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Elena Roxana Chiriac, Carmen Lidia Chiţescu, Daniela Borda, Mariana Lupoae, Cerasela
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Food can be regarded as functional if it beneficially affects one or more target functions in the
body in a way that is relevant to either the state of well-being and health or to the reduction of
the risk of a disease [1]. It is also indicated that a functional food is any food that may provide a
health benefit beyond the traditional nutrients it contains. An important concern of these functional
foods is to provide an appropriate dose of bioactive components in order to have a beneficial rather
than a toxic effect on human health [2]. Since the market and consumers have more and more
interests in the health-enhancing role of specific foods and physiologically active food components,
functional foods have received renewed attentions [3]. Functional foods are usually developed with
specific health effects, including but not limited to anti-aging, anti-inflammation, and cardiovascular
protection. Therefore, this Special Issue, “Food and drug analysis”, wishes to include the various
aspects of exploring natural sources as healthy food and characterizing the molecular structures of
bioactive principles.

In this issue, Wu et al. [4] reported one review that covered the anti-inflammatory and anticancer
properties of bioactive compounds from Sesamum indicum L. and provided a common scope of
discovery and development of lead compounds from natural sources. The use of foodstuff as natural
medicines has already been established through studies demonstrating the pharmacological activities
that they exhibit. Sesamum indicum L. is composed of lignans such as sesamin, sesamol, sesaminol and
sesamolin, and these lignans have been widely studied and are known to possess antiaging, anticancer,
antidiabetes, anti-inflammatory and antioxidant properties. Modern chronic diseases, which can
transform into clinical diseases, are potential targets of these lignans. The prime example of chronic
diseases is rheumatic inflammatory diseases, which affect the support structures and the organs of the
body and can also develop into malignancies.

Other articles related to Callicarpa hypoleucophylla, Briareum excavatum, Allium mongolicum,
and Taiwanofungus camphoratus were also good examples of studies on natural food sources for
the possible new drug candidates. Plants of the genus Callicarpa are known to possess several medicinal
effects. Two new clerodane-type diterpenoids along with seven known compounds were isolated
from the leaves and twigs of the Taiwan endemic plant C. hypoleucophylla and then characterized.
The anti-inflammatory activity of isolated compounds based on the suppression of superoxide anion
generation and elastase release was evaluated. Among the isolates, some compounds showed
anti-inflammatory activity by suppressing superoxide anion generation and elastase release [5].

Five 8,17-epoxybriaranes, including three new compounds along with two known analogues,
were isolated from the octocoral Briareum excavatum. Their structures were elucidated by spectroscopic
methods, including 1D and 2D nuclear magnetic resonance (NMR) studies and high resolution
electrospray ionization mass spectrometry (HRESIMS) analysis. One briarane-type isolate exerted
inhibition effects on inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) release from
RAW 264.7 [6].

Dong et al. [7] designed to isolate and identify the flavonoids and phenols from the aerial parts
of Allium mongolicum Regel by using various chromatographic and spectrophotometric methods,
a bioassay on motility of mouse isolated intestine tissue, as well as qualitative analysis using liquid
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chromatography/mass spectrometry (LC–MS). The aim of this study is to clarify whether these isolates
have the effect of improving gastrointestinal function. As a result, six new flavonoid glycosides and
four new phenolic acid glycosides along with twenty-one known compounds were characterized.
Among them, eleven flavonoids and three phenolic acids showed significant increase in the height
of mouse small intestinal muscle. Furthermore, according to the retention time and the exact
mass-to-charge ratio (m/z), thirty-one compounds were unambiguously identified by comparing to the
standard references by using LC–MS. According to these results, a fast analysis method for flavonoids
and phenolic acids in A. mongolicum was established.

Hung et al. [8] reported some idea against the tumor resistance from natural food sources.
Resistance to anti-cancer drugs is one of the main factors of treatment failure resulting in high morbidity.
Among the reasons of resistance, the overexpression of efflux pumps leading to multidrug resistance is
an important issue that needs to be solved. Taiwanofungus camphoratus has been used as a nutritional
supplement to treat various cancers. In addition to the four new constituents reported, the major
isolates zhankuic acids A–C were evaluated for their P-glycoprotein (P-gp) inhibitory effects and the
results showed that zhankuic acid A was the most potent. This study provides support for the use of
T. camphoratus in the further development of cancer therapy.

Curcumin is the naturally occurring phytochemical from the rhizome of Curcuma longa L. It is
a polyphenol with a symmetrical structure composed of two ortho-methoxyphenol rings connected
to each other through a flexible conjugated hydrocarbon chain. Lee et al. [9] reported a series of
derivatives modified from the curcumin di-O-2,2-bis(hydroxymethyl)propionate that shows significant
in vitro and in vivo inhibitory activity against MDA-MB-231 cells with eight to ten-fold higher potency
than curcumin. The established structure–activity relationship and pharmacokinetic outcomes are the
guidance for future development of 4,4-disubstituted curcuminoid 2,2-bis(hydroxymethyl)-propionate
derivatives as anticancer drug candidates.

Molecular hydrogen (H2) has been shown to have antioxidant and anti-inflammatory activities that
may reduce the development and progression of many diseases. In the study reported by Yao et al. [10],
hydrogen-rich water (HRW) was obtained by reacting hybrid magnesium–carbon hydrogen storage
materials with water. Then, the effects of intake of the HRW on the activities of xenobiotic-metabolizing
enzymes, membrane transporters, and oxidative stress in rats were investigated. The results from this
study suggest that the consumption of HRW may not affect xenobiotic metabolism or oxidative stress
in liver. However, the intake of HRW may increase the efflux of xenobiotics or toxic substances from
the liver into bile by enhancing p-glycoprotein and Mrp2 protein expressions.

The liquid chromatography methods including ultrahigh performance liquid chromatography
(UHPLC) or coupled with mass spectrometry (LC/MS) provided feasible methods for the analysis of the
natural healthy foods or potential medicinal plants. Identification and quantification of polyphenols in
plant material are of great interest since they make a significant contribution to its total bioactivity.
High-resolution mass spectrometry (HRMS), which is able to provide the accurate mass of unknown
compounds, has become an important tool for characterizing chemical components in natural products.
In the study reported by Chiriac et al. [11], a UPLC-Orbitrap-MS/MS approach using the variable
data acquisition mode was developed and applied for separation, identification, and quantification of
the main polyphenolic compounds in Medicago sativa L. and Trifolium pratense L. sprouts in different
germination stages.

Tölgyesi et al. [12] described a liquid chromatography tandem mass spectrometric (LC–MS/MS)
method for analyzing five Alternaria toxins in sunflower oil. An optimal sample preparation condition
was achieved when samples were dissolved in n-hexane and extracted with methanol/water mixture,
followed by sample pre-concentration with solvent evaporation. This study is focusing only on this
lipophilic matrix and in using all corresponding isotopically labeled internal standards (ISTD) to
compensate the matrix effect that strongly influences the LC–MS/MS analysis of toxins.

Exposure to residues of antibiotics and insecticides in aquacultured food can adversely affect
humans and animals and thus affect public health globally. Hence, Chang et al. [13] used a validated
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LC–MS/MS and gas chromatography tandem mass spectrometric (GC–MS/MS) method to examine the
levels of residues of 12 sulfonamides as well as 18 organophosphorus insecticides in aquacultured
fish in Taiwan. According to the experimental results, the risk of exposure to sulfonamide and
organophosphorus insecticide residue by consuming aquacultured fish in Taiwan was thus negligible,
signifying no immediate health risk related to the consumption of fish. Residue levels in fish must be
continually monitored to further determine the possible effects of these residues on human health.

Pan et al. [14] established the geographical origin traceability in G. straminea by analyzing its
chemical profiles assisted with a UPLC-Q exactive mass spectrometer, from which 43 compounds
were identified by comparing retention times and mass spectrometry. A total of 42 samples from
different habitats was determined by a UPLC-Q exactive mass spectrometer and the data were assayed
with multivariate statistical analysis. Eight characteristic compounds were identified to determine
the geographical origin of the herb. To estimate the key characteristic markers associated with
pharmacological function, the inhibiting activities of nitric oxide (NO) production in lipopolysaccharide
(LPS)-induced macrophages were also examined. These findings are crucial in the determination of
botanical origin and evaluation of the quality of G. straminea.

Lee at al. [15] developed an in vitro tyrosinase inhibition assay in combination with
ultraperformance liquid chromatography-orbitrap mass spectrometry (UPLC-orbitrap-MS) for the
rapid screening and identification of tyrosinase modulators from roots of Angelica keiskei. The present
study indicated that the combination of in vitro tyrosinase inhibition assay coupled with UPLC–MS/MS
could be widely applied to the rapid screening of active substances from various natural resources.

Lepidium meyenii is now widely consumed as a functional food and medicinal product, which is
known as an enhancer of reproductive health. However, the specific chemical composition and
mechanism of action for improving sexual function are unclear. Gao et al. [16] aimed at screening
and determining the potential compounds, which promote mouse leydig cells (TM3) proliferation.
The results suggested that three compounds had good activities on the proliferation of TM3 and
promoting testosterone secretion, which might be the potential bioactive markers related to the
enhancing sexual ability functions of L. meyenii. This study also provided the reference for a simple,
quick method to screen the promoting Leydig cell proliferation active components in traditional
Chinese medicine (TCM).

In addition to the extensively applied chromatographic methods, nuclear magnetic resonance
(NMR) spectroscopy is also used in screening for novel bioactive molecules. All these new
analytical methods accelerate the research and make the potential targets available in the near
future. Hachem et al. [17] reported an easy, rapid and accurate 1H-NMR analytical method to establish
the chemical profiles of red yeast rice dietary supplements and to quantify their monacolin contents.
The total content of monacolin was close to that measured by UHPLC, as shown by the good linear
correlation between the two sets of values.

The rapid dispersion of new psychoactive substances (NPS) presents challenges to customs’
services and analytical laboratories, which are involved in their detection and characterization.
When the seized material is limited in quantity or of a complex nature, or when the target substance is
present in very small amounts, the need to use advanced analytical techniques, efficient workflows
and chemo-informatics tools is essential for the complete identification and elucidation of these
substances. Tsochatzis et al. [18] described the application of such a workflow in the analysis of a single
blotter paper, seized by Swedish customs, that led to the identification of a lysergic acid diethylamide
(LSD) derivative, 1-butyl-lysergic acid diethylamide (1B-LSD). Its identification was made possible
by comprehensively combining gas chromatography with mass spectrometry detection (GC–MS),
liquid chromatography coupled with high-resolution tandem MS (LC–HR-MS/MS), Orbitrap-MS and
both 1D and 2D nuclear-magnetic-resonance (NMR) spectroscopy. All the obtained data have been
managed, assessed, processed and evaluated using a chemo-informatics platform to produce the
effective chemical and structural identification of 1B-LSD in the seized material.
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Colombo et al. [19] discussed the advances in the analysis of veterinary drug residues in food
matrices by capillary electrophoresis (CE) techniques offered a sensitive and fast analytical technique
and guided a new way to the safety concern related to the natural foods. Over the years, the availability
of different modes, interfaces, and formats has improved the versatility, sensitivity, and speed of CE
techniques. Thus, CE represents a powerful tool for the analysis of a large variety of food matrices and
food-related molecules with important applications in food quality and safety. This review focuses
the attention of CE applications over the last decade on the detection of different classes of drugs
with a potential risk for animal and human health. In addition, considering that the different sample
preparation procedures have strongly contributed to CE sensitivity and versatility, the most advanced
sample pre-concentration techniques are discussed here.

This issue wishes to provide an intellectual platform for scientists to publish their results covering
the topics of bioactive constituents, biological activities, and analytical methodologies in relation
to food, drugs, and herbal medicines. The above-mentioned articles form a solid base for future
discussions regarding the development of natural healthy foods and the improvement of currently
employed analytical methods. Finally, the guest editor wishes to express sincere gratitude to all
the authors for their impactful contribution as well as all the reviewers who assisted to ensure high
scientific quality of the content.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Identification and quantification of polyphenols in plant material are of great interest
since they make a significant contribution to its total bioactivity. In the present study,
an UPLC-Orbitrap-MS/MS approach using the variable data acquisition mode (vDIA) was developed
and applied for rapid separation, identification, and quantification of the main polyphenolic
compounds in Medicago sativa L. and Trifolium pratense L. sprouts in different germination stages.
Based on accurate MS data and fragment ions identification strategy, a total of 29 compounds
were identified by comparing their accurate masses, fragment ions, retention times, and literatures.
Additionally, a number of 30 compounds were quantified by comparing to the reference standards.
Data were statistically analysed. For both plant species, the sprouts of the third germination day
are valuable sources of bioactive compounds and could be used in phytotherapy and nutrition.
Although Trifolium pratense L. (Red Clover) is considered to be a reference for natural remedies in
relieving menopause disorders, alfalfa also showed a high level of biological active compounds with
estrogenic activity.

Keywords: germination; bioactivecompounds; UPLC-Orbitrap-MS/MS;MSfragmentationpattern; identification

1. Introduction

The consumption of sprouts, common in Asia, has been growing in western countries in the
last decade once they were found to possess a broad spectrum of biologically active properties such
as antioxidant, anti-inflammatory, allelopathic, and viewed as a valuable dietary supplement [1–4].
Medicago sativa L and Trifolium pratense sprouts are commonly consumed worldwide. They belong to
the Fabaceae family, generally known by their commonly edible seeds [4–6].

Molecules 2020, 25, 2321; doi:10.3390/molecules25102321 www.mdpi.com/journal/molecules7
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Due to the increase in the use of sprouts in the human diet, there has been an expansion in the
scientific literature regarding their phytochemical contents and biological proprieties. Nutritional
properties of Fabaceae have been investigated in numerous studies [1,7].

The most interesting secondary metabolite classes found in Medicago species are the triterpene
saponins and the polyphenolic compounds. The extraction, profiling, and identification of M. sativa
saponins were extensively studied [8–11]. In contrast to the saponins, Medicago polyphenols are less
genus-specific and generally encountered in many legumes. Nonetheless, alfalfa contains specific
potentially valuable flavonoids with phyto-estrogenic abilities, which makes it particularly interesting
for chemical characterization and pharmacological studies [12].

Red clover (Trifolium pratense L) sprouts are recognised as a source of phytoestrogens with high
biological activity and as a dietary supplement reducing menopausal symptoms [13,14]. However, most
studies focused only on certain classes of phenolic compounds such as isoflavones compounds with
phytoestrogenic activity and their glycosides [13,15,16]. Among them, other polyphenolic compounds
were identified by high-performance liquid chromatography HPLC in Trifolium pratense L.: glycitein,
pratensein, pseudobaptigenin, and prunetin [16]. The comprehensive profile of phenolic compounds
in aerial parts of Trifolium pratense L. extracts was obtained by the HPLC-tandem mass spectrometry
HPLC-MS/MS technique [17,18].

Fewer reports have developed methods for qualitative and/or quantitative analysis of polyphenols
in alfalfa. Flavonoids content in alfalfa was analysed in aerial parts [19,20] or in commercial sprouts by
HPLC [5,6]. Ferulic acid, luteolin, myricetin, and p-cumaric acid were quantified in alfalfa sprouts by Oh
and Rajashekar (2009) [1] using an HPLC system. However, due to the limitation of applied instrument
methods, only high-level components were studied in previous studies. Moreover, a comprehensive
overview of the polyphenols content variation in red clover and alfalfa during germination has not yet
been reported.

High resolution mass spectrometry (HRMS), which is able to provide the accurate mass of
unknown compounds, has become an important tool for characterizing chemical components in a
natural product [21,22]. In the present work, we describe a comparative study conducted on alfalfa
and red clover seeds and sprouts during different germination stages. Extensive characterisation of
polyphenolic compounds was done by quantitative and qualitative analysis performed using ultra
high-performance liquid chromatography-Q Exactive hybrid quadrupole-orbitrap high resolution
accurate mass spectrometry (UHPLC-Q-Orbitrap HRMS). Thus, 29 compounds were tentatively
identified without a reference standard, based on their retention times, mass spectra in a full scan mode
(MS), and fragmentation patterns observed in MS-MS mass spectra. A number of 30 major compounds
were unambiguously identified and quantified by comparing with reference standards.

A fully non-targeted approach of data acquisition with and without fragmentation in one single
run was developed. A full scan acquisition event without fragmentation at 70,000 full width at
half-maximum FWHM of resolving power was followed by five consecutive fragmentation events
at a resolving power of 35,000 FWHM (variable data independent acquisition, vDIA) where all ions
from the full scan range are fragmented. Data Independent Acquisition is an advanced option to
perform untargeted fragmentation, where the entire full scan mass range is segmented in a number of
subsequent fixed m/z precursor ion ranges, which are fragmented subsequently. Thus, the fragment
can be restricted to the masses in a certain fragmentation event. Zomer and Mol (2015) [23] and Elmiger
(2018) [24] used this approach in the analyses of small molecules as pesticides and drugs. Compared to
all-ion fragmentation, vDIA can improve selectivity because product ions result from a smaller range
of precursor ions [23,24].

The data obtained were subjected to statistical processing using multivariate analysis (PCA) and
hierarchical clustering analysis (HCA). The present study results could represent a novel opportunity
for food science and health promotion so that only certain classes of phenolic compounds in alfalfa and
red clover plants/sprouts were described in previous works [13,15,18,19]. Based on our knowledge,
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this is the first comparison study on the chemical profile of polyphenolic compounds in sprouts of red
clover and alfalfa in different germination stages.

2. Results and Discussions

Both the extraction and the instrumental method used were optimized within the present
study. Three different extraction procedures are tested and compared: tinctures, microwave-assisted
(MAE), and ultrasound assisted extraction (UAE). The details regarding the extraction optimisation
are presented in the Supplementary materials along with details on the optimisation of the
electrospray ionization parameters and mobile phase selection. According to the experimental
results (Supplementary Figure S1), the UAE method was subjected for further method validation.

2.1. Identification of Phenolic Compounds in Alfalfa and Red Clover Sprouts

Identification and quantification of polyphenols in plant material are of great interest as they
make a significant contribution to its total bioactivity. A specific non-target UHPLC-Q-Orbitrap HRMS
method for rapid identification of the samples components was developed, optimized, and validated.
A total of 59 polyphenolic compounds were simultaneously identified including nine phenolic acids,
22 isoflavones and glucoside derivatives, 11 flavone, six flavanone, and nine flavonols. Among
them, 30 major compounds were unambiguously quantified by comparing with reference standards.
The retention time, compound name, formula, m/z values of adduct ions, and MS/MS fragment ions in
negative ESI mode, mass error, and accurate molecular mass are shown in Table 1.

For the compounds without available references, the structures were presumed based on
high-accuracy analysis of deprotonated precursors and fragment ions of specific components.
The chemical elemental composition for each peak was assigned within a mass error of 2 ppm. Based
on literature [4,12,13,17,18,20,25], a self-built chemical database of known polyphenolic compounds in
seeds and sprouts was achieved. A total of 29 compounds were identified in the analysed extracts
(Table 2, Supplementary Figure S2).

The fragmentation pattern of polyphenols in negative electrospray ionization has been extensively
studied [26–31]. The retro-Diels–Alder (rDA) reaction, loss of a methyl radical, and the mechanism
of eliminating CO, CH2CO, and CO2 at ring C are followed by successive specific fragmentations
that were previously described. MS 2 data obtained in the present study was consistent of literature
sources [31–33].

A number of 13 isoflavones and two isoflavones glycosides were identified and listed in Table 2.
In the MS-MS spectra of the methoxylated isoflavones, the loss of the [M-H-CH3]- radical anion, loss
of a hydrogen atom in these radical anions, and the neutral losses of CO and CO2 were commonly
observed [31].

Four isomeric peaks displayed the same [M – H]− at m/z 283.06 (C16H12O5) in the extracted ion
chromatogram of extracts of alfalfa and red clover spouts (Figure 1) and were assigned as biochanin A,
prunetin, calycosin, and glycitein after the comparison with the fragmentation pattern in the mentioned
databases based on the presence of some key fragments (Table 3, Supplementary Figure S3). In both
alfalfa and red clover sprouts corresponding to the germination days 3 to 5, a fifth peak at m/z 283.06
was displayed at 16.58 min. (mass error 1.3) and it was assigned to 5,7-dihydroxy-2′-methoxyflavone
based on the pattern fragmentation.

Glycitein, which is available as a reference standard, was identified by comparing with the
retention time and fragmentation pattern of the reference solution. The fragment ion m/z 147.00
corresponding to [M-H-CH3-CO-B-ring]− is a characteristic fragment ion of glycitein, which can be
used to differentiate glycitein from its isomers and was identified only in glycitein spectra. The rest of
the compounds were deduced based on the presence of diagnostic fragment ions. The loss of CH3· (m/z
268) followed by loss of a hydrogen atom (m/z 267) was characteristic of all four compounds. The loss of
CO·moiety from demethoxylated precursors generated the ion m/z 240 and the loss of CO2 generated
fragment m/z 224. Loss of a hydrogen atom was observed in the fragments m/z 240 and m/z 224, which
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both gave peaks at m/z 239 and m/z 223. Both m/z 240 and m/z 239 ions further lose CO·and CO2 to
produce m/z 212 and m/z 211 ions, respectively, in biochanin and glycitein. In an attempt to differentiate
biochanin, prunetin and isoprunetin Frański (2018) [31] showed that biochanin and prunetin cannot be
differentiated by MS/MS experiments in which fragmentation occurs in a collision chamber. In the
previously mentioned study, by recording full scan mass spectra at high cone voltages, differences in
ions’ abundance were obtained. We tried to overlap that information on our data but the differences
were not consistent and were not repeatable in real vegetal samples.

Table 1. The 30 compounds identified from alfalfa and red clover sprouts by UHPLC-Q-Exactive with
structures confirmed by comparison with reference standards.

Compound Name
R.T.

(min)
Formula Exact Mass

Error
(ppm)

Adduct Ion
(m/z)

MS 2 Fragments (m/z)

Flavonoids (flavan-3-ols, flavone, flavonols, flavonone, flavone glucoside)

Catechin 7.8 C15H14O6 290.07904 1.47 289.07176 245.08192; 203.07088; 151.03908;
125.02320; 109.02821

Epicatechin 10.19 C15H14O6 290.07904 1.25 289.07176 245.08192; 203.07088; 151.03908;
109.02821

Quercitin 16.59 C15H10O7 302.04265 0.86 301.0354 245.04601; 178.99809; 273.04059;
121.02814

Rutin
(quercetin3-rutinoside) 14.20 C27H30O16 610.15338 0.5 609.14613 300.02777; 271.02505; 255.02995;

243.02980; 165.01841;151.00258

Apigenin 17.54 C15H10O5 270.05282 1.18 269.04502 227.03389; 181.06430; 151, 00194;
149.002266; 117.03271

Kaempferol 17.06 C15H10O6 286.04774 0.57 285.04049 255.02977; 201.01866; 151.00262;
107.01250; 92.9266

Isorhamnetin 13.20 C16H12O7 316.0583 1.35 315.05105 300.0271; 227.03508; 163.00369;
151.00264; 107.01190;

Naringenin 19.69 C15H12O5 272.06847 0.5 271.06122 253.05055; 151.00269; 119.04903;
107.01258

Naringin 14.11 C27H32O14 580.1792 2.02 579.17185 356.99371; 255.02995; 119.04884

Hesperitin 16.83 C16H14O6 302.07904 1.34 301.07179 283.06204; 267.06650; 252.04286;
151.00266; 125.02319

Pinostrobin 17.40 C16H14O4 270.08921 1.89 269.08196 254.05864; 210.06839; 177.05495;
148.01559

Pinocembrin 18.24 C15H12O4 256.07356 1.04 255.06631 239.0713; 237.0557; 227.0713;
179.0349; 147.0451

Chrysin 17.63 C15H10O4 254.05791 1.65 253.05066 208.96011; 151.03899; 107.04897;
89.04897; 65.03819

Myricetin 10.42 C15H10O8 318.03757 1.37 317.03032 178.9986; 164.92636; 151.00368;
137.02442; 107.01258

Galangin 19.98 C15H10O5 270.05282 1.48 269.04557 239.03345; 227.03389; 225.05580;
211.03877; 169.06425

Hyperoside (quercetin
3-galactoside) 13.98 C21H20O12 464.09548 1.03 463.08768 300.02771; 355.02985; 271.02491;

243.02969; 178.99773; 151.00262

Isoflavone

Genistin 14.77 C21H20O10 432.10565 1.45 431.09837 311.05637; 269.04590; 271.05133;
181.06580

Genistein 18.07 C15H10O5 270.05282 1.24 269.04502 159.04420; 133.02835; 201.05527;
181.06546; 107.01257

Daidzin 11.42 C21H20O9 416.11073 1.49 415.10348 252.0451; 251.0349; 224.0487;
223.0398

Daidzein 16.50 C15H10O4 254.05791 0.87 253.05066 226.05887; 224.04649; 209.06091;
197.06055; 135.00686; 117.03333

Ononin 26.14 C22H22O9 430.12638 2.06 429.11913 355.0969; 341.1109; 267.1028;
252.00778

Formononetin 18.74 C16H12O4 268.07356 1.19 267.06631 252.04298; 223.03986; 195.04466;
132.02049

Glycitein 16.33 C16H12O5 284.06847 1.18 283.06122 268.0375; 240.0483; 211.03979;
196.05252; 167.02063

Phenolic Acid

Gallic Acid 1.73 C7H6O5 170.02152 0.16 169.01427 125.02318; 141.01823

Chlorogenic Acid 8.20 C16H18O9 354.09508 0.24 353.08783 192.05876; 191.05544; 173.04474;
127.03876; 85.02806

Caffeic Acid 8.71 C9H8O4 180.04226 0.37 179.03501 135.04390; 107.04881

Ferulic Acid 14.98 C10H10O4 194.05791 0.62 193.05066 178.02635; 149.05974; 134.03615;
106.0424

Ellagic Acid 14.44 C14H6O8 302.00627 1.62 300.99899 185.02349; 283.98961; 229.01391;
157.01006

Abscinic Acid 15.73 C15H20O4 264.13616 1.42 263.12891 263.12854; 219.13864; 204.11502;
153.09126; 136.05162

p-coumaric Acid 10.77 C9H8O3 164.04734 0.18 163.03954 211.0764; 135.00754; 119.0502;
17.0332; 116.0267

Syringic Acid 15.38 C9H10O5 198.05282 0.41 197.04555 182.02049; 123.00697; 166.99693
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Table 2. The 29 compounds identified from alfalfa and red clover sprouts by UHPLC-Q-Exactive for
which the structures were presumed based on high-accuracy analysis of deprotonated precursors and
fragment ions of specific components.

Compound Name
R.T.

(min)
Formula Exact Mass Error (ppm)

Adduct Ion
(m/z)

MS 2 Fragments (m/z)

coumestrol 18.22 C15H8O5 268.03717 1.2 267.0299 266.0373; 239.0487; 211.04058;
167.10689

coumestrol 3-O-glucoside 12.46 C21H18O10 430.0900 1.5 429.08274 417.23584; 387.22531; 367.11652;
345.13385; 267.03012

biochanin A 20.09 C16H12O5 284.06847 1.27 283.06122

269.04132; 268.03809; 267.03015;
239.03487; 224.04756; 212.04695;
211.03928; 195.13850; 154.06250;

132.02031
Sissotrin (biochanin
A7-O-β-dglucoside) 22.02 C22H22O10 446.1213 1.49 445.11404 269.04587; 283.06130; 268.03778;

166.92354; 131.94290
Prunetine (O-methyl

genistein) 18.11 C22H12O5 284.06847 1.39 283.06122 269.04132; 268.03809; 267.03015;
240.04300; 239.03487;211.03928

5,7-dihydroxy-2′-methoxyflavone 16.58 C22H12O5 284.06847 1.39 283.06122
269.04584; 268.03799; 267.03015;
240.04300; 239.03473; 223.03952;

211.03963; 148.01559

calycosin
(3′-hydroxy-formononetin) 17.52 C16H12O5 284.06847 1.68 283.06122

269.06122; 268.03784; 225.0554;
226.03493; 151.00259; 157.08203;

117.03323; 107.01257

irilone 17.21 C16H10O6 298.04774 0.96 297.04049 269.04590; 252.04297; 178.9951;
133.02837

baptigenin 11.74 C15H10O6 286.04774 1.44 285.04046 269.04565; 240.04242; 136.01556;
109.0282

pseudobaptigenin 21.29 C16H10O5 282.05282 1.36 281.04557 253.05089; 254.05385; 255.14954;
223.02847; 224.04770

pratensein 19.70 C16H12O6 300.06339 0.96 299.05614 284.03284; 283.02505; 257.04111;
135.00754; 211.03932

afrormosin 18.38 C17H14O5 298.08412 1.34 297.07687 282.05362; 283.06802; 267.03021;
253.04797; 167.04965

tectorigenin 18.20 C16H12O6 300.06339 1.41 299.05611 284.03293; 255.03006; 227.03448

alfalone 14.80 C17H14O5 298.08412 1.06 297.07687 281.0450; 269.04120; 211.03958;
135.00395

irisolidone 16.52 C17H14O6 314.07904 1.44 313.07179 298.04849; 269.04581; 255.02989;
211.03957; 165.01836

medicarpin 16.59 C16H14O4 270.08921 1.48 269.08196 254.054408; 253.14426; 141.10812;
117.03334

liquiritigenin 15.30 C15H12O4 256.07356 1.23 255.06631 211.0764; 135.00761; 119.04889;
117.03323

isoliquiritigenin 18.19 C15H12O4 256.07356 1.04 255.06631 211.0764; 135.00760; 119.04889;
117.03323

kaempferol-3-O-rutinoside 18.24 C27H30O15 594.15847 1.3 593.15122 299.05615; 284.03281; 255.02997;
227.0341; 229.05032; 133.02834

kaempferol-O-glucoside 13.62 C21H20O11 448.10056 1.42 447.09331 284.04077; 284.03299; 255.02995;
243.02979

Isorhamnetin3-O-glucoside 15.37 C22H22O12 478.1111 1.43 477.10381
315.04871; 314.04370; 271.02518;
243.03003; 285.04083; 300.02777;

151.00262

ethyl gallate 15.38 C9H10O5 198.05282 0.42 197.04557 181.04961; 169.01326; 151.0031;
121.02814; 107.01214; 83.01234

Luteolin7-glucoside 15.19 C21H20O11 448.10056 1.59 447.09331 287.0359; 286.04431; 285.04077;
227.0359; 199.03964; 151.00264

vitexin
(apigenin8-C-glucoside) 14.79 C21H20O10 432.10565 1.62 431.09839 341.05179; 339.14789; 269.04587;

240.04268; 225.05542; 197.06077
apigetrin

(apigenin-7-glucoside) 14.29 C21H20O10 432.10565 1.78 431.09839 269.0478; 267.03009; 257.08200;
151.00267

chryosoeriol 15.24 C16H12O6 300.06339 1.29 299.05614 284.03284; 269.04572; 256.0357;
255.05562; 207.08704; 151.00266

chryosoeriol7-glucoside 17.32 C22H22O11 462.11621 1.78 461.10893 446.23111; 289.04852; 283.06140;
255.02997

tricin 18.17 C17H14O7 330.07395 0.68 329.06668 299.05634; 284.03290; 243.03044;
227.03470; 161.02370

azelaic acid 15.11 C9H16O4 188.10486 1.05 187.09761 169.08600; 143.10655; 125.09581;
123.08015; 97.06589
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Figure 1. Extracted chromatograms for [M −H]− 286.06, full MS 2 (50–330 m/z). The isomeric peaks
were assigned to (1) glycitein, (2) calycosin, (3) prunetin, and (4) biochanin A.

Table 3. Key ions in HRMS-MS spectra (m/z with relative abundances (%) in parenthesis) for the
identification of biochanin A and isomers.

Ions
Biochanin A
(20.09 min)

Calycosin
(17.52 min)

Prunetine
(18.11 min)

Glycitein
(16.33min)

5,7-dihydroxy-2′-methoxy-
flavone

(16.58 min)

[M–H]− 283.06 283.06 283.06 283.06 283.06
[M-H-CH3]− 268.03 (97) 268.03 (100) 268.03 (100) 268.03 (100) 268.03 (100)
[M-H-OH]− 267.06 (10) 267.06 (4) 267.06 (11) 267.06 (11) 267.06 (18)
[M-H-CO2]− - 239.07 (13) 239.07 (6) 239.07 (20) 239.07 (35)
[M-H-CO]− 255.06 (25) 255.06 (9) 255.06 (42) 255.06 (12) 255.06 (56)

[M-H-CH3-CO]− 240.04 (5) 240.04 (10) 240.04(44) 240.04 (29) 240.04 (14)
[M-H-CH3-CO2]− 224.04 (22) 224.04 (100) 224.04 (10) - -

[M-H-CH3-C2H2O]− 226.04 (12) 226.04 (10) - - -
[M-H-CH3-H-CO]− 239.03 (10) 239.03 (10) 239.03 (17) - 239.03 (10)
[M-H-CH3-H-CO2]− 223.04 (16) 223.04 (12) - - -

[M-H-CH3-2CO]− 212.02 (59) - - 212.02 (18) -
[M-H-CH3-CO-CO2] - - 196.05 (15) 196.05 (62)

[M-H-CH3-CO-H-CO2]− 195.13 (17) - - -
[M-H-CO-C-ring]− - 193.05 (18)

[M-H-CH3-CO-H-CO]− 211.03 (10) - 211.03 (6) -
[M−H−CH3−CO−CO2−CO]− - - - 168 (12) -

[M-H-CO-B-ring]− - - 167.03 (23) 167.03 (23) -
[M-H-CH3-CO-B-ring]− 147.04 (41) 147.04 (27) - 147.04 (18) 147.04 (48)

[A-ring fragment]− 135.08 (74) - - - -
[B-ring fragment]− 132.02 (48) 132.02 (12) - - -

Among possible differences between those four compounds, the mass spectral decompositions
in the MS2 mode concerning the retrocyclization cleavages are of special interest. The ions of
type [M-H-CH3-CO-CO2-CO]−(m/z 168) characteristic for glycitein, [M-H-CO-B-ring]−(m/z 167.03)
characteristic for prunetin and glycitein and [M-H-CH3-CO-B-ring]−(m/z 147) were used in tentative
compound identification (Table 3). Ions [A-ring fragment]−(m/z 135.00) and [B-ring fragment]−(m/z
132.02) were characteristic for biochanin and were not detected in the rest of the isomers.

The peak at the retention time of 18.22 displayed at m/z 267.03 (C15H8O5) was deduced as
coumestrol based on the presence of diagnostic fragment ions m/z 266.03 produced by loss of H and
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m/z 239.03, 223.04 and 211.01 (mzCloudeTM). Biachi (2016) suggested the fragmentation pattern for
coumestrol [34]. The loss of CO·moiety from the precursor ion generated the ion m/z 239.03 and the
loss of CO2, the ion m/z 223. The m/z 239.03 ion further lose CO·and CO2 to produce m/z 211.04 and m/z
167.10 ions, respectively. All fragments were identified in the alfalfa extracts samples.

At 12.46-min and 22.02-min hexose glycoside of coumestrol and, respectively, biochanin A
were identified. The loss of sugar moieties was observed, producing a fragment ion [M-H-Glc]−
corresponding to the aglycone form. For apigenin glucoside, two isomers were observed and assigned
as vitexin (apigenin8-C-glucoside) and apigetrin (apigenin-7-glucoside). The fragmentation of each
isomer was predicted using MS Fragmenter software. Due to their structural differences, fragment m/z
340.05 [M-C3H8O3]− was specific only for apigetrin (Figure 2).

Figure 2. Proposed pathway for fragment m/z 340.05, specific for apigetrin.

Peaks observed at the retention time 15.30 and 18.1921 minutes displayed the same exact mass
m/z 256.0735 and was assigned as liquiritigenin and isoliquiritigenin (C15H12O4) in reference to the
mass spectral database and the previously reported study [33,34]. The diagnostic ions were m/z 135.00,
119.04, which were consistent with typical [1,3A − H]− and [1,3B − H]− fragments [33].

Three isomeric peaks with the same [M − H]− ion at m/z 299.06 (C16H12O6) displayed at 15.24,
18.20, and 19.70 min in the extracted ion chromatogram of alfalfa samples and were assigned to
chryosoeriol, tectorigenin, and pratensein based on literature [12,15] and fragmentation pattern
(Supplementary Figure S4). The fragments at m/z 284.03 formed by demethoxylation and m/z 256.06
generated by the future loss of CO were characteristic for all three compounds (Table 4). Fragment
ions at m/z 267.03 [M-H-HO-CH3]− and 255.06 [M-H-CO2]− are also detected in the MS2 spectrum of
tectorigenin. The minor fragment ion at m/z 135 [M-H-Aring]− correspond to the cleavage of the B
ring pathway. The results were consistent with previous studies [35,36]. The formation of an ion at
m/z 151.04 comprising the ring A of the flavone skeleton was also c haracteristic for the mass spectral
decomposition in tectorigenin.

The extracted chromatogram for m/z 285.04 [M −H]− in the red clover spout extracts revealed two
peaks at 11.74 min 17.06 min. The last one was identified as kaempferol according to the retention time
and fragmentation pattern of the reference standard. According to the fragment interpretation using
MS Fragmenter software and the published data, the first peak was identified as baptigenin. In the
MS/MS, spectrum were detected signals at m/z 269.04 corresponding to the [M -OH]− fragment, m/z
240.04 as [M-H-CO2-H]−, m/z 136.01 as [M-B-ring-C2H]−, and 109.02 corresponding to the [B ring]−.

Peck at [M − H]− m/z 297.04 (RT 17.21) was identified in the red clover sprouts samples as irilone,
which is in agreement with other studies [25,37]. The diagnostic ions were: m/z 269.04 corresponding
to [M-H-CO]−, m/z 252.04 [M-H-CO2-H]−, m/z 178.99 [M-H-B ring-CO]−, m/z 133.02 [M-C8H5O4]−.
Isoflavone pseudobaptigenin [M − H]− m/z 281.04 (RT 21.29) was identified in both alfalfa and red
clover sprout samples based on the diagnostic ions m/z 285.05 [M-H-CO]−, m/z 251.03 [M-H-CO-H2]−,
and m/z 135.00 [M-C9H7O2]−. Azelaic acid, [M − H]− at m/z 187.09 (RT 15.11), which is naturally
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occurring in wheat, rye, barley, oat seeds, and sorghum, was identified in all analysed samples based
on the diagnostic ions m/z 171.10 [M-OH]−, m/z 125.09 [M-CH3O4]−, and m/z 123.08 [M-CH4O3]−,
according to the MS Fragmenter Software.

The other compounds listed in Table 2 were identified according to their molecular mass,
formula, MS/MS fragments, and related literature by using the same approach. Regarding those
compounds, distribution in the analysed samples and the variation during germination is shown in
Supplementary Figure S5.

Table 4. Key ions in HRMS-MS spectra (m/z with relative abundances (%) in parenthesis) for identifying
tectorigenin A and isomers.

Ions
Tectorigenin

(RT 18.20 min)
Chryosoeriol

(RT 15.24 min)
Pratensein

(RT 19.70 min)

[M−H]− 299.05 299.05 299.05
[M-H-CH3]− 284.03 (57) 284.03 (21) 284.03 (100)
[M-H-CO]− - - 271.06 (21)

[M-H-CO-H]− 270.05 (100) - -
[M-H-CH3-OH]− 267.02(13) - 267.02 (48)

[M-CH3O]− 269.04 (65) 269.04 (100) -
[M-H-CH3-CO]− 256.03 (5) - 256.03 (100)

[M−H-CO2]− 255.06(24) 255.06 (15) 255.06 (24)
[M-H-C9H6O2]− 153.01 (25) - -

[M-H-CH3-CO-B-ring]− 151.00 (31) - -
[M-C9H9O3]− 135.00 (34) 135.00 (10) -

The isoflavone aglycones biochanin A, pseudobaptigenin, calycosin, prunetin, and pratensein
previously reported in the red clover aerial part [16,18,19] were detected in both red clover and alfalfa
seeds and sprouts. Comestrol, tricin, vitexin (apigenin 8-C-glucoside), and tectorigenin were found
only in alfalfa sprout samples, while afrormosin, baptigenin, and irilone were detected only in red
clover samples. Afrormosin and irilone appear due to various modifications of the isoflavones A-ring
and have been reported in aerial parts of plant form Fabaceae family [25].

Although biochanin A, formononetin, genistein, daidzein, and their glycosides are commonly
determined in red clover as phytoestrogens of interest [18,38,39], other compounds identified in the
present study that may contribute to the significant estrogenic activity of red clover include medicarpin,
liquiritigenin, and isoliquiritigenin [19]. All of these compounds were found both in alfalfa and red
clover sprouts.

Chrysoeriol and its glycoside, previously reported in the aerial part of alfalfa [20,38], were
identified in both species of spouts. Medicarpin and chrysoeriol show significant antiangiogenic and
cytotoxic activity [40] suggesting an interesting potential in cancer therapy and justify further studies.

Coumestrol was identified only in alfalfa sprouts. However, alfalfa sprout was recognised
as a major source of coumestrol [19]. Tricin was detected in all samples of alfalfa seeds and
sprouts, which is consistent with other studies reporting tricin identification in the alfalfa aerial
part [12]. Luteolin-7-O-glucoside, kaempferol-3-O-glucoside, kaempferol-3-O-rutinoside previously
reported in red clover, alfalfa, and mung bean sprouts [6] were identified in both species in different
germination stages.

The compounds identified in sprouts’ samples exhibit a wide range of biological effects,
including antioxidant, antimicrobial, phytoestrogenic effects, and anticarcinogenic activity [13,15,19,40].
Our study findings confirm that both alfalfa and red clover sprouts are important sources of isoflavones
besides soy and soy-derived products. Furthermore, according to the literature, while widely used soy
is a source of poorly absorbed isoflavones glycosides, red clover and alfalfa contains easily-absorbed
free aglycones forms [5].
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2.2. Quantification Result

The developed UPLC-HRMS/MS method was applied for the routine determination of 30
compounds in the extracts of seeds and sprouts of alfalfa and red clover identified in Table 1a.
The method was validated according to the section “Quantitative Method validation.” Validation
parameters are provided in Supplementary Table S1. The result of the quantification of the target
compounds in alfalfa and red clover seeds and sprouts were shown in Tables 5 and 6. The analysis was
conducted in duplicate. The obtained data were expressed as mean values ± standard deviations.

Among the quantified compounds, ononin, naringin, and epicatechin levels were below
quantification limits. The results of the quantitative analysis are consistent with other studies [6,18,39].
Germination is a process known to be accompanied by a spectrum of significant changes in metabolites.
Phenolic compounds are already present in the earliest plant stages and have crucial functions in
plants’ evolution and adaptation. While the total polyphenols’ content varies, there are some kinetic
transformations of the individual components that are directed towards reducing or increasing the
activity over time to support specific metabolic pathways [25].

The quantitative results showed a high content in catechin, hesperetin, and quercetin in red clover
seeds. The content in catechin sharply decreased after the first day of germination to a value almost
six-fold lower and it continued to be reduced over time, up 20-fold on the fifth day of red clover
germination. Quercetin concentration was four times lower on the fifth day of germination when
compared to red clover seeds. The concentration of hesperetin in the red clover seeds linearly decrease
3.47-fold from the first to the fifth day of germination. Rather, rutin concentration increased during
germination, reaching the maximum concentration on the fifth day of germination.

Respecting the alfalfa seeds and sprouts, lower variation of compounds’ concentrations was
registered for the sprouts in the second, third, and fourth day of germination. However, clear differences
were observed between the seeds and spouts. For example, the considerably higher concentrations of
kaempferol, quercetin, syringic acid, and hyperoside were measured in the seeds. Hesperitin dynamics
during germination was reversed when compared to red clover, registering a marked increase in the
third day of germination, which is followed by a slight decrease.

The dynamics of ferulic acid and p-coumaric acid concentration during germinations was similar in
alfalfa to the one in red clover, with higher concentrations of p-coumaric acid and lower concentrations
of ferulic acid in alfalfa than in red clover during germination. p-coumaric acid can be converted into
caffeic acid via hydroxylase activity during plant germination [25]. According our results, p-coumaric
acid showed a similar decrease during germination for both species. In alfalfa sprouts, almost double
the amount of p-coumaric acid was measured when compared to red clover. However, caffeic acid
was detected only in red clover samples, which suggests different metabolic pathways. The highest
concentrations of caffeic acid were measured in red clover seeds and in sprouts on the third day
of germination.

The profile of the isoflavones with estrogenic activity varied greatly with the phenological stage
along the germination. In the red clover sprouts, aglycones daidzein and genistein concentrations
increased from the first to the fourth day of germination, with a maximum on the third day, while,
on the fifth day, the concentration was considerably lower. The concentration of formononetin in red
clover increased during germination 12-fold up to day 4 when compared to the seeds. Glycitein was
found in the highest concentration on the third day of germination.

Formonetin and glycitein concentrations in alfalfa sprouts on the third germination day were
comparable with red clover sprouts in the same germination stage, while the concentrations in genistein,
genistin, daidzein, and daidzin were considerably lower. However, other compounds that manifest an
estrogenic effect include myricetin and apigenin [41]. Apigenin was found only in alfalfa sprouts with
an increasing concentration up to three times higher in sprouts on the third day when compared to
seeds. Apigenin was previously reported in alfalfa aerial parts [20,42]. Myricetin concentration in the
alfalfa sprouts on the third germination day was about 10-fold higher than in red clover sprouts.
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Table 5. The results of the quantitative analysis for alfalfa sprouts in μg per g of dried weight vegetal
material (alfalfa sprouts samples coded as: ALF – alfalfa, day 1-first day of germination, day 2-second
day of germination, day 3-third day of germination, day 4-fourth day of germination, and day 5-fith
day of germination).

