mice
lacking β-carotene oxygenase 2 significantly increased the mitochondrial dysfunction and oxidative
stress as well as developed pathologic carotenoid accumulation [200]. This finding implied that an
excessive carotenoid intake may contribute to toxicity under certain circumstances. Olmedilla et
al. [201] found that the supplementation of lutein at a dosage of 15 mg/day for 20 weeks increased the
risk of skin yellowing (carotenodermia). Similarly, the data from the observational study revealed that
lutein may increase the risk of lung cancer, particularly non-small cell lung cancer in smokers [202].
The population-based study has also reported that lutein supplementation increased the risk of
crystalline maculopathy in old women. The adverse outcomes are reversed after lutein intake
discontinuation [203]. Although research has demonstrated a positive association between lutein
and the risk of several diseases, the survey conducted by EFSA concluded that the data obtained
were insufficient to show an adverse outcome [197]. Consistent with the data reported by EFSA,
the Age-Related Eye Disease Study 2 (AREDS2) intervention study did not identify any risk of lung
cancer after lutein supplementation [204,205]. Based on the evidence, it is suggested that chronic lutein
supplementation at the dosage of 10 mg/day is safe and non-toxic [204,205].

10. Conclusions

A high intake of fruits and leafy green vegetables is important to achieve adequate dietary levels
of carotenoids among other nutrients. Based on the evidence, an adequate diet is recommended
rather than supplementation in order to maintain physical health. The previous finding suggests that
high dietary consumption of zeaxanthin and lutein are likely to protect against ARD such as AMD.
Although the beneficial effects of carotenoids for reducing the risk of ARD have been demonstrated
in both in vivo and in vitro studies, there are still some controversies surrounding certain effects of
carotenoids in ARD that need to be elucidated by long-term clinical trials with large cohorts of the
general population. Moreover, further studies are warranted to evaluate the precise mechanism of
action under pathological and healthy conditions to enhance the implementation and acceptance of
carotenoids for use in clinical practice. Therefore, researchers should further investigate the underlying
mechanism of action to better elucidate the possible role of carotenoids on human health.
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Abstract: The present review gives an overview about natural products from the holoparasitic
genus Orobanche (Orobanchaceae). We cover both genuine natural products as well as compounds
sequestered by Orobanche taxa from their host plants. However, the distinction between these two
categories is not always easy. In cases where the respective authors had not indicated the opposite,
all compounds detected in Orobanche taxa were regarded as genuine Orobanche natural products. From
the about 200 species of Orobanche s.l. (i.e., including Phelipanche) known worldwide, only 26 species
have so far been investigated phytochemically (22 Orobanche and four Phelipanche species), from
17 Orobanche and three Phelipanche species defined natural products (and not only natural product
classes) have been reported. For two species of Orobanche and one of Phelipanche dedicated studies
have been performed to analyze the phenomenon of natural product sequestration by parasitic plants
from their host plants. In total, 70 presumably genuine natural products and 19 sequestered natural
products have been described from Orobanche s.l.; these form the basis of 140 chemosystematic records
(natural product reports per taxon). Bioactivities described for Orobanche s.l. extracts and natural
products isolated from Orobanche species include in addition to antioxidative and anti-inflammatory
effects, e.g., analgesic, antifungal and antibacterial activities, inhibition of amyloid β aggregation,
memory enhancing effects as well as anti-hypertensive effects, inhibition of blood platelet aggregation,
and diuretic effects. Moreover, muscle relaxant and anti-spasmodic effects as well as anti-photoaging
effects have been described.

Keywords: Orobanche s.l.; Orobanchaceae; Lamiales; natural products; secondary metabolites;
phenylpropanoid glycosides; phenylethanoid glycosides; bioactivities of natural products;
chemosystematics

1. Introduction

Taxa of the genus Orobanche sensu lato (Orobanchaceae) are non-photosynthetic root holoparasites.
The genus Orobanche s.l. is distributed worldwide. Most of the about 200 species are native to the
Northern Hemisphere [1,2]. The phylogeny of Orobanche s.l. is still discussed controversially. Park et al.,
(2008) [3], distinguished five lineages within Orobanche s.l. based on morphological, cytological,
and (macro-)molecular phylogenetic data. Schneeweiss (2013) [4] suggested treating these lineages
as separate genera. From these five lineages, four have traditionally been regarded as sections of
Orobanche [the respective generic names suggested by Schneeweiss (2013) [4] are indicated in brackets]:
Gymnocaulis Nutt. (=genus Aphyllon Mitch.), Myzorrhiza (Phil.) Beck (=sect. Nothaphyllon (A.Gray)
Heckard = genus Myzorrhiza Phil.) [5], Trionychon Wallr. (=genus Phelipanche Pomel), and Orobanche L.
(=sect. Osproleon Wallr. = genus Orobanche L. s.str.). The only representative of the fifth clade, Orobanche
latisquama Reut. ex Boiss. (=genus Boulardia F.W.Schultz), was formerly assigned to sect. Orobanche.
Additionally, the genus Phelypaea is part of the clade comprising Orobanche s.l. [4]. On the basis of
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recent taxonomic and phylogenetic data, the genus Orobanche s.l. was split into two separate genera,
Orobanche and Phelipanche [6]. Following this decision the names Phelipanche ramosa (L.) Pomel and
P. aegyptiaca (Pers.) Pomel, instead of Orobanche ramosa L. and O. aegyptiaca Pers. (of sect. Trionychon)
are applicable [7]. In the following paragraphs, the new species names are used and synonyms in the
original publications are indicated if applicable. Orobanche species play an important (negative) role
in agriculture as they can pose serious threats to major crop plants [8,9]. Many research papers are
focused on host-parasite interactions via strigolactones (seed germination promoters) in terms of weed
management. Less is known about phytochemical compounds in the parasitic species. This review is
intended to give an overview over secondary metabolites synthesized by Orobanche s.l. known so far.
For Orobanche sections Gymnocaulis and Myzorrhiza as well as for O. latisquama, no studies on secondary
metabolites have been published yet. Members of Orobanche section Orobanche and of Phelipanche that
have been phytochemically analyzed are reviewed in alphabetical order. An additional paragraph
describes sequestration of secondary metabolites from host plants. Characterizations of bioactivities of
Orobanche s.l. extracts and pure compounds isolated from Orobanche species are described separately.
Literature data were retrieved from SciFinder and ISI Web of Knowledge databases. Reports until
the end of 2017 were taken into account (exact search terms can be found in Supplementary Text S1).
All taxon names were reviewed and accepted names according to The Plant List are used throughout
the manuscript [10]. Usage of synonyms deviating from The Plant List in the cited literature was
mentioned when applicable.

2. Results and Discussion

2.1. Literature Data on Natural Products from Orobanche Species

In the genus Orobanche s.l. the following classes of secondary metabolites have been found: aromatic
aldehydes, ketones, and phenylmethanoids (Figure 1), phenylethanoids (Figure 2), phenylethanoid
glycosides (Figure 3), phenylpropanoid glycosides (Figures 4–8), phenolic acids (Figures 9 and 10),
lignans (Figures 11 and 12), flavonoids (Figure 13), a tropone derivative (Figure 14), and sterols
(Figures 15–20). Phenylpropanoid glycosides represent the largest group of secondary metabolites
isolated from Orobanche species. Moreover, bi- and tricyclic sesquiterpenes, iridoid glycosides, acyclic,
monocyclic, and bicyclic monoterpenes, and carotenoids have been detected in Orobanche. Along with
secondary metabolites the isolation of some primary metabolites such as fatty acids, alkanes, alkenes,
ketones, fatty alcohols, and sugar alcohols has been described. Species that have been investigated for
their phytochemical compounds are subsequently listed in alphabetical order within their corresponding
genus. The secondary metabolites synthesized by Orobanche species are shown in Figures 1–20 and
compounds are numbered consecutively from 1 to 70. Components of essential oils are listed in the
corresponding paragraphs but individual chemical structures are neither displayed nor numbered.
Primary metabolites that have been isolated along with secondary metabolites and that are mentioned in
the corresponding papers are only mentioned in the text (no figure, no numbers). Secondary metabolites
sequestered from host species by Orobanche species, comprising alkaloids (Figures 21–24), polyacetylenes
(Figure 25), and cannabinoids (Figure 26), are shown in Figures 21–26, and these sequestered compounds
are numbered consecutively from S1 to S19. Information about collection site, country of origin, analyzed
plant parts, and extraction solvents as well as analytical methods used for compound identification and
structure elucidation are listed in this order in brackets after the corresponding taxon. Analytical methods
include infrared spectroscopy (IR), gas chromatography (GC), gas liquid chromatography (GLC), mass
spectrometry (MS), nuclear magnetic resonance spectroscopy (NMR), thin layer chromatography (TLC),
high performance thin layer chromatography (HPTLC), and high performance liquid chromatography
(HPLC) with ultraviolet (UV) and diode array detectors (DAD). Most authors do not specify the host
species of the investigated Orobanche samples. Whenever available, information about the host species is
mentioned. An additional section is dedicated to reports dealing with more than one Orobanche species.
Natural products described in these reports are also briefly mentioned in the respective paragraphs for
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each individual species. An additional section is dedicated to the sequestration of secondary metabolites
by Orobanche species from their host plants. Moreover, one section deals with bioactivities reported for
Orobanche extracts and natural products isolated from such extracts. Synonyms of taxon and compound
names are only indicated when being mentioned for the first time. Tables giving an overview of all
phytochemically investigated species, natural products detected within these species and sequestered by
these species, respectively, are available as Supplementary Material (Tables S1 and S2).

2.2. Secondary Metabolites Synthesized by Orobanche s.l.

2.2.1. Orobanche Sectio Orobanche (=sect. Osproleon Wallr. = Genus Orobanche L. s.str.)

Orobanche alba Stephan ex Willd.—Roudbaraki and Nori-Shargh identified forty different
compounds in the essential oil from O. alba [province of Guilan, Iran; aerial parts; hydrodistillation; GC,
GC-MS, comparison with authentic samples] [host species not mentioned] [11]. Detected compounds
included three monoterpene hydrocarbons, twelve oxygenated monoterpenes, five sesquiterpene
hydrocarbons, three oxygenated sesquiterpenes, one oxygenated diterpene, and sixteen non-terpenic
compounds (aliphatic hydrocarbons, alcohols, ethers, aldehydes, ketones, carboxylic acids, and
esters). The monoterpene fraction encompassed bornylangelate, p-cymene, limonene, γ-terpinene,
p-menthone, 1,8-cineol, pinocamphone, linalool, (Z)-iso-citral, nerol, neral (syn. citral B, cis-isomer),
geraniol, geranial (syn. citral B, trans-isomer), and geranylacetate; the sesquiterpene fraction
included trans-caryophyllene (syn. β-caryophyllene), 6,9-guaiadiene, isobornyl-2-methyl-butyrate,
δ-cadinene α-copaene, β-bourbonene, and caryophyllene oxide. The only diterpene detected was
manool and the only phenylpropanoid methyl chavicol (syn. estragol). Detected non-terpene
compounds comprised n-nonanal, neryl acetate, myristic acid, palmitic acid, linoleic acid, linolenic
acid, 6-methyl-5-hepten-2-one, 6,10,14-trimethyl-2-pentadecanone, octadecane, heneicosane, docosane,
tricosane, tetracosane, pentacosane, nonadecene, isobutyl phthalate, and bis(2-ethylhexyl)phthalate.
Fruchier et al. reported the isolation of the tropone derivative orobanone (45) from O. alba (as
O. epithymum DC.) [whole plants; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [host
species not mentioned] [12].