μg/g DW ALF Seeds ALF Day 1 ALF Day 2 ALF Day 3 ALF Day 4 ALF Day 5

1 catechin 2.16 ± 0.16 2.5 ± 0.18 5.89 ± 0.14 7.53 ± 0.51 NF * NF
2 caffeic acid NF NF NF NF NF NF
3 myricetin 117 ± 4.6 109.5 ± 6.05 113.8 ± 3.6 214 ± 5.6 62.2 ± 1.3 56.3 ± 2.45
4 p-cumaric acid 39.24 ± 2.5 30.18 ± 1.2 24.2 ± 0.8 23.2 ± 1.4 22.72 ± 0.9 15.2 ± 0.75
5 syringic acid 25.63 ± 1.04 4.48 ± 0.17 3.87 ± 0.22 3.88 ± 0.09 3.52 ± 0.16 2.8 ± 0.14
6 genistin 2.12 ± 0.06 6.15 ± 0.32 9.28 ± 0.45 4.8 ± 0.05 3.24 ± 0.15 1.04 ± 0.7
7 chlorogenic acid 2.24 ± 0.11 2.3 ± 0.12 2.36 ± 0.09 2.32 ± 0.06 2.32 ± 0.14 2.48 ± 0.07
8 ferulic acid 82.5 ± 4.2 63.9 ± 3.1 39.8 ± 2.04 43.03 ± 2.14 38.29 ± 1.54 50.10 ± 4.01
9 hyperoside 1209.2 ± 10.7 NF NF NF NF NF
10 isohamnetin 18.58 ± 0.85 26.12 ± 1.2 35.32 ± 1.62 36.12 ± 4.2 40.24 ± 2.87 15.24 ± 1.45
11 rutin 4.36 ± 0.28 3.85 ± 0.15 4.36 ± 0.32 6.96 ± 0.7 5.88 ± 0.14 3.92 ± 0.25
12 gallic acid NF NF NF NF NF NF
13 ellagic acid 7.8 ± 0.55 8.2 ± 0.17 7.15 ± 0.48 7.8 ± 0.84 7.17 ± 0.12 6.90 ± 0.21
14 formononetin NF NF 2.04 ± 0.07 133.5±6.2 12.04±0.17 2.24±0.06
15 pinocembrin 0.52 ± 0.02 1.08 ± 0.04 2.48 ± 0.04 2.6 ± 0.02 2.68 ± 0.07 5.12 ± 0.11
16 apigenin 8.35 ± 0.67 10.29 ± 1.62 13.12 ± 0.31 26.57 ± 2.83 19.33 ± 1.63 33.43 ± 1.44
17 pinstrobin 1.52 ± 0.32 1.6 ± 0.4 1.68 ± 0.7 1.76 ± 0.02 2.24 ± 0.014 6.92 ± 0.41
18 kaempferol 328 ± 9.2 162.14 ± 6.8 15.32 ± 1.87 9.2 ± 0.11 8.48 ± 0.15 6.72 ± 0.1
19 hesperetin 14.79 ± 1.02 26.74 ± 1.26 39.2 ± 1.42 366.91 ± 12.3 209.2 ± 11.8 75.9 ± 2.1
20 genistein NF 20.15 ± 0.95 41.36 ± 1.12 105.8 ± 3.2 27.4 ± 1.05 10.96 ± 0.42
21 naringenin 0.32 ± 0.01 0.41 ± 0.02 0.52 ± 0.02 0.2 ± 0.01 0.4 ± 0.014 0.52 ± 0.011
22 quercitin 1108.64 ± 9.5 836.1 ± 9.9 725 ± 11.2 393.7 ± 7.9 299.6 ± 7.3 138.96 ± 5.3
23 glycitein NF 10.01 ± 0.32 21.85 ± 1.4 43.69 ± 5.1 5.2 ± 0.23 6.1 ± 0.12
24 daidzin NF NF 10.9±0.32 5.2±0.12 NF NF
25 daidzein NF NF 34.44 ± 2.6 53.96 ± 3.45 72.92 ± 2.9 12.44 ± 0.47
26 crysin 1.53 ± 0.4 1.5 ± 0.08 1.34 ± 0.4 1.67 ± 0.07 1.8 ± 0.09 2.0 ± 0.08
27 abiscisic acid 0.61 ± 0.3 0.48 ± 0.2 0.38 ± 0.15 0.32 ± 0.17 0.47 ± 0.15 NF

Σ polyphenols 2974.60 ± 1.32 1327.97 ± 3.35 1156.48 ± 3.22 1496.27 ± 3.52 846.92 ± 4.94 455.40 ± 5.01

* NF – not found

Table 6. The results of the quantitative analysis for red clover sprouts in μg per g of dried weight (DW)
vegetal material (red clover sprouts samples coded as: RCV - red clover, day 1-first day of germination,
day 2-second day of germination, day 3-third day of germination, day 4-fourth day of germination, day
5-fith day of germination).

μg/g DW RCV Seeds RCV Day 1 RCV Day 2 RCV Day 3 RCV Day 4 RCV Day 5

1 catechin 134.6 ± 5.8 23.17 ± 3.7 17.57 ± 2.6 10.39 ± 1.55 7.57 ± 0.70 7 ± 1.06
2 caffeic acid 16 ± 1.76 NF * NF 11.88 ± 1.2 NF NF
3 myricetin 199.5 ± 6.5 67.41 ± 3.9 30.41 ± 1.5 26.98 ± 4.03 44.22 ± 3.2 16.81 ± 1.06
4 p-cumaric acid 19.48 ± 1.086 16.48 ± 1.44 14.68 ± 0.95 12.6 ± 0.6 11.44 ± 0.55 11.6 ± 0.28
5 syringic acid 16.11 ± 1.14 8.68 ± 1.5 6.37 ± 0.24 5.48 ± 1.14 3.17 ± 0.17 2.19 ± 0.04
6 genistin NF 0.76 ± 0.04 12.2 ± 1.04 20.38 ± 1.28 19.31 ± 2.09 11.9 ± 1.10
7 chlorogenic acid NF NF NF NF NF NF
8 ferulic acid 175.48 ± 6.8 67.56 ± 4.6 99.64 ± 7.5 82 ± 5.2 97.12 ± 8.3 101.48 ± 6.9
9 hyperoside 750.9 ± 10.02 196.2 ± 4.6 12.6 ± 0.6 NF NF NF
10 isohamnetin 28.6 ± 0.52 56.04 ± 0.12 43.6 ± 0.34 30.52 ± 0.47 88.48 ± 1.28 38.16 ± 0.9
11 rutin 16 ± 0.9 67.78 ± 4.6 71.14 ± 5.02 71.56 ± 3.95 122.68 ± 7.21 140.2 ± 6.95
12 gallic acid 2 ± 0.04 1.2 ± 0.02 1.04 ± 0.01 NF 1.56 ± 0.02 1.64 ± 0.03
13 ellagic acid 9.08 ± 0.06 10.20 ± 1.14 8.21 ± 1.09 7.8 ± 1.11 7.16 ± 1.15 NF
14 formononetin 14.8 ± 1.03 35.68 ± 3.6 134.2 ± 6.2 172.76 ± 8.05 180.12 ± 6.12 141.36 ± 4.8
15 pinocembrin NF 0.2 ± 0.03 0.2 ± 0.02 0.24 ± 0.02 0.48 ± 0.03 0.28 ± 0.01
16 apigenin NF NF NF NF NF NF
17 pinstrobin 1.6 ± 0.14 1.6 ± 0.12 1.92 ± 0.2 2.4 ± 0.04 3.24 ± 0.15 4.52 ± 0.04
18 kaempferol 78.8 ± 3.8 5.76 ± 2.05 5.48 ± 2.12 5.48 ± 1.5 6.48 ± 1.9 5.48 ± 2.4
19 hesperetin 2824.8 ± 8.5 759.86 ± 7.3 424.83 ± 6.8 343.62 ± 10.05 203.44 ± 6.5 173.95 ± 4.6
20 genistein 28.76 ± 2.06 435.44 ± 4.7 593.44 ± 5.2 607.2 ± 3.9 499.92 ± 4.8 NF
21 naringenin 1.32 ± 0.7 0.16 ± 0.01 0.24 ± 0.03 0.32 ± 0.03 0.28 ± 0.04 NF
22 quercitin 6714 ± 9.54 2105 ± 6.25 1840.84 ± 5.07 1169.17 ± 5.10 1406.05 ± 3.9 1633.61 ± 3.04
23 glycitein 2.49 ± 1.05 1.9 ± 1.01 17.43 ± 0.95 44.54 ± 2.45 43.74 ± 1.90 27 ± 1.05
24 daidzin NF 94.1 ± 4.3 78.3 ± 3.7 12.4 ± 2.4 NF NF
25 daidzein NF NF 185.2 ± 6.8 220.2 ± 4.2 263.1 ± 3.7 114.5 ± 4.6
26 crysin 1.09 ± 0.1 1.09 ± 0.2 NF 1.10 ± 0.07 1.11 ± 0.09 1.10 ± 0.4
27 abiscisic acid 0.98 ± 0.4 0.17 ± 0.01 0.17 ± 0.02 0.52 ± 0.25 1.00 ± 0.51 0.92 ± 0.32

Σ polyphenols 11036.40 ± 2.18 2056.45 ± 3.07 3599.72 ± 1.45 2859.55 ± 3.68 3011.68 ± 2.98 2433.72 ± 4.21

* NF – not found
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In contrast to the red clover sprouts, which contain genistein as the major isoflavons, in alfalfa
sprouts, the most abundant isoflavone was formononetin, which is consistent with other studies [37].
Genistein content in alfalfa and red clover spouts, reaching the maximum level on the third day of
germination (607.2 μg/g for red clover and 105.8 μg/g for alfalfa), might be considered high, even
compared to soybean in which genistein was reported as the major isoflavone, ranging from 84 μg/g
to 583 μg/g DW along the reproductive stages [42]. According to the quantitative analysis, the sum
of the isoflavones with estrogenic activity (daidzein, genistein, glycosides, apigenin, formononetin,
myriceitin, and glycitein) was 906.1 μg/g DW for red clover and 587.5 μg/g DW for alfalfa sprouts on
the third day of germination. Due to the different compounds’ bioavailability [43], consideration of
their biological activity could be speculative.

While rutin concentrations in all red clover samples were significantly higher than in alfala,
comparable concentration of naringenin, syringic acid, ellagic acid, isorhamnetin, and pinostrobin were
measured in both species during germination. For isorhamentin, the same nonlinear variation was
observed for both species with the maximum concentration reached on the fourth day of germination.
Isorhamnetin 3-O-glucoside was also identified in both species. Isorhamnetin has been previously
detected, but not quantified in alfalfa aerial parts [38].

Abscisic acid, which is a plant hormone that has important roles in seed development and
maturation [44], was present in relatively small amounts in both red clover and alfalfa in seeds and
during germination.

In conclusion, consider the quantitative results for both plants species. Sprouts on the third day of
germination could be considered as valuable sources of bioactive polyphenols with a potential health
impact. The important health promoting potential of polyphenols resides in various biological activities,
including antioxidant, estrogenic, anti-carcinogenic, and vasodilatory [16,25,37]. Different studies
described the interactions of phenolic derivatives with intracellular receptors and signaling pathways
to induce adaptive responses and regulation of apoptotic genes and mitochondrial function [3,15].
They suggest that Fabaceae sprout consumptions may also reduce the risk of osteoporosis, help alleviate
menopausal symptoms, and prevent cardiovascular disease, hypertension, and hormone-dependent
tumours [5,41].

2.3. Multivariate Data Analysis

Unsupervised classification by PCA and HCA were used in order to show the grouping of the
investigated samples. PCA explained 59.68% of the total variation using principal components with
a higher contribution brought by PC1 (33.26%) when compared to PC2 (26.42%), (Figure 3). Along
PC1, the germinated alfalfa and red clover seeds from the initial seeds can be discriminated. Along the
PC2 axis, two clusters including the firs cluster including alfalfa seeds and germinated alfalfa seeds
located on the left side and cluster of two grouping the germinated red clover seeds located on the right
side are observed. Non-germinated red clover seeds are clearly discriminated from the other seeds.
PCA analysis revealed the correlations among the polyphenols’ composition of different germinated
seeds. Our results showed that ellagic and p-coumaric acids, kaempferol, and myricetin represent
polyphenol markers of alfalfa seeds, while chlorogenic acid, chrysin, apigenin, and pinocembrin are
representative for germinated alfalfa seeds. Red clover seeds were characterised by catechin, naringenin,
hyperoside, and syringic acid, while gallic and ferulic acids, quercetin, hesperitin, and abscisic acid
characterise the red clover seeds on the first and second day of germination and caffeic acid, pinostrobin,
glycitein, rutin, isorhamnetin, genistein, formonetin, daidzein, and genistin are representative of the
germinated red clover seeds on day 3, day 4, and day 5.

The Ward’s hierarchical clustering method with Euclidean distances as measures of dissimilarity
based on the phenolic compounds’ profile was applied. The dendrogram shows the clustering of the
samples in four separate groups (Figure 4). At a dissimilarity level of 1200000, class 1 refers to the
initial alfalfa seeds (ALF seeds) (C1), while class 2 (C2) include the germinated alfalfa seeds in the five
days of germination and red clover seeds on the first day of germination. Class 3 (C3) refers to the
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initial red clover seeds (RCV seeds) and class 4 (C4) correspond to the germinated red clover seeds,
which reveal a polyphenolic composition similar to the initial alfalfa seeds.

Figure 3. Bi-plot of the principal components PC1 and PC2 resulted from the PCA analysis with
normalized Quatrimax rotation data of the polyphenols’ concentrations quantified and the samples
(alfalfa and red clover sprouts samples coded as: RCV — red clover, ALF — alfalfa, s — seeds, day
1-first day of germination, day 2-second day of germination, day 3-third day of germination, day
4-fourth day of germination, and day 5-fifth day of germination).

Figure 4. Dendrogram of the 12 objects (alfalfa and red clover sprout samples) represented by phenolic
compounds’ profile obtained by Ward’s hierarchical clustering method (hierarchical cluster analysis).

The second PCA-analysis (Figure 5) was performed for the results of the qualitative analysis:
identified polyphenols obtained from the screening HRMS/MS 2 and indicated with a present /
absent decision.

PCA analysis revealed the correlations among the polyphenols’ composition of different
germinated seeds. Thereby, coumestrol, tricin, vitexin, tectorigenin, and sissotrin represent polyphenol
markers of alfalfa seeds, while isoliquiritigenin, apigetrin, irisolidone kaempferol-O-glucoside,
medicarpin, irilone, alfalone, and afrormosin are representative for germinated alfalfa seeds. Azaleic
acid, isorhamnetin, luteolin-7-glucoside, liquitrigenin, pratensein, pseudobaptigenin, chrysoeriol,
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chrysoeriol-7-glucoside, and kaempferol-3-rutinoside were characteristic for alfalfa in the five days of
germination, while biochanin A, calycosin, prunetin, and baptigenin are characteristic for red clover.

Figure 5. Bi-plot of the principal components PC1 and PC2 resulting from the PCA analysis with
normalized Quatrimax rotation data of the tentatively identified polyphenols and the samples.

3. Materials and Methods

3.1. Reagents

The reference standards of 30 compounds (bold in Table 1) were purchased from Sigma–Aldrich
(Aquator, Iasi, Romania). Organic solvents’ methanol and ethylic alcohol, HPLC grade, were purchased
from Merck Romania. Formic acid (98%) was ultrapure water (LC-MS grade) and was purchased
from Merck (Merck Romania, Bucharest, Romania). For the calibration of the mass spectrometer,
the PierceTM LTQ Velos electrospray ionization (ESI) positive and negative ion calibration solutions
(Thermo Fisher Scientific) were used.

3.2. Stock Solutions

The stock standard solutions of the reference standards were dissolved in methanol with a
concentration of 1.0 mg/mL for each compound, respectively. A series of working standard solutions
(concentrations ranged from 0.05 to 1.0 μg/mL) were prepared by the successive dilution of the mixture
of standard solutions with 20% methanol. All the solutions were stored at 4 ◦C before use.

3.3. Plant Samples – Germination

The seeds of Trifolium pratense and Medicago sativa were purchased from Agrosem, Targu Mures,
Romania. Approximately 50 g of seed of each plant species were washed in a plastic container with
20 ◦C sterile distilled water for 30 min and then transferred to a growth chamber (automat sprout
germinator, Biovita model GE-1, Cluj-Napoca, Romania) controlled at 25 ◦C and 80% humidity in the
dark condition. Seed hydration was automatically controlled as follows. The seeds were soaked for 7 h.
Then they were irrigated with water every 5 min for 7 h, and then they were irrigated for 1 min every
4 h. For both plant species, we obtained sprouts at 24 h, 48 h, 72 h, 96 h, and 120 h. The entire sprouts
were dried for 4.5 h at 40 ◦ C in a fruit dryer (Zilan model- ZLN-9645l). Average humidity loss was
90% for alfalfa and 89% for red clover. After drying, the twins were kept in closed containers, away
from light. Before analysis, aliquots of 5 g of each sample were ground.
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3.4. Extraction

Three extraction procedures were compared in the present work, maceration, ultrasound assisted
extraction (UAE), and microwave assisted extraction (MAE). The extracts were prepared in the same
condition for both plant species.

A tincture was prepared according to EU Pharmacopeia using 70% ethanol (1:10 g DW/ g).
The solvent was initially heated at 60 ◦C. The maceration continued for 10 days in dark conditions.

An ultrasonic assisted extraction (UAE) method optimised by response surface methodology
(RSM) [45] was adapted for the present study. The extraction conditions were a ratio of liquid to solid
of 1:10 g DW/g 70% ethanol, 60 ◦C, 60 min, at 60 kHz.

A microwave assisted extraction (MAE) procedure was adapted after Zhang, 2008 [26]. An amount
of 0.5 g of each sprout sample were extracted with 15 mL and 50% ethanol (1:25 g DW/g) at 50 ◦C
(10 min. gradient with 5 min. maintaining), and microwave power at 300 W.

For all procedures, the extracts were filtered through Whatman No. 2 filter paper and a 0.20 nm
Millipore MF syringe filter. Dilution 1:3 with water:methanol (80:20) before instrumental analysis
was completed.

3.5. Instrumentation

3.5.1. LC Parameters

A Thermo Scientific Dionex Ultimate 3000 Series RS pump coupled with a Thermo Scientific
Dionex Ultimate 3000 Series TCC-3000RS column compartments and a Thermo Fisher Scientific
Ultimate 3000 Series WPS-3000RS autosampler controlled by Chromeleon 7.2 Software (Thermo Fisher
Scientific, Waltham, MA and Dionex Softron GMbH Part of Thermo Fisher Scientific, Germany) were
used for analysis.

The application of a 35-min gradient over an ultra-performance Accucore U-HPLC Column C18
(150 × 2.1 mm, 2.6 μm), (Thermo Scientific) was applied. The column temperature was set at 40 ◦C.
The mobile phase consisted of: eluent A, ultrapure water containing 500 μL/L formic acid (pH 2.5),
and eluent B, methanol. The step gradient was as follows: 0–1 min 100% A, 1–10 min linear increase to
30% B, 10–26 linear increased to 100% B and held for 4.0 min, 30–32.5 decreasing to 0% B. The initial
conditions were obtained again at the 35th min with an equilibration time of 2.5 min. The run was
performed at 0.4 mL/min for a total of 35 min.

3.5.2. MS Parameters and Data Processing

A HESI (Heated Electrospray) ion source was used for the ionization. The HESI parameters were
optimized as follows. Nitrogen as sheath and auxiliary gas flow rate was set at 8 and respectively 6
units. The source heater temperature was set at 300 °C. The capillary temperature was set at 300 ◦C.
The aux gas heater temperature was set at 300 ◦C. The electrospray voltage was 2800 V. The S lens RF
level was 50.

Detection of the compounds was performed using an Q-Exactive mass spectrometer. Full scan data
in negative mode was acquired at a resolving power of 70,000 FWHM at m/z 200. For the compounds
of interest, a scan range of m/z 100–1000 Da was chosen. The automatic gain control (AGC) was set at
3e6 and the injection time was set to 200 ms. The scan rate was set at 2 scan/sec. External calibration
was performed by calibration solution in a positive and a negative mode.

A total of six scan events were combined including one full scan event with mentioned parameters
and five MS-MS events. In the MS2 scan events, the precursor ion ranges were m/z 95–205, 195–305, 295–405,
395–505, and 500–10005, which were consecutively selected, fragmented in an higher-energy collisional
dissociation cell HCD, and measured in five separate Orbitrap scans at a resolving power of 35,000 FWHM.
The fragmentation events were performed at 30, 60, and 80 NCE (normalised collision energy). The C-trap
parameters for all scan events were the following: Automatic Gain Control (AGC) target 1e6 and the
injection time of 100 ms.
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Data were evaluated by the Quan/Qual Browser Xcalibur 2.3 (Thermo Fisher). The mass tolerance
window was set to 5 ppm for the two analysis modes. For the MS/MS analysis, detection of at least two
fragment ions with the appropriate ion-ratio was performed by comparing the reference standards.

For those compounds without available references, the most reasonable molecular formula with a
lower mass error was sought in the chemical Chemspider database (www.chemspider.com). Considering
that the flavones, isoflavones, and phenolic acids had the same skeleton, the fragment ions from MS-MS
analysis were used to further confirm the chemical structure with the aid of NORMAN MassBank (https:
//massbank.eu/MassBank/), mzCloudeTM Advanced Mass Spectral Database (https://www.mzcloud.org/),
and PubChem (https://pubchem.ncbi.nlm.nih.gov/). ACDLabs MS Fragmenter 2019.2.1 software was
used to generate a fragmentation pattern of the identified compounds for a comparison analysis.

3.5.3. Quantification Method Validation

In the full scan mode, the accurate mass of the precursor ion was used for quantification. Five-point
calibration curves were obtained with a mixed standard solution in the concentration range of 25
to 2500 ng/mL. Linearity was evaluated using the coefficients of correlation (R2). The LOD (limit of
detection) and LOQ (limit of quantification) were determined as 3.3 times and 10 times, respectively.
The standard deviation of the y-intercept divided by the slope of the calibration curve (ICH Validation
of analytical procedures: text and methodology Q2(R1), International Conference on Harmonization,
2005) [46]. The UHPLC-Q-Orbitrap mass spectrometry was validated with respect to specificity,
linearity, sensitivity, and reproducibility (ICH guidelines [46]).

The precision of the established method was evaluated by intra-day and inter-day variability,
and the relative standard deviations (RSD) were taken as a measure. The RSDs were used as a measure
and the acceptance criterion should be within 5.0%. The intra-day and inter-day variability were
measured to assess the precision of the developed method using samples of alfalfa and red clover
sprouts extract in the second day of germination. The intra-day precision was evaluated by analyzing
six replicates prepared from the mentioned samples, and the inter-day precision was examined over
three consecutive days with six samples per day. The repeatability was determined by injection of six
samples prepared by following the same procedure.

3.5.4. Multivariate Data Analysis

Principal component analysis (PCA) is a multidimensional scale analysis that enables
transformation of the variables into new ones, called principal components. The role of principal
components is to explain the maximum amount of variance with the fewest number of components.
PCA was performed for the quantitative and qualitative matrix containing 12 samples and 25
phenolic compounds. The PCA was applied for the quantitative correlation matrix using unit vector
normalization and to the binary matrix for the qualitative analysis. Quatrimax rotation was performed
and the bi-plots were selected for the visualization of the results.

Additionally, the Ward’s hierarchical clustering method with Euclidean distances as measures of
dissimilarity were applied.

4. Conclusions

In this paper, qualitative and quantitative analyses were combined together for the integrated
characterisation and comparative analysis of the polyphenolic profile of Medicago sativa L. and
Trifolium pratense L. sprouts in different germination stages. A variable data independent acquisition
(vDIA) approach was used, which improved both selectivity and sensitivity for the fragment ions.
This was beneficial for screening performance and identification capabilities.

By comparing MS/MS fragmentation patterns of reference compounds and the systematic
identification strategy, a total of 59 polyphenolic compounds including isoflavones, flavones, flavonones,
flenolic acids, and flavonols were identified in the alfalfa and red clover sprout extracts. A quantitative
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determination method had been validated and applied for the quantification of 30 compounds. Three
extraction methods were optimised and compared.

The 29 phenolic compounds that have been identified in sprout extracts are: isoflavones
with estrogeninc action as biochanin A, coumestrol, prunetin, isoflavones as irilone, pratensein,
pseudobaptigenin, flavone as tricin, chriosoeriol, and phenolic acid as ethyl gallate. Glucosides of
apigenin, kaempherol, and coumestrol or isorhamnetine were also identified. For both plant species,
sprouts in the third and fourth germination days were found to contain higher quantities of biologically
active isoflavones as genistin, daidzein, formononetin, glycitein, apigenin, hesperetin, quercetin, ferulic
acid, and p-coumaric acid.

The method presented in this paper has been demonstrated as an effective pathway for analysing
the bioactive compounds in a complex sample from a natural resource as sprouts of alfalfa and red
clover. This study also demonstrated the feasibility and advantage of the vDIA strategy on untargeted
screening. The development of advanced methods for analysis of individual, biologically-active
compounds will enable future understanding of their mechanisms of action on human organisms.

Despite the well-known medicinal properties of M. sativa and wide consumption of alfalfa sprouts,
only a few reports on biological activity of single compounds have been published. This study provides
an important scientific basis for further study on clinical application and functional food of alfalfa and
red clover sprouts.

Supplementary Materials: The following are available online. Figure S1. Influence of different procedures
on the extraction yield of the main active compounds. Results are presented as mean (n = 3) values ± STDev.
Superscripts with different letters indicate significant differences (p < 0.05). Figure S2. Total ions current TIC and
the extracted chromatograms of the main identified compounds in alfalfa extract on the third day of germination
(the chromatograms were extracted from TIC using a 5 ppm mass accuracy window, negative ion mode, full scan,
base peak in the range 150–1000 m/z). Figure S3. Influence of different procedures on the extraction yield of the
main active compounds. Results are presented as mean (n = 3) values ± STDev. Superscripts with different letters
indicate significant differences (p < 0.05). Figure S4. Extracted ion chromatogram for m/z 299.05 in alfalfa sprout
on the third day of germination (A) and MS-MS spectra of the diagnostic ions of chryosoeriol (B), tectorigenin
(C and D), and pratensein (E). Figure S5: Results of the calitative screening: variation of the compounds in the
samples (alfalfa and red clover sprout samples coded as flow: RCV-red clover, ALF-alfalfa, s-seeds, day 1-first day
of germination, day 2-s day of germination, day 3-third day of germination, day 4-fourth day of germination, day
5-fith day of germination). Table S1: UHPLC-MS/MS method validation parameters.
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17. Klejdus, B.; Vitamvásová-Štěrbová, D.; Kubáň, 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]
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Abstract: Plants of the genus Callicarpa are known to possess several medicinal effects. The constituents
of the Taiwan endemic plant Callicarpa hypoleucophylla have never been studied. Therefore,
C. hypoleucophylla was selected for our phytochemical investigation. Two new clerodane-type
diterpenoids, named callihypolins A (1) and B (2), along with seven known compounds were
isolated from the leaves and twigs of the Lamiaceae plant C. hypoleucophylla and then characterized.
The structures of compounds 1 and 2 were elucidated by spectroscopic data analysis, specifically,
two-dimension nuclear magnetic resonance (NMR). The anti-inflammatory activity of compounds
1–9 based on the suppression of superoxide anion generation and elastase release was evaluated.
Among the isolates, compounds 2–4 showed anti-inflammatory activity (9.52−32.48% inhibition at the
concentration 10 μm) by suppressing superoxide anion generation and elastase release. Our findings
not only expand the description of the structural diversity of the compounds present in plants of
the genus Callicarpa but also highlight the possibility of developing anti-inflammatory agents from
Callicarpa endemic species.

Molecules 2020, 25, 2288; doi:10.3390/molecules25102288 www.mdpi.com/journal/molecules27
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1. Introduction

Callicarpa (family Lamiaceae) is a genus of about 190 species of herbaceous plants. The
plant is geographically found throughout east and southeast Asia, Australia, Madagascar,
southeast North America, and South America [1]. Folkloric usage of various parts of
Callicarpa includes preparations used as fish poisons [2,3], insect repellents [1], and for some
medical indications [3]. The phytochemical investigation of this genus has resulted in the
identification of diterpenoids, phenylethanoids, phenypropanoids, and flavonoids. These components
display various biological effects, such as anti-inflammatory [4–6], anti-platelet aggregation [7],
hemostatic [8], antioxidative [9,10], cytotoxic [6,11,12], and neuroprotective [13], antitubercular [14],
hepatoprotective [15,16], antimicrobial [17], anti-arthritic [18], as well as analgesic properties [19].
From the above-mentioned phytochemical and biological studies, we know this genus may offer a rich
supply of bioactive phytochemicals. Because the phytochemical profile of the Taiwanese endemic plant
Callicarpa hypoleucophylla has never been analyzed, we carried out an investigation of the constituents
and bioactivity of C. hypoleucophylla. A meticulous separation of an ethanolic extract of C. hypoleucophylla
led to the isolation of two new clerodane-type diterpenoids that we named callihypolins A and B
(1 and 2), together with seven known analogues (3–9). The anti-inflammatory evaluation of these
isolates is also presented in this paper.

2. Results and Discussion

The leaves and twigs of C. hypoleucophylla were extracted with 95% ethanol; the yielded
extracts were suspended in H2O and extracted with ethyl acetate (EtOAc). The EtOAc-soluble
part was further partitioned with hexanes/methanol (MeOH)/H2O (4:3:1) to obtain a MeOH
layer. The MeOH layer was subjected to extensive chromatography by normal- and
reversed-phase HPLC, using a normal-phase silica gel open column and a Sephadex LH-20
resin column, supplying callihypolins A and B (1 and 2) as well as seven known compounds
(4aR,5S,6R,8aR)-5-[2-(2,5-dihydro-5-methoxy-2-oxofuran-3-yl)ethyl]-3,4,4a,5,6,7,8,8a-octahydro-5,6,8a-
trimethylnaphthalene-1-carboxylic acid (3) [20], patagonic acid (4) [21], limbatolide F (5) [22],
limbatolide A (6) [23], methyl (4aR,5S,6R,8S,8aR)-3,4,4a,5,6,7,8,8a-octahydro-8-hydroxy-
5,6,8a-trimethyl-5-[2-(2-oxo-2,5-dihydrofuran-3-yl)ethyl]naphthalene-1-carboxylate (7) [24],
clerodermic acid (8) [25], and visclerodol acid (9) [26] (Figure 1).

Figure 1. Structures of compounds 1–9 isolated from Callicarpa hypoleucophylla.
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The molecular formula of compound 1 was established to be C21H28O6 on the basis of the
[M + Na]+ peak at m/z 399.17785 (calcd. 399.17781 for C21H28O6Na) obtained from high-resolution
electrospray ionization mass spectrometry (HRESIMS) (Figure S13). The IR absorption bands of
compound 1 indicated the presence of hydroxy (3451 cm−1), α,β-unsaturated-γ-lactone (1739 cm−1),
and carboxyl (1678 cm−1) functionalities. The 13C and distortionless enhancement by polarization
transfer (DEPT)-135 NMR data (Figure S2) showed the presence of 21 carbons divided into 7 quaternary
carbons (including 3 carbonyls), 5 methines, 5 methylenes, and 4 methyls. The 1H (Figure S1) and 13C
NMR signals of compound 1 showed some characteristic peaks such as an olefinic methine singlet (δH

5.96, δC 126.6, C-3), two tertiary methyls (δH 1.33, δC 14.0, Me-19; δH 0.84, δC 17.3, Me-20), a secondary
methyl (δH 0.90, J = 6.8 Hz, δC 15.3, Me-17), as well as a butenolide unit (δC 134.0, C-13; δH 7.09, 1 H,
quin, J = 1.7 Hz, δC 143.9, C-14; δH 4.77, 1H, dd, J = 3.8, 1.7 Hz, δC 70.2, C-15; δC 174.0, C-16). The
above NMR data indicated that the structure of compound 1 was similar to that of dichrocephnoid
E [27], a clerodane diterpenoid, except for a methylene corresponding to C-6 that was replaced by
an oxymethine (δH 3.84, δC 72.5) and an additional methoxy (δH 3.81, δC 52.8) present in compound
1. The whole structure of compound 1 was then determined, starting from characteristic signals,
by means of correlation spectroscopy (COSY), heteronuclear single quantum correlation (HSQC),
and heteronuclear multiple bond correlation (HMBC) NMR correlations (Figures S3–S5). The COSY
spectrum (Figure 2) showed cross-peaks with signals at H-1 (δH 2.43, 2.56)/H-10 (δH 2.00); H-6 (δH

3.84)/H-7 (δH 1.61, 1.70)/H-8 (δH 1.76)/Me-17 (δH 0.90); H-14 (δH 7.09)/H-15 (δH 4.77). Moreover, the key
HMBC correlations (Figure 2) of H-1 with C-2, H-3 with C-1, C-4, C-5, and C-18; Me-19 with C-4, C-5,
C-6, and C-10, Me-17 with C-7, C-8, and C-9, Me-20 with C-9, C-10, and C-11, and methoxy proton with
C-18 led to the construction of the decalin core of compound 1, including a hydroxy group at C-6 and a
methyl ester substituted at C-4. The linkage between C-12 and butanolide via C-13 was established
by comparing the corresponding NMR data with those of similar analogues and confirmed by mass
spectrometry analysis [22,24,27]. The planar structure of compound 1 is represented in Figure 2. The
relative stereochemistry of compound 1 was deduced from nuclear overhauser effect spectroscopy
(NOESY) correlations (Figure 2 and Figure S6) and by comparison of its spectroscopic data with those of
clerodane analogues. The NOESY experiment showed correlations of H-6 (δH 3.84)/H-10 (δH 2.00)/H-8
(δH 1.76), which indicated protons located on the β face of the molecule. On the other hand, Me-20
presented NOESY correlations with Me-19 and Me-17, but neither Me-19 nor Me-20 correlated with
H-10, suggesting that compound 1 is an ent-clerodane-type molecule with trans-decalin core [28]. The
trans A/B ring junction was also evidenced by the carbon chemical shifts of C-19 (δC 14.0) and C-20 (δC

17.3) [29–31]. Thus, these correlations indicated that the hydroxy group at C-6 had an α-configuration,
as confirmed by the coupling constants of H-6 with H-7α (J = 12.6 Hz) and H-7β (J = 4.4 Hz) [32,33].
All the spectral data appeared thus to be in agreement with the structure and stereochemistry of
compound 1.

Figure 2. COSY (bold bond), selected HMBC (arrow), and NOESY (left-right arrow) correlations of
compound 1.

29



Molecules 2020, 25, 2288

Callihypolin B (2) was isolated as a yellow oil. It possesses the molecular formula C22H32O5,
corresponding to seven indices of hydrogen deficiency, as determined by the HRESIMS ion at m/z
399.21419 [M + Na]+ (calcd. 399.21420) (Figure S14) and 13C NMR data. The IR spectrum revealed
the presence of ester (1768 cm−1) and conjugated carbonyl (1682 cm−1) groups. The 1H NMR data of
compound 2 (Table 1, Figure S7) demonstrated the presence of one ethoxy [δH 3.94 (m) and 3.74 (m);
1.27 (t, J = 7.1 Hz)], one secondary methyl [δH 0.81 (d, J = 6.2 Hz)], two tertiary methyls (δH 0.76
and 1.23), and two olefinic methines [δH 6.85 (m), and 6.76 (d, J = 1.2)], together with one hemiacetal
methine [δH 5.79 (brd, J = 1.2)]. The 13C NMR and DEPT spectra (Table 1, Figure S8) of compound
2 showed the presence of 22 carbon signals ascribable to 4 methyls, 7 methylenes (of which one
was oxygenated), 2 olefinic methines, 3 aliphatic methines, 2 aliphatic quaternary carbons, 2 olefinic
quaternary carbons, and 2 carbonyl carbons. Two carbonyls and two C=C double bonds accounted for
four indices of hydrogen deficiency, so the remaining three indices suggested that compound 2 was
a tricyclic compound. In the 1H-1H COSY spectrum (Figure S9), the correlations of H2-1/H2-2/H2-3,
H2-6/H2-7/H-8/Me-17, H2-11/H2-12, H-14/H-15, and H2-1′/Me-2′ were used to establish the presence of
five fragments, as shown in Figure 3. In the HMBC spectrum (Figure 3, Figure S11), the cross-peaks of
H-3 with C-4 and C-18; of Me-19 with C-4, C-5, C-6, and C-10; and of H-10 with C-1 and C-5 revealed
the presence of a cyclohexene ring (ring A), in which a carboxyl group and Me-19 were attached to
C-4 and C-5, respectively. The presence of a cyclohexane ring (ring B) with Me-20 attached at C-9
was elucidated by the HMBC correlations of Me-20 to C-8, C-9, and C-10, as well as of H-10 to C-9.
Additionally, both H3-20 and H-10 showed correlations with C-11 and indicated the linkage between
ring B and C-11 via C-9. The HMBC cross-peaks of H-14 to C-13 (δC 139.0) and C-16 (δC 171.5); H-15
(δH 5.79) to C-16 and C-1′ (δC 66.0), as well as H2-12 to C-13 and C-16, revealed the presence of an
α,β-unsaturated γ-lactone ring with an ethoxy group located at C-15. Thus, the planar structure of
compound 2 could be established. The stereochemistry of compound 2 was determined by its NOESY
spectrum, relative NMR data, and circular dichroism spectrum. The NOESY experiments (Figure 3
and Figure S12) carried out on compound 2 showed correlations of Me-19/Me-20/Me-17, and H-6β (δH

2.44)/H-10/H-8, whereas no correlation was revealed between H-10 and Me-19. These data, as well as
the carbon chemical shift of Me-19 at δC 20.5 [29], indicated that compound 1 is characterized by a type
TC clerodane skeleton under a chair conformation of ring B [34], a trans relationship between rings
A and B, α-orientations of Me-17, Me-19, and Me-20, and β-orientation of H-10. The ethoxy group
attached at C-15 in the butenolide moiety was assigned to the α-face by comparison with the circular
dichroism (CD) data of known butenolides and by applying the octant rule. The CD spectrum showed
a negative Cotton effect near 243 nm (π-π*) and supported the S configuration of C-15 [31,35,36]. Thus,
the structure and stereochemistry of compound 2 were clearly determined.

Figure 3. COSY (bold bond), selected HMBC (arrow), and NOESY (left-right arrow) correlations of
compound 2.
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Table 1. 1H and 13C NMR Data of compounds 1 and 2 in CDCl3.

1 a 2 b

Position δH Mult. (J in Hz) δC, Type δH Mult. (J in Hz) δC, Type

1 2.56 (dd, 18.0, 14.2) 34.4, CH2 1.46 (m) 17.3, CH2
2.43 (dd, 18.0, 3.5) 1.66 (m)

2 199.0, C 2.27 (m) 27.4, CH2
3 5.96 (s) 126.6, CH 6.85 (m) 140.3, CH
4 160.4, C 141.2, C
5 45.5, C 37.5, C
6 3.84 (dd, 12.6, 4.4) 72.5, CH 2.44 (m) 35.7, CH2

1.14 (m)
7 1.70 (dt, 12.6, 4.4) 36.1, CH2 1.46 (m) 27.2, CH2

1.61 (m) 1.42 (m)
8 1.76 (m) 34.5, CH 1.50 (m) 36.2, CH
9 38.5, C 38.7, C
10 2.00 (dd, 14.2, 3.5) 44.9, CH 1.32 (d, 11.6) 46.6, CH
11 1.61 (m) 34.8, CH2 1.50 (m) 35.7, CH2

1.47 (m) 1.66 (m)
12 2.19 (m) 18.7, CH2 2.20 (m) 18.9, CH2

2.00 (tm, 13.0) 2.03 (m)
13 134.0, C 139.0, C
14 7.09 (quin, 1.7) 143.9, CH 6.76 (quin, 1.2) 141.4, CH
15 4.77 (dd, 3.9, 1.7) 70.2, CH2 5.79 (brd, 1.2) 101.6, CH
16 174.0, C 171.5, C
17 0.90 (d, 6.8) 15.3, CH3 0.81 (d, 6.2) 15.9, CH3
18 169.8, C 172.3, C
19 1.33 (s) 14.0, CH3 1.23 (s) 20.5, CH3
20 0.84 (s) 17.3, CH3 0.76 (s) 18.2, CH3
1′ 3.81 (s) 52.8, CH3 3.94 (m) 66.0, CH2

3.74 (m)
2′ 1.27 (t, 7.1) 15.0, CH3

a 1H and 13C-NMR were measured at 600 and 150 MHz. b 1H and 13C-NMR were measured at 400 and 100 MHz.

Compounds 1–9 were evaluated for their inhibitory activities on superoxide anion generation
and elastase release in formyl-methionyl-leucyl-phenylalanine (fMLF)/cytochalasin (CB)-induced
human neutrophils. The formyl peptide fMLF in combination with the priming agent CB serves
as a stimulator that mimics the over-activation of neutrophils by a pathogen or an immune system
reaction [37]. As shown in Table 2, compounds 2–4 exerted anti-inflammatory activity by suppressing
superoxide anion generation and elastase release. The positive control genistein, which acts via
inhibition of protein tyrosine kinases, showed a profound effect on the respiratory burst (89% inhibition
of superoxide generation) and only a mild effect on degranulation (22.8% inhibition of elastase release).
Among the tested samples, the new compound 2 showed the best activity, suppressing 32.2% of
superoxide generation and 17.6% of elastase release. To exclude possible toxicity to the cells, the lactate
dehydrogenase (LDH) release assay was employed, and none of the tested clerodane diterpenoids
resulted toxic to human neutrophils (Figure 4). Clerodane diterpenes with an open lactone ring at
C16 were previously reported to exert inhibitory effects on the function of neutrophils activated by
fMLF/CB, including respiratory burst [38] and degranulation [39]. Thus, our results well correlate with
the anti-inflammatory effects of previously isolated clerodane diterpenes and indicate the potential of
the new compounds for the development of anti-inflammatory drugs targeting neutrophils.
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Table 2. Inhibitory effects of compounds 1–9 on superoxide anion generation and elastase release in
formyl-methionyl-leucyl-phenylalanine (fMLF)/ cytochalasin (CB)-induced human neutrophils.

Compound
Superoxide Anion Elastase Release

Inh % Inh %

1 20.28 ± 5.98 * 8.26 ± 3.72
2 32.19 ± 6.92 ** 17.55 ± 2.64 ***
3 31.19 ± 5.99 ** 12.15 ± 2.38 ***
4 32.88 ± 4.41 *** 13.57 ± 1.48 ***
5 23.65 ± 7.67 * 7.33 ± 1.56 **
6 8.44 ± 6.40 10.50 ± 3.23 *
7 7.93 ± 5.86 9.30 ± 2.91 *
8 15.23 ± 6.37 11.80 ± 3.55 *
9 18.80 ± 7.82 16.30 ± 3.74 **

Genistein a 89.00 ± 3.00 *** 22.79 ± 2.25 ***

Percentage of inhibition (Inh %) at 10 μM concentration. Results are presented as mean ± S.E.M. (n = 4–5); * p < 0.05,
** p < 0.01, *** p < 0.001 compared with the control (solvent). a Genistein served as a positive control.

Figure 4. Compounds 1–9 do not cause LDH release in human neutrophils. Human neutrophils were
incubated with DMSO (as a control) or compounds 1–9 (10 μM) for 15 min. Cytotoxicity was evaluated
by LDH release. All data are presented as the means ± S.E.M. (n = 3).

3. Experimental

3.1. General

Silica gel 60 (Merck) was used for open-column chromatography (CC). Luna C18 (5 m, 250 × 10
mm, Phenomenex), Luna CN (5 m, 250 10 mm, Phenomenex), and Luna phenyl-hexyl (5 m, 250 × 10
mm, Phenomenex) semi-preparative columns were used for high-performance liquid chromatography
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(HPLC). HPLC used a Shimadzu LC-10AT pump with an SPD-20A UV-Vis detector. The UV spectra
were obtained by using a Jasco UV-530 ultraviolet spectrophotometer (Jasco, Tokyo, Japan), whereas
the IR spectra were obtained on a Jasco FT-IR-4600 spectrophotometer (Jasco, Tokyo, Japan). Optical
rotations were measured with a Jasco P-1020 digital polarimeter (Jasco, Tokyo, Japan). NMR spectra
were obtained using JEOL JNM ECS 400 MHz (JEOL, Tokyo, Japan) and Varian 600 MHz NMR
spectrometers (Varian, Palo Alto, CA, USA). ESI–MS data were collected on a VG Biotech Quattro 5022
mass spectrometer (VG Biotech, Altrincham, UK). High-resolution ESI–MS data were obtained with a
Bruker APEX II spectrometer (Bruker, Bremen, Germany). Circular dichroism spectra were recorded
on a JASCO J-810 spectrophotometer (Jasco, Tokyo, Japan).

3.2. Plant Material

The plant samples of C. hypoleucophylla were collected in Kaohsiung city, Taiwan, in May 2018. The
plant material was identified by one of the authors, Dr. Ming-Hong Yen. A voucher sample (specimen
code: CH001) was deposited at the Graduate Institute of Natural Products, College of Pharmacy,
Kaohsiung Medical University, Kaohsiung, Taiwan.

3.3. Extraction and Isolation

Air-dried leaves and twigs of C. hypoleucophylla (17.0 kg) were extracted three times with 95%
ethanol at room temperature for 72 h each time. The extract was evaporated under reduced pressure to
get a crude extract (3.6 kg). Next, the ethanol extract of C. hypoleucophylla was suspended and dissolved
in H2O and then partitioned with ethyl acetate to obtain an ethyl acetate layer (118.3 g). The the ethyl
acetate layer was further partitioned between hexanes and 75% MeOH to acquire hexanes and MeOH
layers, respectively.

Due to the results of the cytotoxic assay, the MeOH layer (45.6 g) was selected for further
isolation. At first, it was loaded on a normal-phase silica gel open column and was eluted by
stepwise hexanes with ethyl acetate (1:0~0:1) followed by stepwise ethyl acetate with methanol
(1:0~0:1) to obtain seven subfractions (CH1~7), according to TLC analysis. The third sub-fraction,
CH3, was isolated on Sephadex LH-20 and eluted with MeOH to afford four subfractions (CH3-1–4).
Then, repeated column chromatography isolation on CH3-3 yielded CH3-3-1–5 fractions. CH3-3-2
(500.3 mg) was separated by silica gel CC (dichloromethane/MeOH, 100:1→0:1) to afford more
subfractions (CH3-3-2-1–6). Fr. CH3-3-2-6 was purified by normal-phase HPLC using a Phenomenex
Luna-CN column (hexane/dichloromethane/methanol, 30:10:1, 1.5 mL/min) to give compounds 2

(33.1mg), 3 (7.2 mg), 4 (62.7 mg), and 5 (26.7 mg). Fr. CH3-3-2-4 was isolated by reverse-phase
HPLC using a CN column and gave compounds 1 (1.9 mg) and 7 (0.7 mg). Fr. CH3-3-3 was
subjected to silica gel CC (CH2Cl2/MeOH, 1:0→0:1) followed by NP-CN HPLC and elution with
(hexane/dichloromethane/methanol, 40:10:1, 2.0 mL/min) to obtain compound 8 (9.8 mg). In addition,
Fr. CH3-2 was separated by normal-phase silica gel CC with hexane/dichloromethane/methanol
(100:40:1→0:0:1) to afford Frs. CH3-2-1–5. Fr. CH3-2-5 was purified by silica gel CC (CH2Cl2/MeOH,
1:0→0:1) followed by RP-phenyl-hexyl HPLC (methanol/H2O, 65/35, 2.0 mL/min) to give compounds 6

(2.5 mg) and 9 (7.0 mg).

3.4. Spectroscopic Data

Callihypolin A (1) yellow oily, [α]26
D −1.0◦ (c 0.05, MeOH); IR (neat) νmax 3452, 2956, 1768, 1682,

1376, 1342, 1202, 1141, 1018 cm−1; 1H-NMR and 13C-NMR (CDCl3, 600/150 MHz) see Table 1; HRESIMS
m/z 399.17785 (calcd for C21H28O6Na, 399.17781).

Callihypolin B (2) yellow oily, [α]26
D −47.6◦ (c 0.05, MeOH); IR (neat) νmax 3451, 2930, 1739, 1678,

1450, 1253, 1072 cm−1; 1H-NMR and 13C-NMR (CDCl3, 400/100 MHz) see Table 1; HRESIMS m/z
399.21419 (calcd for C22H32O5Na, 399.21420).
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3.5. Superoxide Anion Generation and Elastase Release Assays by Human Neutrophils

Human neutrophils were obtained from the venous blood of healthy adult volunteers (20−30
years old), following a reported procedure [37]. Superoxide anion generation by fMLF (0.1
μM)/CB (1μM)-activated neutrophils was evaluated based on the reduction of ferricytochrome c, as
previously described [37,40]. Elastase release by the fMLF (0.1 μM)/CB (0.5 μM)-activated neutrophils
was determined using N-methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide as the elastase substrate,
according to a previous protocol [37,40]. The concentration was 10 μM for compounds 1–9. Genistein
was used as a positive control.