Orobanche amethystea Thuill.—In O. amethystea Serafini et al. [Sardinia, Italy; flowering
plants; alcoholic extract; 1H and 13C NMR, HPLC, co-elution of extracts with isolated and identified
phenylpropanoid glycosides] [host species not mentioned] detected the phenylpropanoid glycosides
verbascoside (syn. acteoside, orobanchin, [13]) (10) and oraposide (syn. crenatoside and orobanchoside)
(29) [14].

No Name R1 R2 R3

1 p-Hydroxybenzaldehyde H OH H
2 Protocatechuic aldehyde OH OH H
3 Isovanillin OH OCH3 H
4 Vanillin OCH3 OH H
5 Syringaldehyde OCH3 OH OCH3

Figure 1. Phenylmethanoids, aromatic aldehydes and ketones 1–5.
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Figure 2. Phenylethanoid, p-Hydroxy acetophenone 6.

Orobanche anatolica Boiss. & Reut.—The occurrence of saponins in O. anatolica was mentioned
by Aynehchi et al. [Iran; whole plant] [host species not mentioned] but no further specification of
structures nor of any analytical methods were indicated in the report [15].

No Name R1 R2

7 2-Phenylethyl β-primeveroside H Xyl
8 Salidroside 1 OH H

1 Syn. rhodioloside.

Figure 3. Non-acylated phenylethanoid glycosides 7 and 8.

No Name R1 R2 R3 R4 R5 R6

9 Desrhamnosyl acteoside H H H H H H
10 Acteoside 1 H H H H Rha H
11 Poliumoside H H H H Rha Rha
12 Arenarioside H H H H Rha Xyl
13 Caerulescenoside H H H H (3-O-Glc)-Rha H
14 2′-O-Acetylacteoside H H H Ac Rha H
15 2′-O-Acetylpoliumoside 2 H H H Ac Rha Rha
16 Pheliposide H H H Ac Rha Xyl
17 Campneoside II H H OH H Rha H
18 Campneoside I H H OCH3 H Rha H
19 Leucosceptoside A CH3 H H H Rha H
20 Cistanoside D CH3 CH3 H H Rha H
21 Orobancheoside B CH3 CH3 H H Rha feruloyl-
22 Orobancheoside A CH3 CH3 H H (4-O-Ac)-Rha H

1 Syn. kusaginin [16], orobanchin, verbascoside; 2 syn. brandioside.

Figure 4. Phenylpropanoid glycosides I, 9–22.

Orobanche artemisiae-campestris Gaudin subsp. picridis (F.W.Schultz) O. Bolòs, Vigo,

Masalles & Ninot—Fruchier et al. isolated the tropone derivative orobanone (45) [whole plant;
water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [no information about the host] from
O. artemisiae-campestris subsp. picridis (using the synonym O. picridis F.W.Schultz) [12].

Orobanche caryophyllacea Sm.—The tropone derivative orobanone (45) was isolated from
O. caryophyllacea (using the synonym O. major L.) by Fruchier et al. [whole plant; water, chloroform; IR,
UV, MS, CI-MS, 1H and 13C NMR] [no information about the host] [12].
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Orobanche cernua Loefl.—Qu et al. characterized 17 compounds from O. cernua (syn. O. cumana
Wallr., O. cernua var. cumana Wallr.) [Jilin province, China; fresh whole plants; methanol; MS, 1D and
2D NMR, comparison with literature data] [host species not mentioned] [17]. Eleven compounds were
identified as phenylpropanoid glycosides [salidroside (8), acteoside (10), 2′-O-acetylacteoside (14),
campneoside (18), leucosceptoside A (19), isoacteoside (23), isocampneoside (24), oraposide (29),
3′′′-O-methylcrenatoside (30), descaffeoyl crenatoside (31), and isocrenatoside (32)]. Furthermore,
three phenolic acids [caffeic acid (34), trans-ferulic acid (36), and chlorogenic acid (37)], one lignan
[dimethyl-6,9,10-trihydroxybenzol[kl]xanthene-1,2-dicarboxylate (38)], and two flavonoids [apigenin
(42) and luteolin (43)], were found. In a second report Qu et al. described the isolation of a novel
phenylethanoid glycoside, 3′-O-methylisocrenatoside (33) as well as of the known compounds
protocatechuic aldehyde (2) and methyl caffeate (35) from O. cernua [Jilin Province, China; fresh
whole plant; methanol; IR, MS, NMR] [host species not mentioned] [18]. Yang et al. examined
O. cernua [Neimenggu province, China; whole plant; ethanol 70%, reflux; HPLC-MS, NMR] [host
species not mentioned] isolating twelve compounds: eight phenylpropanoid glycosides [acteoside (10),
campneoside II (17), campneoside I (18), leucosceptoside A (19), isoacteoside (23), cistanoside F (27),
oraposide (29), and isocrenatoside (32)]; three lignans [(+)-pinoresinol 4′-O-β-D-glucopyranoside
(39), isoeucommin A (40), and (+)-syringaresinol 4′-O-β-D-glucopyranoside (41)], and one steroid
[stigmasterol 3-O-β-D-glucoside (54)] [19].

No Name R

23 Isoacteoside 1 H
24 Isocampneoside I 2 OCH3

1 Syn. isoverbascoside, 2 stereochemistry not reported.

Figure 5. Phenylpropanoid glycosides II, 23 and 24.

Orobanche coerulescens Stephan ex Willd.—Zhao et al. isolated the phenylpropanoid glycoside
acteoside (10) from O. coerulescens [Xinjiang province, China; ethanol] [host species not mentioned] [20].
The isolation of isoacteoside (23), sinapoyl 4-O-β-D-glucoside (26), cistanoside F (27), oraposide (29),
and adenosine was described in a second report [21] [Xinjiang province, China; rhizome; ethanol 95%,
reflux; TLC, NMR] [host species not mentioned]. Acteoside (10), cistanoside F (27), and oraposide (29)
were also isolated by Murayama et al. along with 2-phenylethyl β-primeveroside (7), rhodioloside
(syn. salidroside) (8), descaffeoyl crenatoside (31), and isocrenatoside (32) from O. coerulescens [Niigata
prefecture, Japan; whole plant; methanol; IR, UV, HR-FAB-MS, 1H,1H-DQF, COSY, 1H,1H-relayed
COSY, HMQC, and HMBC NMR] [host species not mentioned] [22]. Lin et al. isolated two new
phenylpropanoid glycosides, caerulescenoside (13) and 3′-methyl crenatoside (30), along with five
known phenylpropanoid glycosides, desrhamnosyl acteoside (9), acteoside (10), campneoside (18),
isoacteoside (23), and oraposide (29) from O. coerulescens [Taipei, Taiwan; whole plant; ethanol
95%; IR, UV, 1H NMR, 13C NMR, ESI-MS, FAB-MS, HR-FAB-MS] [host species not mentioned] [23].
In a second report the authors mentioned the occurrence of another phenylpropanoid glycoside,
rossicaside B (28), in O. coerulescens; ethanol 95%, preparation in accordance with former report,
no information about analytical methods) [24]. Wang et al. also isolated a new phenylpropanoid
glycoside from the whole plant of O. coerulescens [Neimenggu province, China; whole plant; ethanol
50%; TLC, HPLC, MS, NMR] [host species not mentioned] [25]. The structure was identified as
2-(3-methoxy-4-hydroxy)-phenyl-ethanol-1-O-α-L-[(1→3)-4-O-acetyl-rhamnopyranosyl-4-O-feruloyl]-
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O-β-D-glucopyranoside and named orobancheoside A (22). Additionally, Zhao et al. described the
isolation protocatechuic aldehyde (2) and caffeic acid (34) as well as of β-sitosterol (50) and daucosterol
(53) from O. coerulescens [Xinjiang province, China; rhizome; ethanol 95%, reflux; NMR] [host species
not mentioned] [26]. Shao et al. identified the phenylpropanoid glycosides acteoside (10) and
oraposide (29), as well as sterols β-sitosterol (50), stigmasterol (51), and β-daucosterol (53) [Neimenggu
province, China; ethanol 95%, reflux; TLC, MS, NMR] [host species not mentioned] [27]. Moreover,
primary metabolites D-mannitol, glyceryl arachidate, succinic acid, and D-pinitol were reported.
Recently, Zhang characterized a new phenethyl alcohol glycoside named orobancheoside B (21) from
O. coerulescens [Neimenggu province, China; whole plant; ethanol 50%; IR, UV, MS, NMR] [host
species not mentioned] [28].

Figure 6. Phenylpropanoid glycosides III, 25–28.

Orobanche crenata Forssk.—El-Shabrawy et al. found two phenylpropanoid glycosides in
O. crenata growing on Vicia faba L. [Egypt; chloroform for removal of non-polar compounds, aqueous
ethanol 70%; TLC, NMR] [29]. However, their structures were not fully characterized. Afifi et al.
extracted secondary metabolites from O. crenata parasitizing on V. faba [Mansoura, Egypt; aerial
parts; ethanol 90%; melting point, TLC, IR, UV, 1H NMR, 13C NMR, 13C NMR-DEPT, FAB-MS] and
isolated the known phenylpropanoid glycoside acteoside (10) as well as the new phenylpropanoid
glycoside oraposide (29) [30]. Acteoside (10) was also extracted by Gatto et al. [parasitizing on V. faba;
Apulia, Italy; stems; methanol 80% under reflux; comparison of UV spectra and retention times
with standard substances, HPLC-DAD] who furthermore found isoverbascoside (syn. isoacteoside;
an isomer of verbascoside) (23) and an unidentified caffeic acid derivative [31–33]. Serafini et al.
isolated verbascoside (10), poliumoside (11), and orobanchoside (29) from O. crenata [Sardinia, Italy;
flowering plants; alcoholic extract; 1H and 13C NMR, HPLC, co-elution of extracts with isolated
and identified phenylpropanoid glycosides] [host species not mentioned] [14]. Orobanchoside (29)
was proven to be structurally identical with oraposide and oraposide by Nishibe et al. in the
same year [34]. Nada and El-Chaghaby analyzed ethanolic (80%) extracts of O. crenata grown on
V. faba by GC-MS and postulated the occurrence of 6-monohydroxyflavone, glycitein, actinobolin,
hexestrol, and 2,4-di-tert-butylphenyl benzoate [Egypt; ethanol 80%; GC-MS] [35]. However, none
of these compounds are considered any further here, because the data on the used GC system
are incomplete and data on peak identification procedures are completely missing. Until contrary
evidence will have been procured, we do not consider 6-monohydroxyflavone, glycitein, actinobolin,
hexestrol, and 2,4-di-tert-butylphenyl benzoate natural products which have been detected in the
genus Orobanche. Dini et al. investigated the phytochemistry of O. crenata using the synonym
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O. speciosa DC. [Molise, Italy; aerial parts; petroleum ether, chloroform, methanol; comparison of
UV, IR, 1H and 13C NMR spectral data with literature data] [36]. The three phenylpropanoid glycosides
verbascoside (10), poliumoside (11), and oraposide (29) were detected. Along with these compounds
the authors also isolated p-hydroxy benzaldehyde (1), isovanillin (3), vanillin (4), syringaldehyde (5),
and p-hydroxy acetophenone (6). Fruchier et al. reported the isolation of the tropone derivative
orobanone (45) from O. crenata in their investigation of the occurrence of this secondary metabolite
in various Orobanche species [whole plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR]
[host species not mentioned] (see extra paragraph and supplementary material) [12]. Abbes et al.
described the extraction of polyphenols and tannins from O. crenata growing on V. faba without any
further specification of the substances [Beja and Ariana Governorates, Tunisia; aerial parts; methanol;
water] [37].

Orobanche denudata Moris—Serafini et al. isolated the phenylpropanoid glycosides verbascoside
(10) and orobanchoside (29) from O. denudata [Sardinia, Italy; flowering samples; alcoholic extract; 1H
and 13C NMR, HPLC, co-elution of extracts with isolated and identified phenylpropanoid glycosides]
[host species not mentioned] [14].

Orobanche foetida Poir.—Abbes et al. described the extraction of polyphenols and tannins from
O. foetida growing on V. faba without any further specification of the substances [Beja and Ariana
Governorates, Tunisia; aerial parts; methanol; water] [37].

No Name R

29 Oraposide 1 H
30 3′′′-O-Methyl crenatoside CH3

1 Syn. crenatoside, orobanchoside.

Figure 7. Phenylpropanoid glycosides IV, 29 and 30. Note: According to Andary et al. [38] crenatoside
and oraposide both describe the same structure. The authors report another isolated substance,
orobanchoside (also mentioned in a former work from Andary et al. [39]). In a later work from
Nishibe et al. [34] the structure of orobanchoside is being revised and it was established that
orobanchoside is the same compound as crenatoside and oraposide. The name oraposide is used
preferentially here, because it seems to be the oldest name for the compound at hand; however,
crenatoside seems to have been used more often in the literature.

Orobanche gracilis Sm.—Fruchier et al. isolated the tropone derivative orobanone (45) from
O. gracilis (using the synonym O. cruenta Bertol.) [whole plants; water, chloroform; IR, UV, MS, CI-MS,
and 1H and 13C NMR] [no information about the host] [12].

Orobanche grisebachii Reut.—Aynilian et al. screened several Orobanche species for their contents
of alkaloids, tannins, and saponins, without reporting any particular structures of the metabolites.
O. grisebachii [plant material obtained from The Post Herbarium of the American University of Beirut,
Lebanon; ethanol 95%, ethanol 80%] contained alkaloids and tannins [40].
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No Name R

31 Descaffeoyl crenatoside H
32 Isocrenatoside caffeoyl-
33 3′-O-Methyl isocrenatoside ferulouyl-

Figure 8. Phenylpropanoid glycosides V, 31 and 32, and phenylethanoid glycoside 33.

Orobanche hederae Duby—Pieretti et al. isolated the phenylpropanoid verbascoside (10) and
orobanchoside (29) from O. hederae [Lazio, Italy; whole plants; ethanol; 1H NMR, HPLC-UV] [host
species not mentioned] [41]. Capasso et al. also found these two compounds [whole plants; ethanol]
[host species not mentioned] [42]. As well as in eleven other species of the genus Orobanche (see
extra paragraph) Fruchier et al. found the tropone derivative orobanone (45) in O. hederae [whole
plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [host species not mentioned] [12].
Baccarini and Melandri isolated and analyzed seven pigments from O. hederae growing on Hedera
helix L. (Araliaceae) [whole plant; acetone 80%; TLC, comparison with standard substances]. These
pigments were β-carotene, α-carotene-5,6-epoxide, flavochrome, lutein-5,6-epoxide, flavoxanthin,
and taraxanthin [43]. The seventh compound was tentatively identified as neoxanthin. There is also
a report of the sequestration of substances from its host species by O. hederae. This is described in
a separate paragraph below.

No Name R1 R2

34 Caffeic acid H H
35 Methyl caffeate H CH3
36 trans-Ferulic acid CH3 H

Figure 9. Phenolic acids 34–36.

Orobanche loricata Rchb.—The isolation of the phenylpropanoid glycosides verbascoside (10)
and orobanchoside (29) from O. loricata was described by Serafini et al. [Sardinia, Italy; flowering
samples; alcoholic extract; 1H and 13C NMR, HPLC, co-elution of extracts with isolated and identified
phenylpropanoid glycosides] [host species not mentioned] [14]. Fruchier et al. isolated the tropone
derivative orobanone (45) [whole plants; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [no
information about the host] [12].

Orobanche lutea Baumg.—Rohmer et al. analyzed several parasitic species for their sterol contents
and sterol biosynthesis [44]. The following compounds were isolated and identified from O. lutea
[Alsace, France; stems; acetone, chloroform:methanol (2:1); GLC, GLC-MS] [host species not mentioned]:
sterols [stigmastanol (46), cholesterol (47), campesterol (48), 24-methylene cholesterol (49), sitosterol
(50), stigmasterol (51), isofucosterol (52), Δ7-campestenol (55), episterol (56), Δ7-stigmastenol (57), and
Δ7-avenasterol (58)], 4α-methylsterols [24- 24-methyl lophenol (59), methylene lophenol (60), 24-ethyl
lophenol (61), 24-ethylidene lophenol (62), 4α-methyl Δ8-campestenol (63), 4α-methyl Δ8-stigmastenol
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(64), 24,28-dihydro obtusifoliol (65), obtusifoliol (66), 24,28-dihydrocycloeucalenol (67), cycloeucalenol
(68), and 4,4-dimethylsterols cycloartenol (69)], and 24-methylene cycloartenol (70).

Figure 10. Chlorogenic acid (5-Caffeoyl quinic acid) 37.

Orobanche minor Sm.—Kurisu et al. isolated the phenylpropanoid glycosides acteoside (10) and
oraposide (29) from O. minor [whole plant; methanol; NMR (1H, 13C, COSY, HMQC, HMBC, NOESY),
HR-ESI-MS] [host species not mentioned] [45]. Serafini et al. also extracted verbascoside (10) and
orobanchoside (29) [Sardinia, Italy; flowering samples; alcoholic extract; 1H and 13C NMR, HPLC,
co-elution of extracts with isolated and identified phenylpropanoid glycosides] [host species not
mentioned] [14]. Kidachi et al. isolated acteoside (10), cistanoside D (20), isoacteoside (23), oraposide
(29), 3′′′-O-methyl crenatoside (30), and isocrenatoside (32) [whole plant; methanol] [host species not
mentioned] [46]. The tropone derivative orobanone (45) was found in O. minor by Fruchier et al. [whole
plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [host species not mentioned] [12].

Figure 11. Dimethyl-6,9,10-trihydroxybenzol[kl]xanthene-1,2-dicarboxylate 38.

No Name R1 R2

39 (+)-Pinoresinol 4′-O-β-D-glucopyranoside H H
40 Isoeucommin A H OCH3
41 (+)-Syringaresinol 4′-O-β-D-glucopyranoside OCH3 OCH3

Figure 12. Lignans 39–41.

Orobanche owerinii Beck—Dzhumyrko and Sergeeva detected several carotenoids in O. owerinii
[epigeal parts; n-hexane, petrol ether; co-chromatography with reference compounds and UV
spectroscopy] growing on the hypogeal organs of Fraxinus [47]. Violaxanthin, auroxanthin, the
ester of violaxanthin and palmitic acid, as well as α- and β- carotenes were detected.

Orobanche pubescens d´Urv.—Aynilian et al. screened several Orobanche species for their contents
of alkaloids, tannins, and saponins, without investigating any particular structures of the metabolites.
Tannins were found in O. pubescens (using the synonym O. versicolor F.W.Schultz) [plant material
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obtained from The Post Herbarium of the American University of Beirut, Lebanon; petroleum benzine
(defatting), ethanol 95%, ethanol 80%] [40].

No Name R1 R2

42 Apigenin H H
43 Luteolin OH H
44 Tricin OCH3 OCH3

Figure 13. Flavones 42–44.

Figure 14. Tropone derivative—Orobanone 45.

Orobanche pycnostachya Hance—Han et al. isolated eight compounds from O. pycnostachya
[Neimenggu province, China; ethanol 95%; MS, NMR] [host species not mentioned] [48]. The primary
metabolites n-nonacosane acid, n-hexacosyl alcohol, D-allitol, 2,3,4,6-α-D-galactopyranose tetramethyl
ether, and secondary metabolites acteoside (10), fissistigmoside (25), β-sitosterol (50), and daucosterol
(53) were identified. Li et al. also isolated the phenylpropanoid glycosides acteoside (10) as well as
2′-O-acetylacteoside (14), and oraposide (29) [Mengu, Anhui and Hebei, China; methanol 70%; HPLC]
[host species not mentioned] [49].

Figure 15. Sterols I: stigmastane derivative, stigmastanol 46.

Orobanche rapum-genistae Thuill.—Several secondary metabolites such as phenylproanoid
glycosides, alkaloids, and a tropone derivative have been isolated from O. rapum-genistae. The isolated
alkaloids are presumably not synthesized by the parasite itself but sequestered from the host species.
Sequestration of secondary metabolites by O. rapum-genistae from its host is also reported by other
authors and described in a separate paragraph below. Fruchier et al. isolated the tropone derivative
orobanone (45) from O. rapum-genistae parasitizing on Cytisus scoparius (L.) Link and Cytisus purgans
(L.) Spach (both Fabaceae) [whole plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [12].
Eleven other Orobanche species were also screened for orobanone (45) (see separate paragraph and
supplementary material). Several sources report the isolation of the two phenylpropanoid glycosides
verbascoside (10) and oraposide (29) from O. rapum-genistae (Andary et al., [50,51] (host: C. scoparius,
C. purgans), [39] [phenolic extract; hydrolysis, high resolution 1H and 13C NMR], [38] [1H and 13C
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NMR, X-ray crystal analysis]; Bridel and Charaux, [52,53] [tubers/bulbs; alcohol]; Serafini et al., [14]
[Sardinia, Italy; flowering plants; alcoholic extract; 1H and 13C NMR, HPLC, co-elution of extracts with
isolated and identified phenylpropanoid glycosides] [host species not mentioned]; Viron et al., [54]
[whole plant; aqueous ethanol 70%; HPTLC, HPLC] [host species not mentioned], [55]). Andary et al.
described the differentiation of two ecotypes of O. rapum-genistae: O. rapum-cytisi scoparii (parasitizing
C. scoparius) and O. rapum-cytisi purgantis (parasitizing C. purgans) based on morphological and
phytochemical characteristics [51]. Phenylpropanoid glycosides verbascoside (10) and orobanchoside
(29) as well as quinolizidine alkaloids sparteine (S2) and lupanine (S4) were found in both ecotypes in
different concentrations.

Orobanche sanguinea C.Presl.—Serafini et al. isolated the phenylpropanoid glycosides
verbascoside (10) and orobanchoside (29) from O. sanguinea [Sardinia, Italy; flowering samples;
alcoholic extract; 1H and 13C NMR, HPLC, co-elution of extracts with isolated and identified
phenylpropanoid glycosides] [host species not mentioned] [14].