3.6. Cytotoxicity Test

A lactate dehydrogenase (LDH) assay kit (Promega, Madison, WI, USA) was utilized to evaluate
the cytotoxicity of the samples in human neutrophils. Human neutrophils were treated with DMSO or
compounds 1–9 for 15 min at 37 ◦C. Cell-free supernatants were collected, and the amount of LDH was
evaluated [37].

4. Conclusions

The first phytochemical investigation of the leaves and twigs of the Taiwanese endemic plant
Callicarpa hypoleucophylla has resulted in the isolation of nine clerodane-type diterpenoids, compounds
1–9, including two new compounds designated callihypolins A and B (compounds 1 and 2). All
isolates from C. hypoleucophylla possess a TC ent-clerodane skeleton, which is different from that of
the phyllocladane and labdane diterpenoids that were identified as major components of the other
well-studied species Callicarpa macrophylla Vahl, which is recorded in the Pharmacopoeia of the People’s
Republic of China. These results reflect the unique properties of C. hypoleucophylla from the perspective
of chemotaxonomy. Moreover, the anti-inflammatory activity of the isolated compounds highlights the
potential of clerodane-type diterpenoids for further pharmaceutic development.

Supplementary Materials: The NMR spectra of compounds 1 and 2 are available online.
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Abstract: Alternaria toxins have gained attention as a potential health risk and can be classified as
emerging mycotoxins. As a result, they are candidates to be regulated by the European Commission.
This paper describes a liquid chromatography tandem mass spectrometric (LC-MS/MS) method for
analyzing five Alternaria toxins in sunflower oil, which is a rather different type of sample to those
matrices investigated in earlier published papers. An optimal sample preparation condition was
achieved when samples were dissolved in n-hexane and extracted with methanol/water mixture,
followed by sample pre-concentration with solvent evaporation. This study is the first focusing only
on this lipophilic matrix and in using all corresponding isotopically labeled internal standards (ISTD)
to compensate the matrix effect that strongly influences the LC-MS/MS analysis of toxins. Target
compounds were separated on Zorbax Extend C-18 column enabling the analysis at alkaline pH
of 8.8 that was necessary to obtain appropriate peak shape of tenuazonic acid and to separate the
analytes at baseline. The method was validated according to the EU 2002/657/EC Decision and all
the analytical performance characteristics met the requirements. The recovery was between 74%
and 122% in fortified sunflower oil samples and the precision varied from 9% to 22%. The method
was successfully demonstrated for sunflower seed quality check (QC) samples. Finally, 16 different
sunflower oil samples were measured; and tenuazonic acid and tentoxin toxins were detected at
levels close to LOQ concentrations.

Keywords: Alternaria toxins; LC-MS/MS; isotope dilution; sunflower oil; validation; real
sample analysis

1. Introduction

Clear evidence of animal and human illness and death caused by fungal metabolites have been
reported worldwide since the 1970s. The secondary metabolites of fungi growing on agricultural
commodities, called mycotoxins, are still considered as a major health concern [1]. Analytical methods,
therefore, have been developed and subsequently validated to determine mycotoxins in different food
and feed samples [2]. These methods are used in the monitoring laboratories to screen and confirm the
samples that are contaminated with mycotoxins. In the European Union (EU), the maximum levels (ML)
of regulated mycotoxins in food are in force [3]. For some mycotoxins without any ML, the European
Food Safety Authority (EFSA) has published opinions, often indicating the need of harmonized and
suitable methods to make sound exposure assessments. According to the EFSA, cereals, vegetables,
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and oilseeds frequently contain Alternaria mycotoxins, which could cause mutagenic, genotoxic,
fetotoxic, and teratogenic effects [4]. These agricultural commodities are mostly infected by Alternaria
species (e.g., Alternaria alternata) that produce more than 70 secondary metabolites from which the
five most important ones are tenuazonic acid (TEA), altenuene (ALT), alternariol (AOH), tentoxin
(TEN), and alternariol monomethyl ether (AME) (Figure 1) [4]. Currently, these Alternaria toxins
are not regulated because there has not been enough information available to establish ML (i.e., risk
assessment). Additionally, the development of a standard method is imperative, which is not available
yet [4]. Hence, a few control laboratories have analyzed them on a regular basis using LC-MS/MS
technique, which is the most suitable technique according to the EFSA [4]. However, interlaboratory
comparisons (ILC) have already been organized for these toxins in order to support the legislation [5,6].

Figure 1. Structure and physical-chemical properties of five toxins analyzed in this study.

The first ILC was a proficiency test (PT) for Alternaria toxins in tomato juice, organized by the
Federal Institute for Risk Assessment (BfR, Berlin, Germany) in 2014 [5]. Afterwards, the European
Commission Joint Research Centre, EU Reference Laboratory for Mycotoxins (JRC, Geel, Belgium),
performed the method validation study (MVS) to find a candidate LC-MS/MS method as a possible
basis for drafting a standard method for Alternaria toxins in 2015 [6]. The MVS was started with
a pre-trial and included tomato juice as test samples, followed by the final trial with tomato juice,
cereals and sunflower seed samples. The reproducibility of the candidate method did not fulfill the
requirements of the European Committee for Standardization (CEN). Due to lack of isotopically labeled
internal standards (ISTDs), the candidate method showed low interlaboratory precision of some
compounds (i.e., TEA and AME) [6]. In 2018, the ISTDs for five Alternarias mentioned above became
commercially available. Therefore, the MVS was repeated by utilizing the LC-MS/MS determination
with isotope dilution (LC-ID-MS/MS) and the obtained results met the requirements [7]. This MVS
showed that the application of isotope dilution is critically important for analyzing Alternaria toxins in
food samples using LC-MS/MS method.
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Furthermore, Liu and Rychlik [8] published the advantage of using isotopically labeled TEN
and its derivates for quantification of toxins in various food samples. They reported the synthesis
and application of TEN-d3, DH-TEN-d3 (dihydrotentoxin-d3), and isoTEN-d3 (isotentoxin-d3) for
quantifying native toxins in cereal-, vegetable-, and fruit-based samples and included different types of
oils as well [8]. In another research performed by Liu and Rychlik, the biosynthesis of 13C-labeled
ISTDs for seven Alternaria toxins was described [9]. The application of AOH-13C14, ALT-13C15, and
AME-13C15 in the future can further enhance the quantification of toxins in food since the 13C-labeled
ISTDs have advantages over the deuterated ISTDs. Namely, there is no retention time difference
between the native target compound and its corresponding 13C-labeled analogue. This enables the
total compensation of matrix effect (ME) during LC-MS/MS analysis. Furthermore, there will not be
substantial overlap between ISTD signals and the isotopic signals of analyte if the molecular mass of
the isotopologue is more than 5 mass units. However, the authors reported the isotope effect between
AME and AME-13C15 when acetonitrile/2-propanol mixture was used as the organic modifier in the
eluent [9]. Therefore, only the deuterated AOH and AME are commercially available so far.

This paper describes the use of a LC-ID-MS/MS method for analyzing five toxins mentioned above
in sunflower oil samples for the first time. Even though the high contamination of sunflower seeds
with Alternaria toxins (TEA: LOQ—5400 μg/kg; AOH: LOQ—1200 μg/kg; TEN: LOQ - 880 μg/kg; AME:
LOQ—440 μg/kg) have been recently reported worldwide [4,6,10–12], the existing methods (Table
S1) involved mainly the vegetable-, cereal-, fruit-based, and oilseed samples [8–36]. The oil samples
got less attention, so far only three studies have included the analysis of this matrix [8,11,12]. The
reason for excluding this sample matrix could be the different sample manipulations needed for this
lipophilic sample. Thus, this matrix is now in the focus of the current study. The aims of the work
presented here were to: (i) set up LC-ID-MS/MS separation process for five Alternaria toxins without
chemical derivatization; (ii) develop a sample preparation approach, which is suitable for sunflower
oil; (iii) fine-tune the LC-ID-MS/MS method to achieve the quantification limit as low as possible;
(iv) perform inhouse validation of the method to meet the requirements set by EU; and (v) apply the
method for real samples and also naturally contaminated and spiked sunflower seed QC samples.

2. Results

2.1. General Conditions for LC-ID-MS/MS Separation

The fine-tuning of ion transitions in the MS/MS instrument was carried out with individual
standard solutions (2 μg/mL) in methanol and employing electrospray (ESI) source in negative ion
mode according to our previous paper [13]. The isotopically labeled ISTDs were also tuned using the
ISTD mixture (Section 4.1). The two most intense ion transitions of target compounds used for the
MS/MS detection are detailed in Table 1. The ALT, AOH, and AME toxins are weak acidic molecules
(Figure 1) and show an appropriate retention on C-18 HPLC columns and high sensitivity during MS
or MS/MS detection [9–36]. TEN can be considered as a neutral molecule but can be also measured by
LC-MS/MS method with negative ionization and fit-for-purpose sensitivity [8,10–13]. In the case of TEA,
however, special HPLC conditions are necessary due to its different isomer forms appearing in aqueous
phase at acidic pH [13,19,20]. Therefore, chemical derivatization with 2,4-dinitrophenylhidrazine was
introduced for TEA that makes it a suitable compound for HPLC analysis [13,19,20]. The drawback of
the derivatization approach is the longer sample preparation time, lower selectivity, and increased
noise of analysis [13]. Recently, HPLC separations at alkaline pH conditions on C-18 column were
reported for TEA separation in food matrices [6,21,22,30,31,33]. A pH above 8.0 results in reproducible
retention time and peak shape for TEA but decreases its retention time due to the deprotonated
hydrophilic form of TEA at alkaline pH (Figure 1).
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Table 1. MS/MS detection parameters for Alternaria toxins detected in APCI and ESI ionization modes
employing negative or positive ion mode. The quantifier ion transition is highlighted with bold.

Compounds
Ionization

Mode

Precursor
Ion

(m/z)

Product
Ion

(m/z)

Dwell
Time
(ms)

Declustering
Potential

(V)

Entrance
Potential

(V)

Cell
Exit

Potential
(V)

Collision
Energy

(V)

Collision Cell
Exit

Potential
(V)

TEA

negative

196
83 50 −70 −9 −12

−32 0
139 50 −26 0

TEA-13C2 198 141 50 −70 −9 −12 −26 0

ALT 291
161 50 −80 −10 −22

−52 0
203 50 −40 0

ALT-d6 296 203 50 −80 −10 −22 −40 0

AOH 257
147 50 −65 −6 −22

−46 0
213 50 −30 −5

AOH-d3 260 218 50 −65 −6 −22 −30 −5

TEN 413
141 50 −80 −5 −14

−28 0
271 50 −20 −2

TEN-d3 416 274 50 −80 −5 −14 −20 −2

AME 271
228 50 −60 −2 −16

−36 −2
256 50 −30 −2

AME-d3 274 259 50 −60 −2 −16 −30 −2

TEA

positive

198
139 50

66 10 12
19 4

153 50 17 4
TEA-13C2 200 155 50 66 10 12 17 4

ALT 293
139 50

61 12 16
79 4

257 50 19 4
ALT-d6 299 262 50 61 12 16 19 4

AOH 259
128 50

116 9 14
57 4

185 50 14 4
AOH-d3 262 131 50 116 9 14 57 4

TEN 415
119 50

91 8 20
23 4

132 50 53 4
TEN-d3 418 135 50 91 8 20 53 4

AME 273
115 50

126 9 16
69 4

128 50 71 4
AME-d3 276 131 50 126 9 16 71 4

This condition, however, does not require derivatization, hence, it was tested in the present study
with a HPLC column suitable for separation at above pH 8.0. A Zorbax Extend C-18 column allows
separation at pH up to 11.5. The alkaline condition (Section 4.7) resulted in baseline separation for
the five toxins and appropriate retention for TEA on this column (Figure 2). The pH of the mobile
phase was tested between 8.0 and 9.0. Retention time shift and difference in sensitivity were not
observed. The apparent retention factor (k’) calculated for TEA was higher than 2.0 under all conditions.
However, the ESI source did not result in enough sensitivity for the analysis, and the instrumental
limit of quantification (LOQ) was not lower than 50 ng/mL, but the aim was to detect AME and AOH
below 10 ng/mL [6]. Consequently, the ESI positive ionization mode was also tested (Table 1) under
acidic pH condition (Section 4.7), but a better sensitivity could not be achieved. Moreover, the peak
shape of TEA was irreproducible under acidic condition using this HPLC column mentioned above.
Therefore, the atmospheric pressure chemical ionization (APCI) source was also tested in negative ion
mode and under alkaline HPLC condition. It should be pointed out that the same ion transitions were
used for performing the detections in both ESI and APCI modes. Only different polarities (positive or
negative) resulted in various ion traces. This instrument gave increased sensitivity for these toxins
with APCI source using negative ionization. The instrumental LOQ could be lowered at least with one
order of magnitude for all compounds in comparison to those values obtained with ESI probe. The
best LC-MS/MS conditions were obtained using alkaline pH condition for HPLC separation at pH 8.8
and employing APCI source with negative ionization mode (Figure 2).
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Figure 2. Total ion current chromatogram of five toxins at 10 μg/kg using LC-APCI(-)-MS/MS separation
at pH 8.8. Compounds: TEA (5.1 min); ALT (9.8 min); AOH (10.2 min); TEN (10.9 min); and AME
(12.0 min). The concentrations of ISTDs were: TEA-13C2 (83 μg/kg), ALT-d6 (33 μg/kg), AOH-d3 (17
μg/kg), TEN-d3 (17 μg/kg), and AME-d3 (17 μg/kg).

2.2. Development of Sample Preparation

2.2.1. Sample Preparation without SPE Clean-Up

Contrary to the vegetable-, fruit- or cereal-based food samples investigated frequently for
Alternarias earlier (Table S1), the sunflower oil is a very lipophilic matrix and needs a unique sample
preparation approach. Therefore, an experimental design was carried out to obtain the appropriate
accuracy in different types of sunflower oil samples. A central composition design (CCD) has been
planned with the statistical software R, version 3.0.2 for Windows. Two grams of the sample was used
for sample extraction with methanol/water mixture; and n-hexane was applied for the elimination
of lipophilic matrix constituents. This sample weight and these solvents have been found suitable
for the Alternaria analysis (Table S1). The factors and levels were the following: (I) sample-to-hexane
ratio: 1.0, 1.5, or 2.0; (II) methanol content in the extraction medium: 70%, 80%, or 90%; and (III)
sample-to-extraction solvent ratio: 2.0, 4.0, or 6.0. A naturally contaminated sunflower oil was used
for the experimental design that contained TEA (7.1 μg/kg) and TEN (12.8 μg/kg). An oil sample
containing the toxins in much higher concentrations than LOQ would have been better for the CCD, but
a sample with greater natural contamination could not be found. An optimal condition was achieved
with the sample-to-hexane ratio of 1.0; 80% (v/v) methanol for extraction, and sample-to-extraction
solvent ratio of 4.0 (Figure 3).
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Figure 3. Response surface of TEN: slice at sample to extraction solvent ratio of 4.0.

In this case, the sample dilution was 4-fold that increased the LOQ value, and AOH could not
detected below 10 μg/kg with a signal-to-noise ratio (SNR) higher than 10. Therefore, an aliquot of
methanolic extract (6 mL, equal to 1.5 g sample) was evaporated, and the final sample volume was
adjusted to 0.5 mL with water that ended up with 3-fold sample pre-concentration (Section 4.2. and
Section 4.3.). In this case, all compounds were detected with appropriate SNR at the desired levels.
The other aim of sample evaporation was to lower the methanol content of the injection solution, and
consequently, the deformation of TEA peak on the chromatogram could be avoided.

One aim of sample preparation is to reduce the ME of LC-MS/MS analysis [37]. ME is caused by
the co-eluting matrix constituents and strongly influences the quantification [37]. The ME was studied
with the optimal sample preparation conditions and was evaluated using the general approach [37].
Three matrix-matched calibrations were prepared from blank samples (i.e., three different sunflower
oils). Blank extracts were spiked with standard mixture: the fortification levels were 10, 20, 30, 40,
and 50 μg/kg for TEA, ALT, and TEN; and were 5, 10, 15, 20, and 25 μg/kg for AOH and AME. Low
concentration levels were set due to the naturally low contamination of oils with these toxins reported
in previous studies (see Table S1). AOH and AME are considered more toxic [4,6], therefore, twice
lower levels were set for these two compounds. Calibrants in neat (matrix-free) solvent were also
prepared and analyzed. The slopes of matrix-matched calibrations were compared to the slope of neat
calibration in order to calculate the absolute ME. ME (%) = (slope in matrix-matched calibration/slope
in neat calibration-1) × 100. ME < 0% means ion suppression, and ME > 0% indicates ion enhancement.
The relative standard deviation (RSD%) of slopes obtained from the matrix-matched calibrations (n = 3)
was calculated and evaluated as the relative ME [37]. Therefore, the relative ME means the precision of
slopes in different matrix-matched calibrations.

The results obtained without ISTD correction indicated that the high matrix suppression influences
the signal of AOH (20–48% ion suppression) and AME (75–88% ion suppression) (Table 2). For TEA,
ALT, and TEN, a moderate ME could be seen. The relative ME was also considerable for AOH and AME
(22–42%). The ME, however, could be compensated with isotope dilution (Table 2). The calibration
evaluated by the ISTD method showed that the ME is greatly compensated, mainly for those two
compounds (i.e., AOH and AME) that are considerably influenced by the co-eluting matrix constituents.
The relative ME was also improved with ISTD correction. The high ion suppression for AOH and
AME, however, indicated that considerable losses of the analytes occurred in the ion source. The
reason for high ME is the remaining impurities (i.e., phospholipids) after extraction. Therefore, the
SPE clean-up was tested for reducing the number and concentration of matrix constituents, which may
lead to lower ME.
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Table 2. The matrix effect (ME%) and relative matrix effect (RSD% of slopes) evaluated under different
sample preparation and evaluation conditions. ME% < 0 means ion suppression, and ME% > 0 means
ion enhancement.

TEA ALT AOH TEN AME

Preparation without SPE clean-up and evaluation without ISTD correction

ME% (sample 1) 8 −7 −20 4 −75
ME% (sample 2) −3 −3 −40 −13 −86
ME% (sample 3) −5 −18 −48 −14 −88
Relative ME% 7 9 22 11 42

Preparation without SPE clean-up and evaluation with ISTD correction

ME% (sample 1) 11 −4 11 10 −6
ME% (sample 2) 4 −6 10 0 −11
ME% (sample 3) 5 −19 31 2 5
Relative ME% 4 9 10 5 5

Preparation with mixed-mode SPE clean-up and evaluation without ISTD correction

ME% (sample 1) 2 10 −45 10 −57
ME% (sample 2) −10 −8 −57 −15 −50
ME% (sample 3) −13 3 −46 −18 −62
Relative ME% 9 11 14 17 14

Preparation with mixed-mode SPE clean-up and evaluation with ISTD correction

ME% (sample 1) 8 1 2 9 6
ME% (sample 2) −6 −7 4 −12 −3
ME% (sample 3) −6 3 −18 −4 −8
Relative ME% 8 5 13 11 7

2.2.2. Sample Preparation with Mixed-mode SPE Clean-Up

A sample clean-up utilizing mixed-mode SPE purification was tested. An aliquot (5 mL) of
methanolic sample extracts (Section 4.2.) was diluted with 1% (v/v) acetic acid in water (35 mL) to
lower the methanol content of the sample solvent. Diluted extracts were subjected to SPE clean-up
(Section 4.4) using mixed-mode polymeric strong cation exchange cartridges (Strata-XL-C). Under
acidic condition, this cartridge could selectively adsorb the toxins and basic matrix constituents on
the reversed-phase and the cation exchange part of the cartridge, respectively [13]. Hence, the basic
matrix solutes could be eliminated from the samples. The ME was studied after SPE clean-up. The SPE
purification did not improve the absolute ME considerably. The signals of AOH and AME were still
considerably suppressed (~ 50%) in the ion source, and only a slight improvement could be seen for
AME (Table 2), however, the relative ME (14–17%) was significantly enhanced. This was an advantage
of SPE clean-up, but the response correction with ISTD was also necessary after SPE clean-up. Again,
the ISTD dilution could well compensate the ME (Table 2).

2.2.3. Sample Preparation With Normal-Phase SPE Clean-Up

Oil samples can be easily dissolved in hexane that allow testing the normal-phase (NP) SPE
clean-up (Section 4.5) with silica cartridges (Strata-Si-1). The washing solvent was a mixture of
n-hexane and ethyl acetate, while the elution solvent was a mixture of methanol and acetonitrile.
An optimization was based on an experimental design using CCD. The factors and levels were the
following: (I) ethyl acetate content of the washing solvent: 10%, 20%, and 30% (v/v); (II) acetonitrile
content of the elution solvent: 0%, 25%, and 50% (v/v); and (III) sample pre-concentration: 3-fold,
4-fold, and 6-fold. The same naturally contaminated sunflower oil was used for the experimental
design mentioned above (12.8 μg/kg TEA and 7.1 μg/kg TEN). The results showed that there is no
significant difference in concentrations obtained for TEN under different conditions. However, the
NP SPE considerably lowered the accuracy of TEA. The recovery of TEA was around only 10% in all
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settings. The TEA could not be eluted from the silica cartridge with solvent containing only organic
phase. Therefore, we added water into the elution solvent and tested the methanol/water mixture for
sample elution with 10%, 20%, 30%, and 40% (v/v) water in methanol. Ten percent water in the elution
solvent already resulted in ~ 70% recovery for TEA, which did not improve with a higher percentage
of water. The drawback of having water in the elution solvent was that AME could not be eluted
from the NP cartridge due to its lipophilic character. Hence, the NP SPE could not be used for all
toxins involved.

2.3. Method Validation

The method was validated in accordance with the Commission Decision 2002/657/EC decision [38]
and CEN/TR 16059:2016 guidelines [39]. The fortification levels were 10, 20, and 30 μg/kg for TEA,
ALT, and TEN, respectively; and were 5, 10, and 15 for AOH and AME, respectively. These levels were
set in line with the validation ranges used in the MVS [6]. Investigations at higher concentration levels
were not needed because natural contamination of oils was reported at low μg/kg levels only. Six
parallel samples were analyzed at each level that are in accordance with the EU guideline (Table S2).
Measurements were carried out over 3 days, and all 54 samples were analyzed (3 levels × 6 samples ×
3 days). The performance characteristics were as follows: selectivity, identification, linearity, recovery,
precision, and limit of quantification (LOQ).

Blank samples were spiked and analyzed using the optimized method (Sections 4.2 and 4.3). The
chromatograms obtained from the blank samples were free of any interfering peak. For identification,
the ion ratios (IAs) were calculated for all compounds in both neat standard solutions and samples.
IAs were all within the tolerance ranges for all toxins (Table S2). The selectivity and identification
met the criteria of EU guidelines [38]. Five-point calibration curves were performed to evaluate the
linearity. Concentration levels, determination coefficients (R2), and equations are given in Table S2.

The requirement for recovery has been obtained between 70% and 120% at spiking levels used for
validation [38,39]. The recovery varied from 73.6% to 95% at levels between 5 μg/kg and 15 μg/kg for
AOH and AME. In the case of TEA, ALT, and TEN, the recovery was between 92.4% and 122% at the
concentration range of 10–30 μg/kg. Only one value (122%) exceeded the acceptable ranges. Below the
concentration of 100 μg/kg, the precision should be as low as possible [38], normally, RSD ≤ 30% [39].
The within-laboratory precision varied from 10.1% to 22.2% (Table S2). The LOQ was calculated from
the SNR and evaluated as 10 times of SNR. The LOQ was checked by fortifying blank samples (n = 6)
with standard solution to obtain the individual LOQ levels, and samples were analyzed. The SNR was
above 10 in each sample and the IAs were in the acceptable ranges.

2.4. Analysis of Sunflower Oil Samples

Sixteen different brands and lots of sunflower oil samples were collected and analyzed for the five
toxins mentioned above. Three samples were contaminated at low levels, in which only TEA and TEN
were detected. One sample (cold pressed oil) contained both TEA (12.8 μg/kg) and TEN (7.1 μg/kg).
The other two samples (refined oils) contained TEN at concentrations between 4.5 μg/kg and 5.0 μg/kg.

2.5. Analysis of Sunflower Seed QC Samples

In lack of sunflower oil QC samples, sunflower seed QC samples were measured. The method
optimized for sunflower oil had to be modified to obtain the suitable method for sunflower seeds
(Section 4.6). Both spiked (C08 SP and Q25 SP) and naturally contaminated (W52 NC) samples
were tested. The samples were leftovers from MVS performed by JRC in 2018. The detected values
and reference concentrations are given in Table S2. Even though the method presented herein was
developed for sunflower oil samples, the concentrations detected in sunflower seed samples were
not considerably different to the reference values. The method could not detect ALT at all, since the
reference concentrations were all below the LOQ (10 μg/kg). Also, AOH and AME were not found in
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C08 SP due to the same reason. The accuracy of the method for sunflower seed samples was between
72% and 129% (Table S2).

3. Discussion

3.1. Method Development for LC-MS/MS Separation

The MS/MS detection of Alternaria toxins can be carried out in both positive and negative ionization
modes (Table S1). The choice of polarization mode can be instrument dependent, but the negative mode
usually results in a higher sensitivity for these toxins (Table S1) due to their weak acidic characteristics.
We also observed considerable enhancement in sensitivity when negative ionization was applied.
In addition to the ionization mode, the choice of ion source can also influence the sensitivity of MS/MS
detection of Alternarias. Zwickel et al. [30] tested three ion sources (ESI, APCI, and atmospheric pressure
photo ionization) for these toxins and found that the ESI was the most suitable one. In general, the ESI
was employed (see Table S1), but Prelle et al. [16] reported three times higher responses for TEA when
APCI was used, while the rest of the toxins had similar sensitivity in both ESI and APCI modes. Even
though the ESI source of the applied LC-MS/MS instrument enabled appropriate sensitivity for the
compounds other than Alternarias, the sensitivity for Alternaria toxins was quite a bit lower than those
reported in earlier methods utilizing other types of instruments (Table S1). This led to the application of
an APCI probe that significantly improved the instrumental LOQ for all compounds. One participant in
the MVS 2018 used the same instrument as in our study and also applied the APCI source [7].

The mobile phase pH was set at 8.8 due to the negative ionization mode and the chromatographic
separation of TEA. In the existing methods, the alkaline pH was used when the detection was carried
out in negative ionization mode; and the acidic or neutral eluent pH was utilized if the positive ion
mode or polarity switching was employed (Table S1). Even though the alkaline mobile phase pH is not
usual in LC-MS/MS separation, it is feasible for Alternaria toxins due to the chromatographic problem
with TEA at acidic pH condition. Moreover, the alkaline pH enhanced the sensitivity in the negative ion
mode. The acidic pH condition did not result in the appropriate peak shape for TEA and also lowered
the sensitivity of MS/MS detection in negative ionization mode. The chemical derivatization, suggested
in some papers [13,19,20], was not tested. Although this approach enabled the simultaneous separation
of Alternaria toxins [13], it could have further increased the LOQ and the preparation time and costs.

3.2. Method Development for Sample Preparation

In this study, we focused on sunflower oil samples only and developed a LC-ID-MS/MS method
involving a unique sample preparation approach suitable for this kind of lipophilic matrix. The goal
was to develop a dilute-and-shoot method that is frequently used in toxin analysis by LC-MS/MS
method [40]. The non-polar matrix constituents of oil were eliminated with hexane that could easily
dissolve the oil. The toxins have low solubility in hexane; hence, the target compounds could be
extracted into a non-miscible solvent such as water, methanol or acetonitrile. Even though some
studies have reported the use of the general acetonitrile-based mycotoxin extraction solvent mixture
(acetonitrile/water/acetic or formic acid) [41] for Alternarias (Table S1), we did not prefer the acetonitrile
as a solvent due the lower solubility of Alternarias in acetonitrile. Methanol is a more suitable solvent for
these toxins, and therefore, methanol/water/acetic acid mixture has been utilized for extraction in the
candidate method for standardization [6]. In the case of cereal samples, the extraction medium should
contain water due to the starch content of samples; and the aqueous methanolic solvent in our case was
needed to obtain better solvent separation between the hexane layer and the extraction medium. Also,
water can enhance the extraction of TEA with polar characteristics. The experimental design showed
that 80% (v/v) methanol in water gave the best extraction from the naturally contaminated oil. In other
types of samples (e.g., tomato, cereals, and oilseeds), ~ 80% methanol also resulted in the optimal
extraction solvent composition (Table S1). The HPLC separation was carried out at alkaline pH, so
acid was not added into the extraction solvent to avoid the large pH difference between the injection
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solvent and the mobile phase, which could deform the chromatographic peak. The experimental
design also indicated that the optimal sample-to-solvent ratio was 4.0, which is a general ratio in
mycotoxin analysis based on the dilute-and-shoot approach [40,41].

High ME (mainly ion suppression) usually influences the mycotoxin analysis based on the
LC-MS/MS method [40,41] that is also true for Alternarias [8,9,13,18,19,23,28,29,31,42]. The lower
sensitivity of our instrument and the high ME for AOH and AME increased the LOQ. Hence, sample
pre-concentration with evaporation and reconstitution was necessary to obtain appropriate LOQ
(≤ 10 μg/kg) for all compounds. It should be pointed out that an instrument with higher sensitivity
would allow further dilution of the extracts that could decrease the preparation time and the ME of
analysis. The elimination of co-eluting matrix constituents was tested with SPE clean-up on mixed-mode
cation exchange cartridges. Although the mixed-mode SPE and subsequent reversed-phase HPLC
measurements enabled an orthogonal separation approach, considerable improvement in ME could
not be seen (Table 2), and only the relative ME was enhanced. However, the sample preparation
time and overall costs were also increased. In conclusion, the mixed-mode SPE clean-up did not
improve the overall analytical process since it is time-consuming and more expensive compared to the
dilute-and-shoot approach. The NP SPE clean-up was alternatively tested since this approach requires
only sample dissolution in hexane and the dissolved samples can be directly subjected to NP SPE. The
NP SPE clean-up would be a simpler clean-up approach, but using this process, we lost either the TEA
or the AME, depending on the elution solvent composition. Overall, the dilute-and-shoot approach
was the most suitable sample preparation method.

The need of isotope dilution for Alternaria toxin analysis by LC-MS/MS method has been strongly
suggested by Asam and Rychlik [42] in 2015. Accordingly, isotopically labeled analogues were
necessary for the analysis. In line with that, an important conclusion of the ME study was that all
corresponding isotopically labeled analogues were necessary for the analysis. This study is the first in
using all ISTDs for five Alternarias analyzed. While a moderate ion suppression influences the signal of
TEA, ALT, and TEN, the ME for AOH and AME is much higher. This means that AOH-d3 and AME-d3
cannot compensate the ME of other analytes, and the ISTDs are not exchangeable. The differences
in ME among the compounds analyzed can originate from the retention time differences between
toxins and from the various structures of analytes. Even though ALT has similar structure to AOH, the
1.2 min of retention time difference (Figure 2) resulted in considerable difference in the ion suppression
(Table 2). On the other hand, there was a significant difference in slopes of matrix-matched calibrations
of AME obtained from three different oils. The relative ME was evaluated from the precision of slopes
in the matrix-matched calibrations and showed that the matrix-matched calibration could strongly
influence the quantification of AME. Hence, the isotope dilution method is needed for appropriate
quantification. The relative ME values for AME were significantly improved with the ISTD evaluation
(Table 2). In general, the relative ME values were improved for all compounds under ISTD evaluation.
It means that the slopes of three different matrix-matched calibrations were close to each other, and
they were nearly free of ME.

3.3. Real Sample Analysis

Chulze et al. [43] has already reported the high (30 μg/kg AME—15.796 μg/kg TEA) and frequent
(85%) contamination of sunflower seeds with Alternaria toxins in 1995. Under processing sunflower
oil from the oilseeds, the Alternaria toxins may appear in the oil product due to the contamination of
sunflower seeds with these toxins. The high natural contamination of sunflower seeds with Alternarias
reported recently worldwide [4,6,10–12] indicates that cross contamination with toxins can occur in the
final sunflower oil products. Even though Chulze et al. [43] has described the decrease of Alternaria toxins
during the processing of sunflower seeds to oil, the TEA and AME contamination of raw seeds were
still detectable in lower concentrations in the oil after processing [43]. Due to the non-polar character
of AME, the occurrence of this toxin in lipophilic oil matrix is more likely, as reported previously [43].
Accordingly, the polar characteristics of TEA inhibit its accumulation in oil that was also proven in
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another study [43], while the AOH contamination of oilseeds could not be detected in the oil product at
all. It should be pointed out that the method used by Chulze et al. [43] had a LOQ of 50 μg/kg (AOH),
but the recent methods have much lower analytical limits. To the best of our knowledge, no other
newer studies have dealt with the decrease of Alternaria during the process of oil from sunflower seeds
or other types of oilseeds. Since there is a great consumption of sunflower oil worldwide, the need
for involving this sample in toxin analysis is to support the legislation. The analysis on sunflower oil
was performed by Liu and Rychlik [8] in 2013. López et al. [11] has conducted studies involving other
types of foods as well (Table S1). In 2016, López et al. [11] found relatively high (up to 1350 μg/kg)
and frequent (80%) contamination of sunflower seeds with TEA, but sunflower oils contaminated with
TEA above LOQ (5 μg/kg) were not found [11]. Only AME was detected at 17 μg/kg in one of 11 oil
samples, and other toxins were all below the LOQ [11]. Liu and Rychlik [8] also investigated several
types of refined and cold-pressed oil samples like pumpkin seed oil, rapeseed oil, sunflower oil, and
thistle oil. They detected TEN in three refined (up to 3.95 μg/kg) and three cold-pressed (up to 6.73
μg/kg) sunflower oils, and also in a rapeseed cold pressed oil (up to 0.64 μg/kg). Furthermore, the
dihydrotentoxin could be detected (up to 4.48 μg/kg) in three cold-pressed sunflower oil [8].

We have analyzed 16 sunflower oil samples: one sample was a cold pressed sample, and the
others were refined ones. In agreement with Chulze et al. [43] and López et al. [11], AOH was not
detected and a low concentration of TEA was found (12.8 μg/kg), but only in the cold pressed oil.
In three samples, TEN was detected between 4.5 μg/kg and 7.1 μg/kg, similar to those reported by Liu
and Rychlik [8]. We have also found that the cold-pressed oil is more likely to be contaminated than
the refined samples. Comparatively, Chuzle et al. [43] did not investigate the TEN and López et al. [11]
did not find TEN in sunflower oil. Both TEA and TEN have the least toxicity [4] and the detected
concentrations are below the validation range suggested by CEN [6], therefore, these contaminations
may not cause any risk to human health.

The focus of our study was on sunflower oil since ML would be set for sunflower in near future.

4. Materials and Methods

4.1. Standards, Reagents, Equipment, Samples

Tenuazonic acid (TEA), altenuene (ALT), alternariol (AOH), tentoxin (TEN), and alternariol
monomethyl ether (AME) analytical standards were obtained from Romer Labs (Tulln, Austria) and
individual 100 μg/mL stock solutions in methanol were prepared and then kept at −18

◦
C for a year.

The isotopically labeled analogues (ISTDs) were purchased from ASCA GmbH (Berlin, Germany).
An ISTD mixture containing TEA-13C2 (2.5 μg/mL), ALT-d6 (1 μg/mL), AOH-d3 (0.5 μg/mL), TEN-d3
(0.5 μg/mL), and AME-d3 (0.5 μg/mL) in methanol was prepared and stored at −18 ◦C for a half year.
Methanol, acetonitrile, n-hexane, ethyl acetate, ammonia (25%), acetic acid, and ammonium acetate
were either of LC-MS or HPLC grade, purchased from the Merck-Sigma group (Schnelldorf, Germany).
The PTFE syringe filters (13 mm, 0.45 μm), Strata-XL-C mixed-mode polymeric strong cation exchange
SPE cartridges (3 mL, 200 mg), and Strata-Si-1 silica SPE cartridges (6 mL, 500 mg) were acquired
from Gen-lab Ltd. (Budapest, Hungary). The LC-MS/MS analysis was carried out by an Agilent 1100
HPLC pump (Agilent; Waldbronn, Germany), which was coupled to an AB Sciex 3200 QTRAP triple
quad MS detector, equipped with a Turbo Ion Spray APCI or ESI sources (Sciex; Warrington, Cheshire,
UK). Data acquisition and evaluation were performed using the Analyst software version 1.5.2. (Sciex;
Warrington, Cheshire, UK). Sample shaking and centrifugation were done using horizontal shaker SM
30 B (Edmund Bühler, Bodelshausen, Germany) and Jouan B4i centrifuge (Thermo Fisher Scientific,
Budapest, Hungary), respectively. Sunflower oil samples of different brands and lots were purchased
at local shops and originated from the EU. Three sunflower quality check (QC) samples (i.e., W54 NC,
C08 SP, and Q25 SP) were leftovers from MVS organized by JRC in 2018. The stability of toxins in both
food samples and sample extracts was studied by JRC during the MVS in 2016 and 2018 [6,7]. Alternaria
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toxins are stable at least up to 4 months in samples and they do not degrade in the autosampler in the
aqueous injection solution during validation.

4.2. Sample Extraction

Sunflower oil samples (2.00 g) were weighed in polypropylene (PP) centrifuge tubes, followed by
the addition of 2 mL n-hexane. The oils were completely dissolved in the tubes by vortex-mixing for 5 s.
The sample-to-hexane ratio was 1.0. Then, 8 mL methanol–water (80/20, v/v) mixture was added to the
samples and the tubes were capped, followed by vortex-mixing for 5 s. The sample-to-extraction solvent
ratio was 4.0. Afterwards, the samples were shaken for 45 min at 180 rpm at ambient temperature.
Then, the extracts were centrifuged at 4000× g for 2 min at ambient temperature and the hexane layer
was discarded.

4.3. Sample Pre-Concentration

An aliquot (6.0 mL) of the extracts (equal to 1.5 g sample) was transferred into glass tubes and
evaporated at 45 ◦C under a gentle stream of nitrogen to ~0.2 mL. Then, 50 μL ISTD mixture (Section 4.1)
and water were added into the tubes to obtain 0.5 mL of volume, followed by sample reconstitution
by vortex-mixing for 20 s. Finally, samples were filtered through the PTFE syringe filters into the
HPLC vials and analyzed by the LC-ID-MS/MS method. In this case, the sample pre-concentration was
3-fold. The concentrations of ISTDs were: TEA-13C2 (83 μg/kg), ALT-d6 (33 μg/kg), AOH-d3 (17 μg/kg),
TEN-d3 (17 μg/kg), and AME-d3 (17 μg/kg).

4.4. Sample Clean-Up on Mixed-Mode Cation Exchange Cartridges

An aliquot (5.0 mL) of the extracts was diluted with 35 mL 1% (v/v) acetic acid in water in new
PP centrifuge tubes, which were capped. After homogenization by handshaking for 10 s, the diluted
samples were subjected to SPE clean-up on Strata-XL-C cartridges (3 mL, 200 mg). Cartridges were
conditioned with 3.0 mL methanol, followed by 3.0 mL water and 3.0 mL 1% (v/v) acetic acid in water.
Diluted samples (40 mL) were passed the cartridges through the dropwise method. Then, cartridges
were washed with 3.0 mL water, followed by 3.0 mL n-hexane. Afterwards, the cartridges were dried
under vacuum for 1.0 min and the samples were eluted with 5.0 mL methanol into glass tubes. Samples
were then evaporated and reconstituted as written in Section 4.3.

4.5. Sample Clean-Up on Silica Cartridges

Sunflower oil samples (3.00 g) were weighed into the PP centrifuge tubes, followed by the addition
of 6.0 mL n-hexane. The oils were completely dissolved in the tubes by vortex-mixing for 5 s. Samples
were subjected to SPE clean-up on Strata-Si-1 cartridges (6 mL, 500 mg). Cartridges were conditioned
with 6.0 mL methanol, followed by 6.0 mL n-hexane. The samples dissolved in n-hexane were passed the
cartridges through dropwise method. Then, cartridges were washed with 6.0 mL n-hexane. Afterwards,
the cartridges were dried under vacuum for 1 min and samples were eluted with 6.0 mL methanol into
glass tubes. Samples were then evaporated and reconstituted as written above.

4.6. Sample Preparation for Sunflower Seed Samples

Sunflower seed QC samples (2.00 g) were extracted with 8 mL methanol/water (80/20, v/v) mixture,
then the extracts were de-fattened with 2.0 mL n-hexane (Section 4.2). The hexane layer was discarded,
and 0.5 mL extract was diluted with ISTD mixture (50.0 μL). Afterwards, extracts were filtered through
the PTFE syringe filters into HPLC vials and analyzed by LC-ID-MS/MS.

4.7. LC-ID-MS/MS Separation

Toxins were separated on a Zorbax Extend C-18 (150 mm × 3 mm, 5 μm) HPLC column (Agilent;
Waldbronn, Germany) using a binary gradient elution. Solvent A contained 5.0 mM ammonium acetate
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in water (pH adjusted to 8.8 with ammonium hydroxide) and solvent B was methanol. The mobile
phase consisted of 10% B at 0 min; 10% B at 1 min; 100% B at 10 min; 100% B at 14.0 min; 10% B at
14.1 min. Stop time was 21 min. The flow rate was 0.5 mL/min. The column thermostat was maintained
at 30 ◦C. The injection volume was 10.0 μL. Compounds were detected in APCI negative ionization
mode and using multiple reaction monitoring (MRM) scan type in the triple quadrupole MS/MS
instrument. The ion transitions are given in Table 1. The LC-ID-MS/MS analysis was carried out using
all corresponding isotopically labeled ISTDs. The ISTDs were employed to compensate the signal
suppression/enhancement in the ion source (matrix effect) caused by the co-eluting matrix constituents.

During the method development, the positive ionization mode (Table 1) with both APCI and
ESI sources and the ESI negative ionization mode were also tested. When the positive ionization was
employed in the ion source, the separation was performed with 0.3% (v/v) acetic acid in water (mobile
phase A) and 0.3% (v/v) acetic acid in methanol (mobile phase B) eluent composition using the same
gradient elution as written above.

The ion source settings were as follows: nebulizer current (only with APCI ion source): −4
(negative ion mode) or 4 (positive ion mode); drying gas temperature: 600 ◦C; nebuliser pressure:
30 unit; drying gas flow: 30 unit; curtain gas: 20 unit; capillary voltage: −4200 V (negative ion mode)
or + 5000 V (positive ion mode); collision gas (N2): medium unit; interface heater: on.

The optimal ion transitions are given in Table 1, and the optimal ionization mode was APCI
negative. These detection parameters were used during validation and real sample analysis.

Supplementary Materials: The following are available online. Table S1: Existing LC-MS/MS methods for
Alternaria toxins; Table S2: The validation results for Alternaria toxins in sunflower oil samples and the results of
analyzing sunflower seed QC samples by the modified method.
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Abstract: Exposure to residues of antibiotics (e.g., sulfonamides) and insecticides (e.g.,
organophosphorus insecticides) in aquacultured food can adversely affect humans and animals and
thus affect public health globally. Here, using a validated method, we examined the levels of residues
of 12 sulfonamides as well as 18 organophosphorus insecticides in aquacultured fish in Taiwan. A total
of 52 fish samples (i.e., 20 tilapia, 16 milk fish, and 16 perch samples) were obtained from Taiwanese
aquafarms from June 2018 to October 2019. We detected 0.02 and 0.03 mg/kg of sulfamethazine (a
sulfonamide) in one tilapia and one milk fish, respectively, and 0.02, 0.05, and 0.03 mg/kg of chlorpyrifos
(an organophosphorus insecticide) in one tilapia, one milk fish, and one perch, respectively; thus,
among the samples, 3.85% and 5.77% contained sulfonamides and organophosphorus insecticide
residues, respectively. Furthermore, we assessed human health risk based on the estimated daily
intakes (EDIs) of these residues: EDIs of sulfonamide and organophosphorus insecticide residues were
<1.0% of the acceptable daily intake recommended by the Joint Food and Agriculture Organization of
the United Nations/World Health Organization Expert Committee on Food Additives. The risk of
exposure to sulfonamide and organophosphorus insecticide residue by consuming aquacultured fish
in Taiwan was thus negligible, signifying no immediate health risk related to the consumption of fish.
Our findings can constitute a reference in efforts geared toward ensuring food safety and monitoring
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veterinary drug and insecticide residue levels in aquacultured organisms. Residue levels in fish must
be continually monitored to further determine possible effects of these residues on human health.

Keywords: sulfonamide; organophosphorus insecticide; residue; fish; risk assessment

1. Introduction

The aquaculture industry is of great economic importance and has been growing faster than other
animal-farming industry worldwide [1]. Taiwan’s environment and geographic location are highly
appropriate for aquaculture advancement, with the country’s aquaculture history spanning more than
three centuries [2]. In Taiwan, more than 35 major and candidate aquatic species are commercially
aquacultured [3]. Over 2010–2018, Taiwan’s revenue derived from land aquaculture was up to US$1
billion on average [3]; in addition, during the 2010s, Taiwan’s estimated annual land aquaculture
production was 300,000 t [4]. Moreover, in Taiwan, major developments in aquaculture occurred over
the 1960s to the 1990s [2], mainly because of the strong support of the government since the 1960s [5].
In particular, the government strongly supported the farming of fish, such as tilapia, milkfish, perch,
eels, and groupers. From the beginning of tilapia farming in 1978 until 2018, Taiwan’s average annual
tilapia production increased to 60,000 t [3].

Taiwan has a subtropical climate and a limited amount of usable land; thus, aquaculture farms in
Taiwan are located close to agricultural and residential areas, predisposing the cultured organisms
to fungal, bacterial, parasitic, and viral infections. This thus necessitates applying prophylactic
and therapeutic veterinary drugs, such as antibiotics [6]. Nevertheless, excessively applying these
drugs could result in the cultured organisms retaining drug residues at harvest, potentially exposing
consumers to substances toxic for human consumption [2]. We previously detected chloramphenicol
in hard clam [6] and shrimp [2] and quinolones in shrimp [2] aquafarms in Taiwan. Moreover, these
aquafarms use several insecticides to control ectoparasites and endoparasite growth [7] and several
pesticides to limit the growth of aquatic weeds in bodies that include canals, fishponds, and lakes [6].
These activities lead to the introduction of these chemicals into water and soil and consequently
contaminate aquaculture regions. Aquaculture techniques that are usually executed in Taiwan’s inner
regions include polyculturing with waterfowls and mixed breeding with different aquatic products;
this may also introduce chemical pollution to the soil as well as water environments and thus negatively
affect aquacultured organisms [8]. In aquaculture, excessively applying chemicals may engender
public health concerns as well as ecological impacts; for example, bacterial resistance could be induced
and chemical residues may be added to the environment, thus increasing allergy and cancer risks.
Therefore, research should be executed on whether aquacultured fish contain veterinary drug and
insecticide residues—possibly bioaccumulated in their edible parts.

The recent continual decrease in the availability of wild-caught fish has led to a rise in aquaculture
fish production as well as a rise in their consumption. However, in Taiwan, major food safety incidents
over the past decade have been related to aquatic product consumption [9] and economic losses
have been incurred because the import of some Taiwanese aquacultured food products has been
banned by several countries worldwide [10]. Consequently, Taiwan’s government is paying increasing
attention toward aquacultured product safety and quality assessment and management. Sulfonamides,
synthetic derivatives of sulfonic acid, are used broadly because they are low-cost, are effective against
some bacterial infections, and improve animal performance. In the Asia Pacific region, sulfonamides
are commonly used against bacterial infections and other diseases in aquaculture [1]. In China, for
instance, sulfur drugs were detected in all fish samples from typical marine aquaculture regions [11].
However, sulfonamides have several side effects; for example, they have been demonstrated to
engender reduced filet palatability of aquacultured products, increased kidney damage and infertility
risk, and physiological and immunological response disruptions [1,12]. Massive and repeated illegal
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use of organophosphorus insecticides to control parasitic diseases in aquacultured organisms has also
been noted in Taiwan [4]; these insecticides mainly inhibit acetylcholinesterase activity and disrupt
nerve function in humans [13].