Orobanche variegata Wallr.—Fruchier et al. isolated the tropone derivative orobanone (45) from
O. variegata [whole plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [no information
about the host] [12].

No Name R1 R2

47 Cholesterol H

48 Campesterol H

49 24-Methylene cholesterol H

50 β-Sitosterol H

51 Stigmasterol H

52 Isofucosterol H

53 Daucosterol β-D-Glc

54 Stigmasterol-3-O-β-D-glucoside β-D-Glc

Figure 16. Sterols II: cholest-5-en derivatives, 47–54.
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No Name R1 R2

55 Δ7-Campestenol H

56 Episterol OH

57 Δ7-Stigmastenol OH

58 Δ7-Avenasterol OH

Figure 17. Sterols III: cholest-7-en derivatives, 55–58.

2.2.2. Phelipanche (=Orobanche Sectio Trionychon)

Phelipanche aegyptiaca (Pers.) Pomel (formerly O. aegyptiaca Pers.)—Afifi et al. isolated
acteoside (10), poliumoside (11), 2′-O-acetylacteoside (14), and 2′-O-acetylpoliumoside (15) from
P. aegyptiaca (as O. aegyptiaca) [butanol extraction] [host species not mentioned [56]. Sharaf and Youssef
described the extraction of alkaloids and tannins (organic acids, reducing sugars, glucosides resins,
and unsaturated substances) from P. aegyptiaca (as O. aegyptiaca) [whole plant; 30% aqueous extract,
hexane, chloroform, ethyl alcohol] [host species not mentioned] [57]. The extracted substances were
not characterized any further.

No Name R

59 24-Methyl lophenol

60 24-Methylene lophenol

61 24-Ethyl lophenol

62 24-Ethylidene lophenol

Figure 18. Sterols IV: lophenol derivatives, 59–62.
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Phelipanche arenaria Pomel (Syn.: O. arenaria Borkh.)—Andary et al. isolated the caffeic acid
glycosides arenarioside (12) and pheliposide (16) from P. arenaria (as O. arenaria) growing on Artemisia
campestris Ledeb. var. glutinosa (J.Gay ex Besser) Y.R.Ling [syn. of A. campestris subsp. glutinosa (Besser)
Batt.] [Hérault, France; ethanol 80%; high resolution 1H and 13C NMR]. Orobanone (45) was found in
P. arenaria (as O. arenaria) by Fruchier et al., (1981) [whole plant; water, chloroform; IR, UV, MS, CI-MS,
1H and 13C NMR] [host species not mentioned] [12].

Phelipanche oxyloba (Reut.) Soják (Syn.: O. oxyloba (Reut.) Beck)—Aynilian et al. screened
several Orobanche species for their contents of alkaloids, tannins, and saponins, without reporting fully
characterized metabolites. Tannins were found in P. oxyloba (as O. nana Noe ex G.Beck) [plant material
obtained from The Post Herbarium of the American University of Beirut, Lebanon; petroleum benzine
(defatting), ethanol 95%, ethanol 80%] [40].

No Name R1 R2

63 4α-Methyl Δ8-campestenol H

64 4α-Methyl Δ8-stigmastenol OH

65 24,28-Dihydro obtusifoliol OH

66 Obtusifoliol OH

Figure 19. Sterols V, 63–66.

Phelipanche ramosa (L.) Pomel (Syn.: O. ramosa L.)—Lahloub et al. extracted known
compounds acteoside (10) and 2′-O-acetylacteoside (14) as well as the formerly undescribed
phenylpropanoid glycoside 2′-O-acetylpoliumoside (syn. brandioside, [14]) (15) from Phelipanche
ramosa (using the synonym Orobanche ramosa) parasitizing on Lycopersicon esculentum Mill. [El-Behera
Governorate, Egypt; whole plant; percolation in ethanol; comparison of melting point, IR, UV, 1H
and 13C NMR with literature data] [58]. Serafini et al. isolated the phenylpropanoid glycosides
verbascoside (10) and orobanchoside (29) from P. ramosa subsp. ramosa (as O. ramosa subsp. ramosa)
and P. nana (Reut.) Soják (as O.ramosa subsp. nana (Reut.) Cout., syn. O. nana (Reut.) Beck,
according to [10]) as well as poliumoside (11) from P. nana [Sardinia, Italy; flowering samples; alcoholic
extract; 1H and 13C NMR, HPLC, co-elution of extracts with isolated and identified phenylpropanoid
glycosides] [host species not mentioned] [14]. The tropone derivative orobanone (45) was isolated
from P. ramosa by Fruchier et al. (as O. ramosa) [whole plant; water, chloroform; IR, UV, MS, CI-MS,
1H and 13C NMR] [host species not mentioned] [12]. Afifi et al. also found poliumoside (11) in
P. ramosa (as O. ramosa) [butanol extraction] [host species not mentioned] [56]. Two papers report
tricin (44) (5,7,4′-trihydroxy-3,5′-dimethoxyflavone) from the seeds and aerial parts of P. ramosa (as
Orobanche ramosa), respectively [59,60]. Compound identification [59]: spectra of the pigments and
their acetates, Rf values, color properties on paper chromatograms and mixed melting points; [60]:
UV and MS analyses, demethylation to tricetin and column chromatography]; host species not
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mentioned. Sequestration of secondary metabolites from its host by P. ramosa is described in a separate
section below.

2.2.3. Reports Describing the Investigation of more than One Species

Besides investigating the phytochemical composition of one species there are also several reports
dealing with more than one species. Serafini et al. investigated the secondary metabolite contents
of several Orobanche species [Sardinia, Italy; flowering samples; alcoholic extract; 1H and 13C NMR,
HPLC, co-elution of extracts with isolated and identified phenylpropanoid glycosides] [host species
not mentioned] [14].

The authors reported the occurrence of the phenylpropanoid glycosides verbascoside (10)
and orobanchoside (29) in O. amethystea, O. crenata, O. denudata, O. hederae, O. loricata, O. minor,
O. rapum-genistae subsp. rigens (Loisel.) Arcang. (as O. rigens Loisel. [10]), O. sanguinea, P. nana
(as O. ramosa subsp. nana), and P. ramosa subsp. ramosa (as O. ramosa subsp. ramosa). In O. crenata
and P. nana poliumoside (11) was additionally reported. Moreover, the isolation of verbascoside
(10), 2′-O-acetylacteoside (14), and 2′-O-acetylpoliumoside (15) from P. ramosa (as O. ramosa) [58], and
pheliposide (16) and orobanchoside (29) from O. arenaria [61] were mentioned in the report from
Serafini et al. [14]. The reference about orobanchoside (29) occurring in O. arenaria by Andary et al. [61]
is questionable because in the named report arenarioside (12) is described instead of orobanchoside
(29). Fruchier et al. describe the isolation of the guaian type sesquiterpene tropone derivative
orobanone (3,8-dimethyl-S-isopropyl-2,3-dihydro(lH)azulen-6-one) from O. rapum-genistae parasitizing
on C. scoparius and C. purgans [whole plant; water, chloroform; IR, UV, MS, CI-MS, 1H and 13C NMR] [12].
No traces of orobanone were found in the hosts. This compound was also found in eleven other
Orobanche species: O. alba (as O. epithymum), O. arenaria, O. artemisiae-campestris subsp. picridis (as
O. picridis), O. caryophyllacea (as O. major), O. crenata, O. gracilis (as O. cruenta), O. hederae, O. loricata,
O. minor, O. ramosa, and O. variegata. Except for O. rapum-genistae, no information about the host species
were indicated.

No Name R1 R2

67 24,28-Dihydrocycloeucalenol H

68 Cycloeucalenol H

69 Cycloartenol CH3

70 24-Methylene cycloartenol CH3

Figure 20. Sterols VI, 67–70.

Aynilian et al. [plant material obtained from The Post Herbarium of the American University of
Beirut, Lebanon; petroleum benzine (defatting), ethanol 95%, ethanol 80%] screened several Orobanche
species for their contents of alkaloids, tannins, and saponins without reporting any defined chemical
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compounds [40]. Tannins were found in all six analyzed species, O. aegyptiaca, O. crenata, O. grisebachii,
O. oxyloba (as O. nana), O. pubescens (as O. versicolor), and P. ramosa (as O. ramosa). Saponins were
absent in all investigated taxa, and alkaloids were detected in O. crenata, O. grisebachii, O. pubescens,
and O. ramosa.

2.3. Sequestration of Secondary Metabolites by Orobanche s.l. from Their Host Species

As obligate holoparasites Orobanche species drain water and essential nutrients from their host
plants. Also the sequestration bioactive natural products from the hosts seems likely [62], but up to
now little is known about the uptake of other substances by holoparasitic Orobanche species from
the plants they parasitize on and only very few reports deal with the sequestration of secondary
metabolites from hosts.

2.3.1. Orobanche Section Orobanche (=sect. Osproleon Wallr. = Genus Orobanche L. s.str.)

Orobanche hederae Duby—Sequestration of minerals and fatty acids by Orobanche hederae from
its host Hedera helix was described by Lotti and Paradossi [Tuscany, Italy; whole plants; petrol ether,
soxhlet; GC [63,64]. Sareedenchai and Zidorn reported the uptake of polyacetylenes falcarinol (S15),
11,12-dehydrofalcarinol (S16) and 11,12,16,17-didehydrofalcarinol (S17) from the roots of Hedera
helix by Orobanche hederae [Trentino-Alto Adige, Italy; whole plants; dichloromethane; HPLC-DAD,
HPLC-MS, comparison with authentic reference compounds and literature data] [65].

Figure 21. N-Methylangustifoline S1.

No Name R1 R2 R3 R4

S2 (−)-Sparteine H, H H H H, H
S3 (−)-17-Oxosparteine H, H H H =O
S4 (+)-Lupanine =O H H H, H
S5 17-Oxolupanine =O H H =O
S6 (+)-13-Hydroxylupanine =O H OH H, H

S7 13-Tigloyloxylupanine 1 =O H H, H

S8 13-Angeloyloxylupanine 1 =O H H, H

S9 13-Benzoyloxylupanine 1 =O H H, H

S10 4-Hydroxylupanine =O OH H H, H
1 Stereochemistry not resolved.

Figure 22. Quinolizidine alkaloids I, S2–S10.
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Figure 23. Quinolizidine alkaloids II, S11–S13.

Figure 24. Piperidine alkaloid—Ammodendrine S14.

Orobanche rapum-genistae Thuill.—Wink et al. reported O. rapum-genistae sequestering
quinolizidin alkaloids N-methylangustifoline (S1), sparteine (S2), 17-oxosparteine (S3), lupanine (S4),
17-oxolupanine (S5), hydroxylupanine (S6), 13-tigloyloxylupanine (S7), 13-angeloyloxylupanine (S8),
13-benzoyloxylupanine (S9), 4-hydroxylupanine (S10), anagyrine (S11), 13-5,6-dehydrolupanine (S12),
and dehydrosparteine (S13) as well the piperidine alkaloid ammodendrine (S14) from Cytisus
scoparius [as Sarothamnus scoparius (L.) W.D.J. Koch] [Rhineland-Palatinate, Germany; stems, leaves,
pods, seeds, bulbs, shoots; HCl, alkalization, Extrelut-column, dichloromethane; GLC/GLC-MS,
comparison with retention indices of known reference alkaloids] [66]. From the report it is not clearly
visible whether 13-tigloyloxylupanine (S7), 13-angeloyloxylupanine (S8), 13-benzoyloxylupanine (S9),
and 4-hydroxylupanine (S10) are present in the α- or the β-form, respectively. Rascol et al.
also described the isolation of quinolizidine alkaloids (−)-sparteine (S2), (+)-lupanine (S4), and
(+)-13-hydroxylupanine (S6) from O. rapum-genistae growing on Cytisus [67]. In a second report the
authors investigated the effects of alkaloid contents of the host (Cytisus scoparius and Cytisus purgans)
on the alkaloid contents of the parasite and vice versa [68].

S15 Falcarinol S16 11,12-Dehydrofalcarinol

 
S17 11,12,16,17-Didehydrofalcarinol

Figure 25. Polyacetylenes S15–S17.

2.3.2. Phelipanche (=Orobanche Section Trionychon)

Phelipanche ramosa (L.) Pomel (syn.: Orobanche ramosa L.)—Cannabinoids cannabidiol (S18)
and Δ9-tetrahydrocannabinol (S19) were found by Fournier and Paris in traces in Orobanche ramosa
growing on Cannabis sativa L. (Cannabaceae) [petrolether; TLC, GC-MS] [69].
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S18 Cannabidiol S19 ∆9-Tetrahydrocannabinol. 

Figure 26. Cannabinoids S18 and S19.

2.4. Sequestration of Secondary Metabolites from Host Plant Species by Other Hemiparasitic and Holoparasitic
Plant Taxa

Sequestration is defined as the uptake, accumulation, and eventual use of substances, especially
toxins, by animals or plant species from other organisms (microbes, plants or other animals) [70].
Most reports deal with interactions between plants and herbivorous insects, but sequestration is
also known from some gastropods (feeding on e.g., algae, sponges, and bacteria) as well as from
hemiparasitic and holoparasitic plants [71]. In most reported cases toxic secondary plant metabolites
such as cardenolides, iridoid glycosides, and pyrrolizidine alkaloids or their precursors are sequestered
by herbivorous insects and utilized as a defense against predators. Insects actively sequestering
toxic compounds have, during their evolution, developed mechanisms to maintain the chemical
stability of the sequestered toxins, while tolerating these toxins, without being negatively affected
by their toxicity [72,73]. Sequestered metabolites can play a role in reproduction when utilized as
sex pheromones [74]. There are also reports of sequestration of non-toxic substances like carotenoids
or flavonoids by herbivorous insects [75]. Besides plant-animal interactions, some authors describe
plant-plant interactions. Mainly alkaloids, but also iridoid glycosides, cardenolides, cardiac glycosides,
and glucosinolates have been described to be sequestered. Most of the parasitic taxa analyzed so far
are hemiparasites. Sequestration of iridoid glycosides by the hemiparasite Euphrasia stricta J.F.Lehm
(Orobanchaceae, formerly Scrophulariaceae) from its host Galium verum L. (Rubiaceae) [76], and
by the hemiparasite Castilleja integra A.Gray (Orobanchaceae) from Penstemon teucrioides Greene
(Plantaginaceae) were described [77]. Pyrrolizidine and quinolizidine alkaloids are sequestered by
hemiparasitic Castilleja Mutis ex L.f. species (Orobanchaceae, formerly Scrophulariaceae) from their
hosts Senecio atratus Greene and Senecio triangularis Hook. (both Asteraceae), Lupinus L. species
(Fabaceae), and Thermopsis montana Torr. & A.Gray (Fabaceae) [78–80]. Quinolizidine alkaloids are
sequestered by Orthocarpus Nutt. species (Orobanchaceae) from Lupinus species, and by holoparasitic
Cuscuta L. species (Convolvulaceae) from Genista acanthoclada DC. (Fabaceae), Lupinus, Cytisus L., and
Spartium L. species (all Fabaceae) as well as from several other Fabaceae species [81–83]. Hemiparasitic
Pedicularis L. species (Orobanchaceae, formerly Scrophulariaceae) were reported to sequester alkaloids
from Senecio L. and Thermopsis R.Br. species as well as from Picea engelmannii Parry ex Engelm.
(Pinaceae) [84]. The uptake of norditerpenoid alkaloids by Castilleja sulphurea Rydb. from Delphinium
L. species (Ranunculaceae) was described. Hemiparasitic Tristerix verticillatus (Ruiz & Pav.) Barlow
& Wiens (Loranthaceae) was found to take up isoquinoline alkaloids from Berberis montana Gay
(Berberidaceae), and bipiperidyl and quinolizidine alkaloids synthesized by Retama sphaerocarpa (L.)
Boiss. and Lygos sphaerocarpa (L.) Heyw. (both Fabaceae) were found to be sequestered by hemiparasitic
Viscum cruciatum Sieber ex Boiss. (Santalaceae) [85–89]. An interesting study of community-level
interactions described the transfer of alkaloids produced by an endophytic fungus [Neotyphodium
uncinatum (W. Gams, Petrini & D. Schmidt) Glenn, C.W. Bacon & Hanlin) (Clavicipitaceae)] via the
host grass Festuca pratensis Huds. (using the synonym Lolium pratense (Huds.) Darbysh.) (Poaceae)
to the hemiparasite Rhinantus serotinus (Schönh.) Oborny (Orobanchaceae). The hemiparasite
utilizes the alkaloids for protection against the herbivorous aphid Aulacorthum solani (Aphididae) [90].
Furthermore the transfer of glucosinolates from Arabidopsis thaliana (L.) Heynh. (Brassicaceae) to
holoparasitic Cuscuta gronovii Willd. ex Roem. & Schult. (Convolvulaceae), the uptake of cardiac
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glycosides by hemiparasitic mistletoes [Muellerina celastroides (Schult. & Schult. f.) Tiegh., as
Phrygilanthus celastroides (Schult. & Schult. f.) Eichler], Dendrophthoe falcata (L.f.) Ettingsh., and
Amyema congener (Sieber ex Schult. & Schult.f.) Tiegh. (all Loranthaceae) from Nerium oleander L.
(Apocynaceae), and the sequestration of cardenolides by holoparasitic Cuscuta species from Digitalis
lanata Ehrh. and Digitalis purpurea L. (both Plantaginaceae) (after artificial infection) [91–93] were
described as examples for plant-plant interactions.

2.5. Bioactivities Reported for Extracts Obtained from Orobanche Taxa and for Natural Products Isolated from
Orobanche Taxa

Furthermore, biological activities of extracts or isolated pure compounds have been reported
for some Orobanche species. Bioactivities of Orobanche species or of Orobanche natural products are
compiled and listed alphabetically by activity in the following paragraphs.

2.5.1. Analgesic Effects

Potent analgesic effects of the phenylpropanoid containing fraction of O. crenata extract (oral
application) were observed in mice using the hot plate method for testing. O. crenata phenylpropanoid
containing fraction was administered in doses of 50 mg/100 g body weight (b.w.) and 100 mg/100 g b.w.
Paracetamol was used for comparison with a dose of 50 mg/100 g b.w. Reaction times were measured
right after application and after 10, 20, 30, 45, 60, and 120 min after application. At the beginning of the
experiment (0 min) the control group without any analgetic treatment, the O. cernua 50 mg/100 g b.w.,
O. cernua 100 mg/100 g b.w., and the paracetamol group showed reaction times of 16.1 ± 0.0, 17.8 ± 0.6,
14.3 ± 3.0, and 16.0 ± 1.3 s, respectively. Reaction times of the control group during the experiment
varied slightly between 14.1 ± 1.1 s and 16.3 ± 0.1 s. Reaction times after application of 50 mg/100 g
b.w. O. cernua extract increased from 17.8 ± 0.6 s at 0 min to reach their maximum of 22.6 ± 0.9 s
after 20 min and decreased again afterwards. After application of 100 mg/100 g b.w. O. cernua extract,
reaction times increased from 14.3 ± 3.0 s at 0 min to 33.7 ± 1.7 s after 45 min, and then decreased again.
Paracetamol application (50 mg/100 g b.w.) led to an increase of the reaction time from 16.0 ± 1.3 s at
0 min to 28.4 ± 0.7 s after 45 min, followed by a decrease. The results implicate a clear analgesic effect
of O. cernua phenylpropanoid containing fraction after oral application in mice [29]. Other studies on
pharmacological effects of phenylpropanoids also revealed analgesic effects, especially of acteoside
(10), one of the main phenylpropanoid glycosides found in O. species. Acteoside showed an analgesic
potency almost equal to aminopyrine when tested in mice [94], and was effective against neuropathic
pain in rats [95].

2.5.2. Antimicrobial Activities

The phenolic composition of O. crenata 80% methanolic extract and its in vivo efficacy against
fungal postharvest diseases were studied in an attempt to find new strategies for reducing postharvest
diseases in sweet cherry fruit and replacing or integrating the use of synthetic fungicides. Sweet
cherry fruit were sprayed with O. crenata extract (different concentrations: 1×, 2×, 4×; the 1×
concentration corresponding to 0.170 mg dry matter/mL of buffer), O. crenata extract added with salts
(CaCl2 or NaHCO3, 1% w/v), salt solutions, and the same buffer solution used to prepare the plant
extracts (0.1 M K-phosphate, pH 5.5) as a positive control few hours after harvesting. Afterwards
they were stored under controlled conditions. Rot incidence, expressed as the percentage of rotten
fruit with respect to the total number of fruit in each tray, was assessed daily. At a rot incidence of
around 50% the inhibition values of different treatments were evaluated. O. crenata extract inhibited
postharvest rot in higher extract concentrations. An increase in extract concentration produced an
increase in the percentage of inhibition from 64% to 76% for O. crenata. Addition of salt to the most
concentrated extract further increased the inhibition of postharvest rot to 82% and 84% for NaHCO3