The Taiwan Food and Drug Administration (TFDA) has yet to establish the maximum residue limits
(MRLs) for sulfa drugs (except for sulfadimethoxine and sulfamonomethoxine) or organophosphorus
insecticides in fish. However, in 2019, the TFDA defined the MRLs of sulfa drugs in livestock, chicken,
milk, and eggs and completely banned the use of sulfa drugs in fish aquaculture. Therefore, in this study,
we determined the concentrations and accumulation levels of sulfonamides and organophosphorus
insecticides in major aquacultured fish in Taiwan. In addition, we examined these contaminants’
estimated daily intake (EDI) through seafood consumption in Taiwanese adults. Our findings provide
information that can be potentially useful during the development of effective measures for safe
aquaculture and aquacultured product consumption. Moreover, our results highlight the potential
phthalate burden imposed on consumers due to excessive plastic material use in Taiwan.

2. Results

2.1. Detected Levels as Well as Rates of Residues of Sulfonamides in Analyzed Fish Samples

In total, 52 fish samples were analyzed. Table 1 presents the detected levels of banned sulfonamide
residues in different fish samples. In all fish samples, the predominant sulfonamide residue was
sulfamethazine (Figure S1): 5% in tilapia (1/20; concentration: 0.03 mg/kg) and 6.25% in milk fish (1/16;
concentration: 0.02 mg/kg). The data for the remaining 19 tilapia, 15 milk fish, and 16 perch samples,
which did not demonstrate detectable levels of sulfonamides, are not shown. Moreover, on average,
0.002, 0.001, and 0 mg/kg sulfonamides were detected in all tilapia, milk fish, and perch samples,
respectively. Finally, only 2 (3.85%) of all 52 samples contained sulfonamides (i.e., sulfamethazine).

Table 1. Detected levels of residues of prohibited sulfonamides in fish samples collected over June 2018
to October 2019.

Fish
Targets

Detected
Surveyed
Samples

No. of
Residue

Detected
Residues 1 (mg/kg)

Average 2

(mg/kg)
Residual

Ration 3 (%)

Tilapia sulfamethazine 20 1 0.03 ± 0.0003 0.002 ± 0.0015 5
Milk fish sulfamethazine 16 1 0.02 ± 0.0005 0.001 ± 0.0010 6.25

Perch undetected 16 0 0 0 0

Total sulfamethazine 52 2 0.02–0.03 0.001 ± 0.0006 3.85
1 Values are given as means ± SEM. 2 Estimated for all samples (detected and not detected to have sulfonamide
residues). 3 Samples with residual concentrations lower than the limit of quantification were considered to have
undetectable concentrations.

2.2. Detection Levels and Rates of Organophosphorus Insecticide Residues in Fish Samples

Table 2 presents the detected levels of the residues of prohibited organophosphorus insecticides
in different fish samples. In all fish samples, the predominant organophosphorus insecticide residue
was of chlorpyrifos (Figure S2): 5% in tilapia (1/20; concentration: 0.02 mg/kg), 6.25% in milk fish (1/16;
concentration: 0.05 mg/kg), and 6.25% in perch (1/16; concentration: 0.03 mg/kg). The data of the
remaining 19 tilapia, 15 milk fish, and 16 perch samples, which did not demonstrate detectable levels of
organophosphorus insecticides, are not shown. That is, in general, the detected levels of chlorpyrifos
were between 0.02 and 0.05 mg/kg. Moreover, on average, 0.001, 0.003, and 0.002 mg/kg chlorpyrifos
were detected in all tilapia, milk fish, and perch samples, respectively. Finally, only 3 (5.77%) of all 52
samples contained sulfonamides (i.e., sulfamethazine).
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Table 2. Detected levels of residues of organophosphorus insecticides in fish samples obtained over
June 2018 to October 2019.

Fish
Targets

Detected
Surveyed
Samples

No. of
Residue

Detected
Residues 1 (mg/kg)

Average 2

(mg/kg)
Residual

Ration 3 (%)

Tilapia Chlorpyrifos 20 1 0.02 ± 0.0003 0.001 ± 0.0010 5.0
Milk fish Chlorpyrifos 16 1 0.05 ± 0.0006 0.003 ± 0.0030 6.25

perch Chlorpyrifos 16 1 0.03 ± 0.0003 0.002 ± 0.0018 6.25

Total Chlorpyrifos 52 3 0.02–0.05 0.002 ± 0.0011 5.77
1 Values are given as means ± SEM. 2 Estimated for all samples (detected and not detected to have organophosphorus
insecticide residues). 3 Samples with residual concentrations lower than the limit of quantification were considered
to have undetectable concentrations.

2.3. EDI Levels of Sulfonamide Residues Through Fish in Taiwanese Adults

Average EDI levels extrapolated from average sulfamethazine levels in Taiwanese women and
men were 0.001 and 0.002 μg/kg body weight/day, respectively (Table 3). The acceptable daily intake
(ADI) level of sulfamethazine residues through food is 0.05 mg/kg, as stipulated by the Joint Food and
Agriculture Organization of the United Nations/World Health Organization Expert Committee on Food
Additives (JECFA) [1,14]. The obtained EDI levels were determined to be substantially lower than the
JECFA-recommended ADI levels of sulfamethazine (Table 3). Moreover, the EDI levels expressed as
the percentages of the ADIs were 0.004% and 0.002% in men and women respectively. Taken together,
fish consumption led to a low risk assessment for sulfamethazine, with EDIs that are <0.1% of the
ADIs in both men as well as women.

Table 3. Estimated daily intake (EDI) levels of sulfonamide residues in Taiwanese adults.

Sulfonamides

EDI (μg/kg Body Weight/Day)
Weight/Day Weight/Day)

EDI% of ADI ADI (JECFA)
(mg/kg Body
Weight/Day)Male Female Male Female

sulfamethazine 0.002 0.001 0.004 0.002 0.05

2.4. EDI Levels of Residues of Organophosphorus Insecticides Ingested Through Fish in Taiwanese Adults

The average EDI levels extrapolated from the average chlorpyrifos levels in Taiwanese women
and men were 0.002 and 0.003 μg/kg body weight/day, respectively (Table 4). The EDI levels were
noted to be substantially lower than the JECFA-recommended chlorpyrifos ADI level of 0.01 mg/kg
(Table 4) [4,15]. Moreover, the EDI levels expressed as the percentages of the ADIs were 0.03% and
0.02% in men and women, respectively. Taken together, fish consumption led to a low risk assessment
for chlorpyrifos, with EDIs that are <0.1% of the ADIs in men as well as women.

Table 4. EDI levels of organophosphorus insecticide residues in Taiwanese adults.

Insecticides

EDI (μg/kg Body Weight/Day)
Weight/Day Weight/Day)

EDI% of ADI ADI (JECFA)
(mg/kg Body
Weight/Day)Male Female Male Female

Chlorpyrifos 0.003 0.002 0.03 0.02 0.01

3. Discussion

We analyzed 52 fish samples from aquaculture regions in Taiwan for the residues of 12 sulfonamides
(i.e., sulfamerazine, sulfaethoxypyridazine, sulfathiazole, sulfadiazine, sulfamethoxypyridazine,
sulfapyridine, sulfadoxine, sulfamethazine, sulfadimethoxine, sulfamethoxazole, sulfamonomethoxine,
and sulfameter,) and 18 organophosphorus insecticides (i.e., chlorfenvinphos, chlorpyrifos, diazinon,
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fenamiphos, fenitrothion, fenthion, formothion, iprobenfos, malathion, methacrifos, methamidophos,
methidathion, phoxim, profenophos, prothiofos, pyrazophos, triazophos, and trichlorfon). The TFDA
allows the presence of only sulfadimethoxine and sulfamonomethoxine in aquacultured products at
total residual levels of <0.1 mg/kg and prohibits the use of any other sulfa drugs and organophosphorus
insecticides in fish aquaculture. These compounds’ residues existing in fish were thus identified;
moreover, the identified levels of the residues were noted to adequately demonstrate the level of legal
compliance concerning the application of these products.

The limit of quantification (LOQ) of all sulfonamides in fish samples was 10 ng/g—identical to the
LOQ recommended by the TFDA for sulfonamide contamination in edible livestock, chicken, milk, and
aquacultured foods and half of that for sulfonamide contamination in animal viscera [16]. However,
the TFDA has not recommended a strict LOQ for organophosphorus insecticide contamination in
aquacultured foods. Nevertheless, the TFDA-recommended LOQ is 10 ng/g for organophosphorus
insecticide contamination in livestock (e.g., pork) and chicken muscles [17]. Previous methods
developed for analyzing organophosphorus insecticide contamination in bivalves, crustaceans, fish,
and cephalopods have involved the use of various apparatuses. For instance, gas chromatography
flame ionization revealed the LOQs of chlopyriphos, ethion, ethoprophos, fensulfothion, isoxathion,
and parathion to be 2–50 ng/g [18]; gas chromatography–mass spectrometry revealed the LOQs of
propetamphos, diazinon, disulfoton, malathion, fenthion, and triazophos to be 7–15.2 ng/g [19]; and
high-performance liquid chromatography (HPLC)–tandem mass spectrometry (LC-MS/MS) coupled
with gel permeation chromatography revealed the LOQs of profenofos, chlorpyrifos, malathion,
phosmet, triazophos, trichlorphon, and dimethoate to be 0.05–0.2 ng/g [20]. Compared with the
aforementioned LOQs, our present analytical method detected a lower LOQ (i.e., 5 ng/g) for
organophosphorus insecticide multiresidues, indicating the usefulness of our method in detecting
trace organophosphorus insecticide residues.

Here, we adopted the analytical approach for sulfonamide residues suggested by the TFDA [16]
and that for organophosphorus insecticide residues developed by the European Committee for
Standardization, the QuEChERS (quick, easy, cheap, effective, rugged, and safe) method [4,21]—both
of which are suitable for detecting trace chemical residues. For the validation of its analytic method,
the TFDA [2,22] recommends an acceptable recovery rate of 70–120% [relative standard deviation
(RSD) < 15%], 70–120% (RSD < 20%), and 50–125% (RSD < 35%) for chemical residues in food matrices
detected in the 0.1–1, 0.001–0.01, and <0.001 mg/kg ranges, respectively. In this study, residues of
sulfonamides and organophosphorus insecticides that were identified within the 0.01–0.1 mg/kg ranges
were noted to exhibit a recovery rate of 90–120% (RSD < 15%) and 80–120% (RSD < 15%), respectively.
Moreover, the quantities of spiked analytes used at the lower and higher levels were respectively 5 and
25 ng/g for the 12 sulfonamides (Table S3) and 10 and 50 ng/g for the 18 organophosphorus insecticides
(Table S4). Thus, all analyzed sulfonamide and organophosphorus insecticide concentrations were
within the acceptable range [22]. Accordingly, our method of extraction proposed herein was robust for
the analysis of the investigated sulfonamides and organophosphorus insecticides in the fish samples.

LC-MS/MS demonstrated a positive result for sulfonamide in only 3.85% of the 52 fish samples, and
in all positive samples, only sulfamethazine, a TFDA-banned sulfonamide, was observed. Sulfonamide
residues were identified in 77.59% of a total of 116 samples of fish in 2016 in China [23], 4.27% of 101
samples of fish over 1994–1998 in Slovenia [24], 17.39% of 138 samples of fish in 2012 in Iran [25],
and 1.75% of 171 samples of fish over May September 2008 in South Korea (specifically sulfadiazine
and sulfamethoxazole residues) [26]. The TFDA conducted surveys for sulfonamide residues in
aquacultured products over 2013–2018 in Taiwan and detected increased illegal use of sulfonamides
as antibiotic agents in marine products in order to increase production [27–32]: the detection rate of
banned sulfonamide residues in fish samples was 0.50% in 2013 (1/199) [27], 0% in 2014 (0/194) [28],
4.29% in 2015 (3/70) [29], 1.49% in 2016 (1/67) [30], 2.94% in 2017 (2/68) [31], and 2.67% in 2018 (2/75) [32].
However, our current findings are inconsistent with the aforementioned findings from the TFDA
surveys. These differences may possibly be due to varied sample sizes. In addition, our study samples
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were derived from areas of fish production in Taiwan; by contrast, those derived by the TFDA could
have been imported fish. Moreover, we included a larger fish sample size and analyzed for more
sulfonamides. Therefore, a wider spectrum of banned sulfonamide residues was analyzed in fish
in Taiwan.

The predominant sulfonamide residue was sulfamethazine, with its maximum concentration
being 0.03 mg/kg (in one tilapia sample). This is consistent with the results observed by
Sampaio et al. [1] and Nunes et al. [14]: sulfamethazine is a frequently applied sulfonamide in fish
aquaculture. Moreover, sulfamethazine has previously been found to be present at high concentrations
(>100 μg/kg) frequently [23]. The aforementioned studies have positively identified sulfathiazole [27],
sulfamethoxazole [29,30,32], and sulfadiazine [31] in fish samples, and a TFDA survey positively
identified sulfaquinoxaline and sulfathiazole in soft-shell turtle samples [28]. These findings confirm
the increased use of sulfonamides as feed additives in aquaculture [11]. In addition, the water
sulfamethazine level of 100 ng/L could affect greenhouse gas release, atmospheric ozone depletion, and
eutrophication control through denitrification inhibition and N2O release stimulation [33]. Moreover,
high sulfonamide usage appears to be strongly correlated with bacterial resistance to sulfonamides [34],
achieved through the development of antibiotic resistance genes, which can pose a potential human
health risk [23]. Our results, in combination the findings derived from other surveys described here,
demonstrate the exposure of Taiwan’s population to trace sulfonamide levels through fish consumption.

Of all 18 analyzed organophosphorus insecticides, only chlorpyrifos was detected in the fish
samples. In all fish samples, 5.77% was the detection rate for all studied organophosphorus insecticide
residues, with the highest rate being for chlorpyrifos (6.25%) in milk fish and perch samples,
followed by tilapia samples (5.0%). During their aquaculture activities, some farmers in Taiwan
apply organophosphorus insecticides for ectoparasite treatment [4]. Sun et al. [35] reported an
organophosphorus insecticide detection rate of 11.37% in 607 fish samples from traditional markets,
regional supermarkets, fish markets, and fish farms in Taiwan over 2001–2003; however, over 2002–2004,
the authors reported an organophosphorus insecticide detection rate of 16.83% (only chlorpyrifos) in
814 fish samples from Taiwan markets [36]. Our results concerning organophosphorus insecticide
detection rates are much lower than those of Sun et al. [35,36]. These discrepancies are likely due to
differences in the sample sizes and collection sources as well as the differences in the organophosphorus
insecticide categories analyzed. These could also have occurred because of the Taiwanese government’s
implementation of the national action plan for reducing veterinary drug use in 2006 [37].

The predominant organophosphorus insecticide in our fish samples was chlorpyrifos—similar
to the observations of a similar survey in Egypt [13]. Even though chlorpyrifos rapidly degrades
in the environment, the Egyptian study reported that extensive chlorpyrifos use polluted aquatic
habitats and caused increased general toxicity to all vertebrates compared with other classes of
insecticides. Chlorpyrifos remains a widely used organophosphorus insecticide for controlling pests
in agriculture as well as in sanitation industries around the globe [38]. Because of neurotoxicity
concerns, Taiwan’s government has banned the use of organophosphorus insecticides (except for
trichlorfon) in aquaculture and specified strict MRLs for animal husbandry [4]. In the current study, the
insecticides detected may have been illegally applied for the direct treatment of ectoparasite infections
occurring in fish or for the treatment of infectious diseases caused by the presence of other aquacultured
organisms during mixed breeding in aquaculture ponds, as we revealed previously [4,6,7]. Moreover,
we detected chlorpyrifos levels of 0.002 mg/kg, which are much lower than the level revealed by Sun et
al. (0.463 mg/kg) [36]. The aquacultured fish also exhibited more variation in chlorpyrifos residues. The
chlorpyrifos contamination sources could be fish feed and aquaculture environments, including water
and sediments. A study reported that chlorpyrifos rapidly degrades in the marine ecosystem [39],
but data on chlorpyrifos contamination in fish feed are limited. Thus, we recommend additional
studies examining phthalate content in fish feeds. Information on organophosphorus insecticide
use for ectoparasite infection treatment in other special fish species, however, remains limited. The
detected levels of organophosphorus insecticide varied among all three fish species; this variation
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is attributable to differences in the sample sizes used. We thus recommend the execution of further
research employing large samples of cultured fish.

Several guidelines provide parameters that can aid in assessing human and other organisms’
risks of various conditions after exposure to chemical residues through food; these parameters include
ADI, target hazard quotient (THQ), and tolerable daily intake (TDI) [2,4,40]. ADI is recommended
by JECFA, but apparent discrepancies in consumption rates and eating habits are not considered in
ADI [7]. Through the use of TDI, one could evaluate the risks that are related to consuming specific
food products tainted with plasticizers and could identify whether exposure to plasticizers such as
phthalates at various degrees is harmful to human health [41]. THQ indicates the assessment of
health risk of noncarcinogenic harmful effects [40]. The JECFA [42] and US Environmental Protection
Agency [43] have proposed EDI, which can be used to estimate chronic dietary intake at a relatively
high accuracy level. In the current study, EDIs were not exceeded by the corresponding ADIs.
Because few sulfonamide residues were detected, the EDIs revealed that fish consumption led to a
substantially lower dietary intake of sulfamethazine, relative to that specified by the corresponding
ADIs, in Taiwan’s population. In addition, when evaluated against the ADIs, the EDI corresponded
to <1% of the ADIs, signifying that the corresponding risk is negligible [2,7,44]. Farmers engaged in
aquaculture in Taiwan may also apply organophosphorus insecticides for ectoparasite treatment [4,45].
In the present study, the consumption of aquacultured fish led to exposure to very low levels of the
organophosphorus insecticide chlorpyrifos: in the Taiwanese population, its EDI was much lower than
its JECFA-recommended ADI (<0.1% of the ADI for organophosphorus insecticide residues). Therefore,
these results were similar to those for sulfamethazine for fish consumption. The risk assessment is
negligible because the EDI is <1% of the corresponding ADI [2,7,44]. Taken together, sulfonamide and
organophosphorus insecticide residue levels in aquacultured fish in Taiwan may not affect human
health adversely.

Our results suggest that to ensure commercial food safety, regulatory authorities as well as
producers in Taiwan must endeavor to continually monitor aquacultured products and potential
contamination sources. Moreover, considering that antibiotics may exert adverse effects on health and
aquatic environments, additional studies on the effects exerted by such pollutants are imperative.

4. Materials and Methods

4.1. Samples, Chemicals, and Reagents

In total, 52 fish samples (20 tilapia, 16 milkfish, and 16 perch samples) were collected from
Taiwanese aquafarms in major production areas located in Yunlin, Chiayi, Tainan, Kaohsiung, and
Pingtung over June 2018 to October 2019 (Figure S3). As surveyed in 2018 by Fisheries Agency of
Taiwan, these fish were bred on a large scale in Taiwan [3]. From the obtained fish samples (each
weighing ~1200 g and comprising 2 fish), fish muscles were extracted, followed homogenization and
storage at −20 ◦C until analysis. In the analyses executed in this study, three replicates were extracted
from each composite sample to determine each tested compound’s average concentration.

Sigma-Aldrich (St. Louis, MO, USA) was the source of the analytical compound
standards of the 12 sulfonamides used in this study, namely sulfamethazine, sulfathiazole,
sulfamethoxazole, sulfamethoxypyridazine, sulfadoxine, sulfamerazine, sulfaethoxypyridazine,
sulfameter, sulfamonomethoxine, sulfadimethoxine, sulfapyridine, and sulfadiazine (all >95.0%
purity). Moreover, those of organophosphorus insecticide, namely chlorfenvinphos, chlorpyrifos,
diazinon, fenitrothion, fenthion, malathion, methacrifos, methamidophos, methidathion, phoxim,
profenophos, pyrazophos, and trichlorfon (all >97.0% purity) were from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). In addition, fenamiphos (99.5% purity) were obtained from Bayer CropScience
AG (Monheim, Germany), formothion (96.0% purity) from Sandoz India (Mumbai, India), iprobenfos
(99.6% purity) from Sigma-Aldrich, and prothiofos (95.5% purity) and triazophos (99.5% purity)
from ChemService (West Chester, PA, USA). Merck (Darmstadt, Germany) was the source of
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chromatography-grade acetone, anhydrous sodium sulfate (ASS), methanol (MeOH), formic acid
(FA), ethyl acetate, n-pentane, n-hexane, and acetonitrile (ACN). We also purchased, from Agilent
Technologies (Wilmington, DE, USA), 15-mL QuEChERS cleanup tubes (Agilent SampliQ QuEChERS
EN fatty dispersive-SPE kit, p/n 5982-5156) and a QuEChERS extraction salt packet (Agilent SampliQ
QuEChERS EN Extraction kit, p/n 5982-5650; mixture constituents: 1 g sodium citrate, 1 g NaCl, 0.5 g
citric acid disodium salt, and 4 g anhydrous magnesium sulfate).

4.2. Instruments and Apparatus

A nitrogen evaporator (N-Evap-111; Organomation Associates, Berlin, MA, USA), centrifuge
(Allegra X-22R; Beckman Coulter, Fullerton, CA, USA), nitrogen generator (Model 05B, System
Instruments Co., Tokyo, Japan), and vortex mixer (type 37,600 mixer, Barnstead Thermolyne, Dubuque,
IA, USA) were employed in this study for sample preparation. For LC-amenable sulfonamides,
LC-MS/MS consisted of a mass spectrometer (ABI 4000 QTRAP, Applied Biosystems, Foster City,
CA, USA) in electrospray ionization (ESI) mode and an UltiMate 3000 HPLC system (Thermo Fisher
Scientific, Waltham, MA, USA). HPLC separation was executed using an Acquity UPLC® HSS T3
C18 column (2.1 mm internal diameter × 1.8 μm film thickness ×100 mm; Waters, Milford, MA,
USA) with chromatographic conditions at 40 ◦C. To determine the levels of residues of LC-amenable
organophosphorus insecticides, the liquid chromatography–tandem mass spectrometry (LC-MS/MS)
apparatus comprised an UltiMate 3000 HPLC system and a mass spectrometer (TSQ quantiva triple
quadrupole; Thermo Fisher Scientific, Austin, TX USA). In addition, LC-amenable organophosphorus
insecticides were separated using a CORTECS UPLC C18 column (2.1 mm internal diameter × 1.6 μm
film thickness ×100 mm; Waters, Milford, MA, USA). To analyze gas chromatography (GC)-amenable
organophosphorus insecticides, GC-tandem mass spectrometry (GC-MS/MS) was executed on a GC
system (Thermo Scientific Trace 1310; Thermo Fisher Scientific, Austin, TX USA) as well as a mass
spectrometer (TSQ 8000 triple quadrupole, Thermo Fisher Scientific) that was coupled with Rxi®-5Sil
MS fused silica capillary column (0.25 mm internal diameter × 0.25 μm film thickness × 30 m; Restek,
Bellefonte, PA, USA).

4.3. Standard Solution Preparation

To prepare stock solutions of individual sulfonamides and organophosphorus insecticide standards
in this study, a portion of each analyte (100 mg) was accurately weighed and dissolved in volumetric
flasks containing 100 mL of acetone, ACN, or MeOH, according to analyte solubility. For the preparation
of working standard mixtures, all stock solution types were combined and subsequently diluted to
1 mg/L. For storage, all solutions were maintained at −20 ◦C; however, before each use, they were
brought to room temperature. The prepared working standard solutions were applied to derive a
series of calibration standards through serial dilution in the 1–500 ng/mL range.

4.4. Sample Preparation and Extraction

To detect sulfonamide residues, we used TFDA’s directions for multiresidue analysis of residues
of veterinary drugs in foods, which required the cleaning and homogenization of fish samples first [46].
In brief, 5 g of the homogenate and 25 mL of ACN in 5% MeOH were mixed on a vortex mixer
for 3 min. Then, 10 g of ASS was added to the homogenate and mixed for 10 min; subsequently,
centrifugation was executed at 3500 g at 4 ◦C for 10 min, after which only the supernatant layer was
retained. The remaining tissue pellets were re-extracted using 25 mL of ACN in 5% MeOH, followed by
centrifugation. The first extract was combined with the previously separated ACN layer. The resulting
mixture was subjected to liquid–liquid extraction in a separating funnel. The filtrate was then added to
30 mL of ACN-saturated n-hexane and mixed on a vortex mixer for 10 min. The ACN-extracted layer
was dried at 40 ◦C in a nitrogen evaporator. The evaporation residue was dissolved in 1 mL of 50%
MeOH and filtered through a 0.2-μm polyvinylidene fluoride filter (Whatman, Maidstone, UK). Next,
the derived filtrate was transferred to an autosampler vial before injection into a chromatograph.
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For analyzing residues of insecticides in fish samples, we used the European Committee for
Standardization-developed QuEChERS extraction procedure [6,7,47]. In brief, 10 g of homogenized
fish sample and 10 mL of ACN were mixed vigorously in a 50-mL centrifuge tube for 1 min; then,
QuEChERS extraction salt was added, and the mixture was mixed on a vortex for 1 min and then
subjected to a 5-min centrifugation process executed at 3000 g. Thereafter, crude ACN extract (~6 mL)
was transferred into QuEChERS cleanup tubes. The ACN layer was mixed vigorously for 2 min
and centrifuged at 3000 g for 5 min. Next, 1 mL of the extract was filtered through a 0.2-μm filter
membrane and transferred into an autosampler vial for LC-MS/MS. Another 1 mL of extracted solution
was near-completely dried in the nitrogen evaporator at 40 ◦C. Finally, the residue was redissolved
with 1 mL of a 1:1 (v/v) n-hexane and acetone mixture, filtered through a 0.2-μm filter membrane, and
introduced into an autosampler vial for GC-MS/MS.

4.5. LC-MS/MS Parameters

The injection volume used for detecting the sulfonamide and organophosphorus insecticide
residues was 10 μL. The mobile phase was binary, comprising eluents A (0.1% FA) and B (0.1% FA in
MeOH), and the gradient of the mobile phase was developed as follows: 5% eluent B from 0 to 2 min
(flow rate, 0.3 mL/min); followed by a step increase of eluent B to 20% from 2 to 3 min, 25% from 3 to
6 min, 27% from 6 to 8.6 min, and 37% from 8.6 to 14.5 min; then linear increase to 100% eluent B from
14.5 to 14.7 min; and finally decrease to 4% eluent B at 18.7 min, which was maintained from 18.7 to
20 min. MS was determined in positive ESI modes with monitoring of the two most abundant MS/MS
(precursor/product) ion transitions by using an MRM program for each analyte. The MS parameter
settings are outlined as follows: collision gas argon pressure, 0.12 mL/min; desolvation flow, 1000 L/h;
source temperature, 150 ◦C; desolvation temperature, 500 ◦C; dwell time for every MRM transition,
5 ms; cone gas flow, 50 L/h; capillary voltage, 3 kV. Table S1 lists the precursor and corresponding
product ions with optimum collision energy obtained through the MRM detection for 12 sulfonamides
and LC-amenable 6 organophosphorus insecticides.

4.6. GC-MS/MS Parameters

GC-MS/MS analysis was executed in positive and negative electron-impact ionization interface
modes. The carrier gas, namely helium, was applied at a constant flow rate of 1 mL/min. The
temperatures of injector were 280 ◦C. In addition, the oven temperature was set at 60 ◦C—it was
initially maintained isothermal for 1 min, next raised to 170 ◦C at 40 ◦C/min, and finally maintained at
310 ◦C for 8 min. The set source and transfer-line temperatures were 300 and 250 ◦C, respectively. In
the splitless mode, the injection volume was determined to be 10.0 μL. In the collision chamber (second
quadrupole), these ions were collision-activated with argon at 4.4 mTorr. Table S2 lists the precursor
and corresponding product ions with optimum collision energy obtained through the MRM detection
for GC-amenable 12 organophosphorus insecticides.

4.7. Quality Assurance and Validation

To validate our described method, recovery, repeatability, linearity, and LOQ were estimated [2,4,6].
For repeatability and recovery estimation, we spiked blank samples (in triplicate) with a standard
mixture of the analytes at two concentrations 5 (low) and 25 (high) ng/g for analysis of sulfonamides
and 10 (low) and 50 (high) ng/g for analysis of LC- and GC-amenable organophosphorus insecticides.
The recovery was then calculated through the comparison of the noted concentrations of samples
spiked before extraction with blanks spiked at the same concentration after extraction.

The derived reproducibility is presented herein as RSD (%); moreover, the LOQs were derived as
the analyte concentration that generated a peak signal 3–10 times higher than the background noise
in the chromatogram. For evaluation of linearity, matrix-matched calibration was executed by using
blank sample extracts and then adding the corresponding amount of the working target compound
solution at concentrations of 1–500 ng/mL. Linearity of the calibration curves was detected by fitting
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least-squares regression analysis in a linear mode (R2 ≥ 0.990) in the studied concentration range. All
sample concentrations lower than their corresponding LOQs were regarded as undetectable [4,7,47].

4.8. Sulfonamide and Organophosphorus Insecticide EDIs Compared with ADIs

To assess the degree of exposure to veterinary drug residues through fish in Taiwanese people, the
corresponding EDIs of the sulfonamide and organophosphorus insecticide residues were determined.
The JECFA-recommended ADIs for these residues were used for comparison. EDI calculation was
executed as follows [2,6,7]:

EDI (ng/kg/day) = [(daily fish consumption in g/day) ×
(mean veterinary drug concentration in ng/g)]/(human body weight in kg)

Moreover, data regarding Taiwan residents’ daily seafood consumption were extracted from the
results of the National Nutrition and Health Survey by Ministry of Health and Welfare, Taiwan: 96.9 g
for men and 74.2 g for women [48]. The mean Taiwanese body weight was considered to be 60 kg [48].
The maximal EDIs were determined from maximum residue concentrations.

5. Conclusions

We report an efficient and sensitive LC and GC-MS/MS-based method for detecting sulfonamide
and organophosphorus insecticide residues in fish. The most abundant and the only sulfonamide
and organophosphorus insecticide residues detected in all fish samples were sulfamethazine and
chlorpyrifos, respectively. Nevertheless, all the detected chemicals were present in trace amounts,
much below the TFDA-recommended MRLs, in all 52 fish samples. This indicates that the presence of
sulfamethazine and chlorpyrifos use during large-scale breeding of fish in Taiwan does not lead to severe
contamination. Furthermore, EDIs for these chemicals in Taiwanese adults were considerably lower
than the JECFA-defined ADIs—confirming that no immediate health risk is posed by consuming the
aquacultured fish. Therefore, the low sulfamethazine and chlorpyrifos intake through the consumption
of contaminated fish in Taiwan seems to present a negligible threat to the health of Taiwanese people.
Taiwanese regulatory authorities and aquafarmers may use our findings as a reference for improving
aquaculture-related food safety regulation.

We, however, are unaware of contaminants other than sulfonamides and organophosphorus
insecticides used in fish production that may be consumed during daily meat intake and may exceed
their ADIs to a hazardous extent within the general population. Regardless of our findings, global
concern regarding veterinary antibiotic and insecticide contamination and adverse effects on the
environment and human health is increasing. Thus, a background information system on veterinary
antibiotic and insecticide consumption through fish must be established and improved so as to provide
an appropriate monitoring and management framework. Moreover, aquatic samples should be
continually surveyed for detecting residues of chemicals and ensuring food safety.

Supplementary Materials: The following are available online, Table S1: MS/MS fragmentation conditions for 12
sulfonamides and LC-amenable 6 organophosphorus insecticides. Table S2: MS/MS fragmentation conditions for
GC-amenable 12 organophosphorus insecticides. Table S3: Recovery, repeatability, and limit of quantification
of veterinary drugs spiked into tilapia samples. Table S4: Recovery, repeatability, and limit of quantification of
organophosphorus insecticides spiked into tilapia samples. Figure S1: LC-MS/MS chromatogram of the detected 12
sulfonamides residues at the quantification ion for sulfamethazine in the positive samples. Figure S2: GC–MS/MS
chromatograms of the detected 18 organophosphorus insecticide residues at the quantification ion for chlorpyrifos
in the positive samples. Figure S3: Location of 52 sampling areas in Taiwan.
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Abstract: Five 8,17-epoxybriaranes, including three new compounds—briarenols I–K (1–3), along
with two known analogues, briaexcavatolide P (4) and briaexcavatin P (5), were isolated from the
octocoral Briareum excavatum. The structures of briaranes 1–3 were elucidated by spectroscopic
methods, including 1D and 2D NMR studies and (+)-HRESIMS. Briarane 4 exerted inhibition effects
on inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) release from RAW 264.7.

Keywords: Briareum excavatum; briarenol; briarane; anti-inflammatory; iNOS; COX-2

1. Introduction

Octocorals of the genus Briareum (family Briareidae) [1–4] are proven to be the most important
source to produce briarane-type diterpenoids [5]. The compounds of this type are only found in
marine invertebrates, particularly in octocorals and demonstrated a wide spectrum of bioactivities,
such as anti-inflammatory activity [6] and cytotoxicity [7]. In our continuing research into the chemical
constituents of an octocoral B. excavatum (Nutting 1911), which was distributed extensively in the coral
reefs of Taiwan, have resulted in isolation of three previously unreported 8,17-epoxybriaranes–briarenols
I–K (1–3) along with two known analogues, briaexcavatolide P (4) [8] and briaexcavatin P (5) [9],

Molecules 2020, 25, 1405; doi:10.3390/molecules25061405 www.mdpi.com/journal/molecules67
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(Figure 1). In the current study, the comprehensive workflow of isolation, structure determination, and
anti-inflammatory activity evaluation, was implemented on briaranes 1–5.

 

1: R1 = OAc, R2 = R6 = OH, R3 = n-OC(O)Pr, R4 = H, R5 = β-OH 
2: R1 = R2 = OH, R3 = OAc, R4 = R6 = H, R5 = β-OH 
3: R1 = OAc, R2 = R3 = R6 = H, R4 = OH, R5 = β-OH 

4: R1 = OAc, R2 = OH, R3 = n-OC(O)Pr, R4 = R6 = H, R5 = β-OH 
5: R1 = R3 = OAc, R2 = OH, R4 = R6 = H, R5 = β-OH 

6: R1 = OAc, R2 = n-OC(O)Pr, R3 = R4 = R6 = H, R5 = β-OH 
7: R1 = OAc, R2 = R3 = R6 = H, R4 = OH, R5 = α-OH 

Figure 1. Structures of briarenols I–K (1–3), briaexcavatolide P (4), briaexcavatin P (5), excavatolide B
(6), and briareolide B (7).

2. Results and Discussion

Briarenol I (1) was isolated as an amorphous powder and displayed a sodiated adduct ion at m/z
649.24677 in the (+)-HRESIMS, which indicated its molecular formula was C30H42O14 (calculated for
C30H42O14 + Na, 649.24668; unsaturation degrees = 10). The IR spectrum revealed absorptions for
hydroxy (νmax 3524 cm–1), γ-lactone (νmax 1783 cm–1), and ester carbonyl (νmax 1736 cm–1) moieties.
Resonances in the 13C NMR of 1 at δC 172.9, 172.3, 170.5, 170.0, and 170.0 (5 × C) supported the
presence of a γ-lactone and four esters (Table 1). Three of the esters were identified as acetates by
the presence of three methyl singlet resonances in the 1H NMR spectrum at δH 2.34, 2.15, and 2.08
(Table 2) and the remaining ester was found to be an n-butyroxy group based on 1H NMR studies,
including a correlation spectroscopy (COSY) experiment, which revealed seven contiguous protons
(δH 2.30, 2H, t, J = 7.2 Hz; 1.63, 2H, tq, J = 7.2 Hz; 0.95, 3H, t, J = 7.2 Hz). From the COSY spectrum
(Figure 2), the proton sequences from H-6/H-7, H-9/H-10/H-11/H-12/H2-13/H-14, and H-11/H3-20 were
established. The hydroxy proton signals at δH 4.30 (1H, d, J = 12.0 Hz), 1.49 (1H, d, J = 4.0 Hz), and
3.49 (1H, dd, J = 9.6, 4.4 Hz) were found to correlate with H-3 (δH 4.59, d, J = 12.0 Hz), H-12 (δH 4.10,
m), and H2-16 (δH 4.35, 1H, dd, J = 13.6, 4.4 Hz; 4.04, 1H, dd, J = 13.6, 9.6 Hz), respectively. Thus, the
hydroxy groups should be positioned at C-3, C-12, and C-16, respectively. Olefinic resonances in the
13C NMR at δC 125.5 (CH-6) and 142.0 (C-5) indicated the presence of a trisubstituted carbon–carbon
double bond. On the basis of these data and the heteronuclear multiple bond correlation (HMBC)
experiment (Figure 2), the connectivity from C-1 to C-14 was established. A hydroxymethyl group at
C-5 was revealed by the HMBC between C-16 oxymethylene protons to C-4, C-5, and C-6. The C-15
methyl group at C-1 was confirmed by the HMBC between H3-15/C-1, C-2, C-10, C-14, and H-10/C-15.
The n-butyrate positioned at C-4 was confirmed from the connectivity between H-4 (δH 6.14) and the
carbonyl carbon of n-butyrate group (δC 172.3). HMBC from the oxymethine protons at δH 4.53 (H-2),
5.32 (H-9), and 4.88 (H-14) to the acetate carbonyls at δC 172.9, 170.0, and 170.0, placed the acetoxy
groups on C-2, C-9, and C-14, respectively. Thirteen of the fourteen oxygen atoms in the molecular
formula of 1 could be accounted for from the presence of a γ-lactone, four esters, and three hydroxy
groups. The remaining oxygen atom had to be placed between C-8 and C-17 to form a tetrasubstituted
epoxide based on the 13C NMR evidences at δC 70.8 (C-8) and 62.5 (C-17) and the 1H NMR chemical
shift of a tertiary methyl at δH 1.66 (3H, s, H3-18).
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Table 1. 13C NMR (δC 100 MHz, CDCl3) data for briaranes 1–3.

Position 1 2 3

1 43.3, C a 43.7, C 47.7, C
2 87.4, CH 85.6, CH 74.9, CH
3 73.1, CH 73.6, CH 31.6, CH2
4 66.0, CH 65.9, CH 28.4, CH2
5 142.0, C 139.3, C 144.8, C
6 125.5, CH 124.3, CH 118.4, CH
7 74.1, CH 74.0, CH 74.9, CH
8 70.8, C 69.9, C 70.8, C
9 66.2, CH 67.1, CH 67.4, CH

10 40.5, CH 41.4, CH 49.0, CH
11 37.2, CH 36.4, CH 78.2, C
12 66.6, CH 67.0, CH 73.4, CH
13 30.2, CH2 30.4, CH2 30.2, CH2
14 80.5, CH 80.1, CH 74.8, CH
15 18.6, CH3 19.1, CH3 14.3, CH3
16 62.5, CH2 16.8, CH3 27.2, CH3
17 62.5, C 61.8, C 66.5, C
18 10.3, CH3 10.3, CH3 10.4, CH3
19 170.5, C 170.9, C 170.4, C
20 8.9, CH3 8.7, CH3 16.9, CH3

OAc-2 172.9, C 170.2, C
21.2, CH3 21.2, CH3

OAc-4 169.5, C
21.0, CH3

OAc-9 170.0, C 169.2, C 168.1, C
21.5, CH3 21.1, CH3 21.5, CH3

OAc-14 170.0, C 170.0, C 170.4, C
21.2, CH3 21.0, CH3 21.3, CH3

n-OC(O)Pr-4 172.3, C
35.9, CH2
18.2, CH2
13.7, CH3

a Multiplicity deduced by DEPT and HSQC spectra.

  

Figure 2. The COSY ( ) correlations, selective HMBC ( ), and protons with key NOESY correlations
( ) of 1.
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Table 2. 1H NMR (δH, 400 MHz in CDCl3) data (J in Hz) for briaranes 1–3.

Position 1 2 3

2 4.53 s 3.45 d (10.4) 5.13 d (8.4)
3α/β 4.59 d (12.0) 4.27 d (10.4) 1.67 m; 2.60 ddd (16.0, 14.8, 6.0)
4/4′ 6.14 s 6.05 d (1.2) 2.48 br d (16.0); 1.90 m

6 5.53 d (6.0) 5.29 dq (6.4, 1.6) 5.19 s
7 5.62 d (6.0) 5.71 d (6.4) 5.19 s
9 5.32 d (8.8) 5.26 d (9.2) 5.78 d (1.2)

10 2.64 dd (8.8, 4.8) 2.55 dd (9.2, 5.2) 2.14 br s
11 2.41 m 2.47 m
12 4.10 m 4.05 m 3.72 dd (12.4, 4.8)

13α/β 1.75 m; 2.01 m 1.69 m; 2.00 m 1.67 m; 2.04 m
14 4.88 dd (2.8, 2.8) 4.92 dd (2.8, 2.8) 4.79 dd (2.4, 2.0)
15 0.99 s 0.99 br s 1.21 s

16a/b 4.35 dd (13.6, 4.4); 4.04 dd (13.6, 9.6) 1.89 br s 1.99 s
18 1.66 s 1.66 s 1.77 s
20 1.12 d (6.8) 1.07 d (7.2) 1.15 s

OH-2 2.79 d (10.4)
OH-3 4.30 d (12.0) 2.87 d (10.4)
OH-12 1.49 d (4.0) 1.43 d (4.0) -
OH-16 3.49 dd (9.6, 4.4)
OAc-2 2.08 s 2.00 s
OAc-4 2.14 s
OAc-9 2.34 s 2.32 s 2.22 s
OAc-14 2.15 s 2.16 s 2.03 s

n-OC(O)Pr-4 0.95 t (7.2)
1.63 tq (7.2)
2.30 t (7.2)

The stereochemistry of 1 was deduced from an NOESY experiment (Figure 2) and biogenetic
considerations. The NOE correlations of H-10/H-11, H-10/H-12, and H-11/H-12 indicated that these
protons were situated on the same face of the structure and were assigned as the α protons since the
C-15 methyl is the β-substituent at C-1. The NOE correlation between H3-15 and H-14 implied that
H-14 had a β-orientation. H-3 exhibited a correlation with H-10, and, as well as a lack of coupling
constants were detected between H-2/H-3 and H-3/H-4, indicating the dihedral angles between H-2/H-3
and H-3/H-4 were approximately 90◦ and the 2-acetoxy, 3-hydroxy, and 4-n-butyroxy groups were β-,
β-, and α-oriented, respectively. A correlation from H-4 to H-7, suggested that H-7 was β-oriented.
The Z-configuration of C-5/6 double bond was confirmed based on the fact that the C-6 olefinic proton
(δH 5.53) correlated to one of the C-16 hydroxymethyl protons (δH 4.04). H-9 was found to correlate
with H-11, H3-18, and H3-20. From a consideration of molecular model, H-9 was found to be reasonably
close to H-11, H3-18, and H3-20, thus, H-9 should be placed on the α face, and Me-18 was β-oriented
in the γ-lactone moiety, and the 8,17-epoxy group should be α-oriented. It was found that the NMR
signals of 1 were similar to those of a known briarane, briaexcavatolide P (4) (Figure 1) [8], except that
the signals corresponding to the Me-16 vinyl methyl in 4 were replaced by signals for a hydroxymethyl
group in 1. Additionally, as briaranes 1–5 were isolated along with a known briarane, excavatolide
B (6) [6,10,11] from the same target organism, B. excavatum, and the absolute configuration of 6 was
determined by a single-crystal X-ray diffraction analysis [6,11]. Therefore, on biogenetic grounds to
assume that briaranes 1–5 had the same absolute stereochemistry as that of 6, tentatively, and the
configurations of stereogenic carbons of 1 were determined as 1R,2R,3S,4R,7S,8S, 9S,10S,11R,12S,14S,
and 17R (Supplementary Materials, Figures S1–S10).

Briarenol J (2) had a molecular formula C26H36O12 by its (+)-HRESIMS at m/z 563.21007 (calculated
for C26H36O12 + Na, 563.20990). The IR spectrum showed bands at 3483, 1779, and 1727 cm−1,
consistent with the presence of hydroxy, γ-lactone, and ester groups, respectively, in 2. From the 13C
and DEPT data (Table 2), one trisubstituted double bond was deduced from the signals of two carbons
at δC 139.3 (C-5) and 124.3 (CH-6). A methyl-containing tetrasubstituted epoxy group was confirmed
from the signals of two oxygenated quaternary carbons at δC 69.9 (C-8) and 61.8 (C-17), and from the
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chemical shift of a tertiary methyl (δH 1.66, 3H, s; δC 10.3, CH3-18; Tables 1 and 2). Four carbonyl
resonances at δC 170.9, 170.0, 169.5, and 169.2 in the 13C spectrum confirmed the presence of a γ-lactone
and three esters. All the esters were identified as acetates by the presence of three methyl singlet
resonances in the 1H NMR spectrum at δH 2.32, 2.16, and 2.14, respectively.

Coupling constants information in the COSY spectrum of 2 enabled identification of H-6/H-7,
H-9/H-10/H-11/H-12/H2-13/H-14, H-11/H3-20, and H-6/H3-16 (by allylic coupling; Figure 3), these data,
together with the HMBC experiment (Figure 3), the molecular framework of 2 could be established.
The HMBC also indicated that the acetoxy groups should be attached at C-4, C-9, and C-14, respectively.
Thus, the remaining hydroxy groups have to be positioned at C-2, C-3, and C-12, as indicated by the
COSY correlations between H-2/OH-2, H-3/OH-3, and H-12/OH-12.

  

Figure 3. The COSY ( ) correlations, selective HMBC ( ), and protons with key NOESY correlations
( ) of 2.

The stereochemistry of 2 was elucidated from the NOE interactions observed in a NOESY
experiment (Figure 3) and by the vicinal 1H−1H coupling constant analysis. In the NOESY spectrum,
correlations were observed between H-10 with H-3 and H-12; and H-12 correlated with H-11,
indicating that these protons should be α-oriented. H-14 gave a correlation with H3-15, confirming the
β-orientation for this proton. H-2 showed a correlation with H-14, and a lack of coupling constant
was detected between H-2/H-3, indicating the dihedral angle between H-2/H-3 is approximately
90◦ and the 2-hydroxy group was β-oriented. H-4 exhibited correlations with H-7 and 2-hydroxy
proton, confirming the β-orientations for H-4 and H-7. H-9 was found to show correlations with
H-11, H3-18, and H3-20, and from molecular models, H-9 and H3-18 should be placed on the α- and
β-face, respectively. The Z-configuration of C-5/C-6 double bond was elucidated by a correlation
between H-6 and H3-16. The NMR data of 2 were found to be similar to those of a known briarane,
briaexcavatin P (5) [9]. It was found that the 2-acetoxy substituent in 5 was replaced by a hydroxy
group in 2. By comparison of the proton and carbon chemical shifts, coupling constants, NOESY
correlations, and rotation value of 2 with those of 5, the stereochemistry of 2 was confirmed to be the
same as that of 5, and the configurations of the stereogenic centers of 2 were assigned as 1S,2R,3R,4R,
7S,8S,9S,10S,11R,12S,14S, and 17R (Supplementary Materials, Figures S11–S20).

Briarane 3 (briarenol K) was found to have a molecular formula of C26H36O11 based on its
(+)-HRESIMS peak at m/z 547.21514 (calculated for C26H36O11 + Na, 547.21498). Its absorption peaks
in the IR spectrum showed ester carbonyl, γ-lactone, and broad OH stretching at 1739, 1780, and
3468 cm−1, respectively. The 13C NMR spectrum indicated that three esters and a γ-lactone were
present, as carbonyl resonances were observed at δC 168.1, 170.2, 170.4, and 170.4, respectively (Table 1).
The 1H NMR data also indicated that presence of three acetate methyls at δH 2.22, 2.03, and 2.00
(each 3H × s; Table 2). It was found that the spectroscopic data of 3 were similar to those of a known
briarane, briareolide B (7) [12]; however, by comparison of the 1H and 13C NMR chemical shifts of
CH-12 oxymethine (δH 3.72, 1H, dd, J = 12.4, 4.8 Hz; δC 73.4), CH2-13 sp3 methylene (δH 1.67, 1H,
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m; 2.04, 1H, m; δC 30.2), C-11 oxygenated quaternary carbon (δC 78.2), and Me-20 tertiary methyl
(δH 1.15, 3H, s; δC 16.9) of 3 with those of 7 (δH 3.56, 1H, m; δC 73.9, CH-12; δH 2.03, 1H, m; 2.12,
1H, m; δC 27.6, CH2-13; δC 74.7, C-11; δH 1.16, 3H, s; δC 22.5, Me-20) [12] showed that the hydroxy
group at C-12 in 3 was β-oriented. The locations of the functional groups were further confirmed by
other HMBC and COSY correlations (Figure 4), and hence briarenol K was assigned the structure of 3.
The NOESY spectrum exhibited a correlation from H-10 to H-12, further supporting that H-12 was
α-oriented and the stereogenic centers of 3 were assigned as 1S,2S,7S,8S,9S,10S,11S,12S,14S, and 17R,
by the correlations observed in a NOESY spectrum (Figure 4) and this compound was found to be the
12-epimer of briareolide B (7) [12] (Supplementary Materials, Figures S21–S30).

  

Figure 4. The COSY ( ) correlations, selective HMBC ( ), and protons with key NOESY correlations
( ) of 3.

The inhibition effects of briaranes 1–5 on the release of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) protein from lipopolysaccharides (LPS)-stimulated RAW 264.7 were
assessed. The results showed that briarane 4 reduced the release of iNOS and COX-2 to 35.37% and
54.61% at a concentration of 10 μM, respectively (Figure 5 and Table 3). Briarane 1 was found to be
weaker than those of 4 in term of reducing the expression of iNOS and COX-2, indicating that the
hydroxy group at C-16 in 1 reduced the activity.

  

Figure 5. Western blotting showed that briarane 4 downregulated the expression of iNOS and COX-2.
Data were normalized to the cells treated with LPS only, and cells treated with dexamethasone (Dex;
10 μM) were used as a positive control. Data are expressed as the mean ± SEM (n = 2~4). * Significantly
different from cells treated with LPS (p < 0.05).
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Table 3. Effects of briaranes 1–5 on LPS-induced pro-inflammatory iNOS and COX-2 protein expression
in macrophages.

iNOS COX-2 β-Actin

Expression (% of LPS) Expression (% of LPS) Expression (% of LPS) n

Negative Control 1.71 ± 0.13 0.62 ± 0.09 120.48 ± 1.28 2
LPS 100.00 ± 4.53 100.00 ± 6.05 100.00 ± 3.09 4

1 60.27 ± 7.05 80.63 ± 2.32 100.29 ± 2.46 4
2 60.94 ± 4.89 79.65 ± 4.27 98.29 ± 3.35 4
3 66.64 ± 4.79 97.28 ± 5.66 100.49 ± 6.44 4
4 35.37 ± 4.94 54.61 ± 4.03 104.56 ± 2.83 4
5 62.36 ± 5.42 72.63 ± 2.6 104.79 ± 2.76 4

Dexamethasone 41.00 ± 2.63 3.73 ± 0.35 104.24 ± 5.82 2

Data were normalized to those of cells treated with LPS alone, and cells treated with dexamethasone were used as a
positive control. Data are expressed as the mean ± SEM (n = 2–4).

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotation values were measured using a Jasco P-1010 digital polarimeter (Japan
Spectroscopic, Tokyo, Japan). IR spectra were measured on a Thermo Scientific Nicolet iS5 FT-IR
spectrophotometer (Waltham, MA, USA). NMR spectra were taken on a Jeol Resonance ECZ 400
S NMR spectrometer (Tokyo, Japan), using the residual CHCl3 signal (δH 7.26 ppm) and CDCl3
(δC 77.1 ppm) as the internal standard for 1H and 13C NMR, respectively; coupling constants (J)
are presented in Hz. ESIMS and HRESIMS were recorded using a Bruker 7 Tesla solariX FTMS
system. Column chromatography was carried out with silica gel (230–400 mesh, Merck, Darmstadt,
Germany). TLC was performed on plates precoated with Kieselgel 60 F254 (0.25-mm-thick, Merck,
Darmstadt, Germany), then sprayed with 10% H2SO4 solution followed by heating to visualize the
spots. Normal-phase HPLC (NP-HPLC) was performed using a system comprised of a Hitachi L-7100
pump (Tokyo, Japan) and a Rheodyne 7725i injection port (Rohnert Park, CA, USA). Reverse-phase
HPLC (RP-HPLC) was performed using a system comprised of a Hitachi L-2130 pump (Tokyo, Japan),
a Hitachi L-2455 photodiode array detector (Tokyo, Japan), and a Rheodyne 7725i injection port
(Rohnert Park, CA, USA). A semipreparative normal-phase column (YMC-Pack SIL, S-5 μm, 250 mm ×
20 mm, Sigma-Aldrich, St. Louis, MO, USA) was used for NP-HPLC. A semipreparative reverse-phase
column (Luna, 5 μm, C18(2) 100 Å, AXIA Packed, 250 mm × 21.2 mm; Phenomenex, Torrance, CA,
USA) was used for RP-HPLC.

3.2. Animal Material

Specimens of B. excavatum were collected in June 2017 by hand with self-contained underwater
breathing apparatus (SCUBA) divers off the coast of Lanyu Island (Orchid Island), Taiwan. The samples
were then stored in a –20 ◦C freezer until extraction. A voucher specimen was deposited in the National
Museum of Marine Biology and Aquarium, Taiwan (NMMBA-TW-SC-2017-418). Identification of the
species of this organism was performed by comparison as described in previous publications [1–4].

3.3. Extraction and Isolation

The freeze-dried and sliced bodies (wet/dry weight = 1344/568 g) of the specimen were extracted
with supercritical CO2 to give 58.9 g of extract. Partial extract (36.4 g) was then applied on silica gel
column and eluted with gradients of n-hexane/EtOAc to furnish fractions A−K. Fraction F was purified
by NP-HPLC using a mixture of n-hexane/acetone (4:1) to yield fractions F1−F13. Fraction F6 was
repurified by RP-HPLC, using a mixture of MeOH/H2O (60:40; at a flow rate = 4 mL/min) to afford 4

(6.7 mg). Fraction G was separated by NP-HPLC, using a mixture of n-hexane/acetone (3:1) to yield
fractions G1−G12. Fractions G6 and G7 were repurified by RP-HPLC using a mixture of MeOH/H2O
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(60:40; at a flow rate = 4.0 mL/min) to afford 5 (1.3 mg) and 3 (1.0 mg), respectively. Fraction H was
separated by NP-HPLC using a mixture of n-hexane and acetone (3:1) to yield fractions H1−H18.
Fractions H12 and H15 were repurified by RP-HPLC, using a mixture of MeOH/ H2O (60:40; at a flow
rate = 4.0 mL/min) to afford 2 (2.1 mg) and 1 (0.6 mg), respectively.

Briarenol I (1): Amorphous powder; [α]22
D + 207 (c 0.03, CHCl3), IR (ATR) νmax 3524, 1783, 1736,

1222, 891 cm−1; 13C (100 MHz, CDCl3) and 1H (400 MHz, CDCl3) NMR data (see Tables 1 and 2);
ESIMS: m/z 649 [M + Na]+; HRESIMS m/z 649.24677 (calculated for C30H42O14 + Na, 649.24668).

Briarenol J (2): Amorphous powder; [α]26
D + 140 (c 0.08, CHCl3), IR (ATR) νmax 3483, 1779, 1727,

1220, 890 cm−1; 13C (100 MHz, CDCl3) and 1H (400 MHz, CDCl3) NMR data (see Tables 1 and 2);
ESIMS: m/z 563 [M + Na]+; HRESIMS m/z 563.21007 (calculated for C26H36O12 + Na, 563.20990).

Briarenol K (3): Amorphous powder; [α]23
D + 37 (c 0.06, CHCl3), IR (ATR) νmax 3468, 1780, 1739,

1255, 892 cm−1; 13C (100 MHz, CDCl3) and 1H (400 MHz, CDCl3) NMR data (see Tables 1 and 2);
ESIMS: m/z 547 [M + Na]+; HRESIMS m/z 547.21514 (calculated for C26H36O11 + Na, 547.21498).

Briaexcavatolide P (4): Amorphous powder; [α]24
D + 182 (c 0.3, CHCl3) (ref. [8], [α]27D + 167 (c 1.0,

CHCl3)), IR (ATR) νmax 3513, 1783, 1731, 1218, 889 cm−1; 1H and 13C NMR data were found to be in
agreement with previous study [8]; ESIMS: m/z 633 [M + Na]+.

Briaexcavatin P (5): Amorphous powder; [α]23
D + 134 (c 0.05, CHCl3) (ref. [9], [α]25

D + 198 (c 0.08,
CHCl3)), IR (ATR) νmax 3503, 1785, 1735, 1240, 889 cm−1; 1H and 13C NMR data were found to be in
agreement with previous study [9]; ESIMS: m/z 605 [M + Na]+.

3.4. In Vitro Anti-inflammatory Assay

The proinflammatory suppression assay was employed to assess the activities of the isolated
compounds 1–5 against the release of iNOS and COX-2 from macrophage cells as the literature
reported [13–15].

4. Conclusions

B. excavatum was demonstrated to have a wide structural diversity of briarane-type diterpenoids
that possessed various pharmacological properties, especially in anti-inflammatory activity. In our
continued study on B. excavatum, three previously unreported briaranes, briarenols I–K (1–3), along
with the known analogues, briaexcavatolide P (4) and briaexcavatin P (5), were isolated. In the present
study, the anti-inflammatory activity of 1–5 was assessed using inhibition of pro-inflammatory iNOS
and COX-2 release from macrophages. The results indicated that briaexcavatolide P (4) showed the
most potent suppressive effect on iNOS release.

Supplementary Materials: The Supplementary Materials are available online. ESIMS, HRESIMS, IR, 1D and 2D
NMR spectra of new compounds 1–3.
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Abstract: The rapid dispersion of new psychoactive substances (NPS) presents challenges to customs
services and analytical laboratories, which are involved in their detection and characterization. When
the seized material is limited in quantity or of a complex nature, or when the target substance is
present in very small amounts, the need to use advanced analytical techniques, efficient workflows
and chemo-informatics tools is essential for the complete identification and elucidation of these
substances. The current work describes the application of such a workflow in the analysis of a
single blotter paper, seized by Swedish customs, that led to the identification of a lysergic acid
diethylamide (LSD) derivative, 1-butyl-lysergic acid diethylamide (1B-LSD). Such blotter paper
generally contains an amount in the range of 30–100 ug. This substance, which is closely related to
1-propionyl-lysergic acid diethylamide (1P-LSD), seems to have only recently reached the drug street
market. Its identification was made possible by comprehensively combining gas chromatography
with mass spectrometry detection (GC–MS), liquid chromatography coupled with high-resolution
tandem MS (LC–HR-MS/MS), Orbitrap-MS and both 1D and 2D nuclear-magnetic-resonance (NMR)
spectroscopy. All the obtained data have been managed, assessed, processed and evaluated using a
chemo-informatics platform to produce the effective chemical and structural identification of 1B-LSD
in the seized material.

Keywords: blotter paper sample; 1-butyl-lysergic acid diethylamide (1B-LSD); HR–MS/MS; NMR;
GC–MS

1. Introduction

During the past decade, there has been a significant increase in the circulation of new psychoactive
substances (NPS) within the EU. This evolution in the drugs market, and the speed at which new
substances are being created, is a cause of great concern for regulatory bodies. In 2016, NPS were
reported to the EU Early Warning System at a rate of one per week, and it is estimated that a similar
trend continued during the following years [1]. At the EU level, two agencies have a particular
interest in this field—the European Monitoring Center for Drugs and Drug Addiction (EMCDDA) and
EUROPOL [1–3].

Customs authorities are responsible for controlling the flow of goods into the EU, acting as the first
control and contact point for NPS. However, the majority of customs laboratories are not equipped for
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the analysis of these substances, as they normally lack the advanced analytical and chemo-informatics
tools that enable the complete identification and characterization of any new and/or relatively unknown
NPS. These tools and expertise are available at the European Commission’s Joint Research Centre (JRC),
and, therefore, a collaborative project with the Customs Laboratories European Network (CLEN) has
been established. Whenever an EU customs laboratory cannot completely identify an unknown seized
substance/mixture, it is sent to the JRC for additional analysis. Since 2014, dozens of substances have
been identified in the frame of this collaboration, including some which were previously unreported [3].

One of the most well-known and characterized psychoactive substances is d-lysergic acid
diethylamide (LSD), which is most commonly circulated through small pieces of paper called “blotter
paper” and is widespread all over the world because of its strong hallucinogenic effect [4]. In
recent years, structurally modified LSD-type NPS have been found on the market, as is reported in
several scientific papers [5–9]. One of them, 1-propionyl-d-lysergic acid diethylamide (1P-LSD), was
identified and characterized after extraction from a seized sample by applying 1H and 13C-NMR
along with GC–MS and UHPLC-qTOF-MS analysis [5]. Another closely related LSD derivative,
1-butanoyl-d-lysergic acid diethylamide (1B-LSD), appears to have already reached the street market,
although no seizure of this drug has yet been reported (Figure 1). The only articles published present
the analysis of commercial standards, using some analytical techniques (GC–MS, NMR, LC-MS) [9],
or the screening procedures for the detection of nine LSD derivatives in rat urine, including 1B-LSD,
using LC–HR-MS/MS [10].

 
Figure 1. Chemical structures, molecular formulas and molecular masses (Da) of 1-butyl-lysergic acid
diethylamide (1B-LSD) and 1-propionyl-lysergic acid diethylamide (1P-LSD).

The current study reports the integrated approach used for the extraction and identification of
1B-LSD, from a blotter paper sample (labeled “1B-LSD Blotters (25 MCG)”) found in a package seized
by the Swedish customs on 05/11/2018 at Arlanda airport. The chemical identification was performed
using GC–MS, HR–MS, NMR and chemo-informatics tools.

2. Results

2.1. GC-MS Analysis

From the chromatogram of the GC–MS analysis (Figure S1), it could be concluded that the matrix
was quite complex. The main peak was among the last to be eluted, with a retention time of 23.5 min,
and was identified as potentially 1B-LSD (see Figure 2), in agreement with the fragmentation patterns
of 1P-LSD and the 1B-LSD, as reported by Brandt et al. [5,9]. The complete identification has been
verified and confirmed by the results obtained from NMR and HR-MS.
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Figure 2. MS spectrum resulting from the GC–MS peak, identified as 1B-LSD.

The resulting identification of the most relevant fragments, as received from the chemo-informatics
tool for the GC–MS analysis, are presented in Table 1. Nevertheless, it shall be highlighted that all
GC–MS fragmentation patterns were consistent with those reported by Brandt et al. [9].

Table 1. GC–MS-identified fragments for 1B-LSD (ACD/Spectrus Processor 2017.2.1).

No. Fragment New Structure Formula Label m/z Exp. 1 RI Exp. (%) 2

1 C24H31N3O2(+) M 393.2 100.0

2 C18H15N2O2(+) M-C6H16N 291.1 79.3

3 C16H15N2O(+) M-C8H16NO 251.1 15.5

4 C15H13N2(+) M-C9H18NO2 221.1 58.665

5 C12H19N2O(+) M-C12H12NO 207.0 69.3

6 C12H9N2(+) M-C12H11NO 181.0 45.6

7 C7H14NO(+) M-C17H20N2O 128.1 20.6

8 C5H10NO(+) M-C19H21N2O 100.0 31.4

9 C4H10N(+) M-C20H21N2O2 72.0 90.8

1 m/z Exp.: experimental m/z; 2 RI Exp. (%): Relative Intensity (%) of experimental m/z.
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2.2. UHPLC–HR-MS Experiment

The full-scan UHPLC–qTOF-MS analysis (positive mode) of the blotter paper methanol extract
revealed the TIC of a relatively complex mixture, in accordance with what had been observed in the
GC–MS analysis (Figure S2). The extraction of the ion chromatogram (XIC) with the [M + H]+ of
1B-LSD (m/z 394.249), as received from the LC–qTOF-MS analysis, revealed a clear and significant peak.
The analytical system allowed for a chromatographic separation to be performed whilst producing
untargeted (all-ion mode) MS2 spectra (Figure 3).

 

Figure 3. U(H)PLC–qTOF-MS (A) full-scan MS (B) untargeted MS2 spectrum of m/z 394.249 ([M +H]+)
of the extract.

For the Orbitrap-MS experiments, the sample extract was directly infused into the system for
analysis. Full-scan MS was performed initially, with a multitude of ions being found, as the blotter
paper methanol extract, containing several components, was injected directly. In fact, the lack of a
chromatographic technique coupled to the Orbitrap, increased the complexity of the results. However,
the previous results, indicating the possible presence of 1B-LSD, allowed an oriented extraction of
its protonated molecular ion [M +H]+, which was found and confirmed as m/z 394.25004. After this
analysis, the ion was isolated and fragmented successively (MS2, MS3 and MS4), and Figure 4 shows
the fragmentation spectrum of this ion (MS2).

 

Figure 4. MS2 spectrum from Infusion to Orbitrap MS of the extract [selected molecular ion m/z was
394.25004 assigned to the protonated molecular mass [M + H]+.
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Some of the fragments identified with the Orbitrap-MS analysis are also consistent with those of
the GC–MS, even if different ionization modes were used (ESI+ vs. EI+). All the identification was
based on spectral data (Agilent MassHunter), the literature and the application of chemo-informatics
tools (ACD/Labs Spectrus Processor and MS Fragmenter), a software platform that allows the prediction
of fragmentation and the comparison of experimental with theoretical data. The resulting identification
of the most relevant fragments, as received from the chemo-informatics tool for the Orbitrap-MS,
are presented in Table 2. All results were consistent with both the qTOF-MS fragmentation and the
fragmentation patterns of 1B-LSD, as reported by Brandt et al. [9].

Table 2. Orbitrap-MS-identified fragments for 1B-LSD (ACD/Spectrus Processor 2017.2.1).

No. Fragment New Structure Formula Label m/z Exp. 1 RI Exp. (%) 2

1 C24H31N3O2(+) M 394.24890 3.5

2 C21H26N3O2(+) M + H-C3H6 352.20195 3.6

3 C19H21N2O(+) M +
H-C5H11NO 293.16454 52.7

4 C15H15N2(+) M-C9H16NO2 223.12265 27.5

5 C12H20N2O(+) M-C12H12NO 208.07528 69.3

6 C12H19N2O(+) M +
H-C12H13NO 207.14919 13.5

7 C12H8N2(+) M-C12H11NO 180.06820 36.0

8 C11H6N2(+) M-C11H9NO 166.05255 5.1

9 C5H10NO(+) M-C19H22N2O 100.07569 4.5

1 m/z Exp.: experimental m/z; 2 RI Exp. (%): Relative Intensity (%) of experimental m/z.

2.3. NMR

Despite the fact that the sample aliquot was so small (the amount of LSD in a blotter is usually in
the range 30–100 μg), the 1H-NMR spectrum revealed a complex mixture (Figure 5) in which many
signals could be identified as typical of LSD-like substances, and which share the same backbone
structure. Nevertheless, the most noteworthy signals were those which allowed the identification
of 1B-LSD in this mixture, i.e., those assigned to the butyl (CH3 and CH2) part of the molecule. On
the other hand, a direct 1D 13C NMR measurement was not possible due to the reduced quantity of
the sample and the presence of relatively large quantities of other interfering substances extracted
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from the original matrix. The bond connection between the butyl proton resonances was confirmed
with the 2D DQF-COSY experiment (Figure S4). The 2D HSQC confirmed the presence of the methyl
and methylene groups and HMBC showed the connection of the methylene groups with a signal of a
quaternary carbon at 171.6 ppm in line with the C=O reported by Brandt et al. [9]. All our NMR results
are consistent with those for 1B-LSD as reported by Brandt et al. [9].

Figure 5. 1H NMR spectrum 1B-LSD (a) full spectrum, (b) expansion of the aromatic region (c)
expansion of the aliphatic region showing the region of interest for the identification of the 1-butyl
group. The peaks labelled with * at 3.1 and 3.4 ppm correspond to the 13C satellite signals of the
residual protonated NMR solvent (methanol-d4 ≥ 99.8 atom % D).
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3. Discussion

3.1. GC–MS and HR-MS

From the GC–MS spectrum (Figure 1), the 1B-LSD molecular ion (m/z 393) could be identified, as
well as some characteristic clusters of these types of substances. More precisely, the clusters at m/z
293, m/z 292 and m/z 291, were consistent with the additional CH2 substituent of 1B-LSD compared to
that reported by Brandt et al. [9], when compared with 1P-LSD, which presents a fragment cluster at
m/z 277, m/z 278 and m/z 279, as also previously reported [5]. In the case of LSD, with no substituent
at the indole nitrogen, this fragment cluster of ions is shifted towards the cluster at m/z 221, m/z 222
and m/z 223 [5,9]. With the exception of m/z 322, which represents the loss of the acyl radical from
1B-LSD, the remaining three species might have represented the butyl-substituted counterparts of
those species, previously described as LSD, detected at m/z 280 (retro-Diels Alder), m/z 223 and m/z
196 (loss of N,N-diethylacrylamide). A neutral loss of N,N-diethylformamide from the M•+ might
have led to the formation of the m/z 291 ion [5]. The EI+ characterization of 1B-LSD, 1P-LSD and LSD,
presented by Brandt and other authors, was perfectly consistent with the results of the present study,
and allows the unequivocal identification of 1B-LSD [5–9].

In the case of UHPLC–qTOF-MS analysis, the extraction of the ion chromatogram (XIC) with
the [M +H]+ of 1B-LSD (m/z 394.249) revealed a clear and abundant peak. From the respective MS2

fragmentation pattern, five abundant ions were identified which related to the suspected molecular
structure, namely the m/z 293.165 (loss of [(diethylamino)methylidyne]oxidanium ion), 223.124 (loss
of but-1-en-1-one), 208.075 (loss of a methyl), 192.091 (loss of methylamine) and 180.081 (internal
rearrangement of tetrahydropyridine with loss of a methyl). The obtained results were in accordance
with previously reported works on the ESI+ analysis of 1B-LSD itself, and also 1P-LSD [5,9,11–14].

Regarding the Orbitrap-MS, the MS2 fragmentation pattern was in full accordance with
the qTOF-MS2 results, with the four most abundant ions being m/z 293.16454 (loss of
[(diethylamino)methylidyne]oxidanium ion), 223.12265 (loss of but-1-en-1-one), 208.07528 (loss of a
methyl) and fragments 180.08114 and 181.08117 (internal rearrangement of tetrahydropyridine with
loss of a methyl). Once again, these fragments are typical of 1B-LSD and 1-P-LSD [5,9,11–14].

For both the qTOF and Orbitrap-MS analysis, some of the fragments identified with the
Orbitrap-MS analysis were also consistent with those of the GC–MS analysis, even though different
ionization modes were used (ESI+ vs. EI+).

3.2. NMR

Despite the fact that the sample aliquot was so small, the 1H-NMR spectrum still revealed the
identity of a complex mixture (Figure 4) in which many signals could be identified (like protons 14 to
16 of the aromatic ring) as typical of LSD-like substances which share the same backbone structure.
However, the signals that are most noteworthy are those which allow the identification of 1B-LSD in
this mixture, i.e., those assigned to the butyl (CH3 and CH2) part of the molecule with δH (MeOD-d4):
1.09 ppm [4] (3H, t, J = 7.4 Hz), 1.86 ppm [3] (2H, m, J = 7.4 Hz) and 2.98 ppm [2] (2H, t, J = 7.4 Hz).
These results are consistent with a recent study by Brandt et al. on this substance [9].

On the other hand, the direct 1D 13C NMR measurement was not possible due to the reduced
quantity of the sample and the presence of relatively large quantities of other substances extracted
from the original matrix. However, with 2D HSQC, it was possible to confirm the presence of the
methyl and methylene groups. The bond connections between the protons in this butyl group were
confirmed by the 2D DQF-COSY. Furthermore, the long-range 1H-13C HMBC showed the correlation
of these two methylene groups with a C=O at 171.6 ppm. These results are consistent with a recent
work of Brandt et al. on this substance [9].
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4. Materials and Methods

4.1. Chemical and Reagents

All solvents for the NMR, HR-MS/MS and GC–MS, were obtained from Sigma-Aldrich (Steinheim,
Germany) and all LC-MS solvents were ChromaSolv grade, obtained from Fluka Analytical. Ultrapure
water (18.2 MΩ) was obtained from a Milli-Q system (Millipore, Bedford, MA, USA).

4.2. Seized Blotter Sample

A plastic bag containing one blotter paper labeled as “1B-LSD Blotters 25 MCG” was seized at
Stockholm Arlanda Airport, Sweden, together with one plastic bag containing 10 flualprazolam tablets
and one plastic bag containing 0.5 g of 2-fluorodeschloroketamine (both bags were correctly labelled).
No sub-sample was available for any of the seized materials.

4.3. Sample Preparation

The material was extracted at the Swedish Customs Laboratory with 0.5 mL of MeOH, followed by
filtration. After GC–MS analysis, aliquots of the samples were shipped to the JRC for further analysis.
A direct injection of the methanol sample was carried out for the UHPLC–qTOF-MS analysis, while for
the HR-Orbitrap-MS, the extract was diluted 1:50 with acetonitrile.

4.4. Instrumental Analysis

4.4.1. GC–MS

An Agilent 7890 Gas Chromatograph equipped with a 5977 MS (Agilent, Santa Clara, CA, USA)
was used for the analysis of the sample. The GC-column was a HP5-MS UI (Agilent Technologies,
30 m, 0.250 mm, 0.25 mm) with helium as the carrier gas, at a flow of 0.8 mL/min. An initial oven
temperature of 100 ◦C was set with a 5 min isothermal period followed by heating up to 300 ◦C at a
rate of 30 ◦C/min and held for 13 min. The total run time was 25 min. The injection volume was 1 μL
in split mode (20:1), and the injector temperature was set at 250 ◦C. The GC–MS operated at scan mode
m/z ranging from 30–550. GC–MS analysis was performed by the Swedish Customs Laboratory, as
well as at the JRC. Data have been processed with an ACD/labs spectrus processor.

4.4.2. NMR

For the acquisition of a 1H NMR spectrum, the remaining methanol extract was mixed with
deuterated methanol MeOD-d4 (up to a final volume of 600 μL), which was used as an internal lock
and chemical shift reference at δH = 3.3 ppm. The 1H NMR experiments were performed at 300 K on a
Bruker (Rheinstetten, Germany) spectrometer Avance III HD 600 (nominal proton frequency 600.13
MHz) equipped with a 5 mm QCI cryo-probe (1H, 13C, 15N and 19F). The 1H and 13C chemical shifts
are expressed in ppm, referenced to the proton signal of the MeOD-d4 (3.3 ppm for 1H and 47.6 for
13C). Compounds were characterized by one-dimensional 1H, as well as two-dimensional 1H/1H COSY,
1H/1H TOCSY, 1H/13C HSQC, 1H/13C HMBC and 1H/15N HMBC experiments.

4.4.3. HR-MS/MS

For UHPLC–qTOF-MS analysis, a UHPLC system (Agilent 1290) with a quadrupole Time-Of-Flight
(TOF) mass spectrometer (Agilent 6540 UHD Accurate-Mass, Agilent, Waldbronn, Germany), using
an ESI interface, operating in positive ionization mode with a 4 kV capillary voltage, was used. The
source operated at 325 ◦C and nitrogen was used as both the drying (40 psi) and nebulizing gas (10 L
min-1). The injection volume was 5 μL. The TOF-MS detector was set to acquire MS data over an m/z
range of 100–1600. All-Ions MS/MS experiments were performed to screen and quantify constituents of
the sample in a single analysis. Under the aforementioned conditions, fragmentation collision energies
ranged from 5–60 eV.

84



Molecules 2020, 25, 712

The analytical column was a Waters BEH C18 100 × 2.1 mm, 1.7 μm particle size (Waters, Milford,
MA, USA), temperature-controlled at 40 ◦C. The mobile phase consisted of water with 0.1% formic
acid (A) and methanol with 0.1% formic acid (B) at a flow rate of 200 μL min−1. The gradient program
changed linearly from 50% to 95% (B) in 25 min, followed by an isocratic elution for 4 min. An
equilibration time of 1 min was set for the mobile phase to reach initial conditions again.

For Direct infusion Orbitrap-MS, and in correlation with the UHPLC–qTOF-MS analysis, additional
measurements were performed using an Orbitrap MS system, to confirm the molar mass (M) and the
mass fragmentation patterns of the suspected NPS. This analysis was performed in positive-ion mode
with Electro Spray Ionization (ESI) using a Thermo LTQ Orbitrap MS (Thermo Scientific, Bremen,
Germany), and operated with mass resolution of 140,000 at m/z 200. The sample was infused at a flow
rate of 5 μL/min on the system.

4.5. Subsection Chemoinformatics Tools

The ACD/Labs platform (ACD/Labs, Toronto, Canada) was used in combination with Agilent’s
MassHunter (Agilent Technologies) and XCalibur (Thermo Scientific) for the assessment and evaluation
of the obtained data, including all the obtained chromatographic and MS data. This platform allows
the confirmation and checking of the consistency of any suggested chemical structures with NMR
experimental data, as well as assigning experimental spectra to structures, enabling the creation of a
central, fully searchable repository of the assigned NMR spectra. The software was also used to project
fragmentation paths, by comparing experimental MS and MS/MS data with theoretical data.

5. Conclusions

The identification of NPS in seized samples still remains a challenge for many laboratories.
In cases where a novel unreported substance is found, or when a sample is seized, either in very
small amounts or in a complex mixture, routine analytical techniques are often not sufficient. In
these cases, an analytical workflow that combines hyphenated techniques with HR-MS, NMR and
chemo-informatics tools is the most effective approach to identify and/or confirm the presence of an
NPS with sufficient precision.

By following such an analytical workflow, it was possible, in this study, to identify 1B-LSD in the
methanol extract of a single blotter paper by using four different techniques and chemo-informatics
tools. Although previously characterized at analytical-standard levels, it is the first time that this
substance was found and identified in samples circulating in the street market. This work can also be
seen as proof that scientific cooperation between modern forensic laboratories can lead to the correct
and reliable identification of NPS, even if present in trace amounts.

Supplementary Materials: The following are available online, Figure S1: GC chromatogram analysis (Full scan
mode) of the blotter paper methanol extract, Figure S2: UHPLC-qTOF-MS analysis of the blotter paper methanol
extract (A) and the extracted ion chromatogram (XIC) of the 1B-LSD [M + H]+, Figure S3: 2D COSY NMR spectra
of the blotter paper methanol extract; Figure S4: HMBC NMR spectra of the blotter paper methanol extract.
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Abstract: To clarify whether flavonoids and phenols in Allium mongolicum Regel have the effect
of improving gastrointestinal function and analyze its quality, this study was designed to isolate
and identify them from the aerial parts of A. mongolicum by using various chromatographic and
spectrophotometric methods, a bioassay on motility of mouse isolated intestine tissue, as well as
qualitative analysis using liquid chromatography/mass spectrometry (LC-MS) analysis. As a result,
31 flavonoids and phenolic acids were obtained and identified, including six new flavonoid glycosides,
mongoflavonosides A1 (1), A2 (2), A3 (3), A4 (4), B1 (5), B2 (6), and four new phenolic acid glycosides,
mongophenosides A1 (7), A2 (8), A3 (9), B (10). Among them, eleven flavonoids and three phenolic
acids showed significant increase in the height of mouse small intestinal muscle. It was a first
systematic bioactive constituents’ study for A. mongolicum on gastrointestinal tract. Furthermore,
according to the retention time (tR) and the exact mass-to-charge ratio (m/z), thirty-one compounds
were unambiguously identified by comparing to the standard references by using LC-MS. Then,
on the basis of generalized rules of MS/MS fragmentation pattern, chromatographic behaviors, as
well as biosynthetic laws of the 31 isolates, five flavonoid glycosides and one phenolic acid glycoside
were tentatively speculated. On the basis of the study, a fast analysis method for flavonoids and
phenolic acids in A. mongolicum was established.

Keywords: Allium mongolicum Regel; flavonoids; phenolic acids; mouse isolated intestine tissue;
qualitative analysis

1. Introduction

Flavonoids and phenolic acids are secondary metabolites found in most Allium vegetables, such
as onion (Allium cepa L.) [1], scallion (Allium fistulosum L.) [2], garlic (Allium sativum L.) [3], fruits,
and traditional medicine. They also exert multiple biological properties, such as antitumor [4,5]
antioxidant [6,7], anti-inflammation and gastrointestinal motility effect improvement [8–11],
which make them show high correlations in the inhibition or management of many chronic diseases,
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such as cardiovascular and cerebrovascular diseases, diabetes, cancer, digestive system diseases,
and so on.

As a traditional Mongolian medicinal herb, Allium mongolicum Regel (Liliaceae family) is
mainly found in the high altitude desert of the Inner Mongolia Autonomous Region, Ningxia Hui
Autonomous Region, Qinghai, Gansu, and Shanxi provinces [12], and has various special properties,
such as stimulating the appetite, lowering blood pressure, hypolipidemic, replenishing the kidneys,
and acting as an aphrodisiac [7]. Though it has been used to stimulate the appetite, studies were
mainly focused on animal cultivation and improvement on meat products [12–14] up until now.
Experiments related to the gastrointestinal tract have not been reported for the plant. On the other
hand, pharmacological investigations showed the biological activities of A. mongolicum, including
anti-inflammatory, antimicrobial, and antioxidant, which were attributed to the presence of different
phytochemical groups like flavonoids and phenols [7,15,16]. However, it is still limited to the activity
of total flavonoids and phenolic acids. Until now, the phytochemistry investigation of flavonoids
is only reported by Dr. Zhao [16] and our laboratory [17,18]—there is no report for phenolic acids
investigation. Moreover, there is no comprehensive chemical profiling study for the plant.

The present study was designed to isolate and identify flavonoids and phenolic acids from the
aerial parts of A. mongolicum followed by bioactivity study on the motility of mouse isolated intestine
tissue and qualitative analysis using liquid chromatography/mass spectrometry (LC-MS) analysis.

2. Results and Discussion

The fresh, aerial parts of A. mongolicum (17.8 kg) was successively heated under reflux with 95%
EtOH for 3 h and 50% EtOH for 2 h one time each to obtain dry extract of A. mongolicum aerial parts
(AM, 515.0 g). Then 470.1 g of it was partitioned with EtOAc/H2O (1:1, 8L/8L) to yield EtOAc layer dry
extract (AME, 64.9 g) and H2O layer dry extract (AMH, 381.0 g).

Then, AM, AMH, and AME were tested for frequency and height by using a tissue perfusion
method. As results, AM and AMH showed significant increase in the contraction amplitude of mouse
small intestinal muscle at 200 μg/mL (relative height for AM: 137.4 ± 11.8%* and AMH: 121.8 ± 1.0%**,
respectively), but had no significant effect on frequency (relative frequency for AM: 95.2 ± 2.8% and
AMH: 100.1 ± 1.9%, respectively). While AME displayed no significant effect on both of them (relative
height: 127.9 ± 20.8%; relative frequency: 100.0 ± 9.18%).

Therefore, AMH was further fractionated by column chromatography (CC) and purified
by HPLC to afford six new flavonoid glycosides, named as mongoflavonosides A1–A4 (1–4),
B1 (5), B2 (6), four new phenolic acid glycosides, named as mongophenosides A1–A3

(7–9), B (10) (Figure 1), along with known compounds, kaempferol-3,7,4′-tri-O-β-glucoside
(18) [19], quercetin-3-O-β-d-rutinoside-7-O-β-d-glucuronide (25) [20], quercetin-3,7,4′-tri-O-glucoside
(26) [21], isorhamnetin 3-O-β-d-glucopyranoside (27) [22], as well as three phenols,
trans-p-hydroxycinnamate sophorose (28) [23], tuberonoid A (29) [24], trans-caffeic acid (30) [25],
and benzyl-O-β-d-glucopyranoside (31) [26] (Figure 2). Among the known isolates, 28 and 30 were
obtained from the Allium genus for the first time; 18, 25–27, 29, and 31 were firstly found from the plant.

Furthermore, the improved effects on the motility of the mouse
isolated intestine tissue of the above-mentioned compounds as well as
our previously reported flavonoids, kaempferol-3-O-β-d-glucopyranoside (11),
kaempferol-3-O-β-d-glucopyranosyl(1→4)-β-d-glucopyranoside (12), kaempferol-3-O-β-d- rutinoside
(13), kaemperol-3-O-β-d-glucopyranosyl(1→4)[α-l-rhamanopyranosyl(1→6)]-β-d-glucopyranoside
(14), kaempferol-3-O-rutinoside-7-O-glucuronide (15), kaempferol-3-rutinoside-4′-glucopyranoside
(16), kaempferol-3-O-gentiobioside-4′-O-glucopyranoside (17) [17],
isoquercetin (19), quercetin-3-O-(6′′-O-acetyl)-β-d-glucopyranoside (20),
quercetin-3-O-β-d-glucopyranosyl(1→4)-β-d-glucopyranoside (21), rutin (22),
quercetin-3,4′-di-O-β-d-glucopyranoside (23), quercetin 3-O-(6′′-O-α-l-rhamnopyranosyl)-β-d-
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glucopyranoside-7-O-β-d-glucopyranoside (24) [18] (Figure 2) were reported here. Then, qualitative
analysis for the aerial parts of A. mongolicum by using LC-MS spectrometry technology was developed.

 
Figure 1. The new compounds obtained from the aerial parts of A. mongolicum (1–10).
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Figure 2. The known compounds obtained from the aerial parts of A. mongolicum (11–31).

2.1. Identification of Compounds

Mongoflavonoside A1 (1) was isolated as a yellow powder with negative optical rotation
([α]D

25 −54.0, H2O). Its molecular formula was deduced to be C33H38O22 by the negative-ion Electron
Spray Ionization-Quadrupole-Orbitrap-Mass Spectrometry (ESI-Q-Orbitrap MS) analysis (m/z 785.17883
[M − H]−, calculated for C33H37O22, 785.17710). The IR spectrum displayed the absorption bands
assignable to hydroxyl (3354 cm−1), carbonyl (1716 cm−1), α,β-unsaturated ketone carbonyl (1652 cm−1),
aromatic ring (1601, 1507, 1457 cm−1), and ether functions (1072 cm−1), respectively. The 1H and
13C-NMR (Table 1) spectra suggested that 1 was a flavonoid glycoside with a kaempferol aglycone
[δ 6.48 (1H, br. s, H-6), 6.88 (1H, br. s, H-8), 7.19 (2H, d, J = 9.0 Hz, H-3′,5′), 8.16 (2H, d, J = 9.0 Hz,
H-2′,6′)] and three glycosyl groups [δ 5.05 (1H, d, J = 7.0 Hz, H-1′′′′), 5.26 (1H, d, J = 6.5 Hz, H-1′′′),
5.50 (1H, d, J = 7.0 Hz, H-1′′)]. Acid hydrolysis of 1 with 5% aqueous H2SO4 solution–1,4-dioxane (1:1,
v/v) under 110 ◦C for 2 h to afford d-glucuronic acid and d-glucose, whose absolute configurations
were determined by GC-MS analysis of their trimethysilyl thiazolidine derivatives [27]. Meanwhile,
correlations were observed between the following proton and carbon pairs in its HSQC-TOCSY
spectrum: H-1′′ and C-1′′–C-5′′; δH 3.35, 3.58 (H2-6′′) and C-4′′–C-6′′; H-1′′′ and C-1′′′–C-4′′′; δH 3.98
(H-5′′′) and C-2′′′–C-5′′′; H-1′′′′ and C-2′′′′–C-4′′′′; δH 3.50 (H2-6′′′′) and C-4′′′′–C-6′′′′. Combining
with the correlations displayed in its 1H 1H COSY and HSQC spectrum, the NMR data of three glycosyls
were assigned in detail. Finally, according to the long-range correlations from H-1′′ to C-3; H-1′′′
to C-7; H-1′′′′ to C-4′ showed in its HMBC experiment (Figure 3), the connections between glycosyl
groups and aglycone were determined. On the basis of above-mentioned evidence, the structure of
mongoflavonoside A1 (1) was identified.
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Table 1. 13C-NMR data for 1–6 in DMSO-d6.

No. 1 2 3 4 5 6 No. 1 2 3 4 5 6

2 156.0 155.5 156.1 157.9 156.3 156.0 COCH3 169.6
3 133.9 133.5 133.9 133.1 132.8 134.0 COCH3 19.9
4 177.7 177.3 177.6 177.3 177.0 177.7 1′′′ 99.0 103.0 103.0 103.4 103.2 99.2
5 160.8 161.1 160.7 160.4 161.1 160.7 2′′′ 72.6 73.2 73.1 73.0 73.0 72.7
6 99.2 98.9 99.4 99.3 98.8 99.2 3′′′ 75.7 76.3 76.3 76.3 76.3 76.1
7 162.5 164.8 162.9 162.3 164.9 162.7 4′′′ 71.3 69.9 69.9 69.9 69.9 71.6
8 94.3 93.8 94.4 94.6 93.6 94.3 5′′′ 75.0 76.7 76.7 76.7 76.7 74.3
9 156.2 156.4 156.0 156.2 156.5 156.0 6′′′ 170.5 60.9 60.9 60.9 61.0 171.4

10 105.8 103.8 105.6 105.6 103.4 105.6 1′′′′ 99.8 99.9 99.3 101.0 101.3
1′ 123.5 123.6 123.4 120.7 120.8 124.2 2′′′′ 73.1 73.1 72.8 70.4 73.2
2′ 130.6 130.5 130.6 130.9 116.0 116.5 3′′′′ 76.4 76.4 76.2 70.9 75.7
3′ 115.7 115.7 115.7 115.0 144.8 146.0 4′′′′ 69.5 69.5 71.7 71.6 69.6
4′ 159.2 159.1 159.3 159.9 148.5 147.5 5′′′′′ 77.0 77.0 73.9 68.1 77.1
5′ 115.7 115.7 115.7 115.0 115.0 115.3 6′′′′′ 60.5 60.5 171.4 17.5 60.6
6′ 130.6 130.5 130.6 130.9 121.3 121.0 1′′′′′ 99.8 98.7
1′′ 100.6 100.5 100.4 100.8 100.5 100.5 2′′′′′ 73.1 72.8
2′′ 74.1 73.8 73.1 73.7 73.5 74.0 3′′′′′ 76.4 76.2
3′′ 76.3 74.6 74.6 74.6 74.5 76.4 4′′′′′ 69.5 71.6
4′′ 69.8 80.0 80.0 80.8 80.0 69.9 5′′′′′ 77.0 73.7
5′′ 77.5 75.3 75.4 73.7 71.9 77.6 6′′′′′ 60.5 171.7
6′′ 60.8 60.1 60.0 67.0 62.1 60.8

 
Figure 3. Key 1H 1H COSY and HMBC correlations of 1–6.

Mongoflavonoside A2 (2) is a yellow powder with negative optical rotation ([α]D
25 −26.0, MeOH).

Its ESI-Q-Orbitrap MS spectrum showed a peak at m/z 771.19971 [M −H]− (calculated for C33H39O21,
771.19783), and its molecular formula was deduced to be C33H40O21. After hydrolyzing with 1 M HCl,
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the product was analyzed by using HPLC with an optical rotation detector. As a result, d-glucose
was detected [28]. The 1H and 13C-NMR (Table 1) spectra suggested that compound 2 had the same
aglycone, kaempferol [δ 6.21 (1H, br. s, H-6), 6.44 (1H, br. s, H-8), 7.17 (2H, d, J = 9.0 Hz, H-3′,5′), 8.11
(2H, d, J = 9.0 Hz, H-2′,6′)] as that of 1. In addition, there were three β-d-glucopyranosyl moieties
[δ 4.27 (1H, d, J = 8.0 Hz, H-1′′′), 5.03 (1H, d, J = 7.5 Hz, H-1′′′′′), 5.51 (1H, d, J = 8.0 Hz, H-1′′)].
To solve the overlapping problem of three β-d-glucopyranosyl groups, the HSQC-TOCSY experiment
was performed. The correlations between C-1′′ and δH 3.26 (H-2′′), 3.39 (H-4′′), 3.41 (H-3′′), 5.51
(H-1′′); δH 3.51, 3.63 (H2-6′′) and C-4′′–C-6′′; H-1′′′ and C-1′′′–C-4′′′; δH 3.42, 3.71 (H2-6′′′) and
C-4′′′–C-6′′′; H-1′′′′′ and C-1′′′′′–C-4′′′′′; δH 3.50, 3.71 (H2-6′′′′′) and C-4′′′′′–C-6′′′′′ were found
in it. Moreover, the HMBC displayed the long-range correlations from H-1′′ to C-3; H-1′′′ to C-4′′;
H-1′′′′′ to C-4′ (Figure 3). Consequently, the structure of mongoflavonoside A2 (2) was elucidated to
be kaempferol 3-O-β-d-glucopyranosyl(1→4)-β-d-glucopyranosyl-4′-O-β-d-glucopyranoside.

Mongoflavonoside A3 (3) exhibited negative optical rotation ([α]D
25 −64.7, H2O). Its molecular

formula was revealed to be C39H48O27 by negative ESI-Q-Orbitrap MS analysis (m/z 947.23242 [M −
H]−, calculated for C39H47O27, 947.22992). The 1H, 13C-NMR (Table 1) along with various 2D NMR (1H
1H COSY, HSQC, HMBC, and HSQC-TOCSY) spectra denoted that 3 had the same moiety, kaempferol
3-O-β-d-glucopyranosyl(1→4)-β-d-glucopyranosyl-4′-O-β-d-glucopyranosyl [δ 4.26 (1H, d, J = 7.0 Hz,
H-1′′′), 5.04 (1H, d, J = 7.0 Hz, H-1′′′′′), 5.53 (1H, d, J = 7.5 Hz, H-1′′), 6.46 (1H, br. s, H-6), 6.85 (1H,
br. s, H-8), 7.18 (2H, d, J = 8.5 Hz, H-3′,5′), 8.14 (2H, d, J = 8.5 Hz, H-2′,6′)] as that of 2. Meanwhile,
one more β-d-glucuropyranosyl [δ 5.12 (1H, d, J = 7.0 Hz, H-1′′′′)] appeared in 3. On the other hand,
the proton signals at H-6 and H-8 and the carbon signal at C-7 shifted to the lower field in comparison
with those of 2, which suggested that the β-d-glucuropyranosyl linked with 7-position of kaempferol.
It was clarified by the long-range correlation from H-1′′′′ to C-7 (Figure 3). Then, the structure of
mongoflavonoside A3 (3) was determined.