and CaCl2, respectively, and hereby proved to have a high antifungal efficacy [33]. Antifungal
activity of O. aegyptiaca ethanolic and acetone extracts against Fusarium oxysporum Schlechtend.,
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Cladosporium harbarum (Pers.) Link, Trichothecium roseum (Pers.) Link, and Trichoderma viride Pers. have
been described by Nagaraja et al. [96]. Saadoun et al. tested O. aegyptiaca, O. cernua, and O. crenata
ethanolic extracts against Agrobacterium tumefaciens (Smith & Townsend) Conn and Erwinia plant
pathogens using the hole-plate diffusion method, the dilution method, and the Bauer–Kirby method.
Tobromycin (10 μg), augmentin (30 μg), norfloxacin (10 μg), streptomycin (10 μg), ofloxacin (5 μg),
cefuroxime (30 μg), and cefotaxime (30 μg) were tested as standard antibiotics for comparison. O. cernua
showed inhibitory effects on A. tumefaciens isolates with MIC of 12,500 μg/mL, which is equal to
streptomycin (10 μg), ofloxacin (5 mg) norfloxacin (10 μg), and cefotaxime (30 μg) activity against
Agrobacterium. Erwinia isolates were less sensitive and higher concentrations of Orobanche extracts were
needed for growth inhibition. O. aegyptiaca did not show antimicrobial activities in this study [97].
Nada et al. evaluated the antimicrobial activity of O. crenata extract against three gram positive
bacteria (Staphylococcus aureus Rosenbach, Bacillus subtilis (Ehrenberg) Cohn, and Streptococcus faecalis
(Andrewes & Horder) Schleifer & Kilpper-Bälz) and three gram negative bacteria Escherichia coli
(Migula) Castellani & Chalmers, Pseudomonas aeruginosa Migula, and Neisseria gonorrhoeae (Zopf)
Trevisan) using the disc diffusion assay. O. crenata showed moderate antibacterial activity against
the investigated bacteria [35]. Abbes et al. tested antimicrobial activities of O. crenata and O. foetida
methanolic and aqueous extracts using the disc diffusion method. Bacteria tested were P. aeruginosa,
E. coli, Enterococcus faecalis (Andrewes & Horder) Schleifer & Kilpper-Bälz, Enterobacter cloacae (Jordan)
Hormaeche & Edwards, Salmonella enterica (ex Kauffmann & Edwards) Le Minor & Popoff (subspecies:
Salmonella typhi (Salmonella enterica subsp. enterica Serovar Typhi), Salmonella enteritidis (Salmonella
enterica subsp. enterica Serovar Enteritidis), Salmonella salamae (Salmonella enterica subsp. salamae),
Shigella flexneri Castellani & Chalmer, S. aureus, Streptococcus pyogenes Rosenbach, Listeria monocytogenes
(Murray et al.) Pirie, Yersinia enterocolitica (Schleifstein & Coleman) Frederiksen, Proteus mirabilis
Hauser, Bacillus cereus Frankland & Frankland, and B. subtilis. O. crenata methanolic extract was active
against all tested bacteria except for S. aureus, O. foetida methanolic extract inhibited only S. enteritidis
and L. monocytogenes. Aqueous extracts were not active againts the tested bacteria [37]. Antibacterial
activity of an ethanolic extract of O. cernua at a concentration of 100 mg/mL in distilled water against
five different bacteria species, four gram positive bacteria (S. aureus, B. cereus, S. pyogenes, Streptococcus
sp.), and one gram negative bacterium (E. coli), was tested by Saadoun et al. For antimicrobial activity
determination the hole-plate diffusion method, the dilution method, and the Bauer–Kirby method
were applied. For evaluation of the minimum inhibitory concentration (MIC) the dilution method
was used. Tobromycin (10 μg), nalidixic acid (30 μg), amoxicillin (30 μg), and cefotaxime (30 μg)
were tested as standard antibiotics. O. cernua extract showed inhibitory activity against all tested
bacteria with MIC of 1527, 3125, 25,000 and 50,000 μg/mL for S. aureus, Streptococcus sp., S. pyogenes
and both for B. cereus and E. coli, respectively. In comparison with standard antibiotics an MIC of
3125 μg/mL is equal to cefotaxime (30 μg) and tobromycin (10 μg) activity against Streptococcus
sp. and S. aureus, respectively; 25,000 and 50,000 μg/mL is equal to cefotaxime (30 μg) activity
against S. pyogenes and B. cereus, respectively, and 50,000 μg/mL is equal to nalidixic acid (30 μg)
activity against E. coli [98]. Antibacterial and antifungal activities in vitro of caffeic acid (34) and its
derivatives including verbascoside (10) and orobanchoside (29) isolated from O. rapum-genistae, and
poliumoside (11) (naturally occurring in O. crenata [14,36], P. aegyptiaca [56], and P. ramosa [14]) against
two plant-pathogenic fungi (Sclerotinia sclerotiorum (Lib.) de Bary, Botrytis cinerea Pers. ex Nocca &
Balb.) and seven plant-pathogenic bacteria (gram positive: Corynebacterium rathayi (Smith) Dowson,
Corynebacterium fascians (Tilford) Dowson, Corynebacterium sepedonicum (Spieckermann & Kotthoff)
Skaptason & Burkholder; gram negative: A. tumefaciens, Erwinia carotovora var. carotovora (Jones) Dye,
Xanthomonas pelargonii (Brown) Starr & Burkholder, Pseudomonas syringae van Hall) were tested. The
other tested substances were caffeic acid (34), ferulic acid (36), esculine, esculetin, rosmarinic acid, gallic
acid methylester, chlorogenic acid (37), plantamajoside, and neomyricoside. Additionally Forsythia
intermedia var. spectablis Koehne extract was tested. Ferulic acid (36) and chlorogenic acid (37) had been
identified in O. cernua by other authors [17]. E. coli and S. aureus were used as references. For fungi MIC
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was evaluated in solid media using five different concentrations (0.12, 0.25, 0.50, 1.00, 2.00 mg/mL)
of solutions of the tested substances, and for bacteria an agar diffusion method with four different
concentrations of solutions of the tested substances (12.5, 25, 50, 100 mg/mL) together with MIC
measurement in liquid media with six different concentrations of the tested substances (0.1, 0.5, 1.0, 1.5,
2.0, 2.5 mg/mL) were used. Orobanchoside (29) and caffeic acid (34) showed pronounced antifungal
activities with MIC values of 2.00 mg/mL and 0.25 mg/mL, respectively, against S. sclerotiorum in media
with pH 5. Orobanchoside (29) furthermore had an MIC value of 0.25 mg/mL against S. sclerotiorum
and 1.00 mg/mL against B. cinera in media with pH 7, while caffeic acid (34) showed an MIC of
0.25 mg/mL against B. cinera in pH 7 medium. Verbascoside (10) and poliumoside (11) were both
able to reduce growth of S. sclerotiorum and B. cinera in pH 5 and pH 7 media, but complete inhibition
was not observed. Ferulic acid (36) showed MIC values of 0.13 mg/mL against S. scleretorium and
B. cinerea in pH 5 and pH 7 media. Chlorogenic acid (37) was able to reduce growth of S. sclerotiorum
and B. cinerea in pH 5 and pH 7 media, but again, complete inhibition was not observed. Against the
tested bacteria MIC values were as follows: MIC of caffeic acid (34) against C. rathayi (1.0 mg/mL),
C. fascians (1.0 mg/mL), C. sepedonicum (0.1 mg/mL), A. tumefaciens (1.0 mg/mL), E.carotovora var.
carotovora (1.0 mg/mL), X. pelargonii (1.0 mg/mL), P. syringae (not determined), S. aureus (1.5 mg/mL),
E. coli (1.5 mg/mL); MIC of ferulic acid (36) against C. rathayi (0.5 mg/mL), C. fascians (0.5 mg/mL),
C. sepedonicum (0.5 mg/mL), A. tumefaciens (1.0 mg/mL), E.carotovora var. carotovora (1.0 mg/mL),
X. pelargonii (0.5 mg/mL), P. syringae (1.0 mg/mL), S. aureus (1.0 mg/mL), E. coli (1.5 mg/mL); MIC
of chlorogenic acid (37) against C. rathayi (1.5 mg/mL), C. fascians (1.0 mg/mL), C. sepedonicum
(1.0 mg/mL), A. tumefaciens (2.0 mg/mL), E.carotovora var. carotovora (2.5 mg/mL), X. pelargonii
(1.5 mg/mL), P. syringae (2.0 mg/mL), S. aureus (>2.5 mg/mL), E. coli (2.5 mg/mL); MIC values
of verbascoside (10), poliumoside (11), and orobanchoside (29) were not investigated. Caffeic acid
(34) and its derivatives are potential natural plant protective agents against some plant-pathogenic
fungi and bacteria as demonstrated in this work. Streptomycin, tested along with the caffeic acid
derivatives, was a much more potent bacterial growth inhibitor than the other tested compounds
with MIC values of <0.1 mg/mL (C. rathayi, C. fascians, C. sepedonicum, A. tumefaciens, E.carotovora var.
carotovora, S. aureus, E. coli), with an exception for X. pelargonii (>2.5 mg/mL) (P. syringae MIC not
determined) [99].

2.5.3. Antioxidant Activities as Food Preservative

O. crenata ethanolic extract total antioxidant activity was tested using the phosphomolybdenum
method with ascorbic acid as standard. The antioxidant activity was expressed as ascorbic acid
equivalents (AE) (mg/g of extract). The two investigated individual Orobanche plants showed good
total antioxidant activity 619 ± 9 mg AE/g extract and 561 ± 9 mg AE/g extract [35].

2.5.4. Antioxidative Effects, Anti-Inflammatory Activity in Human Leucocytes, Effects on Production
of Reactive Oxygen Species (ROS)

Phenylpropanoid glycosides isolated from O. coerulescens were tested for their antioxidative
effects on human low-density lipoprotein. For evaluation of their antioxidant activity dialyzed
LDL obtained from human blood samples was diluted with PBS to 100 μg/mL, pre-incubated with
the test compounds at 37 ◦C for 30 min, and then incubated with CuSO4 at 37 ◦C to induce lipid
peroxidation. Resveratrol, a natural phenolic antioxidant e.g., from red wine, was used as a positive
control. Conjugated diene formation was monitored and prolonged lag phase (min) used as an
index of antioxidant activity when an antioxidant was present in LDL oxidation with Cu2+. All
seven isolated phytochemical compounds, phenylpropanoid glycosides desrhamnosyl acteoside
(9), acteoside (10), caerulescenoside (13), campneoside II (17), isoacteoside (23), oraposide (29), and
3′-methyl crenatoside (30) suppressed conjugated diene formation with IC50 values of 0.64 ± 0.03,
0.31 ± 0.01, 1.25 ± 0.06, 1.15 ± 0.04, 1.01 ± 0.05, 1.69 ± 0.15, and 2.97 ± 0.31 μM, respectively
while resveratrol had an IC50 value of 6.75 ± 1.05 μM. This showed that all isolated compounds
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from O. coerulescens were more effective antioxidants than the positive control, resveratrol [23].
Phenylpropanoid glycosides acteoside (10), rossicaside B (28), and oraposide (29), isolated from
O. coerulescens, were tested for their inflammation-modulating activity in human leucocytes. Peripheral
human neutrophils (PMNs) and mononuclear cells were exposed to phorbol-12-myristate-13-acetate
(PMA), a direct proetin kinase C (PKC) activator, and N-formyl-methionyl-leucocyl-phenylalanine
(fMLP), a receptor mediated and G protein coupled activator, for the induction of production of
reactive oxygen species (ROS) and upregulation of β2 integrin in an in-vitro model. For the prevention
of PMA-induced ROS production, acteoside (10), rossicaside B (28), and oraposide (29) showed IC50

values of 12.8 ± 7.2 μM, 5.6 ± 2.8 μM, and 6.8 ± 2.3 μM respectively in PMNs, and IC50 values of
9.6 ± 3.2 μM, 23.9 ± 2.9 μM, and 10.0 ± 4.3 μM respectively in mononuclear cells. IC50 values for
prevention of fMLP-induced ROS production were 3.5 ± 0.6 μM, 3.0 ± 0.1 μM, and 3.0 ± 0.2 μM
for acteoside (10), rossicaside B (28), and oraposide (29) in PMNs, respectively, and 8.8 ± 3.2 μM,
3.5 ± 0.2 μM, and 3.5 ± 0.2 μM in mononuclear cells, respectively. Furthermore, the inhibition of
NADPH oxidase (NOX) activity in cell lysate by phenylpropanoid glycosides was tested since NOX
is the major ROS producing enzyme in activated leucocytes. Acteoside (10), rossicaside B (28), and
oraposide (29) were more potent in NOX inhibition than the positive control, diphenyleneiodonium
(DPI, a NOX inhibitor). Moreover, these compounds showed effective free radical-scavenging activity
in a cell-free DPPH (2,2-diphenyl-1-picrylhydrazyl) assaying system. Acteoside (10) and oraposide
(29) also significantly inhibited PMA- and fMLP-induced β2 integrin expression in human peripheral
leucocytes. These effects make O. coerulescens and other drugs containing acteoside (10), rossicaside
B (28), and oraposide (29) interesting as potential anti-inflammatory agents for the treatment of
oxidative-stress-related diseases [24]. Antioxidative potential was also investigated by Kidachi et al.
for phenylpropanoids acteoside (10), cistanoside D (20), isoacteoside (23), oraposide (29), 3′′′-O-methyl
crenatoside (30), and isocrenatoside (32) from a methanolic O. minor extract, two synthetic derivatives
acteoside-tetramethylether, oraposide-tetramethylether, as well as caffeic acid (34) and hydroxytyrosol
using the DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity assay. Strong activities
were observed for acteoside (10) (IC50 15.2 μM), isoacteoside (23) (IC50 20.0 μM), oraposide (29) (IC50