The molecular formula of mongoflavonoside A4 (4) was measured to be C39H48O26 by negative
ESI-Q-Orbitrap MS analysis (m/z 931.23785 [M −H]−, (calculated for C39H47O26, 931.23501). Its acid
hydrolysis product was derived to obtain trimethylsilane thiazolidine derivatives, then the existence
of d-glucuronic acid, d-glucose, and l-rhamnose were clarified by GC analysis [27]. Its 1H,
13C-NMR (Table 1) and 2D NMR spectra indicated that 4 had the same moiety, kaempferol
3-O-β-d-glucopyranosyl(1→4)[α-l-rhamanopyranosyl(1→6)]-β-d-glucopyranosyl [δ 4.14 (1H, d,
J = 7.5 Hz, H-1′′′), 4.40 (1H, br. s, H-1′′′′), 5.23 (1H, d, J = 7.5 Hz, H-1′′), 6.37 (1H, br. s, H-6),
6.73 (1H, br. s, H-8), 6.88 (2H, d, J = 9.0 Hz, H-3′,5′), 8.00 (2H, d, J = 9.0 Hz, H-2′,6′)] as that of
kaempferol 3-O-β-d-glucopyranosyl(1→4)[α-l-rhamanopyranosyl(1→6)]-β-d-glucopyranoside [29].
In addition, one β-d-glucuropyranosyl [δH 5.16 (1H, d, J = 7.0 Hz, H-1′′′′′); δC 71.6
(C-4′′′′′), 72.8 (C-2′′′′′), 73.7 (C-5′′′′′), 76.2 (C-3′′′′′), 98.7 (C-1′′′′′), 171.7 (C-6′′′′′)] appeared
in 4. The long-range correlation observation from H-1′′′′′ to C-7 (Figure 3) in its
HMBC spectrum suggested the β-d-glucuropyranosyl connected with C-7 of kaempferol
3-O-β-d-glucopyranosyl(1→4)[α-l-rhamanopyranosyl(1→6)]-β-d-glucopyranosyl. Then, the structure
of mongoflavonoside A4 (4) was constructed.

Mongoflavonoside B1 (5) was isolated as a yellow powder and showed negative optical rotation
([α]D

25 −12.0, MeOH). The molecular formula, C29H32O18 of 5 was determined from ESI-Q-Orbitrap
MS (m/z 667.15228 [M − H]−; calculated for C29H31O18, 667.15049) analysis. Its IR spectrum exhibited
characteristic absorptions of hydroxyl (3362 cm−1), ester carbonyl (1721 cm−1), α,β-unsaturated ketone
carbonyl (1654 cm−1), aromatic ring (1605, 1507, 1448 cm−1), and ether functions (1070 cm−1). The 1H
and 13C-NMR spectra displayed signals of a quercetin moiety [δ 6.18 (1H, br. s, H-6), 6.39 (1H, br. s,
H-8), 6.83 (1H, d, J = 8.5 Hz, H-5′), 7.50 (1H, dd, J = 2.0, 8.5 Hz, H-6′), 7.51 (1H, d, J = 2.0 Hz, H-2′)],
two β-d-glucopyranosyl groups [δ 4.21 (1H, d, J = 8.0 Hz, H-1′′′), 5.40 (1H, d, J = 8.0 Hz, H-1′′)], along
with an acetyl [δH 1.71 (3H, s, 6′′-COCH3); δC 19.9 (6′′-COCH3), 169.6 (6′′-COCH3)]. As shown in
Figure 3, the 1H 1H COSY experiment on 5 indicated the presence of partial structures written in bold
lines. Moreover, in the HMBC spectrum, the long-range correlations from H-1′′ to C-3; H-1′′′ to C-4′′;
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6′′-COCH3 to 6′′-COCH3; H2-6′′ to 6′′-COCH3 were observed. Finally, after treating 5 with 1 M HCl,
d-glucose was detected from its acid hydrolysis product [28]. Consequently, the structure of 5 was
identified, and named as mongoflavonoside B1.

The molecular formula, C33H38O23 of 6 was measured on ESI-Q-Orbitrap MS (m/z 801.17407 [M
− H]−, calculated for C33H37O23, 801.17201) analysis. The 1H, 13C NMR (Table 1) and 2D NMR (1H
1H COSY, HSQC, HMBC, HSQC-TOCSY) spectra suggested 6 had the same glycosyl moieties with 1:
two β-d-glucopyranosyls [δ 4.88 (1H, d, J = 7.0 Hz, H-1′′′′), 5.52 (1H, d, J = 7.0 Hz, H-1′′)], and one
β-d-glucuropyranosyl [5.16 (1H, d, J = 7.0 Hz, H-1′′′)]. Meanwhile, 6 possessed the same aglycone,
quercetin [δ 6.45 (1H, br. s, H-6), 6.85 (1H, br. s, H-8), 7.23 (1H, d, J = 8.5 Hz, H-5′), 7.64 (1H, d, J = 1.5,
8.5 Hz, H-6′), 7.69 (1H, d, J = 1.5 Hz, H-2′)] as that of 5. Finally, the connectivities of glycosyl moieties
with aglycone were determined by the correlations from H-1′′ to C-3; H-1′′′ to C-7; H-1′′′′ to C-4′
(Figure 3) showed in its HMBC spectrum.

Mongophenoside A1 (7) was obtained as a white powder with negative optical rotation ([α]D
25

−21.0, MeOH). ESI-Q-Orbitrap MS of 7 exhibited quasimolecular ion peak at m/z 503.14151 [M −H]−
(calculated for C21H27O14, 503.13953), and its molecular formula was deduced to be C21H28O14. The IR
spectrum of it showed absorption bands ascribable to hydroxyl (3362 cm−1), α,β-unsaturated ester
carbonyl (1709 cm−1), aromatic ring (1601, 1521, 1447 cm−1), and ether function (1074 cm−1). Acid
hydrolysis of 7 liberated d-glucose, which was identified by HPLC analysis [28]. Its 1H, 13C NMR
(Table 2) spectra indicated the existence of one trans-caffeoyl [δH 6.27 (1H, d, J = 16.0 Hz, H-8), 6.75 (1H,
d, J = 7.5 Hz, H-5), 7.01 (1H, br. d, ca. J = 8 Hz, H-6), 7.06 (1H, br. s, H-2), 7.55 (1H, d, J = 16.0 Hz,
H-7); δC 113.3 (C-8), 146.2 (C-7), 164.9 (C-9)], along with two β-d-glucopyranosyl groups [δ 4.42 (1H, d,
J = 8.0 Hz, H-1′′), 5.56 (1H, d, J = 8.0 Hz, H-1′)]. Meanwhile, the partial structures written in bold lines
shown in Figure 4 were determined by proton and proton correlations observed in its 1H 1H COSY
experiment. The planar structure of 5 was finally elucidated according to the long-range correlations
from H-1′ to C-9; H-1′′ to C-2′ (Figure 4) found in HMBC experiment, and the structure of 7 was
named as mongophenoside A1.

Table 2. 13C-NMR data for 7–10.

No. 7 a 8 a 9 a 10 b No. 7 a 8 a 9 a 10 b

1 125.4 125.2 128.5 127.5 5′ 77.4 75.9 77.1 78.0
2 114.6 114.6 115.0 111.7 6′ 60.3 67.7 60.6 62.8
3 145.5 145.6 146.7 149.5 1′′ 104.4 104.4 92.4 94.0
4 148.6 149.0 147.5 151.0 2′′ 74.4 74.4 81.6 73.9
5 115.6 115.6 115.9 116.6 3′′ 76.0 76.1 75.6 74.9
6 121.6 121.7 120.9 124.2 4′′ 69.3 69.3 69.0 71.8
7 146.2 146.3 145.5 146.9 5′′ 76.6 76.7 77.5 73.0
8 113.3 113.1 115.5 115.1 6′′ 60.3 60.3 60.3 62.9
9 164.9 164.9 164.7 169.8 1′′′ 103.0 104.5

3-OCH3 56.5 2′′′ 73.4 74.5
1′ 92.3 92.3 101.4 98.2 3′′′ 76.6 76.0
2′ 81.5 81.4 73.1 76.3 4′′′ 69.9 69.3
3′ 75.6 75.5 75.7 78.1 5′′′ 76.8 76.6
4′ 69.0 68.8 69.7 71.9 6′′′ 60.9 60.3

Determined in a DMSO-d6, b CD3OD.

Mongophenoside A2 (8), a white powder, showed negative optical rotation ([α]D
25 −14.5, MeOH).

ESI-Q-Orbitrap MS analysis suggested its molecular formula was C27H38O19 (665.19427 [M − H]−;
calculated for C27H37O19, 665.19236). The 1H and 13C-NMR (Table 2) spectra indicated 8 possessed
the same moiety, trans-caffeic acid-9-O-β-d-glucopyranosyl(1→2)-β-d-glucopyranosyl [δ 4.42 (1H, d,
J = 7.5 Hz, H-1′′), 5.56 (1H, d, J = 7.0 Hz, H-1′), 6.27 (1H, d, J = 16.0 Hz, H-8), 6.76 (1H, d, J = 7.5 Hz,
H-5), 7.02 (1H, br. d, ca. J = 8 Hz, H-6), 7.06 (1H, br. s, H-2), 7.55 (1H, d, J = 16.0 Hz, H-7)] as
that of 7. Except for that, one more β-d-glucopyranosyl [δ 4.17 (1H, d, J = 7.5 Hz, H-1′′′)] appeared
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in 8. Meanwhile, C-6′ of it was found to significantly shift to lower field (δC 67.7 for 8; 60.3 for 7)
comparing with 7, which suggested C-6′ was substituted by the β-d-glucopyranosyl. In the HMBC
spectrum, the long-range correlations from H-1′′′ to C-6′; H-1′′ to C-2′; H-1′ to C-9 (Figure 4) were
observed. Moreover, treated 8 with 1 M HCl, d-glucose was yielded [28]. Consequently, the structure
of mongophenoside A2 (8) was elucidated.

The ESI-Q-Orbitrap MS spectrum of mongophenoside A3 (9) displayed the same molecular
formula, C27H38O19 (m/z 665.19452 [M − H]−; calculated for C27H37O19, 665.19236) as that of 8.
Meanwhile, the 1H, 13C NMR (Table 2) and 2D NMR (1H 1H COSY, HSQC, HMBC, HSQC-TOCSY)
spectra suggested they had same functional groups as following: trans-caffeic acid aglycone [δ 6.45
(1H, d, J = 16.0 Hz, H-8), 7.19 (1H, br. s, H-2), 7.12 (2H, m, H-5 and H-6), 7.61 (1H, d, J = 16.0 Hz, H-7)]
and three β-d-glucopyranosyl groups [δ 4.43 (1H, d, J = 7.5 Hz, H-1′′′), 4.80 (1H, d, J = 7.5 Hz, H-1′),
5.57 (1H, d, J = 7.0 Hz, H-1′′)]. Finally, the connectivities of the above-mentioned groups were clarified
by the long-range correlations from H-1′ to C-4; H-1′′ to C-9; H-1′′′ to C-2′′ (Figure 4), as shown in its
HMBC experiment.

Mongophenoside B (10) was obtained as a white powder with positive optical rotation ([α]D
25

+8.0, MeOH). Its ESI-Q-Orbitrap MS spectrum showed the negative ion peak at m/z 517.15668 [M −
H]− (calculated for C22H29O14, 517.15518), which indicated the molecular formula of it was C22H30O14.
Acid hydrolysis 10 with 1 M HCl, d-glucose was liberated [28]. The 1H, 13C NMR (Table 2) and 2D
NMR spectra of it suggested the existence of one trans-feruloyl [δ 6.34 (1H, d, J = 16.0 Hz, H-8),
6.80 (1H, d, J = 8.0 Hz, H-5), 7.06 (1H, br. d, ca. J = 8 Hz, H-6), 7.17 (1H, br. s, H-2), 7.60 (1H, d,
J = 16.0 Hz, H-7), 3.88 (3H, s, 3-OCH3)], one β-d-glucopyranosyl [δ 4.48 (1H, d, J = 8.0 Hz, H-1′)],
together with one α-d-glucopyranosyl [δ 5.10 (1H, J = 3.5 Hz, H-1′′)]. Moreover, the long-range
correlations from H-1′ to C-9; H-1′′ to C-2′ were observed in its HMBC experiment. On the basis of
above-mentioned evidence, the structure of mongophenoside B (10) was identified as trans-ferulic
acid-9-O-α-d-glucopyranosyl(1→2)-β-d-glucopyranoside.

 
Figure 4. Key 1H 1H COSY and HMBC correlations of 7–10.

2.2. Inhibitory Effects of Obtained Compounds 1–31 on the Motility of Mouse Isolated Intestine Tissue

Moreover, the obtained constituents of 1–31 were tested for frequency and height by using a
tissue perfusion method [30]. Through tissue perfusion experiments, it was found that all compounds
displayed no effect on isolated intestinal tissue contraction frequency (Table 3). While almost all isolates
exhibited the tendency of increasing the contraction amplitude of mouse small intestinal muscle though
only flavonoids 3, 4, 11–15, 21–23, and 26, as well as phenolic acids 7, 29, and 30 showed significant
difference comparing with normal group.
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Table 3. Inhibitory effects of compounds 1–31 on motility of mouse isolated intestine tissue.

Compd.
Intestine Motility (%)

Compd.
Intestine Motility (%)

Relative Height Relative Frequency Relative Height Relative Frequency

N 100.0 ± 4.9 100.0 ± 1.2 16 116.1 ± 10.4 81.3 ± 11.1
P 190.8 ± 19.2 ** 85.6 ± 2.6 17 108.1 ± 6.1 97.3 ± 2.3
1 112.3 ± 2.3 99.4 ± 1.2 18 116.6 ± 4.4 106.6 ± 4.5
2 105.1 ± 19.5 98.8 ± 2.9 19 107.7 ± 3.1 99.3 ± 3.5
3 148.9 ± 4.5 ** 100.8 ± 0.9 20 107.8 ± 32.7 99.4 ± 0.6
4 170.0 ± 6.4 * 98.6 ± 2.1 21 121.9 ± 6.6 * 95.2 ± 4.4
5 99.7 ± 25.0 101.6 ± 7.7 22 125.2 ± 8.1 * 97.4 ± 4.0
6 107.9 ± 18.9 96.7 ± 3.1 23 142.2 ± 11.2 * 101.1 ± 3.7
7 157.4 ± 20.8 * 94.9 ± 2.7 24 117.9 ± 12.7 98.3 ± 2.8
8 150.5 ± 25.9 95.6 ± 2.8 25 104.9 ± 7.7 96.3 ± 1.9
9 149.1 ± 36.2 94.6 ± 3.8 26 137.4 ± 2.4 ** 96.2 ± 2.8
10 121.1 ± 21.6 98.7 ± 3.0 27 105.6 ± 32.3 91.8 ± 3.8
11 123.2 ± 6.8 * 99.1 ± 7.1 28 136.8 ± 12.4 97.1 ± 2.0
12 144.2 ± 14.3 * 95.7 ± 1.3 29 148.1 ± 6.8 * 105.7 ± 4.1
13 151.5 ± 17.1 * 98.8 ± 4.4 30 125.0 ± 1.6 ** 98.8 ± 2.3
14 120.4 ± 9.2 * 98.4 ± 1.7 31 97.8 ± 1.9 98.8 ± 1.2
15 143.7 ± 1.3 ** 100.6 ± 3.1

Values are the means ± standard error of measurement, significantly different from the control group, * p < 0.05,
** p < 0.01, n = 6. Normal (N): isolated intestine tissue; Positive control (P): Mosapride citrate dihydrate, final
concentration was 200 μg/mL. Compounds 1–31: final concentration was 50 μM. Frequency, and height of normal
group was set as 100%, relative values of them were calculated as: (sample/normal) × 100%.

2.3. Qualitative Analysis

As an important edible medicinal plant for Mongolian people, A. mongolicum has made a great
contribution to the development of the local economy, yet there is a lack of analysis of its quality
until now.

Our systematic phytochemistry isolation results indicated the main constituents of AM were
flavonoids and phenolic acids. The aglycones in the plant mainly included quercetin, kaempferol, as
well as isorhamnetin for flavonoid glycosides; while coumaric acid, caffeic acid, and ferulic acid for
phenolic acid glycosides. The sugars consisted of β-d-glucopyranoside (Glc), α-d-glucopyranoside
(α-Glc), β-d-glucuronic acid (Glu), and α-l-rhamnopyranoside (Rha). While α-Glc was only found in
phenolic acid glycosides, Glu and Rha substituted only for flavonoid glycosides.

As for flavonoids, 3-, 7-, and 4′-OH of quercetin, kaempferol, and isorhamnetin were easily
substituted by various glycosyls to format O-glycosides. Among them, 7- and 4′-OH was substituted
by monosaccharose such as Glc and Glu, while Glu was found to only link with their 7-position.
Meanwhile, 3-OH was with a high degree of glycosylation, having one to three sugar moieties, and all
of the glycosyl groups directly linked to flavonoid was Glc group, then its 2-, 4-, or 6-position was
substituted by another Glc continuously; moreover, its 6-position could also be replaced by Rha [to
form rutinosyl (Rut)] or acetyl group (Figure 5).

On the other hand, the carboxyl of obtained phenolic acids from AM was easily substituted by
sugar moiety such as Glc(1→2)Glc–, α-Glc(1→2)Glc–, or Glc(1→6)Glc(1→2)Glc– on their 9-position,
while 4-OH of them was only substituted by monosaccharose, Glc (Figure 6).

Herein, on the basis of above-mentioned phytochemistry study, a fast analysis method for
flavonoids and phenolic acids in AM was established by LC-MS on an ESI-Q-Orbitrap MS in negative
ion mode (Figure 7). According to the chromatographic retention time (tR) and the exact mass-to-charge
ratio (m/z), 31 compounds (1–31) were unambiguously identified by comparing to the standard
references. Meanwhile, the rules of the MS/MS fragmentation pattern and chromatographic elution
order have been generalized. Then, five flavonoid glycosides (32–36) and one phenolic acid glycoside
(37) were tentatively speculated. Among them, 36 was a potential new compound (Table S1, Figure 8).
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Figure 5. The structure of aglycones and glycosyls of flavonoids from the aerial parts of A. mongolicum.

 
Figure 6. The structure of aglycones and glycosyls of phenolic acids from the aerial parts of
A. mongolicum.
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Figure 7. Cont.
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Figure 7. Base peak chromatograms of AM (the extract obtained from fresh the aerial parts of
A. mongolicum heated reflux with 95% EtOH and 50% EtOH one time each, successively), AMH (H2O
layer extract), AME (EtOAc layer extract), and mixed standard references.

 
Figure 8. The structures of tentatively presumed compounds from the aerial parts of A. mongolicum.

2.3.1. Structural Elucidation of Flavonoids

Peaks 3′–6′, 9′, 10′, 13′, 16′, 21′, 23′–27′ and 29′–37′ were identified by comparison with reference
standards (Table S1, Figure 7).

Figure 9 and Figure S74 showed the MS/MS fragmentation pattern of flavonoid glycosides with
kaempferol and quercetin aglycones, which suggested both of two kinds of flavonoid glycosides
could be ionized to generate heterolytic cleavage with fragments ion peak at m/z 285.03936 (YK0

−)
for kaempferol and m/z 301.03428 (YQ0

−) for quercetin, as well as hemolytic cleavage with fragments
ion peak at m/z 284.03154 [YK0

− − H]− for kaempferol and m/z 300.02645 [YQ0
− − H]− for quercetin,

respectively. Then, kaempferol aglycone could be further cleavage to generate fragment ion peaks
at m/z 255.02880, 179.02371, and 151.00259. The fragment ion peaks at m/z 271.02371, 255.02880,
243.02880, 179.02371, as well as 151.00259, were yielded from quercetin by a series of reactions
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including decarbonylation, dehydrogenation, retro Diels–Alder reaction, and the reaction to remove
the B ring. The above-mentioned characteristic fragment ions could be used to distinguish the type
of aglycone.

m/z

m/z

m/z

m/zm/z

m/z m/z

m/z

m/z

m/z

m/z
m/z

 
Figure 9. The proposed fragmentation pathways of kaempferol and quercetin glycosides.

Meanwhile, when the 4′-position of flavanol aglycone was glycosylated to format O-glycoside,
the debris ions peaks ([YK0

−2H]−) at m/z 283.02371 for kaempferol and m/z 299.01863 ([YQ0
−2H]−) for

quercetin glycosides were stronger than those of m/z 284.03154 and 300.02645, respectively (Table S1).
Therefore, their ionic strength could be used to quickly determine whether the C-4′ position of the
aglycone was replaced by sugar.

Peaks 9′, 22′, 23′, and 27′ were obtained by extracting ion of m/z 771.19783 from the
total ion chromatogram of AM (Figure 10), among them, 9′, 23′, and 27′ were clarified to be
kaempferol-3,7,4′-tri-O-β-glucoside (18), kaempferol-3-O-gentiobioside-4′-O-glucopyranoside (17),
and mongoflavonoside A2 (2) by comparing with reference standards. Then, according to the
above-mentioned biosynthetic pathway of substituted sugar, peak 22′ was tentatively presumed to
be kaempferol-3-O-β-d-glucopyranosyl(1→2)-O-β-d-glucopyranosyl-4′-O-β-d-glucopyranoside (36),
which was one new compound.
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Figure 10. The EIC of the m/z 771.19783.

Moreover, during the comparison of the chromatographic retention behavior of peaks 9′, 22′,
23′, and 27′, we discovered the effect of sugar substitution position on tR was 3,7,4′-tri-O-Glc <
3-O-Glc(1→2)-Glc-4′-O-Glc < 3-O-Glc(1→6)-Glc-4′-O-Glc < 3-O-Glc(1→4)-Glc-4′-O-Glc.

The molecular formula of peaks 3′ (m/z 801.17407), 8′ (m/z 801.17462), 11′ (m/z 801.17389), and 14′ (m/z
801.17200) were all C33H38O23 (Figure 11). Peak 3′ was unambiguously identified as mongoflavonoside B2

(6) by comparison with reference standard. According to the MS/MS fragment ion peaks at m/z 301.03428,
300.02645, 299.01863, 271.02371, 255.02880, and 151.00259, peaks 8′, 11′, and 14′ were deduced to be with
quercetin aglycone. On the other hand, the fragment ion peaks at m/z 625.13993 [M −H − 176]−, 301.03428
[M −H − 176 − 162 − 162]− suggested the presences of one β-d-Glu and two β-d-Glc in them. Since the
strength of fragment ion peak at m/z 299.01863 was weaker than that of m/z 300.02645, we could propose
that 4′-OH of quercetin was not be glycosidated. According to the above-mentioned biosynthetic pathway
of substituted sugar and effect of sugar substitution position on tR, peaks 8′, 11′, and 14′ were tentatively
presumed to be quercetin-3-O-β-d-glucopyranosyl(1→2)-β-d-glucopyranosyl-7-O-β-d-glucuronide
(32), quercetin-3-O-β-d-glucopyranosyl(1→6)-β-d-glucopyranosyl-7-O-β-d-glucuronide (33),
and quercetin-3-O-β-d-glucopyranosyl(1→4)-β-d-glucopyranosyl-7-O-β-d-glucuronide (34), respectively.

Figure 11. The EIC of the m/z 801.17201.

The molecular formula of peak 28′ (m/z 799.19391) was C33H38O23. Its MS/MS fragment ion peaks
displayed at m/z 623.15869 [M − H − 176], 315.05048 [M − H − 176 − 162 − 146]−, 300.02713, 271.02469,
and 243.02880 suggested the aglycone of it was isorhamnetin and the substituted sugar moieties
included one Glu, one Glc, and one Rha. According to the biosynthesis laws summarized above, peak
28′ was deduced to be isorhamnetin-3-O-rutinosyl-7-O-β-d-glucuronide (37) (Table S1, Figure S75).

2.3.2. Structural Elucidation of Phenolic Acids

Peaks 1′, 2′, 7′, 12′, and 17′–20′ were identified unequivocally by comparing with reference
standards (Table S1, Figure 7). As what have been mentioned above, the aglycones of phenolic
acid glycosides included coumaric acid, caffeic acid, and ferulic acid. It was well known that the
characteristic ions of coumaroyl, caffeoyl, and feruloyl were at m/z 163.03897 ([coumaroyl − H]−),
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179.03389 ([caffeoyl − H]−), and 193.04954 ([feruloyl − H]−), respectively [31]. Then, all of the ions
would further generate fragment ion peaks (as shown in Figure 12) by removing 44 Da (–CO2), 28 Da
(–CO), and 18 Da (–H2O), respectively.

Figure 12. The proposed fragmentation pathways of coumaric acid, caffeic acid, and ferulic
acid glycosides.

Meanwhile, the phenomenon of the neutral loss 120 Da on the basis of [M − H]− were only found
in β-d-glucopyranosyl(1→2)-β-d-glucopyranosyl substituted phenolic acid glycosides 7 (peak 7′), 28

(peak 12′), and 29 (peak 17′) (Figure 13 and Figure S76), which could be used to distinguish the type of
substituted sugar moieties.

 
Figure 13. The proposed fragmentation pathways of β-d-glucopyranosyl(1→2)-β-d-glucopyranosyl
substituted phenolic acid glycosides.

Moreover, comparing the tR of compounds 10 (peak 18′) and 29 (peak 17′),
α-d-glucopyranosyl-substituted phenolic acid glycoside was found to have the shorter tR than
that of β-d-glucopyranosyl-substituted ones.
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The molecular formula of peak 15′ (m/z 487.14313) was C21H28O13. Its MS/MS fragment ion peaks
displayed at m/z 367.10297, 163.03888, and 145.02829, which was similar to those of peak 12′ (Table S1,
Figure 14). According to the above-mentioned chromatographic retention behavior, we could deduce
that peak 15′ was not p-hydroxycinnamic acid-9-O-α-d-glucopyranosyl(1→2)-β-d-glucopyranoside.
As Han et al. reported, the tR of cis-phenylpropane glycoside was longer than that of trans one when
they were analysed by HPLC with the acetonitrile-water system [24]. Consequently, peak 15′ was
tentatively presumed to be cis-p-hydroxycinnamate sophorose (35).

Figure 14. The tandem MS of the [M − H]− ions for peaks 12′ and 15′.

3. Materials and Methods

3.1. Materials and Methods for Phytochemistry Research

3.1.1. General Experimental Procedures

UV and IR spectra were recorded on a Varian Cary 50 UV-Vis and Varian 640-IR FT-IR
spectrophotometer, respectively. Optical rotations were measured on a Rudolph Autopol® IV automatic
polarimeter. NMR spectra were determined on a Bruker 500 MHz NMR spectrometer at 500 MHz for
1H and 125 MHz for 13C-NMR (internal standard: TMS). Negative-ion mode ESI-Q-Orbitrap MS were
obtained on a Thermo UltiMate 3000 UHPLC instrument (Thermo, Waltham, MA, USA).

Column chromatographies (CC) were performed on macroporous resin D101 (Haiguang
Chemical Co., Ltd., Tianjin, China), silica gel (48–75 μm, Qingdao Haiyang Chemical Co., Ltd.,
Qingdao, China), ODS (40–63 μm, YMC Co., Ltd., Tokyo, Japan), and Sephadex LH-20 (Ge Healthcare
Bio-Sciences, Uppsala, Sweden). Preparative high performance liquid chromatography (pHPLC)
column, Cosmosil 5C18-MS-II (20 mm i.d. × 250 mm, Nakalai Tesque, Inc., Tokyo, Japan) were used to
separate the constituents.

3.1.2. Plant Material

The fresh aerial parts of Allium mongolicum Regel were collected from Alxa League, Inner Mongolia
Autonomous Region, China, and identified by Dr. Li Tianxiang (The Hall of TCM Specimens, Tianjin
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University of TCM, China). The voucher specimen was deposited at the Academy of Traditional
Chinese Medicine of Tianjin University of TCM.

3.1.3. Extraction and Isolation

See supporting information.

3.1.4. Acid Hydrolysis of 1, 3, 4 and 6

Solution of 1, 3, 4 and 6 (each 2.0 mg) in 5% aqueous H2SO4-1,4-dioxane were heated under reflux
for 1 h, respectively. After cooling, the reaction mixture was neutralized with Amberlite IRA-400
(OH− form), removed by filtration, subjected to ODS CC (H2O), and the H2O eluate was reacted
with l-cysteine methyl ester hydrochloride in pyridine and N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA), successively. Finally, the reaction product was elucidated by GC analysis (GC conditions,
column: Agilent Technologies INC Catalog 19,091 J-413 HP-5, 30 m × 0.320 mm (i.d.) capillary column;
column temperature: 230 ◦C; carrier gas: N2), and d-glucuronic acid and d-glucose hydrolysates were
identified from 1, 3, and 6; d-glucuronic acid, d-glucose, as well as l-rhamnose hydrolysates were
detected from 4 by comparing it retention times (tR: d-glucuronic acid, 23.3 min; d-glucose, 19.6 min;
l-rhamnose, 11.4 min) with those of their authentic samples treated in the same way.

3.1.5. Acid Hydrolysis of 2, 5 and 7–10

The solution of compounds 2, 5 and 7–10 (each 1.5 mg) in 1 M HCl (1.0 mL) was heated under
reflux for 3 h. After cooling, the reaction mixture was neutralized with Amberlite IRA-400 (OH− form),
then analyzed by HLPC [column, Kaseisorb LC NH2-60-5, 4.6 mm i.d. × 250 mm (Tokyo Kasei Co., Ltd.,
Tokyo, Japan); mobile phase, CH3CN-H2O (75:25, v/v; flow rate, 1.0 mL/min)]. As a result, d-glucose
was detected from the aqueous phase of 2, 5 and 7–10 by comparison of its retention time and optical
rotation with those of the authentic sample, d-glucose (tR 12.5 min, positive), respectively.

3.2. Materials and Methods for Bioassay

The activities of compounds 1–31 were tested for frequency and height by using tissue perfusion
method reported before [30]. Samples in DMSO solution were added after 15 min equilibrate incubation;
the final DMSO concentration was 0.1% and final concentration of samples were 50 μM. Mosapride
citrate dihydrate (Xi’an Janssen Pharmaceutical Ltd., Xi’an, China), final concentration was 200 μg/mL.

Data were analyzed by SPSS 22.0 software. All values were expressed as mean ± S.D. A p-value
of 0.05 was considered to indicate statistical significance. One-way analysis of variance (ANOVA)
and Tukey’s studentized range test were used for the evaluation of the significant differences between
means and post hoc, respectively.

3.3. Materials and Methods for Qualitative Analysis

3.3.1. Materials

The isolated 31 compounds including 24 flavonoids, and 7 phenolic acids were used for
reference standards. Their purities were > 98%.

HPLC grade Acetonitrile (Thermo-fisher, Waltham, MA, USA), formic acid (Roe Scientific Inc.,
Newark, NJ, USA), and ultra-pure water prepared with a Milli-Q purification system (Millipore, MA, USA)
were used for LC-MS analysis.
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3.3.2. Sample Preparation

Preparation of Standard Solutions

Standard test solutions of the above-mentioned standard references were prepared in MeOH at a
final concentration of 1 μg/mL approximately. All stock solutions were stored at 4 ◦C in darkness and
brought to room temperature before use.

Preparation of the Aerial Parts of A. mongolicum Extract Test Solutions

A. mongolicum extract (AM) was prepared by using the same method as described in “Extraction
and Isolation” section. The AM was dissolved with MeOH and filtered with 0.22 μm microporous
membrane to get test stock solution at a final concentration of 30 mg/mL, which was stored at 4 ◦C in
darkness and brought to room temperature before use.

3.3.3. UHPLC

A Thermo UltiMate 3000 UHPLC instrument (Thermo, Waltham, MA) equipped with a quaternary
pump, an autosampler was used to accomplish the analysis. Samples were separated on a Waters
ACQUITY UPLC®HSS C18 (2.1 × 100 mm, 1.8 μm) using a mobile phase composed of H2O with 0.1%
formic acid (A) and CH3CN with 0.1% formic acid (B) in the gradient program: 0–2 min, 9–10% B;
2–5 min, 10–17% B; 5–7 min, 17–20% B; 7–9 min, 20% B; 9–10 min, 20–86% B; 10–14 min, 86–100% B;
14–17 min, 100% B; An equilibration of 3 min was used between successive injections. The flow rate
was 0.4 mL/min, and column temperature was 35 ◦C. An aliquot of 1 μL of each sample was injected
for analysis.

3.3.4. ESI-Q-Orbitrap MS and Automatic Components Extraction

For tandem mass spectrometry analysis, a Thermo ESI-Q-Orbitrap MS mass spectrometer was
connected to the UltiMate 3000 UHPLC instrument via ESI interface. Ultra-high purity nitrogen (N2)
was used as the collision gas and the sheath/auxiliary gas. The ESI source parameters were set as
follows: ion spray voltage 3.2 kV, capillary temperature 350 ◦C, ion source heater temperature 300 ◦C,
sheath gas (N2) 40 L/h, auxiliary gas (N2) 10 L/min, and a normalized collision energy (NCE) of −35 V
was used. The Orbitrap analyzer scanned the mass range from m/z 150 to 1500 in negative ion mode.
Monitoring time was 0–17 min. Detection was obtained by full mass-dd mass mode. The MS data
were recorded in both profile and centroid formats. Data recording and processing were performed
using the Xcalibur 4.0 software (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The accuracy error
threshold was fixed at 5 ppm.

Software-aided, automatic background subtraction and components extraction technique was
used to generate a peak list containing all the components profiled from the aerial part of A. mongolicum.
Sieve v2.2 SP2 (Thermo Fisher Scientific) was used for the automatic components extraction: time
range, 1–17 min; BP minimum count, 10,000; BP minimum scans, 5; Background SN, 3; MZ Step, 10;
and Frame, >1.

4. Conclusions

This paper displayed a study—the first of its kind—focused on the systematic bioactive constituents
of the aerial parts of A. mongolicum in the gastrointestinal tract. As a result, AM and AMH showed a
significant increase in the contraction amplitude of mouse small intestinal muscles, which indicated they
might have therapeutic effects on constipation. During this process, we made several achievements:

The first comprehensive phytochemistry investigation was developed for AM by using various
spectral and chromatographic methods: six new flavonoid glycosides, mongoflavonosides A1 (1), A2 (2),
A3 (3), A4 (4), B1 (5), B2 (6), four new phenolic acid glycosides, mongophenosides A1 (7), A2 (8), A3 (9), B
(10), as well as 21 known compounds were yielded. They were mainly flavonoids and phenolic acids.
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The flavonoids and phenolic acids were clarified for the first time to be the main bioactive
constituents of A. mongolicum on gastrointestinal tract: flavonoids 3, 4, 11–15, 21–23, and 26, as well as
phenolic acids 7, 29, and 30 showed significant increase in the height of mouse small intestinal muscle.

Furthermore, a fast analysis method for flavonoids and phenolic acids in the aerial parts of
A. mongolicum was established for the first time by using LC-MS. According to tR and m/z, 31 compounds
(1–31) were unambiguously identified by comparing to the standard references. Then, on the basis
of generalized rules of MS/MS fragmentation pattern, chromatographic behaviors, as well as their
biosynthetic laws, five flavonoid glycosides (32–36) and one phenolic acid glycoside (37) were tentatively
speculated. Among them, peak 36 was a potential new one. Thus, the first evidence for quality control
of A. mongolicum has been duly provided.

Supplementary Materials: Supplementary data (The NMR and HRESIMS spectra of compounds 1–10, as well as
extraction and isolation process) associated with this article can be found in the online version.
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Abstract: Compound 1 is a curcumin di-O-2,2-bis(hydroxymethyl)propionate that shows significant
in vitro and in vivo inhibitory activity against MDA-MB-231 cells with eight to ten-fold higher potency
than curcumin. Here, we modified the α-position (C-4 position) of the central 1,3-diketone moiety
of 1 with polar or nonpolar functional groups to afford a series of 4,4-disubstituted curcuminoid
2,2-bis(hydroxymethyl)propionate derivatives and evaluated their anticancer activities. A clear
structure–activity relationship of compound 1 derivatives focusing on the functional groups at
the C-4 position was established based on their anti-proliferative effects against the MDA-MB-231
and HCT-116 cell lines. Compounds 2–6 are 4,4-dimethylated, 4,4-diethylated, 4,4-dibenzylated,
4,4-dipropargylated and 4,4-diallylated compound 1, respectively. Compounds 2m–6m, the ester
hydrolysis products of compounds 2–6, respectively, were synthesized and assessed for anticancer
activity. Among all compound 1 derivatives, compound 2 emerged as a potential chemotherapeutic
agent for colon cancer due to the promising in vivo anti-proliferative activities of 2 (IC50 = 3.10
± 0.29 μM) and its ester hydrolysis product 2m (IC50 = 2.17 ± 0.16 μM) against HCT-116. The
preliminary pharmacokinetic evaluation of 2 implied that 2 and 2m are main contributors to the
in vivo efficacy. Compound 2 was further evaluated in an animal study using HCT-116 colon
tumor xenograft bearing nude mice. The results revealed a dose-dependent efficacy that led to
tumor volume reductions of 27%, 45%, and 60% at 50, 100, and 150 mg/kg doses, respectively. The
established structure–activity relationship and pharmacokinetic outcomes of 2 is the guidance for
future development of 4,4-disubstituted curcuminoid 2,2-bis(hydroxymethyl)- propionate derivatives
as anticancer drug candidates.

Keywords: curcuminoid derivatives; prodrug; colon cancer; breast cancer; active metabolites
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1. Introduction

Curcumin [(1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione, the structure
of which is shown in Scheme 1], the naturally occurring phytochemical from the rhizome of Curcuma
longa L., is a polyphenol with a symmetrical structure composed of two ortho-methoxyphenol rings
connected to each other through a flexible conjugated hydrocarbon chain. It is a versatile therapeutic
agent against cancer [1] and exhibits diverse pharmacological effects, including antidiabetic [2],
antiviral [3], analgesic [4], nephroprotective [5], and cardioprotective effects [6], via regulating the
gene expression [7] and protein binding [8]. Similar to some phenolic natural products, curcumin is a
multi-target anticancer agent [9] with the ability to interfere with several signaling pathways associated
with tumor progression, metastasis, apoptosis, and angiogenesis [10].

1

O OH
MeO

HO

OMe

OHcurcumin

PLE

O OH
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OHO

O

HO

HO  
Scheme 1. PLE mediated hydrolysis of 1.

While curcumin shows promising therapeutic properties, its low solubility and poor chemical
and metabolic stability hinder further drug development [11]. The low chemical stability of curcumin
is demonstrated by its rapid decomposition upon exposure to light or high temperatures (>70 ◦C) [12].
The compound decomposes into several degradation products, including a bicyclopentadione
derivative, vanillin, feruloylmethane, and ferulic acid. The degradation of curcumin presumably
results from its autoxidation [13], wherein the starting radical species is formed through hydrogen
atom removal from the phenolic moiety. The phenolic group with an easily abstractable proton
and the keto-enol system display significant hydrogen-donating abilities [14] that could initiate the
autoxidative degradation of curcumin. The poor metabolic stability of curcumin can be ascribed to the
presence of two phenolic hydroxyl groups that are prone to the formation of glucuronide and sulfate
conjugates through the phase II metabolic process [15]. Moreover, the enone moiety of curcumin is
accessible to nicotinamide adenine dinucleotide phosphate (NADHP) cytochrome P450 reductase or
alcohol dehydrogenases, allowing curcumin to be readily reduced to the hydrogenated metabolites
dihydrocurcumin, tetrahydrocurcumin, hexahydrocurcumin, and hexahydrocurcuminol [16].

Medicinal chemists have performed structural optimizations of curcumin to improve its stability
and activity. Most of these attempts were focused on modifying the phenolic hydroxyl groups,
keto-enol system, and enone moiety of curcumin [17–20]. However, the first two abovementioned
structural features are required for radical scavenging activity, which is regarded as vital for curcumin
chemopreventive and anti-inflammatory activities [21]. In addition, the enone moiety of curcumin,
serving as the electrophilic Michael acceptor, can interact with cysteine or selenocysteine residues in
proteins to mediate biological activities [22]. Thus, finding a balance between structural stability and
biological potency can become challenging. According to the FDA [23], about 30% of the curcumin
clinical trials stalled at stage II, mostly due to discrepancies between in vitro activity and in vivo
response. Accordingly, to achieve success in clinical trials, obtaining a more definite picture of signaling
pathways and ADME profiling for curcumin is recommended.

We previously developed a series of curcuminoid prodrugs by modifying the phenolic hydroxyl
groups of curcumin into a 2,2-bis(hydroxymethyl)propionate group [24]. Among the derivatives,
the curcumin 2,2-bis(hydroxymethyl)propionate 1 exhibited stability and solubility superior to those
of curcumin. Particularly, 1 showed comparable anticancer activity against MDA-MB-231 cells in vitro
and in vivo and had 8 to 10 times more potency than curcumin. Subsequently, the α-position in the
central 1,3-diketone moiety (C-4 position) of 1 were alkylated with methyl, ethyl, benzyl, and propargyl
groups to give compounds 2, 3, 4, and 5, respectively. Among them, 2, 3, and 5 showed more potent
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in vitro anti-proliferative activity than 1 against HCT-116 cells; therefore, were recommended them
as potential therapeutic agents for colon cancer [24]. In our recent in vitro studies on the enzymatic
hydrolysis of 1, we demonstrated that treating 1 with porcine liver esterase (PLE) cleaves its two ester
groups gradually to form curcumin (see supporting information). Compounds 2-5 are ester-based
derivatives and structurally correlated to 1. Therefore, we predicted that a high concentration of
esterase, as particularly found in the intestinal tract and mucosa [25], would hydrolyze 2, 3, 4, and 5

into their metabolites 2m, 3m, 4m, and 5m, respectively (Scheme 2). However, the anticancer activity
of 2m–5m should be evaluated prior to the further in vivo investigations. Compounds 2–5 were
substituted with two nonpolar alkyl chains at the C-4 position with the loss of keto-enol tautomerism.
The anticancer activity of compound 1 derivatives, which were substituted with two hydrophilic units
or two polar side chains at the C-4 position, still remains unclear.

2, R = methyl
3, R = ethyl
4, R = benzyl
5, R = propargyl
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Scheme 2. In vivo enzymatic hydrolysis of 2–5.

Herein, we report the successful replacement of the acidic α-hydrogens at the C-4 position
of compound 1 with polar or nonpolar functional groups to produce compounds 6, 9, 10, 11, 12,
and 14. Compounds 2m–6m were prepared through the chemical hydrolysis of corresponding parent
compounds 2–6. The anticancer activities of 2–6, 9–12, 14 and 2m–6m were evaluated in vitro. A selected
compound was submitted for preliminary pharmacokinetic study and antitumor study. The detailed
descriptions of the synthetic design, in vitro screening, and in vivo study of the abovementioned
compounds are presented as follows.

2. Results and Discussion

2.1. Chemistry

The detailed synthesis of compound 1 derivatives (substituted at the C-4 position with allyl (6),
hydroxymethyl (10), acetoxymethyl (11), methoxymethyl (12)), novel 2,6-dimethyl curcumin (DMC)
derivatives (13 and 15), and the ester hydrolysis products of derivatives showing potential anticancer
activity (2m, 3m, 4m, 5m, 6m, 16, and 17) are depicted in Schemes 3 and 4. As shown in
Scheme 3, compound 6 was synthesized according to a procedure established for the synthesis of 2–5.
Compound 7, prepared by the esterification of curcumin with 2,2,5-trimethyl-1,3-dioxane-5-carboxylic
acid, was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and formaldehyde in THF to produce
intermediary compound 8. The latter was used without column chromatographic purification in
acid-promoted hydrolysis at room temperature to produce 9 with an overall yield of 6% for two
synthetic steps.

Compound 9, however, proved unstable, slowly decomposing even when kept at 4 ◦C
and presenting an NMR spectrum comprising a messy jungle of peaks after being dissolved in
DMSO-d6 for 1 week at room temperature. The low stability of 9 may have been due to self- or
cross-hydrolysis, such that the two hydroxyl groups at the C-4 alkyl chains cleaved the ester linkage
of the 2,2-bis(hydroxymethyl)propionate group. Previously, we had found that upon exposure to
alcohol for several hours, the ester linkages of 1 were broken under neutral or basic conditions, leading
to the conversion of 1 to curcumin and several unknown products. Therefore, we modified the
hydroxymethyl group of 9 and were able to produce compounds 10 and 11. To prepare 10, compound 9

was acetylated with acetyl chloride in the presence of Et3N, and the resulting di-acetylation intermediate
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was hydrolyzed by hydrochloric acid. Compound 11 was obtained with an overall yield of 5% following
a similar three-step reaction modified for methylation. The stability of these two products at room
temperature may have been due to the conversion of the labile hydroxyl groups of the C-4 alkyl chains of
10 and 11 into non-nucleophilic methyl and acetyl groups, respectively, which prevented degradation.
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Scheme 3. Reagents and Conditions: (a) Formaldehyde in THF, DBU, 0 ◦C to rt, 2 h; (b) HCl, MeOH, rt,
1 h, 6% for two steps; (c) Et3N, acetyl chloride, DCM, rt, 12 h; then HCl, MeOH, rt, 1 h, 3% for three
steps; (d) K2CO3, CH3I, DMF, rt, 6 h; then HCl, MeOH, rt, 1 h, 4% for three steps; (e) Formaldehyde in
THF, DBU, 0 ◦C to rt, 2 h, 42%; (f) Compound 13, Et3N, DCM, rt, 12 h; and (g) HCl, MeOH, 1 h, 7% for
two steps.

Because DMC is a dimethylated derivative of curcumin [26] that exhibits better anticancer
activity and stability than curcumin, we synthesized a novel DMC derivative (compound 12) in
which C-4 was substituted with two bulky 2,2-bis(hydroxymethyl)propionate groups. To produce
this derivative, commercially available DMC was reacted with DBU and formaldehyde in THF.
The reaction of 12 with 2,2,5-trimethyl-1,3-dioxane-5-carbonyl chloride 13 [27] in the presence of Et3N
provided a diol intermediate, which was then hydrolyzed by hydrochloric acid in MeOH to yield
compound 14. In addition, as illustrated in Scheme 4, compounds 2m–6m were prepared through the
NaOMe-mediated hydrolysis of their corresponding parent compounds 2–6, with high yield.
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Scheme 4. Reagents and Conditions: (a) NaOMe, MeOH, rt, 2 h, 82–87%; (b) K2CO3, alkyl iodide, DMF,
rt, 20 h; and (c) NaOMe, MeOH, rt, 3 h, 28–33% for two steps.

For SAR analysis, compounds 15 and 16, which were substituted with two straight alkyl chains
with three or four carbons at the C4 position, were prepared from curcumin bisacetate 17 [28] via
a two-step procedure comprising K2CO3-induced dialkylation and NaOMe-mediated hydrolysis.
For the synthesis of four possible phase I metabolites of compound 2, compound 2m was subjected to
hydrogenation reactions. As shown in Scheme 5, compound 18 is a partially hydrogenated product
that can be prepared in 19% yield by treating compound 2m with H2(g) (1.0 atm, balloon) and a
catalytic amount of 10% w/w Pd/C in ethyl acetate. When the solvent was changed from ethyl acetate
to methanol, the hydrogenation reaction yielded the fully hydrogenated diketone 19 in 52% yield
and β-hydroxy ketone 20 in 23% yield. Finally, the reduction of 20 with NaBH4 in MeOH at room
temperature (rt) for 2 h provided the desired diol compound 21 in 31% yield.
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OHHO 2m

a
O O

MeO OMe

OHHO 18

O O
MeO OMe

OHHO 19 (52%)

O OH
MeO OMe

OHHO 20 (23%)
+
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c OH OH

MeO OMe

OHHO 21

b

Scheme 5. Reagents and Conditions: (a) 10% w/w Pd/C, ethyl acetate, rt, 1 h, 19%; (b) 10% w/w Pd/C,
MeOH, rt, 2 h; and (c) NaBH4, MeOH, 0 ◦C to rt, 2 h, 31%.