24.5 μM), and isocrenatoside (32) (IC50 29.0 μM), whereas moderate activities were observed for
3′′′-O-methyl crenatoside (30) (IC50 54.2 μM), caffeic acid (34) (IC50 38.7 μM), and hydroxytyrosol
(IC50 44.6 μM), and no antioxidant activities were observed for acteoside-tetramethylether (IC50

> 100 μM), oraposide-tetramethylether (IC50 > 100 μM), and cistanoside D (20) (IC50 > 100 μM).
Epigallocatechin gallate used as positive control showed an IC50 value of 13.5 μM. No standard
deviations of the measured values were indicated [46]. Gao et al. found O. cernua extract and acteoside
(10) to exhibit strong scavenging effects with IC50 values of 56.3 μg/mL and 20.6 μg/mL, respectively.
No standard deviations of the measured values were given [100]. Antioxidant activities of O. crenata
and O. foetida methanolic and aqueous extracts was tested by Abbes et al. using DPPH and ABTS
(2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) radical scavenging activity assays. Synthetic
antioxidants BHT (2,6-di-tert-butyl-4-methylphenol) and AA (ascorbic acid) were used as positive
controls. At 1.00 μg/mL DPPH radical scavenging activities of O. crenata methanolic extract, O.crenata
water extract, O. foetida methanolic extract, O. foetida water extract, BHT, and AA were 19.5, 18.3,
5.86, 14.7, 13.4, and 54.0%, respectively. At 200 μg/mL O. crenata methanolic extract, O.crenata water
extract, O. foetida methanolic extract, O. foetida water extract, BHT, and AA showed DPPH radical
scavenging activities of 88.1, 77.0, 92.0 86.1, 85.0, and 86.3%, respectively. The highest activity against
DPPH radicals was observed for O. foetida methanolic extract with an IC50 value of 7.19 ± 1.75 μg/mL
(BHT: IC50 65.5 ± 1.4 μg/mL; AA IC50 0.93 ± 0.07 μg/mL). Antioxidant activities in the ABTS test,
expressed in % inhibition at 0.5 μg/mL, were 4.04 (O. crenata methanolic extract), 1.64 (O. crenata
aqueous extract), 1.28 (O. foetida methanolic extract), and 2.34 (O. foetida aqueous extract) (BHT: 9.98%;
AA: 23.1%). Activities of nearly 100% for O. crenata methanolic extract, O.crenata water extract, O. foetida
methanolic extract, O. foetida water extract, BHT, and AA, respectively, were observed at concentrations
of 200 μg/mL [37].
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2.5.5. Blood Pressure and Blood Platelet Aggregation

Intravenous injection of the glycosidic fraction of O. crenata 70% ethanolic extract into rats in doses
up to 20 mg/100 g led to a temporary lowering of the arterial blood pressure of the treated animals.
Higher doses caused slight, persistent lowering of the arterial blood pressure [29]. Hypotensive
activity of O. aegyptiaca 30% aqueous extract and of the alkaloid containing chloroform fraction (further
fractionation of the extract with different solvents gave hexane, ether, chloroform, alcohol, and water
fractions) after i.v. injection into dogs was also evaluated. The alkaloidal fraction showed strong
hypotensive effects. (Hypertension was artificially induced using the Goldblatt technique.) 10 mg i.v.
lowered the blood pressure by about 48 mmHg for three hours [57]. A mixture of verbascoside
(10) and orobanchoside (29) extracted from O. hederae was tested for its effect on ADP-induced
(10–15 μM) blood platelet aggregation and blood pressure in New Zealand male rabbits and Wistar
male rats. A dose-dependent inhibition of ADP-induced platelet aggregation of 12.9 ± 4.0%, 43.7
± 7.8%, 49.4 ± 6.4%, 59.4 ± 6.9%, and 73.7 ± 8.3% at concentrations of 0.2 mg/mL, 0.4 mg/mL,
0.6 mg/mL, 0.8 mg/mL, and 1.0 mg/mL phenylpropanoid glycosides respectively was observed using
an aggregometer. Blood pressure was not affected by phenylpropanoid glycosides injected i.v. into the
test animals [42].

2.5.6. Contractions of Toad and Rabbit Hearts and Rat Intestines

O. aegyptiaca 30% aqueous extract was further fractionated with different solvents to give hexane,
ether, chloroform, alcohol, and water fractions. The extract and fractions were tested for different
biological activities. Effects on toad (Bufo regularis Reuss) and rabbit hearts were investigated. Doses of
1, 2, 3, and 4 mL of the aqueous extract were added to 50 mL bath (Ringer´s solution for toad hearts,
Lock´s solution for rabbit hearts) and the amplitude or heart rate (toad hearts) as well as the volume of
Lock´s solution perfused by the heart (rabbit hearts) were recorded. Contractions of toad hearts and
rabbits’ hearts perfused by the extract were stimulated. Also contractions of isolated rats intestines
were stimulated whereas uterine contractions in rats were inhibited [57].

2.5.7. Diuretic Effects

Oral application of the phenylpropanoid containing fraction of O. crenata extract in rats had
strong diuretic effects. O. crenata extract doses of 100 mg/100 g body weight and 200 mg/100 g body
weight were orally applied. Rats were put in diuresis cages and the volume of the collected urine was
measured after 1, 3, 6, and 24 h. The untreated control group produced 0, 2.65 ± 0.22, 6.25 ± 0.05, and
11.2 ± 0.1 mL urine after 1, 3, 6, and 24 h, respectively. After application of O. crenata extract doses
of 100 mg/100 g b.w. 0, 3.27 ± 0.05, 6.95 ± 0.05, and 12.9 ± 0.1 mL urine were collected after 1, 3, 6,
and 24 h, respectively. O. crenata extract doses of 200 mg/100 g b.w. led to 0.37 ± 0.05, 3.95 ± 0.05,
8.25 ± 0.12, and 14.3 ± 0.2 mL of urine after 1, 3, 6, and 24 h, respectively, showing increasing diuresis
with higher O. cernua extract doses [29]. O. aegyptiaca 30% aqueous extract was further fractionated
with different solvents to give hexane, ether, chloroform, alcohol, and water fractions. The extract and
fractions were tested for different biological activities. Diuretic effects of the 20% alcoholic extract
were observed in rabbits. Urine volumes of treated animals were measured after 0.5, 1, 2, 3, and 24 h
and compared to urine volumes of the animals after 24 h without any treatment. The average urine
volume of treated animals (average dose of 9.5 mL of 20% extract/kg b.w.) after 24 h was 107 ± 51 in
comparison with 73 ± 21.2 mL for the untreated animals [57].

2.5.8. Inhibition of Amyloid β-Aggregation

Acteoside (10) and oraposide (29) isolated from O. minor were tested for their inhibitory effects
on aggregation of human 42-mer amyloid β-protein (Aβ-42), which is believed to play an important
role in the pathogenesis of Alzheimer´s disease. Thioflavin-T (Th-T) fluorescence assays, transmission
electron microscopy (TEM), and circular dichroism (CD) spectroscopy were used to investigate the
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inhibitory effects. Acteoside (10) and oraposide (29) showed potent inhibitory effects on the aggregation
of Aβ-42 with IC50 values of 8.9 μM and 3.6 μM respectively. IC50 values were calculated from
the inhibition rate (%) of each compound towards Aβ-42 aggregation after 24 h by using the Th-T
assay. Furthermore, an anti-aggregating effect was suggested by the significant reduction of Aβ fibril
formation by 50 μM acteoside (10). β-Sheet formation in Aβ-42 was also inhibited [45]. Kidachi et al.
also tested inhibition of amyloid β-42 (Aβ-42) aggregation by phenylpropanoids acteoside (10) and
oraposide (29) from O. minor methanolic extract, their synthetic derivatives acteoside-tetramethylether,
oraposide-tetramethylether, as well as cistanoside D (20), isoacteoside (23), 3′′′-O-methyl crenatoside
(30), isocrenatoside (32), caffeic acid (34), and hydroxytyrosol. The IC50 values were calculated from the
inhibitory rate (%) of each compound towards Aβ-42 aggregation after 48 h by using the thioflavin-T
(Th-T) fluorescence assay. Aβ-42 aggregation was inhibited by acteoside (10) and oraposide (29)
with IC50 values of 11.3 μM and 8.2 μM, respectively. Moderate inhibitory activity was observed for
3′′′-O-methyl crenatoside (30) (IC50 28.0 μM), very weak inhibitory activity was observed for caffeic
acid (34) (IC50 93.8 μM) and hydroxytyrosol (IC50 92.0 μM), and no inhibitory activity was observed
for acteoside-tetramethylether (IC50 > 100 μM), oraposide-tetramethylether (IC50 > 100 μM), and
cistanoside D (20) (IC50 > 100 μM). 3,4-Di-O-caffeoylquinic acid used as positive control for Aβ-42
aggregation showed an IC50 value of 30.2 μM. No standard deviations of the measured values were
indicated [46]. The observed anti-amyloidal effects make acteoside (10) a potential agent for treating
or preventing Alzheimer’s disease [45].

2.5.9. Memory Enhancing Effects

Acteoside (10) showed memory enhancing effects and increased significantly the expression
of nerve growth factor (NGF) and tropomycin receptor kinase A (TrkA) mRNA and protein in the
hippocampus in mice [13]. NGF and TrkA are closely associated with cognitive function and a decrease
thereof is related to Alzheimer´s disease. Acteoside (10) treatment resulted in an improvement of
learning and memory deficits via promotion of NGF and TrkA expression in the brain. The authors
used a senescent mouse model induced by a combination of chronic intraperitoneal administration of
D-gal (60 mg/kg/day) and oral administration of AlCl3 (5 mg/kg/day) once daily for 90 days. After
60 days mice in three different groups were treated intragastrically with acteoside (10) (30, 60, and
120 mg/kg/day) for 30 days. Learning ability and memory of the mice were tested using the Morris
water maze test. Afterwards mice brains were removed and the hippocampus CA1 region studied
immunohistochemically. Reverse transcription polymerase chain reactions (RT-PCR) and western blot
analyses were performed to investigate the expression of NGF mRNA and TrkA mRNA [13].

2.5.10. Muscle Relaxant and Antispasmodic Effects

Dose dependent smooth muscle relaxant effects (phenylpropanoid containing fraction of O. crenata
extract) were observed when testing different doses on the peristaltic movements of isolated perfused
rabbit’s intestine. Doses of 50, 80, 100, 150, and 200 mg/50 mL bath were tested. Movement inhibitions
of 31.9 ± 6.8, 38.4 ± 10.1, 44.2 ± 4.3, 51.2 ± 10.3, and 95.4 ± 2.7% were obsereved, respectively [29].
Potent antispasmodic effects on isolated perfused guinea-pig ileum were observed (phenylpropanoid
fraction of O. crenata extract). Contractions were induced by acetylcholine application and afterwards
different doses of O. crenata extract were tested for their antispasmodic potential. Extract doses
tested were 200, 400, 600, and 800 mg/50 mL bath. Inhibition of spasmodic contractions ranged
from 22.8 ± 2.1, 55.6 ± 3.7, and 67.3 ± 10.1 to 94.3 ± 6.4%, respectively, showing a dose dependent
antispasmodic potential [29].

2.5.11. Nutrient Source

O. crenata was found to be a good source of nutrients. It contained a low moisture level (<8%),
a high amount of protein (7.30%), ash contents of 9.20–10.1%, a crude fiber content ranging from 22.1
to 23.5%, and a nutritive value of 244–247 kcal/100 g plant dry weight [35].
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2.5.12. Photoprotective Effects

O. cernua ethanolic extract and its principal component, acteoside (10), were studied for
their photoprotective effects on UVB-induced photoaging as well as for the underlying molecular
mechanisms in normal human dermal fibroblasts (NHDFs). UV radiation causes excessive reactive
oxygen species (ROS) generation, which triggers matrix metalloproteinase (MMPs) production,
collagen degradation, and premature aging (photoaging). Cell viability of UVB-irradiated
NHDFs and the effects of O. cernua extract and acteoside (10) on cell viability were tested using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. O. cernua extract
(100 μg/mL) and acteoside (10) (10 μM) were able to recover cell viability by 24.7% and 26.9%,
respectively. For effects of O. cernua extract and acteoside (10) on intracellular ROS generation cells
were first exposed to UVB irradiation, which increased the ROS level by 282% (ROS levels of normal
group were set to 100%). The following treatment with O. cernua extract (100 μg/mL) and acteoside
(10) (10 μM) reduced ROS levels by 73.0% and 42.3%, respectively. Furthermore, O. cernua extract
and acteoside (10) significantly reduced MMP-1 and IL-6 (Interleukin) levels in NHDFs exposed to
UVB-irradiation. O. cernua extract (100 μg/mL) and acteoside (10) (10 μM)-treated groups suppressed
UVB-induced MMP-1 levels by 49.0% and 57.1%, respectively. Additionally, the secretion of IL-6 was
lowered by 79.4% and 57.1%, by O. cernua extract (100 μg/mL) and acteoside (10) (10 μM). O. cernua
extract and acteoside (10) could reverse a UVB induced decrease in type-I procollagen mRNA, with an
increased rate of 52.7% and 25.7%, respectively. Furthermore, the UVB-induced increased production
of MMP-1 and MMP-3 mRNA levels were strongly inhibited by O. cernua extract (100 μg/mL) and
acteoside (10) (10 μM). O. cernua extract decreased the expression of MMP-1 and MMP-3 mRNA by
42.5% and 28.3%, respectively, while acteoside (10) decreased the expression by 44.4% and 66.7%,
respectively. Carried with the AP-1 binding sites, the promoters of MMPs were transactivated by
AP-1 transcription factor. The expression of phosphorylated c-fos and c-jun, the major components
of AP-1 was measured and inhibitory effects on UVB-induced p-c-fos and p-c-jun expression in
a dose-dependent manner by acteoside (10) treatments were observed. O. cernua extract (100 μg/mL)
reduced the levels of p-c-fos and p-c-jun by 56.0% and 75.6%, respectively, and acteoside (10) (10 μM)
reduced the levels by 93.0% and 65.3%, respectively. The mitigen-activated protein kinase (MAPK)
signaling pathway, as the upstream of AP-1 transcription factor, has been reported to be activated
by UVB-elevated ROS. Biological effects of O. cernua extract and acteoside (10) on the MAPKs family
were further studied in UVB-irradiated NHDFs. UVB radiation elevated the phosphorylated forms
of MAPKs molecules including ERK, JNK and p38. O. cernua extract and acteoside (10) suppressed
the phosphorylation of ERK, JNK and p38 caused by UVB. Levels of p-ERK, p-JNK and p-38 were
decreased by O. cernua (100 μg/mL) extract by 46.4%, 58.8% and 84.8%, respectively, and decreased
by acteoside (10) (10 μM) treatment by 47.9%, 75.5%, and 77.4%, respectively. The effects of O. cernua
extract and acteoside (10) on Nrf2 nuclear translocation and antioxidant enzyme expression were
investigated in Western blots in UVB-irradiated NHDFs. Data showed that the nuclear levels already
raised by UVB-irradiation were further elevated by O. cernua extract and acteoside (10). The expression
of Nrf2 was increased by 56.0% and 69.0% by O. cernua extract (100 μg/mL) and acteoside (10) (10 μM),
respectively. Moreover, HO-1 and NQO-1 levels were increased by O. cernua extract (100 μg/mL)
by 76.4% and 120%, and by acteoside (10) (10 μM) by 103% and 110%, respectively. Furthermore,
O. cernua extract and acteoside (10) were able to reverse the downregulation of TGF-β1 and p-Smad2/3
expression in UVB-irradiated NHDFs. TGF-β1and p-Smad2/3 protein expressions were recovered by
71.6% and 70.7% by O. cernua extract (100 μg/mL), and by 53.7% and 182%, respectively, by acteoside
(10) (10 μM), compared with the UVB radiation group. Also O. cernua extract (100 μg/mL) and
acteoside (10) (10 μM) inhibited the UVB-induced Smad7 expression by 48.9% and 57.1%, respectively,
in comparison with the UVC group. The antiphotoaging effects of O. cernua extract and acteoside (10)
were investigated and it was detected that O. cernua extract and acteoside (10) inhibited UVB-irradiated
MMP-1 and MMP-3 mRNA upregulation and IL-6 secretion. Moreover, O. cernua extract and acteoside
(10) reduced UVB-induced MMP-1 protein secretion, and enhanced type-I procollagen synthesis
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in NHDFs. O. cernua extract and acteoside (10) treatment furthermore led to the inhibition of the
UVB-activated MAPK/AP-1 pathway by inhibiting the UVB-induced phosphorylation of ERK, JNK,
and p38 and the expression of p-c-fos and p-c-jun. Levels of cytoprotective agents HO-1 and NQO-1
were increased by O. cernua extract and acteoside, hereby increasing protection against UVB-induced
oxidative stress through activation of the cutaneous endogenous antioxidant system. UVB-induced
enhacement of Smad7 expression and decrease of Smad2/phosphorylation were reversed by O. cernua
extract and acteoside (10), and TGF-β1 expression was enhanced, hereby repairing the TGF-β/Smad
signaling pathway and enhancing type-I procollagen synthesis [100]. (No standard deviations of the
measured values described above were indicated.)

2.5.13. Summary of Bioactivities

In conclusion, Orobanche extracts and isolated Orobanche natural products were positively tested
for a variety of biological activities including anti-hypertensive, anti-platelet aggregating, and memory
enhancing effects. UV protecting and anti-photoaging effects open an interesting field of study and
antioxidant activities on human LDL, inflammation modulating effects in human leucocytes, ROS
production and amyloid β-aggregation inhibiting effects make the species containing the responsible
substances potential agents for treatment of Alzheimer’s disease and oxidation related diseases.
Furthermore, Orobanche extracts are active against a wide variety of pathogenic fungi and bacteria
and can be potential alternatives to synthetic antibiotics and plant protecting agents. The by far
best investigated compound is the phenylpropanoid glycoside acteoside (10) which is responsible
for a large part of the observed effects, such as antioxidant, anti-inflammatory, radical scavenging,
amyloid β-aggregation inhibiting, memory enhancing, antimicrobial, and photoprotective effects and
also oraposide (29) was shown to have several interesting effects. However, the occurrence of acteoside
(10) is not restricted to Orobanche or Orobanchaceae but the compound is widely distributed in the
plant kingdom. It is found in over 200 species belonging to 23 plant families, most of them belonging
to the order Lamiales [101]. Thus, even though Orobanche extracts and substances extracted thereof
show the above stated biological activities, there might be better and easier accessible sources for the
bioactive compounds than the holoparasitic taxa of the genus Orobanche.

3. Discussion

Most of the natural products found in the genus Orobanche (n = 70) have so far been reported
only from one source (n = 51), and only three compounds from more than four taxa: acteoside 10

(from 13 source taxa), oraposide 29 (from 12 source taxa), and orobanone 45 (also from 12 source
taxa). While most of the literature on Orobanche is about strigolactones, seed germination stimulants,
parasitic weed management, and host-parasite interaction (SciFinder, last accessed first of October,
2018), publications on secondary metabolism of Orobanche species are relatively rare. Of the
more than 200 species belonging to Orobanche s.l. only 27 species have been investigated for
secondary metabolites. Compound classes detected in the analyzed species comprise aromatic
aldehydes, ketones and phenylmethanoids (Figure 1), phenylethanoids (Figure 2), phenylethanoid
glycosides (Figure 3), phenylpropanoid glycosides (Figures 4–8), phenolic acids (Figure 9), lignans
(Figures 10 and 11), flavonoids (Figures 12 and 13), a tropone derivative (Figure 14), and sterols
(Figures 15–20). Investigations on biological activities of Orobanche extracts and isolated pure
secondary metabolites from Orobanche species show a wide variety of effects, e.g., antibacterial and
antifungal activities [35,46,98], inhibition of amyloid-β-aggregation [45,46] or photoprotection against
UVB-irradiation [100]. Orobanche are not only destructive weeds, but might also be a source of active
agents against several diseases, in particular against fungal and bacterial, and inflammatory diseases,
correlated with ROS production. Nevertheless, it has to be considered, that phenylpropanoids in
general and e.g., acteoside, one of the best investigated compounds of Orobanche in particular, are not
restricted to Orobanche species but are widely distributed in the plant kingdom, possibly making other
species more interesting sources of these compounds [101,102]. An aspect that deserves more research
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and could be a challenging subject for future studies is the idea that natural products sequestered by
Orobanche species from their host species could be further metabolized by the parasites. Metabolization
of host plant natural products could result in new, formerly undescribed hybrid compounds not
synthesized by a single species. To study this phenomenon, more analytical studies of the secondary
metabolism of Orobanche species and their host plants are warranted.

Supplementary Materials: The following are available online. Table S1: Overview Natural Products synthesized
by Orobanche species. Table S2: Natural Products sequestered by Orobanche species from host species. Text S1:
Literature search strategy & key words.
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