2.2. Structure–Activity Relationship

As mentioned above, we synthesized 2–5 and evaluated their anti-proliferative activity against
the MDA-MB-231 and HCT-116 cell lines (72-h treatment). These compounds, along with all newly
synthesized compounds, were screened for anti-proliferative activity against the same TNBC and
colon cancer cell lines. The results of the in vitro assay are compiled in Table 1.
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Table 1. The anti-proliferative effects of curcumin derivatives against MDA-MB-231 and HCT-116
cell lines.

O O
MeO

R1

OMe

R1
R2 R2

 

Compound R1 R2
IC50

a (M)/ 48 h

MDA-MB-231 HCT-116

Curcumin OH H 22.05 ± 2.97 26.33 ± 1.38

1 O C
O

OH

OH
CH3 H 3.06 ± 0.18 6.25 ± 0.60

2 O C
O

OH

OH
CH3 methyl 2.25 ± 0.10 3.10 ± 0.29

3 O C
O

OH

OH
CH3 ethyl 3.02 ± 0.15 1.93 ± 0.01

4 O C
O

OH

OH
CH3 benzyl 2.45 ± 0.24 7.66 ± 0.61

5 O C
O

OH

OH
CH3 propargyl 5.87 ± 0.10 5.81 ± 0.23

6 O C
O

OH

OH
CH3 allyl 3.13 ± 0.54 0.92 ± 0.06

9 O C
O

OH

OH
CH3 CH2OH >100 >100

10 O C
O

OH

OH
CH3 CH2OAc 6.55 ± 0.04 6.53 ± 0.01

11 O C
O

OH

OH
CH3 CH2OMe 84.92 ± 1.67 69.08 ± 3.11

12 OCH3 CH2OH 53.50 ± 3.45 58.00 ± 0.60

14 OCH3
H2
C O C

O

OH

OH

 
57.43 ± 2.06 40.10 ± 1.61

2m OH methyl 4.17 ± 0.15 2.17 ± 0.16
3m OH ethyl 9.12 ± 0.40 8.18 ± 0.57
4m OH benzyl 36.52 ± 1.66 9.40 ± 0.02
5m OH propargyl 3.10 ± 0.15 1.38 ± 0.06
6m OH allyl 6.88 ± 0.36 4.40 ± 0.53
15 OH propyl 18.17 ± 0.53 10.73 ± 1.63
16 OH butyl >100 67.00 ± 3.18

a All data presented are means from at least three experiments with standard deviations of the value quoted.

The anticancer effects of 2–5 against both cell lines were still better or at least similar to that
of 1, although the drug treatment duration was reduced to 48 h. The newly synthesized compound
6 had a higher anti-proliferative activity against HCT-116. Compound 9 was less potent against the
cell lines than curcumin and 1, which was used as a reference compound in the current study. We
hypothesize that the two polar and hydrophilic side chains at the C-4 position in 9 are the cause for the
weak anticancer effects observed for this compound. Another possibility is that 9 decomposed during
the screening due to its low stability. Compound 10, having two acetoxymethyl groups rather than
hydroxymethyl groups at the C-4 side chains, showed significant improvement in in vitro anticancer
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activities compared to 9; however, it was still less potent than 1. Compound 11, substituted with two
methoxymethyl groups at the C-4 position, displayed poor anticancer activity with high IC50 values
for both cell lines used.

After listing the compounds in descending order based on their potency against HCT-116 (6 > 3 > 2

> 5 > 1 > 10 > 4 >> 11 >> 9), we concluded that higher polarity and hydrophilicity of the C-4 side chain
are detrimental to the anticancer activity of compound 1 derivatives. Alternatively, the DMC derivative
4,4-dihydroxymethyl dimethoxycurcumin (compound 12) displayed low anti-proliferative activity.
When the two hydroxyl moieties of 12 both esterified with 2,2-bis(hydroxymethyl)propionic acid,
the resulting compound 14 exhibited activities comparable to those of 12, which correlates with our
previous findings regarding the unfavorable effect of having a hydrophilic moiety at the C-4 position.

Subsequently, the activities of the ester hydrolysis products 2m–6m were explored. Unexpectedly,
5m displayed substantial improvement in anticancer activity by two- to four-fold relative to that of
parent 5. Compound 2m exhibited activity similar to that of 2, whereas 3m, 4m, and 6m showed
inferior activity than their corresponding parent compounds 3, 4, and 6. Further screening of 15 and 16

revealed an obvious SAR, such that the anticancer activity of these hydrolysis compounds decreased
with the increasing length of the C-4 alkyl side chains. In addition, lower structural volume was
seemingly preferred to sterically congested side chains, as demonstrated by the analysis of 2m, 3m, 15,
4m, and 16.

Among all examined compounds, 2 and its ester hydrolysis product 2m possessed significant
anticancer activity against MDA-MB-231 and HCT-116; therefore, 2 was chosen for further studies.
Notably, the solubility of 2 was more significant than that of curcumin as was evident from the vehicle
of 2 for the following in vivo study. The maximum solubility of 2 in the aqueous vehicle comprising
5% ethanol, 10% Tween 80, and 85% saline was approximately 200 mg/mL, while curcumin was almost
insoluble in the vehicle. Based on the logic for the metabolism of curcumin [29] and an ester-type
prodrug [30], we speculated that the in vivo metabolism of 2 would readily produce 2m. Subsequently,
the latter would be converted into glucuronide 22 and sulfate 23 through the phase II metabolism
conjugation of hydrogenated products 18, 19, 20, and 21 via the phase I metabolic pathway (Scheme 6).
To verify our assumptions, the preliminary pharmacokinetic evaluation of 2 was executed.

O O
MeO

HO

OMe

O

O

HOOC
OH

OH

OH
22

O O
MeO

HO

OMe

OSO3H23

O O
MeO OMe

O

O

OH

OHO

O

HO

HO

2

O O

OHHO 2m

MeO OMe

esterase hydrolysis

O O

OHHO
18

MeO OMe

O OH

OHHO
20

MeO OMe

OH OH

OHHO
21

MeO OMe

O O

OHHO
19

MeO OMe

Phase I
metabolism

Phase II
metabolism

 

Scheme 6. In vivo metabolism of 2.
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2.3. The Preliminary Pharmacokinetic Evaluation of 2

The preliminary in vivo pharmacokinetic evaluation of 2 was designed to identify the anticipated
metabolites and evaluate the plasma stability of 2 and 2m. The four possible phase I metabolites 18, 19,
20, and 21 were synthesized and subjected to anti-proliferative screening against MDA-MB-231 and
HCT-116. Compound 18 exhibited moderate to weak anti-proliferative activity (MDA-MB-231, IC50 =

36.48 ± 0.34 μM; HCT-116, IC50 = 9.64 ± 0.21 μM) and the others are inactive against both cell lines
(IC50 ≥ 100 μM). The assessment of 2 and relevant metabolites was performed in male Sprague-Dawley
rats after the oral administration of 2 at a dose of 100 mg/kg. The LC signals of 2, 2m, and 18–21 was
recognized unequivocally by comparison to the signals of standard compounds. The direct analysis of
22 and 23 was not easily attainable due to the low extraction efficiency and high probability of sample
loss in LC column. It has been well-documented that curcumin glucuronide and curcumin sulfate can
be transformed back into curcumin by the enzyme-mediated hydrolysis reaction [31]. Accordingly, the
treatment of 22 and 23 with enzyme that contains sulfatase and glucuronidase is supposed to produce
2m. In the current study, the amounts of 22 and 23 were not calculated individually but counted as a
summary value based on the disparities between the LC signal of 2m in enzyme-treated and -untreated
serum samples.

In practice, LC-MS analysis of one serum sample which was collected at 20 min post-dosing
demonstrated the existence of 2, 2m, 18, 19, 20, 21, 22 and 23 (Figure S1 in the Supporting Information).
Shown in Figure 1 are the LC signal count-time profiles for 2, 2m, 18, 19, and the comparison of 2m, 22,
and 23, following oral administration. The analysis of 20 and 21 is not illustrated due to their low LC
signal response and non-significant anticancer activity. The maximum blood content of 2 was achieved
at 20 min, while the second and third highest appeared at 120 min and 360 min, respectively, following
administration. The multiple peaks of 2 observed in the profile could be attributed to an enterohepatic
circulation cycle.

 

Figure 1. The amount of 2, 2m, 18, 19, 22, and 23 in serum at different time points following a single
oral administration of 2 at a dose of 100 mg/kg. The blood samples were collected at 5, 10, 20, 30, 60,
120, 240, 360, and 480 min after the administration of 2. The samples were deproteinated and analyzed
by HPLC.
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Such behavior, extensively studied in the phenolic drugs, was beneficial in maintaining the
circulating concentration of free-form curcumin [32] and may extend the pharmacological effect of
drug [33]. The hydrolysis metabolite 2m emerged from 10 min and reached its maximum blood content
at 120 min, indicating that a medium-to-high esterase-mediated biotransformation proceeded in vivo
to yield the efficient absorption of 2m. Subsequently, the phase II metabolic process of 2m progressed
quickly to produce 22 and 23. The ratio of 2m to its phase II metabolites (22 and 23) is about 1:4 based
on the area under the curves in part (e) of Figure 1.

The LC signal count-time profiles of 18 and 19 are analogous to that of 2m, implying that phase
I reduction reaction also occurred rapidly. Compared to non-formulated curcumin with a short
elimination period of 28 min in the rat model [34], 2 exhibited superior plasma stability. Otherwise, the
active metabolite 2m is equally potent as 2 with regard to anticancer activity, and the maximum blood
content of 2m appeared after that of 2 could be considered as an extension of drug efficacy of 2. Thus,
the pharmacokinetic outcome was to guide the following in vivo efficacy study of 2.

2.4. In Vivo Antitumor Efficacy of 2

The therapeutic effect of 2 was evaluated on HCT-116 colon tumor xenograft bearing nude mice.
The oral administration of 2 at doses of 50, 100, or 150 mg/kg bw per day were performed after tumors
reached approximately 100 mm3 and continued for 30 consecutive days. 5-Fluorouracil treatment
(30 mg/kg bw, i.p., QOD) was used as a positive control. The group treated with compound 2 (100
mg/kg) had a statistically significant reduction in tumor volumes, with a 45% tumor inhibition ratio
observed when compared with the cancerous control mice. Positive control group exhibited a capability
to cause 40% tumor-growth inhibition. There was a clear dose- and time-dependent inhibitory effect
on tumor size in the other two groups, in which at 50 and 150 mg/kg doses the volume of the HCT-116
colon tumor was reduced to 73% and 40% of the control, respectively (Figure 2). The body weight of
the mice was recorded prior to dosing every 3 d, and the average body weight of each group is depicted
in Figure 3. Otherwise, they were monitored for visible signs of toxicity and behavioral changes 1 h
after each administration. No obvious adverse effects were observed between the 2-administrated and
control groups.

Figure 2. The efficacy study of 2. In vivo antitumor activity of compound 2 was evaluated in HCT-116
tumor xenograft bearing nude mice. Compound 2 (50, 100, or 150 mg/kg, p.o.) was administered once
daily and 5-Fluorouracil was administrated (30 mg/kg, i.p.) every other day. The results are the mean ±
SEM of six mice in each group. *** P < 0.001 compared to untreated control.
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Figure 3. Mean body weight-time profile of 2- administrated and control groups.

3. Materials and Methods

3.1. General Information

The reactions were performed under an air atmosphere unless otherwise stated. All solvents and
reagents were employed as received. Analytical thin layer chromatography (TLC) was performed
on SiO2 60 F254 plates and flash column chromatography was carried out using SiO2 60 (particle size
0.040–0.055 mm, 230–400 mesh), both of which are available from E. Merck (Darmstadt, Germany).
Visualization was performed under UV irradiation at 254 nm followed by staining with aqueous
potassium permanganate [KMnO4 (3 g) and K2CO3 (20 g) in 300 mL of H2O containing 5 mL of an
aqueous solution of NaOH (5%, w/v)] and charring by heat gun. 1H- and 13C-NMR spectra were
recorded on a 500 FT NMR instrument (Bruker, Billerica, MA, USA). Chloroform-d and methanol-d
were used as solvents and TMS (δ = 0.00 ppm) as an internal standard. Chemical shifts are reported as
δ values in ppm as referenced to TMS. Multiplicities are recorded as s (singlet), d (doublet), t (triplet),
q (quartet), quint (quintet), sext (sextet), sept (septet), dd (doublet of doublets), dt (doublet of triplets),
br (broad), m (multiplet). Coupling constants (J) are expressed in Hz. LRMS and HRMS were measured
by a JMS-HX110 spectrometer (JEOL, Tokyo, Japan) and spectroscopic data were recorded as m/z values.
Melting points were measured using an Electrothermal instrument (Anatec Yanaco Inc., Kyoto, Japan).

3.1.1. [(1E,6E)-4,4-Diallyl-3,5-dioxohepta-1,6-diene-1,7-diyl]bis(2-methoxy-4,1-phenylene)
bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate] (6)

Mp = 195–197 ◦C; 1H-NMR (DMSO-d6) δ 7.59 (d, J = 15.5 Hz, 2H), 7.48 (s, 2H), 7.35 (dd, J = 8.2,
1.5 Hz, 2H), 7.12–7.04 (m, 4H), 5.59–5.52 (m, 2H), 5.12–5.04 (m, 4H), 4.82–4.80 (m, 4H), 3.78 (s, 6H), 3.60
(s, 8H), 2.84 (d, J = 7.2 Hz, 4H), 1.17 (s, 6H); 13C NMR (DMSO-d6) δ 196.8, 173.3, 151.7, 143.1, 142.1,
133.3, 133.2, 123,9, 122.9, 122.8, 119.5, 113.4, 67.4, 64.0, 56.7, 51.0, 35.0, 17.3; HRMS [ESI]+ calculated for
C37H45O12: 681.2911 [M + H]+; found: 681.2903.

3.1.2. [(1E,6E)-4,4-bis(Hydroxymethyl)-3,5-dioxohepta-1,6-diene-1,7-diyl]bis(2-methoxy-4,1-phenylene)
bis(2,2,5-trimethyl-1,3-dioxane-5-carboxylate) (8)

To a stirred solution of 7 (1.00 g, 1.47 mmol) in THF (7.3 mL, containing 0.6 M formaldehyde) was
added DBU (38.9 mg, 0.04 mmol) at 0 ◦C. The reaction mixture was stirred at the same temperature for
30 min and then warm to room temperature. After 2 h, the solution was concentrated under vacuum
to provide crude compound, which was identified by LRMS [ESI]+ calculated for C39H49O14: 741.31
[M + H]+; found: 741.33 and used for next step without purification.
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3.1.3. [(1E,6E)-4,4-bis(Hydroxymethyl)-3,5-dioxohepta-1,6-diene-1,7-diyl]bis(2-methoxy-4,1-phenylene)
bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate] (9)

A solution of crude 8 (0.34 g) and 6 N HCl (0.15 mL) in MeOH (1.83 mL) was stirred at room
temperature for 1 h. The reaction mixture was concentrated under vacuum to give the crude product,
which was purified by flash chromatography on silica gel with MeOH/CH2Cl2 (1:20) to afford compound
9 (40 mg) as an orange oil. Yield 6% for two steps. 1H-NMR (DMSO-d6) δ 7.52 (d, J = 15.6 Hz, 2H), 7.44
(s, 2H), 7.30 (d, J = 8.2 Hz, 2H), 7.08–7.04 (m, 4H), 5.16 (br s, 6H), 4.19 (s, 4H), 3.78 (s, 6H), 3.61 (s, 8H),
1.17 (s, 6H); LRMS [ESI]+ calculated for C33H40O14: 661.25 [M + H]+; found: 661.4.

3.1.4. [(1E,6E)-4,4-bis(Acetoxymethyl)-3,5-dioxohepta-1,6-diene-1,7-diyl]bis(2-methoxy-4,1-phenylene)
bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate] (10)

To a stirred solution of crude 8 (0.450 g) in DCM (10 mL) were added NEt3 (1.0 mL) and acetyl
chloride (0.140 g, 1.81 mmol) at 0 ◦C. The reaction mixture was warmed to room temperature and
stirred for 12 h. Then H2O (10 mL) and diluted HCl(aq) (1 N, 3 mL) were added to quench the reaction.
The aqueous layer was separated and extracted with CH2Cl2 (3 × 8 mL). The combined organic extracts
were washed with brine, dried over MgSO4, filtered and concentrated to give the crude product,
which was then treated with HCl(aq) (6 N, 0.2 mL) in MeOH (2 mL) at room temperature. The reaction
mixture was stirred at room temperature for 1h and then concentrated under vacuum to give the crude
product, which was purified on silica gel with MeOH/CH2Cl2 (1:20) to afford 10 (33 mg) as a yellow
solid (mp = 194–196 ◦C). Yield 3% for three steps; 1H-NMR (DMSO-d6) δ 7.68 (d, J = 15.5 Hz, 2H), 7.51
(s, 2 H), 7.37 (d, J = 8.0 Hz, 2H), 7.20 (d, J = 15.5 Hz, 2H), 7.08 (d, J = 8.5 Hz, 2H), 4.85 (t, J = 5.0 Hz, 8H),
3.80 (s, 6 H), 3.65-3.59 (m, 8H), 1.97 (s, 6H), 1.19 (s, 6H); 13C-NMR (DMSO-d6) δ 193.1, 173.3, 170.5, 151.7,
144.6, 142.5, 132.9, 123.9, 122,7, 121.7, 113.6, 64.0, 61.9, 56.7, 51.0, 20.9, 17.3; HRMS [ESI]+ calculated for
C37H44NaO16: 767.2527 [M + Na]+; found: 767.2521.

3.1.5. [(1E,6E)-4,4-bis(Methoxymethyl)-3,5-dioxohepta-1,6-diene-1,7-diyl]bis(2-methoxy-4,1-phenylene)
bis[3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate] (11)

To a stirred solution of crude 8 (0.453 g) in DMF (1.0 mL) were added K2CO3 (0.240 g, 1.73 mmol)
and MeI (0.247 g, 1.73 mmol) at 0 oC. The reaction mixture was warmed to room temperature and
stirred for 6 h. Then H2O (10 mL) and diluted HCl(aq) (1 N, 3 mL) were added to quench the reaction.
The aqueous layer was separated and extracted with EtOAc (3 × 8 mL). The combined organic extracts
were washed with brine, dried over MgSO4, filtered and concentrated to give the crude product, which
was then treated with HCl(aq) (6 N, 0.25 mL) in MeOH (2 mL) at room temperature. The reaction
mixture was stirred at room temperature for 1h and then concentrated under vacuum to give the crude
product, which was purified on silica gel with MeOH/CH2Cl2 (1:20) to afford 11 (73 mg) as a yellow
solid (mp = 187–188 ◦C). Yield 5% for three steps; 1H-NMR (DMSO-d6) δ 7.65 (d, J = 16.0 Hz, 2H), 7.49
(s, 2 H), 7.31 (d, J = 10.0 Hz, 2H), 7.08 (d, J = 8.1 Hz, 2H), 6.69 (d, J = 16.0 Hz, 2H), 4.85 (t, J = 5.5 Hz,
4 H), 3.80 (s, 6H), 3.74 (s, 6 H), 3.66-3.60 (m, 8H), 1.20 (s, 6H); 13C-NMR (DMSO-d6) δ 193.1, 173.4, 167.1,
151.6, 144.4, 141.8, 133.2, 123.8, 121,9, 118.4, 112.6, 64.0, 56.3, 51.9, 51.0, 17.3; HRMS [ESI]+ calculated for
C35H44NaO14: 711.2629 [M + Na]+; found: 711.2633.

3.1.6. (1E,6E)-1,7-bis(3,4-Dimethoxyphenyl)-4,4-bis(hydroxymethyl)hepta-1,6-diene-3,5-dione (12)

To a stirred solution of DMC (1.270 g, 3.20 mmol) in THF (20 mL, containing 0.6 M formaldehyde)
was added DBU (15 mg, 0.10 mmol). The reaction mixture was stirred at 0 ◦C for 30 min. The reaction
mixture was concentrated under vacuum and then purified by flash chromatography on silica gel with
MeOH/CH2Cl2 (1:32) to afford 12 (558 mg, 42% yield) as a yellow solid; mp = 174–176 ◦C; 1H-NMR
(DMSO-d6) δ 7.49 (d, J = 15.5 Hz, 2H), 7.48 (d, J = 2.0 Hz, 2H), 7.24 (d, J = 8.5 Hz, 2H), 6.97–6.91 (m, 4H),
4.78 (t, J = 4.5 Hz, 2H), 4.19 (d, J = 4.5 Hz, 4H), 3.79 (s, 12H); 13C-NMR (DMSO-d6) δ 196.2, 151.7, 149.1,
142.8, 127.4, 123.8, 120,9, 112.1, 111.3, 71.6, 60.1, 56.1, 56.0; HRMS [ESI]+ calculated for C25H28NaO8:
479.1682 [M + Na]+; found: 479.1677.
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3.1.7. 2,2-bis[(E)-3-(3,4-Dimethoxyphenyl)acryloyl]propane-1,3-diylbis[3-hydroxy-2-(hydroxymethyl)-2-
methylpropanoate] (14)

To a solution of 12 (0.170 g, 0.37 mmol) in CH2Cl2 (4 mL) was added NEt3 (0.15 mL, 1.10 mmol),
DMAP (0.110 g, 0.92 mmol) and 2,2,5-trimethyl-1,3-dioxane-5-carbonyl chloride 13 (0.210 g, 1.10 mmol)
sequentially at room temperature. The reaction mixture was stirred at the same temperature for 12h
and then concentrated under vacuum to give the crude product, which without purification was treated
with HCl(aq) (6 N, 0.1 mL) in MeOH (0.5 mL). The resulting mixture was stirred at room temperature
for 1h and then concentrated under vacuum to give the crude product, which was purified by flash
chromatography on silica gel with MeOH/CH2Cl2 (1:19) to afford compound 14 (16 mg, 7% for two
steps) as a yellow solid; mp > 300 ◦C; 1H-NMR (DMSO-d6) δ 7.64 (d, J = 15.5 Hz, 2H), 7.34–7.30 (m,
4H), 7.03 (d, J = 15.0 Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 4.74 (s, 4H), 4.63 (t, J = 5.5 Hz, 4H), 3.79 (s, 12H),
3.40-3.37 (m, 8H), 0.95(s, 6H); 13C-NMR (DMSO-d6) δ 193.3, 174.6, 152.1, 149.4, 145.0, 127.1, 124.7, 119,5,
112.0, 111.4, 66.9, 63.9, 62.3, 56.1, 56.1, 50.7, 17.0; HRMS [ESI]+ calculated for C35H44NaO14: 711.2629
[M + Na]+; found: 711.2620.

3.1.8. General Procedure for the Synthesis of Compounds 2m–6m

The general procedure is illustrated immediately below with compound 2m as a specific example.

(1E,6E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-dimethylhepta-1,6-diene-3,5-dione (2m)

To a stirred solution of compound 2 (0.450 g, 0.72 mmol) in CH3OH (6 mL) were added NaOMe
(0.116 g, 2.16 mmol) at room temperature. The reaction mixture was stirred at the same temperature
for 2 h and then H2O (5 mL) and diluted HCl(aq) (1 N, 1 mL) were added to quench the reaction.
The aqueous layer was separated and extracted with CH2Cl2 (3 × 6 mL). The combined organic extracts
were washed with brine, dried over MgSO4, filtered and concentrated to give the crude product, which
was then purified by flash chromatography on silica gel with EtOAc/n-hexane/CH2Cl2 (1:2:1) to afford
2m (0.245 g, 86% yield) as an orange solid; mp = 104−106 ◦C; 1H-NMR (CDCl3) δ 7.69 (d, J = 15.5 Hz,
2H), 7.12 (dd, J = 8.0, 1.5 Hz, 2H), 7.01 (s, 2H), 6.91 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 15.5 Hz, 2H), 5.97
(s, 2H), 3.94 (s, 6H), 1.48 (s, 6H); 13C-NMR (CDCl3) δ 198.2, 148.6, 146.8, 144.5, 126.8, 124.1, 119.1, 114.8,
109.8, 60.8, 56.0, 14.1; HRMS [ESI]+ calculated for C23H24NaO6: 419.1471 [M + Na]+; found: 419.1480

(1E,6E)-4,4-Diethyl-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (3m)

Yield: 87%; mp = 114–115 ◦C; 1H-NMR (CDCl3) δ 7.64 (d, J = 15.5 Hz, 2H), 7.05 (dd, J = 8.3, 1.5
Hz, 2H), 6.95 (d, J = 2.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H), 6.59 (d, J = 15.5 Hz, 2H), 5.88 (s, 2H), 3.88
(s, 6H), 2.06 (q, J = 7.5 Hz, 4H), 0.71 (t, J = 7.5 Hz, 6H); 13C-NMR (CDCl3) δ 197.9, 148.5, 146.7, 144.0,
126.8, 124.2, 119.6, 114.7, 109.7, 69.0, 56.1, 21.6, 7.7; HRMS [ESI]+ calculated for C25H28NaO6: 447.1784
[M + Na]+; found: 447.1788.

(1E,6E)-4,4-Dibenzyl-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (4m)

Yield: 82%; mp = 134–135 ◦C; 1H-NMR (CDCl3) δ 7.72 (d, J = 15.0 Hz, 2H), 7.26–7.21 (m, 6H),
7.15–7.13 (m, 4H), 7.07–7.05 (m, 2H), 6.90–6.89 (m, 4H), 6.58 (dd, J = 15.5, 1.0 Hz, 2H), 5.31 (s, 2H),
3.89 (s, 6H), 3.42 (s, 4H); 13C-NMR (CDCl3) δ 196.9, 148.7, 146.8, 144.0, 136.6, 130.4, 128.1, 126.8, 126.6,
124.3, 120.8, 114.8, 109.8, 70.1, 56.1, 37.7; HRMS [ESI]+ calculated for C25H32NaO6: 571.2097 [M +Na]+;
found: 571.2090.

(1E,6E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-di(prop-2-yn-1-yl)hepta-1,6-diene-3,5-dione (5m)

Yield: 83%; mp = 201–203 ◦C; 1H-NMR (CDCl3) δ 7.75 (d, J = 15.0 Hz, 2H), 7.13 (dd, J = 8.0, 1.5
Hz, 2H), 7.03 (d, J = 2.0 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 6.67 (d, J = 15.0 Hz, 2H), 5.97 (s, 2H), 3.95
(s, 6H), 3.19 (s, 4H), 2.04 (s, 4H); 13C-NMR (CDCl3) δ 193.5, 148.9, 145.9, 126.5, 124.7, 117.8, 114.8, 109.8,
79.1, 71.9, 66.9, 56.1, 21.2; HRMS [ESI]+ calculated for C27H28O6: 471.1784 [M + Na]+; found: 471.1783.
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(1E,6E)-4,4-Diallyl-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (6m)

Yield: 85%; mp = 160–162 ◦C; 1H-NMR (CDCl3) δ 7.65 (d, J = 15.5 Hz, 2H), 7.06 (dd, J = 8.3, 1.5
Hz, 2H), 6.95 (d, J = 2.0 Hz, 2H), 6.85 (d, J = 8.0 Hz, 2H), 6.61 (d, J = 15.5 Hz, 2H), 5.87 (s, 2H), 5.54–5.49
(m, 2H), 5.07–5.04 (m 4H), 3.88 (s, 6H), 2.78 (d, J = 7.5 Hz, 4H); 13C-NMR (CDCl3) δ 194.6, 148.7, 146.8,
144.6, 132.3, 126.7, 119.3, 119.1, 114.7, 109.7, 67.8, 56.1, 34.4; HRMS [ESI]+ calculated for C27H24NaO6:
467.1471 [M + Na]+; found: 467.1477.

3.1.9. General Procedure for the Synthesis of Compounds 15 and 16

The general procedure is illustrated below with compound 15 as a specific example. To a solution
of curcumin bisacetate 17 (0.76 g, 1.68 mmol) in DMF (8 mL) was added K2CO3 (0.58 g, 4.20 mmol) and
propyl bromide (0.435 g, 3.53 mmol) sequentially at 0 ◦C. The reaction mixture was stirred at room
temeperatre for 20 h and then H2O (10 mL) and diluted HCl(aq) (1 N, 5 mL) were added to quench
the reaction. The aqueous layer was separated and extracted with EtOAc (3 × 10 mL). The combined
organic layer was dried over MgSO4, filtered and concentrated to give the crude product, which
was subjected without any purification to the base-promoted hydrolysis reaction [NaOMe (0.190 g,
3.53 mmol), MeOH (5 mL)]. The reaction was followed by TLC until no starting material was present.
The resulting mixture was then concentrated to give the crude product, which was then purified by
flash chromatography on silica gel with EtOAc/n-hexane/CH2Cl2 (1:2:1) to afford compound 15 (0.213 g,
28% yield for two steps) as a yellow solid.

(1E,6E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-dipropylhepta-1,6-diene-3,5-dione (15)

mp = 137–139 ◦C; 1H-NMR (CDCl3) δ 7.69 (d, J = 15.0 Hz, 2H), 7.11 (dd, J = 8.3, 1.5 Hz, 2H), 7.01
(d, J = 1.5 Hz, 2H), 6.91 (d, J = 8.0 Hz, 2H), 6.65 (d, J = 15.5 Hz, 2H), 5.90 (s, 2H), 3.94 (s, 6H), 2.05–2.01
(m, 4H), 1.15–1.08 (m, 4H), 0.95 (t, J = 7.5 Hz, 6H); 13C-NMR (CDCl3) δ 197.9, 148.5, 146.7, 144.0, 126.8,
124.1, 119.5, 114.7, 109.7, 68.4, 56.1, 31.8, 16.8, 14.7; HRMS [ESI]+ calculated for C27H32NaO6: 475.2097
[M + Na]+; found: 475.2100.

(1E,6E)-4,4-Dibutyl-1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione (16)

mp = 144–146 ◦C; 1H-NMR (CDCl3) δ 7.68 (d, J = 15.5 Hz, 2H), 7.11 (dd, J = 8.3, 1.5 Hz, 2H),
7.01 (s, 2H), 6.91 (d, J = 8.2 Hz, 2H), 6.65 (d, J = 15.5 Hz, 2H), 6.01 (s, 2H), 3.93 (s, 6H), 2.07–2.03 (m,
4H), 1.37–1.33 (m, 4H), 1.10–1.03 (m, 4H), 0.90 (t, J = 7.3 Hz, 6H); 13C-NMR (CDCl3) δ 198.0, 148.5,
146.8, 144.0, 126.9, 124.1, 119.5, 114.7, 109.7, 68.3, 56.1, 29.1, 25.5, 23.2, 13.9; HRMS [ESI]+ calculated for
C29H36NaO6: 503.2410 [M + Na]+; found: 503.2400.

3.1.10. (E)-1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-dimethylhept-1-ene-3,5-dione (18)

To a stirred solution of compound 2m (0.740 g, 1.87 mmol) in EtOAc (10 mL) was added Pd/C
(37 mg, 5% w/w) in one portion. The resulting mixture was hydrogenated under 1 atmosphere of H2 at
room temperature. After 1 h, the mixture was filtered by celite and concentrated to give the crude
product, which was purified by flash chromatography on silica gel with EtOAc/n-hexane/CH2Cl2 (1:2:1)
to afford compound 18 (140 mg, 19% yield) as a light-yellow oil and recover compound 2m (500 mg,
67% yield). 1H-NMR (CDCl3) δ 7.61 (d, J = 15.5 Hz, 1H), 7.07 (dd, J = 8.5, 1.5 Hz, 1H), 6.95–6.93 (m, 2H),
6.75 (d, J = 8.0 Hz, 1H), 6.65–6.62 (m, 2H), 6.49 (d, J = 15.5 Hz, 1H), 6.07 (s, 1H), 5.45 (s, 1H), 3.94 (s, 3H),
3.79 (s, 3H), 2.83 (t, J = 7.5 Hz, 2H), 2.74 (t, J = 7.0 Hz, 2H), 1.38 (s, 6H); 13C-NMR (CDCl3) δ 209.4, 197.7,
148.7, 146.8, 146.3, 144.7, 143.8, 132.6, 126.9, 123.9, 121.0, 118.2, 114.9, 114.2, 111.0, 110.0, 61.7, 56.0, 55.7,
40.7, 29.6, 21.0; HRMS [ESI]+ calculated for C23H26NaO6: 421.1627 [M + Na]+; found: 421.1233.
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3.1.11. 1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-dimethylheptane-3,5-dione (19) and 5-hydroxy-1,7-bis(4-
hydroxy-3-methoxyphenyl)-4,4-dimethylheptan-3-one (20)

To a stirred solution of compound 2m (0.885 g, 2.23 mmol) in MeOH (10 mL) was added Pd/C
(45 mg, 10% w/w) in one portion. The resulting mixture was hydrogenated under 1 atmosphere of
H2 at room temperature. After 2 h, the mixture was filtered by celite and concentrated to give the
crude product, which was purified by flash chromatography on silica gel with EtOAc/n-hexane/ (1:2)
to afford compound 19 (465 mg, 52% yield) as a colorless oil and compound 20 (206 mg, 23% yield) as
a colorless oil.

Compound 19: 1H-NMR (CDCl3) δ 6.83 (d, J = 8.0 Hz, 2H), 6.65 (d, J = 2.0 Hz, 2H), 6.63–6.61 (m,
2H), 5.51 (s, 2H), 3.87 (s, 6H), 2.76 (t, J = 7.0 Hz, 4H), 2.58 (t, J = 7.0 Hz, 4H), 1.29 (s, 6H); 13C-NMR
(CDCl3) δ 208.9, 146.4, 143.9, 132.7, 120.9, 114.3, 114.9, 111.7, 62.4, 55.9, 40.5, 29.4, 21.0; HRMS [ESI]+

calculated for C23H28NaO6: 423.1784 [M + Na]+; found: 423.1780.
Compound 20: 1H-NMR (CDCl3) δ 6.86–6.83 (m, 2H), 6.72–6.66 (m, 4H), 5.62–5.61 (br s, 2H),

3.89 (s, 3H), 3.87 (s, 3H), 3.71–3.69 (m, 1H), 2.90–2.71 (m, 5H), 2.61–2.51 (m, 2H), 1.71–1.55 (m, 2H),
1.13 (s, 3H), 1.08 (s, 3H); 13C-NMR (CDCl3) δ 216.5, 146.4, 143.9, 143.7, 133.9, 133.1, 120.9, 120.8, 114.4,
114.3, 111.2, 111.1, 55.9, 51.7, 40.3, 33.7, 32.6, 29.4, 21.7, 19.3; HRMS [ESI]+ calculated for C23H30NaO6:
425.4768 [M + Na]+; found: 425.4760.

3.1.12. 1,7-bis(4-Hydroxy-3-methoxyphenyl)-4,4-dimethylheptane-3,5-diol (21)

To a solution of compound 20 (110 mg, 0.27 mmol) in MeOH (3 mL) was added NaBH4 (30 mg,
0.81 mmol) at 0 ◦C. The resulting mixture was allowed to stir at room temperature for 2 h, and then
H2O (3 mL) was added. The aqueous layer was separated and extracted with CH2Cl2 (3 × 6 mL).
The combined organic extracts were washed brine, dried over MgSO4, filtered and concentrated to give
the crude residue, which was purified by flash chromatography on silica gel with EtOAc/n-hexane/
(1:1) to afford compound 21 (34 mg, 31% yield) as a colorless oil. 1H-NMR (CDCl3) δ 6.86 (d, J = 8.0
Hz, 2H), 6.74–6.71 (m, 4H), 5.63 (s, 2H), 3.89 (s, 6H), 3.59–3.56 (m, 2H), 3.11 (s, 2H), 2.85–2.71 (m, 2H),
2.61–2.55 (m, 2H), 1.81–1.72 (m, 4H), 0.90 (s, 6H); 13C-NMR (CDCl3) δ 146.5, 143.7, 134.1, 134.0, 120.9,
114.3, 111.1, 78.7, 55.9, 40.3, 33.9, 32.8, 21.0; HRMS [ESI]+ calculated for C23H32NaO6: 427.4928 [M +
Na]+; found: 427.4933.

3.2. Biological Assays

3.2.1. In Vitro MTT [3-(4,5-Dimethylthiazaol-2-yl)-2,4-diphenyltetrazolium bromide] Assay

Cell viability was evaluated by measuring the reduction in MTT to yield blue formazan.
Cells were cultured in 96-well plates, allowed to attach overnight, and then treated with compounds.
After treatment, MTT solution (1 mg/mL) was added to each well, and plates were incubated for
another 2 h. Medium was removed, blue formazan was dissolved in DMSO, and the absorbance was
read at 570 nm by Multiskan Go spectrophotometer (Thermo Scientific, Madison, WI, USA).

3.2.2. In Vivo Antitumor Activity Assay

Male nu/nu mice (5 weeks old) from National Laboratory Animal Center (Taipei, Taiwan) were
maintained under the procedures and guidelines provided by the Institutional Animal Care and
Use Committee of the National Health Research Institutes (Taipei, Taiwan). All experiments were
supervised under the Institutional Animal Care and Use Committee, China Medical University,
Taichung, Taiwan with a protocol number (CMUIACUC-2018-278). HCT-116 colon cancer cells (5 × 106

cells per mouse) were suspended in 0.1 mL of Matrigel solution (50% v/v Matrigel in PBS) and inoculated
into the mammary fat pads of the mice. When the tumor size reached 100 mm3, the tumor-bearing
mice were randomly divided into four groups for treating with vehicle (5% ethanol and 10% tween 80
in 85% saline, 0.1 mL) and 2 (p.o. 50, 100 and 150 mg/kg/day body weight) respectively. Compounds
was administered via oral route daily for 30 days. 5-Fluorouracil-treated group (i.p. 30 mg/kg) is the
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positive control. Tumor size and mouse body weight were measured once every 3 days, and tumor
volume (mm3) was calculated using the equation: length × (width)2 × 0.5. At the end of experiments,
mice were sacrificed.

3.2.3. The Preliminary Pharmacokinetic Evaluation of 2 in Rat

Drug administration and blood collection

Male Sparague-Dawley rat (420 g) from National Laboratory Animal Center, Taipei, Taiwan were
maintained under the regulations of the Institutional Animal Care and Use Committee of the National
Health Research Institutes, Taiwan. The animal studies were supervised under the Institutional
Animal Care and Use Committee, China Medical University, Taichung, Taiwan with a protocol number
(CMUIACUC-2018-278). Rat was fasted for 16 h before dosing. Compound 2 was dissolved in aqueous
solution (5% ethanol and 10% Tween80 in 85% saline) and administrated via oral gavage at a dosage of
100 mg/kg. Blood samples were collected at selected time points (5, 10, 20, 30, 60, 120, 240, 360, 480 min)
post dose and centrifuged at 10,000× g for 15 min to provide serum samples, which were stored at
−80 ◦C until subsequent sample extraction.

3.2.4. Analysis of 2, 2m, 18, 19, 20, 21, 22 and 23 in Serum

Methods for the preparation of 2, 2m, 18, 19, 20 and 21 serum sample are delineated as follows.
50 μL of acetate buffer (pH 5.0), 50 μL of ascorbic acid (200 mg/mL), and 50 μL of 0.1 N HCl solution
was added into 100 μL of serum which was collected at different time points). The resulting mixture
was partitioned with 250 μL of ethyl acetate (containing 5.0 μg/mL of butyl paraben as the internal
standard). After centrifuging at 10,000× g for 15 min, the upper organic layer was separated and dried
under nitrogen gas to provide the crude sample, which was diluted with an appropriate volume of
acetonitrile for LC-MS analysis.

The amount of 22 and 23 were analyzed by the serum samples before and after treatment with
enzyme solution. The procedure for enzyme treatment is shown as follows. 100 μL of serum was
treated with enzyme solution (50 μL; containing 1000 units/mL of sulfatase and 39861 units/mL of
β-glucuronidase in pH 5.0 acetate buffer), 50 μL of 0.1 N HCl solution and 50 μL of ascorbic acid
(200 mg/mL) in the light protected tubes at 37 ◦C. For optimal hydrolysis efficiency, the incubation time
was decided as 2 h based on a previous study [35]. The mixture was then partitioned with 250 μL of
ethyl acetate (containing 5.0 μg/mL of butyl paraben as the internal standard). After centrifuging at
10,000× g for 15 min, the upper organic layer was separated and dried under nitrogen gas to provide
the crude sample, which was diluted with an appropriate volume of acetonitrile for LC analysis.

3.2.5. LC-MS Analysis Method

All samples obtained from in vivo pharmacokinetic studies were assayed using LC-MS for the
analysis of 2 and the corresponding metabolites. The Waters ACQUITY UPLC I-Class system (Waters
Corp., Milford, MA, USA) was utilized. System control and all of the mass spectrometry data were
acquired and analyzed using UNIFI software (Waters Corp.). For sample separation, the LC was
equipped with an Inertsil ph-3 (50 × 2.1 mm, 2 μm particle size) RPLC column (GL Sciences Inc. Tokyo,
Japan) in which the column temperature was held at 35 ◦C, injection volume was 7.5 μL, and the flow
rate of the mobile phase was 200 μL/min. The elution started from 50% mobile phase A (ultrapure
water + 0.1% formic acid) and 50% mobile phase B (100% methanol + 0.1% formic acid), held at 50% B
for 0.5 min, raised to 95% B in 5.5 min, held at 95% B for 1 min, and then lowered to 50% B in 1 min.
Before sample injection, the column was equilibrated by pumping 50% B for 4 min. The analysis of
target compounds for all samples was performed by using a Waters Vion IMS QTof mass spectrometer.
Data were acquired in the electrospray ionization (ESI) positive ion MSE mode with range of m/z
100–1000 and 0.5 s scan time. Parameters were set as capillary voltage of 2.5 kV, source temperature of
100 ◦C, desolvation temperature at 250 ◦C, cone gas maintained at 10 L/h, desolvation gas maintained
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at 600 L/h. The acquired m/z and isotope pattern were processed by UNIFI software to illustrate
chromatogram, and the amounts of compound was calculated with the integrated peak area of signals.

4. Conclusions

Here, structural modifications at the C-4 position of compound 1, a 2,2-bis(hydroxymethyl)-
propionate curcumin prodrug, with polar and nonpolar functional groups were performed to form
a series of 4,4-disubstituted analogs of 1 and DMC. The in vitro anti-proliferative assay of these
derivatives elucidated an obvious SAR in which the enhancement of polarity on C-4 resulted in the
erosion of anticancer activity. The ester prodrug characteristics of 2–6 motivated us to synthesize their
hydrolysis compounds 2m–6m, 15, and 16, whose anticancer activities were highly dependent on the
volume and length of the C-4 alkyl chains. The preliminary pharmacokinetic evaluations indicated that
the esterase-mediated hydrolysis of 2 proceeded smoothly to produce 2m, which in turn was reduced
to 18 and 19 as major phase I metabolites. The phase II metabolic pathway was confirmed by the
detection of glucuronide 22 and sulfate 23. However, it is still possible that reduction precedes ester
hydrolysis to provide the hydrogenated counterparts of 2, which possess novel chemical skeletons
with unknown biological activity.

Our preliminary pharmacokinetic results also shed light on future directions for the structural
modification of the original compounds. Additional modifications have been scheduled to reduce
the high propensity towards ester hydrolysis by converting the methyl of 2,2-bis(hydroxymethyl)-
propionate group into more bulky alkyl groups. Pharmacokinetic studies have been designed to
identify, biologically evaluate, and quantify the possible metabolites. Apart from this, compound 2

and 2m may behave like 1 which acts on multiple targets and signaling pathways. The differences
between the mechanism of action of 2, 2m and 1 are not definitively understood. Currently, we are
actively investigating the mechanism of action and pharmacokinetic parameters of 2 and 2m, including
T1/2, AUC, and Cmax, and the results will be reported in due course. The animal study showed
that compound 2 inhibits tumor growth by 45% at a dose of 100 mg/kg in HCT-116 xenograft nude
mice. Thus, twice-a-day (BID) dosing formulations for achieving higher therapeutic efficacy at lower
doses should be considered in further development of title curcuminoid derivatives as anticancer
drug candidates.

Supplementary Materials: The following are available online. Scheme S1: PLE mediated hydrolysis of curcumin
2,2-bis(hydroxymethyl)propionate 1. Figure S1: The HPLC analysis of compound 18, 19, 20, 21, 22 and 23. Copies
of 1H and 13C NMR spectra of the new products.
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Abstract: Red yeast rice dietary supplements (RYR DS) are largely sold in Western countries for their
cholesterol-lowering/regulating effect due to monacolins, mainly monacolin K (MK), which is, in fact,
lovastatin, the first statin drug on the market. 1H-NMR was used as an easy, rapid and accurate
method to establish the chemical profiles of 31 RYR DS and to quantify their monacolin contents.
Among all the 1H resonances of the monacolins found in RYR, only those of the ethylenic protons of
the hexahydronaphthalenic ring at 5.84 and 5.56 ppm are suitable for quantification because they
show no overlap with the matrix signals. The total content in monacolins per capsule or tablet
determined in 28 DS (the content in 3 DS being below the limit of quantification of the method, ≈ 0.25
mg per unit dose) was close to that measured by UHPLC, as shown by the good linear correlation
between the two sets of values (slope 1.00, y-intercept 0.113, r2 0.986). Thirteen of the 31 RYR DS
analyzed (i.e., 42%) did not provide label information on the concentration of monacolins and only
nine of the 18 formulations with an indication (i.e., 50%) actually contained the declared amount
of monacolins.

Keywords: red yeast rice; 1H-NMR; UHPLC-DAD-MS; mass spectrometry; monacolins

1. Introduction

The Monascus-fermented rice is the fermentation product of non-glutinous white rice with the
fungus Monascus. It has been used for more than a thousand years in East Asian countries for producing
rice wine, for flavoring, coloring and preservation of foods as well as a folk medicine for improving
food digestion and blood circulation. Several species other than that isolated in 1895 and named
Monascus purpureus in recognition of its purple colour, have also been widely used in making red wine
and red-coloured foods [1]. These Monascus fermentation products are called Red Yeast Rice (RYR) in
Western countries although the designation “yeast” is incorrect as Monascus is a filamentous fungus
and not a yeast [2]. Other more accurate denominations like red fermented rice or red mold rice are
also used but much more rarely. Today, the usage of Monascus rice products as colorant or flavour in
foods, and for brewing red rice wine is permitted in many Asian countries but not in Europe. However,
RYR extracts are largely sold in Western countries for their cholesterol-lowering effects.

A multitude of fungal secondary metabolites, phytosterols, isoflavonoids, fatty acids, pigments,
monacolins and others, are produced during the fermentation process. Monacolins, in particular
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monacolin K (MK), which is, in fact, lovastatin, the first marketed statin drug, inhibit the activity of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase. As a result, the endogenous synthesis
of cholesterol is reduced and hence the elevated cholesterol level decreases. Many clinical studies
demonstrated the efficacy of RYR in the treatment of hypercholesterolemia and its relative safety [3,4].
For similar cholesterol level reduction, the MK amount in clinically tested RYR is markedly lower than
that used with prescription statin drugs [4]. This RYR potency is likely explained by the presence of
monacolins other than MK and also by the improved dissolution rate and bioavailability of lovastatin
when given as RYR [4,5]. However, adverse effects following RYR consumption have been reported;
the nature of the symptoms and the targeted organs and systems are similar to those reported for
statin drugs [6–9]. Considering the case reports gathered in the WHO Vigibase (82) [8] and those
collected by four national health institutions (FDA (164) [8], French Nutrivigilance system (30) [6],
Italian Surveillance system (52) [7] and Netherlands Pharmacovigilance Centre Lareb (74) [9]), the more
frequent adverse effects are: (i) myalgias and related neuroskeletal complaints from 30% of FDA cases
to 43% of Lareb cases, including cases of rhabdomyolysis in the five registries, (ii) gastrointestinal
disorders which concern up to 23% of Italian cases, (iii) hepatobiliary disorders that affect from 9% of
the WHO cases to 32% of the French cases, including severe adverse reactions as pancreatitis and acute
hepatic failure, and (iv) skin and subcutaneous disorders which concern from 8% of French cases to
17% of Italian cases.

Nowadays, RYR is widely used as a cholesterol-lowering agent by patients with a proven or
perceived intolerance to statins or by consumers, even without dyslipidemia or increased cardiovascular
risk, interested in complementary and alternative medications to influence their lipid levels, as it is a
common belief that “natural” products do not have side effects [4]. The RYR products are registered as
dietary supplements (DS) and, despite their ever growing popularity, there is no uniform regulation
regarding their content in monacolins, especially in MK, nor strict quality control. So, their efficacy
and safety are unpredictable. Therefore, the development of analytical methods for the simultaneous
determination of MK and other monacolins in RYR products is of great importance.

High performance or Ultra-high performance liquid chromatography (HPLC or UHPLC) with
diode array detection (DAD) and/or mass spectrometry (MS) detection are regarded as the gold
standard methods for the accurate identification and quantification of a wide range of components in
RYR products, including monacolins and pigments [10–14]. Although sensitive and selective, they
are usually time-consuming, require standard reference materials for quantitative analysis and may
suffer from the occurrence of co-eluting interferences (matrix effects) which is a major drawback for
MS quantification [15]. Proton Nuclear Magnetic Resonance (1H-NMR) is recognized as a method of
choice for the analysis of complex mixtures (pharmaceuticals, biological media for instance) [16,17].
Indeed, it is highly reproducible, robust, and nonselective, thus allowing an unbiased overview of
the sample composition as all the low molecular weight compounds in the solution (provided they
bear 1H nuclei and are present at sufficient concentration) are detected simultaneously in a single
run. It is also inherently quantitative because the area of each NMR resonance is directly proportional
to the number of corresponding nuclei if spectra are recorded in fully relaxed conditions. Thus, at
variance with other techniques, the response factor is not dependent on the molecular structure and
there is no need for identical reference materials. Moreover, the sample preparation for NMR analysis
is very simple as it requires dissolution (for solid products) or dilution (for liquid products) in an
adequate deuterated solvent [16]. Lachenmeyer et al. [18] have already used 1H-NMR for the assay of
the total quantity of monacolins in five RYR commercial products. They showed that the inhibitory
effect of RYR on HMG-CoA reductase was all the more important as their monacolin content was high,
but the monacolin contents they determined were not compared to those measured by an orthogonal
analytical method.

The purpose of this study was to validate (or not) the 1H-NMR method for an accurate
determination of the monacolin content in RYR DS by comparison with the well-established HPLC
method and thus to control their quality. Therefore, 31 RYR DS were analyzed using 1H-NMR to
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establish their spectral signatures and to determine their monacolin contents based on the quantification
of selected protons characteristic of the different monacolin chemical structures usually present.
An UHPLC analysis with UV-Visible (UV-Vis) and MS detection was performed in parallel on the same
31 RYR DS in order to determine their chemical profiles and to quantify all the monacolins identified.

2. Results and Discussion

2.1. 1H-NMR Analysis

Thirty-one RYR DS were analyzed by 1H-NMR. All samples with their name, origin, form, batch
number, expiration date and RYR extract content are listed in Table 1.

2.1.1. Qualitative 1H-NMR Analysis

Four characteristic spectra are illustrated in Figure 1 (the 1H-NMR spectra of all RYR DS analyzed
are shown in Figure S1). The monacolin resonances were identified by comparing the 1H-NMR spectra
of RYR DS with those of standard monacolins whose chemical structures are respectively characteristic
of monacolins in lactone form (MK and compactin (CP)), monacolins in hydroxyl acid form (MKA),
dehydromonacolins (DeMK) and dihydromonacolins (DiMK), the main monacolin derivatives found
in RYR (see Figure 2 for chemical structures) [10,12,13]. Their 1H-NMR assignments are given in Table 2.
A complete one-dimensional (1D) and two-dimensional (2D) description of the 1H and 13C-NMR
signals of standard MK, MKA, CP and DiMK is presented in Table S1.

The resonances of the hexahydronaphthalene ring ethylenic protons (H5, H6, H4 at ≈ 6.01, 5.84
and 5.56 ppm, respectively) are representative of all the monacolins usually found in RYR, except
dihydromonacolins as the δ of the ethylenic protons H5 and H6 of DiMK resonated at 5.42 and
5.69 ppm, respectively (Figures 1 and 3, Table 2). The H1 signal (q) at ≈ 5.33 ppm is characteristic of
monacolins with a hexahydronaphthalene ring and an ester group (O-CO-R) in position 1. Indeed,
for the monacolins with an OH (monacolin J (MJ) and derivatives) or H substituent (monacolin L (ML)
and derivatives) instead of ester (Figure 2), the H1 proton(s) resonated respectively at ≈ 4.24 ppm
or 1.17 and 1.77 ppm [1,19]. The H20 multiplet at ≈ 4.60 ppm is characteristic of all the monacolins
in lactone form including dihydromonacolins but not of monacolins in hydroxyl acid form and
dehydromonacolins (Table 2, Figure 3). The H22 signal at ≈ 4.25 ppm is also characteristic of all the
monacolins in lactone form (Table 2, Figure 3).

All these monacolin resonances mainly arise from MK, the main monacolin present in RYR
DS [1] but other characteristic signals of monacolins were also identified: dehydromonacolins (H22
at 7.03 ppm), dihydromonacolins (H6 at 5.69 ppm) and monacolins in hydroxyl acid form (H22 at
4.05 ppm and H20 at 3.63 ppm) (Figure 1B for some signals).

The singlet of the H1 of citrinin at 5.94 ppm and 8.45 ppm (see footnote 4 of Table 2 for explanation)
was never observed, which is not surprising due to the expected very low amount of this compound
even if it could have been present [12,13].

Beside the assignments of the different monacolin families, 1H characteristic signals of many
other compounds mentioned or not on the label of the RYR DS were detected (Table 2). Fatty acids,
both saturated (SFA) and non-conjugated unsaturated (UFA), were found in all the formulations
(Figure 1 and Table 3) as it has been reported that they represent ≈ 3% of RYR extracts, each group in
approximately identical proportion (≈1.4%) [1]. The presence of glycerol and glucose was observed in
25 and 24 samples, respectively. The singlet at ≈5.50 ppm characteristic of the H4 of monascin and/or
other pigments with the same skeleton (ankaflavin, monascuspiloin, monaphilones A or B) (Figure 2)
was observed in 20 formulations. Some other compounds, generally mentioned on the label of the RYR
DS, were detected in few samples: sorbitol and piperine in two samples as well as carnitine, vitamin
B3, vitamin C, chlorogenic acid and isopropyl alcohol in one sample (Tables 2 and 3).
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Table 1. Red Yeast Rice (RYR) dietary supplements investigated in this study.

Number
Formulation

Name (Origin 1)
Batch Number

Expiration Date
Form

RYR Extract Content
Per Capsule or Tablet

on the Label (mg)

1 Arkopharma
(HFS) C02194A 04/2016 Capsule 175

2 Arterin (I) 1983-1 07/2016 Tablet 670
3 B.concept (I) 13DN8 09/2016 Capsule 186
4 Belle & Bio (I) B524A 06/2015 Capsule 250
5 Blue bonnet (I) 31201702 01/2017 Capsule 600

6 Boutique nature
(I) 32443A 03/2016 Capsule 222.3

7 Doctor’s best (I) ML847 01/2017 Tablet 1200
8 Ephyto (I) B1204059CZ 01/2015 Tablet 600
9 Fushi (I) EPAN110412 08/2015 Capsule 600
10 Hanoju (I) 20130612 06/2016 Capsule 450
11 Health Ace (I) 106012W9 03/2015 Capsule 650
12 Health Spark (I) 1060012/A1 10/2014 Capsule 650
13 Liposterol (HFS) 03023 05/2016 Tablet 600
14 MRM (I) 130736 08/2016 Capsule 600
15 Nat et form (I) 14387J 10/2016 Capsule 600
16 Natrol (I) 2055200 10/2015 Tablet 400

17 Nature algues (I) G0112112602
PF01G 11/2016 Capsule 250

18 Nature’s plus (I) 1249540 09/2016 Tablet 600
19 Nature’s way (I) 20012472 05/2016 Capsule 600
20 Naturland (HFS) C02196A 04/2016 Capsule 175
21 Now (I) 16117750521 06/2015 Capsule 600
22 Nutrisanté (I) 961PAA 05/2016 Capsule 222.2

23 Pharma nature
(HFS) 1009.211 12/2014 Capsule 300

24 Phytalessence
(HFS) 10134 10/2016 Tablet 600

25 Phytoreponse (I) B1210229CZ 10/2015 Tablet 600
26 Rizocol (I) 9545 06/2016 Tablet 335
27 Santé verte (HFS) L066X2 03/2016 Tablet 600
28 Solaray (I) 171306 12/2016 Capsule 600
29 Solgar (I) 747369-02 07/2016 Capsule 600

30 Tradition soleil
levant (I) 89853 07/2016 Capsule 208

31 Vit’All + (HFS) A7248-11 11/2013 Tablet 600
1 Dietary supplements bought on internet web sites (I) or in health food stores (HFS).
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Figure 1. 1H-NMR spectra of selected RYR dietary supplements (DS) recorded in CD3CN:D2O (80:20).
Entire spectrum of DS 15 (A) and enlarged downfield region (4–9 ppm) (B) of the DS 3, 15, 20 and
23. DeM: dehydromonacolins, Monacolins lactone: monacolins in lactone form, Monacolins OHAc:
monacolins in hydroxyl acid form, Mo: monascin and other pigments with the same skeleton, FA: fatty
acids (saturated and unsaturated), �: non-conjugated unsaturated fatty acids, C: carnitine, Vit: vitamin,
TSP: sodium 2,2,3,3-tetradeutero-3-(trimethylsilyl) propanoate, set at 0 ppm.
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Figure 3. 1H-NMR spectra of standards of monacolin K in lactone form (MK) and in hydroxyl acid
form (MKA), dehydromonacolin K (DeMK), dihydromonacolin K (DiMK) and monascin recorded in
CD3CN:D2O (80:20). The chemical structures of all the compounds and their protons numbering are
given in Table 2. (*) The signal of H11 of monascin disappears with time due to exchange with D2O.

2.1.2. Quantitative 1H-NMR Analysis

With our experimental conditions, the limit of detection (LOD; for a signal-to-noise ratio (SNR) = 3)
of monacolin derivatives in real samples was estimated between 4 × 10−5 and 10−4 M depending
on the multiplicity of the targeted proton signal, corresponding respectively to 0.016 and 0.04 mg of
monacolins (considered with the molecular weight of MK (404 g mol−1)) in the volume of solvent used
for the extraction of 20 to 100 mg of RYR formulation. The limit of quantification (LOQ; SNR = 10) for
the same signals was evaluated between 10−4 and 3 × 10−4 M, corresponding respectively to 0.04 and
0.12 mg of monacolin derivatives in the amount of powdered RYR extracted. Considering the ratio
between the mass of sample extracted and that of the formulation (tablet or powder in the capsule),
the LOQ was estimated to be ≈0.25 mg of monacolin per capsule or tablet.
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The H5 resonance (6.01 ppm) was not used for the quantification of monacolins as it may also
contain part of the signal (ddd) of the H23 of DeMK at 5.97 ppm and can be slightly overlapped with
the H1′ signal (qd) of monascin at 6.05 ppm. The H6 (5.84 ppm) and H4 (5.56 ppm) resonances are
not hindered by signals of other molecules and they have been quantified respectively in 27 and 28
RYR DS as no monacolin signal was detected in formulations 11, 12 and 29 whereas both resonances
were observed in DS 16 where only the H4 signal could be quantified with an intensity at the LOQ
level. The amount of monacolins in lactone form was determined from either H20 or H22 or both
signals in only 22 RYR DS because of significant overlap with matrix signals in some formulations.
It was possible to quantify the H1 signal (5.33 ppm) in only 17 formulations due to its overlap with the
large resonance of the ethylenic protons of non-conjugated UFA at ≈5.36 ppm and maybe also of other
compounds. The 2D 1H-13C HSQC-NMR experiment recorded for the DS 15 and illustrated in Figure 4
clearly shows these findings.

The intensity of the DeMK ddd resonance (H22 at 7.03 ppm) was low or very low and overlapped
with matrix signals in most sample spectra and could not thus be quantified precisely. The dd resonance
of DiMK at 5.69 ppm was not clearly detected in any formulation and could not thus be quantified.
The signal intensities of monacolins in hydroxyl acid form (H22 at 4.05 ppm and H20 at 3.63 ppm)
would have allowed their quantification in most of the formulations but their substantial overlap
with the resonances of matrix compounds did not permit to obtain accurate values without curve
deconvolution treatment.

The monacolin contents determined by 1H-NMR are reported in Table 3. For more clarity,
the coefficient of variation (CV) and the relative standard deviations (RSD) are given in Table S2.
The RSD of the 1H-NMR assays ranged between 1.5% and 13%. The relevance of the 1H-NMR data
will be discussed later when compared to those obtained by UHPLC.

 

Figure 4. Cont.
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Figure 4. 2D 1H-13C HSQC-NMR spectrum of the dietary supplement 15 recorded in CD3CN:D2O
(80:20). (A) 1H enlarged region 5.2–6.1 ppm. (B) 1H enlarged region 3.98–4.72 ppm. The proton
numbering of monacolins is given in Table 2.

2.2. Chromatographic Analysis

2.2.1. Identification of Monacolins and Pigments

RYR formulations were traced by UHPLC-DAD-MS. Among the great number of compounds
observed, 23 (12 monacolins and 11 azaphilones; see Figure 2 for their chemical structures) were
identified by comparing with the literature their elution sequence, their UV-Vis and MS profiles
as well as the accurate mass measurements of their parent and fragment ions in High Resolution
Electrospray Ionization (HR-ESI) MS and MS/MS [13,26]. Moreover, the identification of MK, CP,
MKA, DeMK, DiMK, citrinin and monascin was confirmed by comparing their UV-Vis and MS and
MS/MS chromatographic profiles with those of the corresponding standards. The retention time (tR),
UV-Vis λmax, accurate masses of parent ion and of its MS/MS major fragment ions for each compound
identified are gathered in Table 4. We will not describe the process that allowed the identification of
the 23 compounds but we will show the respective contributions of UV-Vis and HR-MS and MS/MS to
determine their chemical structure through some selected examples.

The UV-Vis absorption spectra gave some indication on the chemical structure of the compounds
detected. For example, all the monacolins with a conjugated hexahydronaphthalene ring displayed
the same characteristic mountain-like UV spectrum with three maximum absorptions at ≈ 230,
238 and 246 nm (range 229–230, 238–239 and 244–247 nm) (Table 4) in accordance with literature
data [1,10,27,28]). Due to the absence of conjugated double bonds, the dihydromonacolins with an
octahydronaphthalene ring and so an UV maximum absorption band at ≈210 nm [1,20] were not
detected at the wavelength used in this study (238 nm). In the same way, the yellow azaphilone
pigments with the classical monascin-type chromophore showed specific profiles with high intensity
peaks at 227–233 and 386–392 nm and a very low intensity band at 285–291 nm, while the red ones with
the rubropunctamine-type chromophore presented specific absorbances at 251–252, 302–307, 412–423
and 525–530 nm (Table 4), all these values being in agreement with literature reports [29–34].
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Nevertheless, the unambiguous determination of compound identity required the additional use
of HR-MS and HR-MS/MS. For instance, the UV absorption spectrum of the compound eluting at tR
3.89 min with λmax at 230, 239 and 247 nm was characteristic of monacolins. Its protonated molecular
ion [M + H]+ at m/z 363.2159 and sodium adduct ion [M + Na]+ at m/z 385.1988 were in agreement
with respectively the calculated masses 363.2171 of C21H31O5 (relative mass error (RME) −3.3 ppm) and
385.1991 of C21H30O5Na (RME−0.8 ppm) suggesting a C21H30O5 molecular formula (Table 4). Moreover,
the MS/MS product ions obtained were characteristic of the fragmentation pathway of monacolins
(Table 4) [13,14,26]. So, the compound detected was a monacolin derivative that might be monacolin N
(MN) or dehydromonacolin N hydroxyl acid (DeMNA) recently described by Li et al. [26]. We propose
that it was MN based on the fact that its tR at −0.16 min with respect to monacolin L in hydroxyl acid
form (MLA) was in agreement with the value given by Li et al. for MN (−0.22 min) and not for DeMNA
(+1.72 min). Moreover, DeMNA was detected only at trace level using nanoflow HPLC-Chip-MS
whereas MN was also detected by conventional HPLC-MS which is much less sensitive [26].

The identification of the compound eluting at 9.78 min is another example of the interest of
coupling tR, UV-Vis profile and HR-MS spectra. This compound was not detected at 238 nm but only by
its UHPLC-MS profile exhibiting a molecular ion [M + H]+ at m/z 407. Among the known monacolins,
two have a nominal mass of 406: DiMK (C24H38O5) with an exact mass for [M +H]+ at m/z 407.2798
and monacolin M (MM; C23H34O6) with an exact mass for [M +H]+ at m/z 407.2434. The measured
mass of the [M +H]+ ion at m/z 407.2796 indicated that the compound was DiMK. Furthermore, its
MS/MS fragmentation pattern gave the same ions than MK but with 2 more m/z units (305, 287, 269 . . .
compared to 303, 285, 267 . . . ) confirming that a double bond of the fused ring was hydrogenated
(Table 4), whereas MS/MS fragmentation behavior of MM is identical to that of MK [26]. Also, MM
eluted between MJ and MLA with a relative tR versus MJ of 1.2–1.3 [13,26] and hence, in our UHPLC
conditions, MM would be expected at 2.4–2.6 min and not at 9.78 min. The incorrect assignment of this
compound to MM by Li et al. in 2004 [10] was based on the mountain-like UV spectrum centred at 238
nm characteristic of classical monacolins and on the MS [M +H]+ ion at m/z 407, but the UV absorption
and the [M + H]+ peak did not correspond to the same compound. Indeed, the compound with an
UV absorbance at 238 nm was very probably dehydromonacolin L (DeML), a monacolin analogue
described for the first time in 2011 [37] whose tR is close to that of DiMK (Table 4) [26].

Monacolins and pigments identified in each RYR formulation are listed in Table 5. UHPLC
UV-Vis and MS profiles of five characteristic RYR DS, one with only monacolins (formulation 13),
two with mainly monacolins (formulations 10 and 30) and two with more pigments than monacolins
(formulations 12 and 16) are illustrated in Figure 5 (the UHPLC UV-Vis and MS profiles of nine other
RYR DS analyzed are shown in Figure S2). MK was detected in all the samples analyzed and MKA and
DeMK in respectively 28 and 29 DS. MLA, ML, CP, DiMK and DeML were found in 18–22 DS, MJ in 11
and MN in 8. The other monacolins were observed only in few samples: one for monacolin J in hydroxyl
acid form (MJA) and two for monacolin X (MX). MM cannot be found in any RYR DS. The mycotoxin
citrinin was only detected at trace level in two samples. Among the yellow azaphilone pigments,
monascin, monascuspiloin and monaphilone B were identified respectively in 18, 15 and 21 of the RYR
DS analyzed, whereas ankaflavin, monaphilone A, monasfluore A and B were found in few samples
(6, 4, 5 and 3 respectively). The red azaphilone pigments, rubropunctamine, monascorubramine and
PP-R, were identified in 11, 4 and 2 samples, respectively.

2.2.2. Quantitative Analysis of Monacolins

The LOD and LOQ of standard lovastatin, established for SNR 3 and 10, were respectively
0.4 × 10−3 mg mL−1 and 1.5 × 10−3 mg mL−1 corresponding to 0.4 μg and 1.5 μg in the 10 to 100 mg
of powdered.
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RYR formulation extracted. Considering the ratio between the mass of sample extracted and that
of the formulation (tablet or powder in the capsule), the LOQ was estimated to be ≈0.9 μg of lovastatin
or other monacolins per capsule or tablet. The precision of the method was acceptable with a RSD
for the replicates less than 2% (range 0.1%–1.9%). The overall average value of RSD was 5% ranging
between 2% and 11%.

The amounts of the 12 monacolins identified in the 31 RYR DS are summarized in Table 5. There
is a marked variability in total monacolins (TotalM), MK and MK + MKA contents per capsule or
tablet with values ranging respectively between 0.07 and 23.84 mg, 0.07 and 23.18 mg and 0.07 and
23.80 mg. MK is by far the main monacolin in the 31 RYR analyzed representing 68% of TotalM (range
37–100%) and the sum MK +MKA representing 82% (range 52%–100%). As MKA is the active form
of MK, the European Food Safety Authority (EFSA) considers that the effective MK content in RYR
DS corresponds to the sum of both lactone and hydroxyl acid forms [38], which allows to get rid of
the great variability of the ratio MK/MKA. Indeed, this ratio was comprised between 0.9 and 37 in 28
of the RYR DS analyzed in the present study and could not be determined for the three others due
to the absence of MKA. These values are in agreement with literature data which report ranges from
0.4 to 85 [10,12,13,39] while the ratio varies between 1.5 and 2 in properly prepared RYR [1]. Minor
monacolins represent on average 18% of TotalM, ranging from 0 to 47%. All these results fully confirm
previous studies that showed that monacolin contents vary considerably in RYR end-use products,
as they depend on the yeast strain and the fermentation process. For example, the HPLC analysis of 15
commercial tablets or capsules showed that TotalM ranges between 0.31 and 11.15 mg per 600 mg of
RYR [39–42]. The literature review of the monacolins quantification established that MK represents
57% of TotalM (n = 26; range 0%–99%), MK +MKA 83% (n = 41; range 32%–100%), and the minor
monacolins 17% (n = 41; range 0%–68%) [1,10,39–43].

Our own results and all the literature data show that to improve the effectiveness and safety of
RYR products in lowering/regulating cholesterol levels, a precise quantification of their monacolin
content should be mandatory. Indeed, the MK content indicated for some formulations (18 over the 31
tested) is not sufficient to know the effectiveness of RYR DS as the amount of MKA, which is largely
variable, is not specified. However, it is unclear if the term MK used by the manufacturers refers to
the sole MK or to the sum MK +MKA. The chemical structures of MK and MKA being different, this
should be mentioned. Moreover, the content of minor monacolins should be taken into account as they
represent at least ≈ 14% of TotalM in 65% of the RYR tested in our study (Table 5) and in 71% of the 41
RYR products reported in the literature [1,10,39–43]. Indeed, if MK after its transformation by liver
metabolism into MKA has the highest HMG-CoA reductase inhibitory activity, the other secondary
monacolins such as CP, MJ, ML or DiMK are also active although at a lower or much lower extent
(except for DiMK). Relative to MK or DiMK activity stated at 1, those of the other monacolins are 0.5
for CP and dihydroCP, 0.15 for ML, 0.2 for dihydroML, MX and dihydroMX, and 0.04 for MJ [44].
The dehydromonacolins, often considered as inactive, also present a low activity (0.2 for DeMK [45]).

2.3. Comparison of 1H-NMR and UHPLC Results

1H-NMR makes it possible to highlight the overall profile of the compounds present in the RYR
DS in a single analysis of the crude extract. Indeed, not only all the monacolins, but also pigments
(monascin and other pigments having the same skeleton), fatty acids (SFA and UFA), polyols (glycerol,
sorbitol), glucose as well as various other products most often added to the formulation (piperine,
carnitine, vitamins) are detected. The main drawback of the method is that the resonances identified
are in most cases characteristic of a family of compounds and not of a specific compound as for
example, monacolins with a hexahydronaphthalene ring and not only MK, or monascin and other
pigments with the same skeleton and not the sole monascin. In contrast, the UHPLC-DAD-MS analysis
allows a precise identification of the compounds, but like any separation technique, it requires much
more time for implementation and especially the operating conditions used target certain structures of
compounds, for example, here, monacolins and pigments.
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As the 1H-NMR resonances quantified are specific of monacolin families and not of each
monacolin, the monacolin amounts determined by 1H-NMR must be compared to those obtained
by UHPLC-DAD-MS for the same group of monacolins. The relationships between the amounts
measured from the quantification of the resonances at 5.84 ppm and 5.56 ppm in 27 and 28 formulations
respectively, both characteristic of all the monacolin structures except dihydromonacolins (TotalM-DiMK
(because only this dihydromonacolin was detected by UHPLC)) (Table 3), and those obtained by
UHPLC-DAD-MS for the same set of monacolins (Table 5) were very good, as demonstrated by slopes
near 1, y-intercepts close to zero and correlation coefficients (r2) greater than 0.99 for the two linear
regression equations as well as p-values of 0.94 and 0.66 (Table S3). A similar very good correlation
between NMR and UHPLC values was obtained when considering the mean concentrations measured
from the two NMR resonances (Table S3).

The comparison of the contents of monacolins in lactone form determined from the quantification
of their characteristic resonances at 4.60 ppm and/or 4.25 ppm in 22 RYR DS to those obtained
by UHPLC-DAD-MS for the same panel of monacolins also showed results in good agreement.
Indeed, the linear regression equation of the 1H-NMR and UHPLC values displayed a slope of
0.983, a y-intercept of 0.013 and a correlation coefficient of 0.996, and the p-value was 0.50 (Table S3).
The resonance at 5.33 ppm is characteristic of all the monacolins except MJ, MJA, ML, MLA and
DiMK. Its quantification, which could only be performed on 17 RYR DS, led to values in agreement
within ±11% with those obtained by UHPLC for the same set of monacolins for only six (35%) of them
(Tables 3 and 5). The very weak relationship between the concentrations measured by the two methods
was demonstrated by the low correlation coefficient (r2 = 0.723) and the y-intercept far from zero of the
linear regression equation as well as a p-value of 0.02 representative of a significant difference between
1H-NMR and UHPLC data (Table S3). Therefore, for the RYR DS analyzed in this study, this resonance
is unsuitable for quantification, in contrast to what was observed in a previous 1H-NMR assay of five
formulations marketed for German consumers [18].

In the same way, the resonances at 4.05 and 3.63 ppm, characteristic of the monacolins in hydroxyl
acid form, cannot be accurately quantified due to their strong overlap with matrix signals. Indeed,
all the assays tentatively performed led to values considerably higher than those obtained by UHPLC
for the same type of monacolins (data not shown).

From all the 1H resonances characteristic of the various monacolin chemical structures, only
those involving the hexahydronaphthalene ring (at 5.84 and 5.56 ppm) and the lactone ring (at 4.60
and 4.25 ppm) are appropriate for quantification without requiring curve deconvolution algorithms.
It should be noted that the quantification of the resonances at 5.84 and 5.56 ppm was hindered by the
LOQ of the technique for three formulations (28/31 formulations were quantified), and that of resonances
at 4.60 or/and 4.25 ppm was additionally hampered by their overlap with matrix signals in some cases
(only 22/31 formulations were quantified). To confirm that the 1H-NMR signals at 5.84 and 5.56 ppm can
be used to quantify the monacolin content in the RYR formulations, we compared the data obtained to
TotalM determined by UHPLC (Table S3). The good relationship between the two sets of values (linear
regression equation with a slope of 1.00, a y-intercept at 0.113 and a correlation coefficient of 0.986 as
well as a t-test p-value of 0.25) was not unexpected as DiMK (the sole dihydromonacolin detected in this
study by UHPLC) represented ≈2.8% of the TotalM (range 0–9.9%) (Table 5). The presence of DiMK
was not surprising as it is produced in small quantities during the fermentation process of rice with
Monascus [1,23]. In conclusion, 1H-NMR can be considered as a convenient method to determine the
TotalM content in RYR DS.

2.4. Quality Control Issues

2.4.1. About Monacolin Labelling of RYR DS

Only 18 of the 31 RYR DS (58%) tested specified a monacolin(s) content on their label: 14 indicated
a level of MK, 1 the sum MK +MKA, and the label was imprecise for 3 DS, 1 indicating “Monascus
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purpureus” and 2 “monacolin” (Table 6). The amount of MK measured was in the range 90%–110%
of declared amount for only 3 of the 14 DS mentioning a quantity of MK (DS 13, 23 and 27). If we
hypothesize that the label “MK” includes MK +MKA, three additional DS (15, 22 and 24) were in
the range 90%–110%. If we consider that the claimed dose corresponds to TotalM for the three DS
indicating “Monascus purpureus” (DS 4) or “monacolin” (DS 25 and 30), the measured amount was
between 90% and 110% (1H-NMR and UHPLC mean amount for DS 25) (Table 6). So, 50% of the
formulations analyzed contained less than the declared amount of monacolin(s). It is also interesting
to note that three DS (10, 11 and 12) contain a very small amount of MK (or MK +MKA) compared to
the advertised dose (Table 6). It can thus be concluded that the monacolin label information is not
reliable for many RYR products. This deviation between labelled and measured contents has already
been reported by Mornar et al. [12] in five DS.

2.4.2. About the Variability of Monacolins Consumed Per Day in RYR DS

There is great variability in the daily consumption of monacolin amounts in terms of MK,
MK +MKA, and TotalM (or TotalM-DiMK) calculated from the UHPLC and 1H-NMR data taking into
account the recommended serving(s) per day indicated on the labels of the RYR products (Table 6).
The amounts of MK, MK +MKA and TotalM consumed daily ranged respectively between 0.08 and
46.2 mg, 0.08 and 47.6 mg, 0.08 and 47.7 mg (UHPLC values) and 0.6 (the very low monacolin content
in 3 samples (DS 11, 12 and 29) being undetected) and 47.8 mg (NMR values). Although the range
of monacolins consumed is the same considering MK, MK +MKA or TotalM, this is not true for all
formulations. Indeed, MK represented less than 60% of TotalM in 45% (14/31) of the formulations
analyzed and MK +MKA accounted for less than 80% of TotalM in ≈40%, emphasizing the helpfulness
of the NMR method which allows the content in all monacolins to be easily determined.

About half of the RYR DS analyzed (48%, 15/31) contained more than 7 mg of MK +MKA or 8 mg
of TotalM per recommended daily serving, whereas for ≈45% (14/31), the daily intake of MK +MKA
or of TotalM was less than ≈ 3 or 4 mg respectively. Although only single batch formulations have
been analyzed and the monacolin content may vary from batch to batch, the question of how effective
these levels of monacolin can be for lowering/regulating cholesterol levels can be raised. In 2011,
the EFSA concluded that a cause and effect relationship has been established between the consumption
of 10 mg per day of MK (sum of lactone and hydroxyl acid forms) from RYR DS and the maintenance
of normal low-density lipoproteins-cholesterol (LDL-C) levels [38]. However, several clinical trials
using RYR products at daily MK doses well below 10 mg (around 5 mg and even 3 mg) without
any other cholesterol-lowering agents such as berberine, policosanol or garlic, showed a statistically
significant reduction in LDL-C compared to placebo but these low values either corresponded to MK
in the sole lactone form [40,42] or it was not indicated whether they included the hydroxyl acid form
of MK [3,4,46]. Nevertheless, when the RYR composition in monacolins was available, the amounts of
MK +MKA and TotalM were always at least around 7 mg and 10 mg respectively [40,42]. From these
data, it can be concluded that a daily dietary intake of ≈7 mg of MK +MKA or ≈8 mg of TotalM is
sufficient to induce a cholesterol-lowering/regulating effect. On the other hand, the very low daily
intake of monacolins found in ≈ 45% of the RYR DS analyzed might not lead per se to a significant
reduction/regulation of cholesterol levels.
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3. Materials and Methods

3.1. Red Yeast Rice Dietary Supplements

Thirty-one RYR DS bought mainly on internet web sites (24) but also from local health food stores
(7) between September 2013 and June 2014 were analyzed before their expiration date with UHPLC and
1H-NMR techniques. RYR products were formulated as capsules (20) or tablets (11). All samples with
their name, origin, form, batch number, expiration date and RYR extract content are listed in Table 1.

3.2. Chemicals and Reagents

Authentic standards of lovastatin (MK), citrinin and monascin were purchased from Sigma Aldrich
(St. Louis, MO, USA) and those of DeMK, CP and DiMK from TRC (North York, ON, Canada). All other
chemicals and reagents used as well the NMR reference for internal chemical shift and quantification
(sodium 2,2,3,3-tetradeutero-3-(trimethylsilyl) propanoate (TSP)) were supplied from Sigma Aldrich
(St. Louis, MO, USA). Deuterated solvents were obtained from Euriso-Top (91194 Saint Aubin, France).
MKA was prepared by hydrolyzing a solution of standard lovastatin in acetonitrile:water (CH3CN:H2O)
or deuterated acetonitrile:deuterated water (CD3CN:D2O) 80:20 v/v (3.7 mg mL−1) with a 1M NaOH or
NaOD solution under the optimized conditions described in literature [12]. The complete conversion
of the lactone form (MK) to its acidic form (MKA) was confirmed by HPLC-MS as the [M + H]+ peak
of MK at m/z 405 disappeared and the peak of MKA at m/z 423 was sole detected. Demineralized water
was obtained with a Milli-Q system Purelab flex Veolia Waters.

3.3. Choice of Extraction Solvent and Preparation of Samples for Analyses

The extraction of monacolins from RYR bulk powders with various solvents such as CH3OH,
ethanol: water mixtures, CH3CN or ethyl acetate has been extensively described, the best results being
obtained with CH3OH or ethanol:water 75:25 [11–13,47,48]. Two extraction solvents were tested in this
study, CH3OH and CH3CN:H2O 80:20 (because the MK solubility in CH3CN is higher than in ethanol,
28 and 16 mg mL−1 respectively) and led to the almost same extraction recovery for all compounds, as
measured by UHPLC-DAD. In this study, all sample extractions were performed with the mixture
CH3CN:H2O (or CD3CN:D2O).

For the qualitative 1H-NMR analysis, around 100 mg of the powdered RYR samples were mixed
with 1 mL of CD3CN:D2O (80:20 v/v) under vortex agitation for 1 min and then sonicated for 10 min.
The suspension was then centrifuged (5 min, 3000 rpm) and 700 μL of the supernatant analyzed. TSP as
internal chemical shift (δ) reference was added before NMR recording.

For the quantitative 1H-NMR analysis, between 20 and 100 mg of powdered sample was exactly
weighed and mixed with 1 mL of CD3CN:D2O (80:20 v/v) under magnetic stirring during 20 min, then
sonicated for 10 min. After centrifugation (5 min, 3000 rpm), 30 μL of a 10.0 mM solution of TSP were
added to 800 μL of supernatant and the resulting solution was analyzed. The final concentration of
TSP was 0.36 mM.

The efficacy of this single-step extraction procedure was demonstrated in samples with low
and high contents of monacolins. Around 30, 85 and 90 mg accurately weighed of three different
powdered samples (respectively DS 13, 22 and 5) were extracted as described above, except that after
centrifugation, the whole supernatant was carefully collected and analyzed by 1H-NMR. The exactly
weighed residual wet pellet was re-extracted with the same protocol than above and the supernatant
analyzed using 1H-NMR. In the second extraction, the amounts of monacolins found were respectively
≈ 4.7%, 8.0% and 14.0% of that measured in the first extract. However, the solvent present in the wet
pellet represented respectively at least (as the total weight of the powdered sample used was subtracted
from the pellet weight) ≈ 5.4%, 8.3% and 14.0% of the initial solvent weight (1 mL = 905.48 mg).
The amount of monacolins extracted was thus directly proportional to the amount of solvent remaining
in the pellet. So, all the monacolins were dissolved in the solvent (1 mL) used in the single-step
extraction procedure and were thus quantified.
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For the quantitative analysis by UHPLC, between 10 and 100 mg of each powdered sample was
exactly weighed and mixed with 1 mL of CH3CN:H2O (80:20 v/v) under magnetic stirring during 20 min,
then sonicated for 10 min. The suspension was then centrifuged (5 min, 3000 rpm). The supernatant
was filtered through a 0.45 μm pore size filter before the injection.

3.4. 1H-NMR Analysis

3.4.1. Recording Conditions

For the qualitative analysis, the 1D 1H-NMR experiments were performed on a Bruker Avance
500 spectrometer (Bruker Biospin AG, Fallanden, Switzerland) equipped with a 5 mm 1H-optimized
triple resonance NMR inverse helium-cooled probe (TCI CryoProbe) at 298K (standard 1H sensitivity
for 0.1% ethylbenzene in CDCl3: SNR 4200). Typical acquisition parameters were as follows: spectral
width 8000 Hz, 32K data points, pulse width 10.0 μs (flip angle 90◦), acquisition time 2.04 s, relaxation
delay 1 s, number of scans 16, corresponding to a recording time of 0.8 min.

For the quantitative 1D 1H-NMR experiments, analyses were acquired on a Bruker Avance 400
spectrometer equipped with a TBO (Triple resonance Broadband Observe) probe at 298K (standard 1H
sensitivity for 0.1% ethylbenzene in CDCl3: SNR 266). The spectra were recorded with the following
parameters: spectral width 8000 Hz, 64K data points, pulse width 3.7 μs (flip angle ≈ 30◦), acquisition
time 5.12 s, and relaxation delay 4.88 s. The number of scans was 64 or 512 for recording times of ≈11
or 85 min respectively. Three different samples of the same DS were analyzed.

T1 relaxation times of the methyl protons of TSP and those of the characteristic monacolin protons
used for quantification (ethylenic protons of the hexahydronaphthalene ring (H6 and H4) and of the
unsaturated lactone of dehydromonacolin derivatives (H22), and CH-OH proton of the lactone ring
(H22)) (see Table 2 for proton numbering) were measured in RYR DS by the inversion-recovery pulse
sequence method. Twenty delays from 0.001 to 30 s were used with an acquisition time of 2.56 sec and
a relaxation delay of 30 s. The T1s found were between 1.6 and 2.2 s for monacolin derivatives and
4.5 s for TSP. All the 1H resonances were thus considered as fully relaxed since more than 98% of the
signal intensity of the TSP protons was recovered in the recording conditions used.

The concentrations were calculated by comparing the signal areas of convenient protons of
targeted compounds with those of TSP, the area of each NMR peak being directly proportional to the
number of corresponding nuclei in fully relaxed recording conditions.

Data were processed with the Bruker TopSpin software 2.1 or 3.1 with one level of zero-filling
and Fourier transformation after multiplying FIDs by an exponential line-broadening function of
0.3 Hz. Assignment of signals of MK, MKA, CP and DiMK was achieved with 1D 13C-NMR and 2D
experiments (gCOSY, gHSQC and gHMBC).

3.4.2. Quantification

The quantification was performed on the characteristic 1H-NMR signals (CH=, CH-OH and
CH-OR) of the different monacolin families (monacolins in lactone and hydroxyl acid forms,
dehydromonacolins and dihydromonacolins). The amount of compound (mg) per dosage unit
is calculated from the following equation:

Q =
Ai

ATSP
× NbTSP

Nbi
× CTSP × V2

V1
× Vt × M × mt

m
(1)

with Ai and ATSP being the integrated areas of the characteristic NMR signal(s) of the monacolins to be
quantified (i) and of the TSP signal respectively, Nbi and NbTSP the number of protons contributing to
the signal of the analyte and of TSP (9 protons), CTSP the concentration of TSP in the solution analyzed,
V1 the volume of supernatant analyzed, V2 the volume of solution analyzed (V1 + VTSP (30 μL)), Vt the
volume used to dissolve the sample (1 mL), M the molecular weight of the analyte, mt and m the
weights of the dosage unit (tablet or powder from capsule) and of the sample analyzed. As NMR
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did not allow to characterize individually all the monacolins present in RYR, the molecular weight
considered was that of MK, the main one. This led to an approximation less than ±5% for MKA, DeMK,
MX, DiMK and CP but higher for other monacolins, +10% for MN, +16% for MJA, ≈ +20% for MJ and
MLA, +25% for ML and +29% for DeML (see Figure 2 for chemical structures). Nevertheless, all the
monacolins whose molecular weight differs of more than 5% relative to MK, are very minor. From their
amounts determined by UHPLC, we found that the approximation on their molecular weights led to
an increase of the total content of monacolins determined by NMR of less than 3% (<1% for 22 DS,
between 1 and 2.2% for 8 others, and 2.6% for one formulation).

3.5. UHPLC-DAD-MS Analysis

3.5.1. Instrumentation

The liquid chromatographic system was a Waters Acquity UPLC-DAD-SQD (Ultra Performance
Liquid Chromatography with Diode Array Detector and Single Quadrupole Detector). It consists of
the following modular components: a binary pump, an automatic sample injector with two 48-well
trays, a column oven, a diode array detector and a simple quadrupole detector with ESI. All the
analyses were performed using ESI ionization with the following settings: positive mode, electrospray
source temperature 135 ◦C, desolvatation temperature 300 ◦C, capillary voltage 2.8 kV, cone voltage
3 V, extractor voltage 2.0 V and RF lens voltage 0.1 V. The full scan mass spectra were acquired over a
range of m/z 100–1000. The separations were achieved on a Kinetex C18 (100 mm × 2.1 mm, particle
size 1.7 μm) column. The mobile phase consisted of water with 0.02% formic acid (solvent A) and
acetonitrile with 0.02% formic acid (solvent B) at a flow rate of 0.6 mL min−1. The temperature of the
column oven was set at 40 ◦C. The chromatographic analysis consisted of an isocratic elution with a
65% A/35% B mixture for 0.5 min followed by a linear gradient program: from 65% A/35% B to 35%
A/65% B between 0.5 and 15 min and finally to 0% A/100% B over 3 min. After each run, the percentage
of solvents ramped to their initial composition in 1 min and then the column was re-equilibrated
for 2 min. The UV detection and quantification were performed at 238 nm and UV-Vis spectra were
recorded within a range of 200–800 nm. The data acquisition and processing were done with the
Empower 2 software.

3.5.2. Validation Procedure

The UHPLC-UV method described was validated in terms of system suitability, linearity, precision,
sensitivity (LOD, LOQ) and specificity.

The system suitability tests to ensure the reproducibility of the chromatographic system were
performed by injecting six times 1 μL of a solution of standard lovastatin. The RSD found was 0.2% for
a 0.42 mg mL−1 solution and 1.5% for a 4.2 × 10−3 mg mL−1 solution and was acceptable as it was less
than 2% [13].

The linearity of the UHPLC-UV assay was tested for eight concentration levels of standard
lovastatin in the range 4.18 × 10−3–0.42 mg mL−1 in CH3CN:H2O (80:20 v/v). The correlation coefficient
value (r2 = 0.9993) of the calibration curve obtained by plotting the peak areas versus concentrations
indicated satisfactory linearity of the method in the range studied. All the monacolins with a
characteristic UV maximum absorption peak at ≈238 nm were quantified using the calibration curve
established for standard lovastatin and their amounts in mg calculated considering their respective
molecular weights. DiMK was not detected at this wavelength and was thus quantified by MS from
its [MH]+ peak area by comparison to that of MK whose amount was previously determined by UV,
considering that their ionization efficiencies were similar.

Each solution of extracted RYR sample was analyzed three times. Two independently prepared
samples were analyzed for 18 RYR DS and three for the other 13.
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The specificity of the method, under the conditions described above, was verified using the
chromatographic peak purity tool included in the Empower 2 software and showed no co-elution
between peaks of monacolins and those of the complex matrix.

3.6. High-Resolution Mass Spectrometry (HR-MS) Experiments

HR-MS and HR-MS/MS were performed on a Waters Xevo G2 QTOF mass spectrometer (Waters,
Manchester, UK) with ESI in positive mode (ESI+) and in few cases in negative mode (ESI−). For both
modes, the instrument parameters were as follows: for MS analysis, cone voltage 30 or 50 V, source
temperature 110 ◦C, desolvatation temperature 300 ◦C, cone gas flow rate 20 L h−1, scan range m/z
50–1200; for MS/MS analysis, three collision energies were used 15, 25 and 35 V with the cone voltage
maintained at 30 V or 50 V and the spectra were acquired with a mass precursor ion selection of 3 Da.
All analyses were performed using the lockspray, which ensured accuracy and reproducibility. Leucine
enkephalin (1 ng μL−1) introduced by a lockspray at 3 μL min−1 was used as the lockmass generating
reference ions at m/z 556.2771 or 554.2615 in positive or negative mode respectively. The MassLynx
software was used to calculate the most probable chemical formula and the theoretical exact mass of
the molecular and fragment ions by comparison with their measured accurate ionic masses.

3.7. Statistical Analysis

Comparison of quantitative determination of the different monacolin sets obtained by 1H-NMR
and UHPLC was performed (i) by simple linear regression and (ii) with the Wilcoxon signed-rank
test, a non-parametric test that can be used as an alternative to the paired Student’s t-test for matched
pairs when the population cannot be assessed to be normally distributed; the p-values > 0.05 (95%
confidence level) were considered as proofs of no significant difference between the values measured
by the two methods.

4. Conclusions

This work demonstrated that 1H-NMR is a powerful method to establish rapidly (<1 min) the
spectral signature of RYR DS and to afford the quantitative determination of their total monacolin
content in a reasonable recording time (from ≈10 to 90 min depending on their concentration in the
solution analyzed). The method was validated against UHPLC-DAD-MS, the gold standard technique
for a detailed determination of all the monacolins existing in RYR products. Indeed, the quantification
of the 1H resonances of the hexahydronaphthalene ring at 5.84 and 5.56 ppm, characteristic of all
the monacolin families except the dihydomonacolins present in very low amounts, led to values in
close agreement with those of all the monacolins, including dihydromonacolins, measured by UHPLC.
These two resonances did not overlap with matrix signals in the RYR DS tested and their quantification
is only limited by the sensitivity of the method (LOQ ≈ 0.25 mg per capsule or tablet in our recording
conditions). Therefore, 1H-NMR can be considered as an accurate method for determining the total
monacolin content of RYR DS, not only those of the main ingredients MK and MKA, but also of
minor monacolins which are also active HMG-CoA reductase inhibitors although generally less potent,
accounting for a non-negligible amount (mean of ≈ 18%) of TotalM. Taking into account the easy
preparation of the RYR DS for the analysis (a simple extraction of capsule/tablet powder by an adequate
deuterated solvent), 1H-NMR can be proposed as a high-throughput (thanks to commonly used
sample changers) screening method for quality control of RYR formulations on the market. Indeed,
the product labels are often incomplete and inappropriate: 42% of the RYR DS analyzed in this study
did not provide information on the concentration of monacolins; when the label mentioned MK,
it was not specified whether the amount of MK included or not MKA; the amount of the other minor
monacolins was never indicated. The deviation between labelled and measured contents must also
be emphasized: only 50% of the labelled formulations actually contained the declared amount of
monacolin(s). In conclusion, health authorities should impose to manufacturers a strict control of
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the quality of the RYR DS to assess the ability of the marketed RYR products in reducing/regulating
cholesterol level.

Supplementary Materials: The following are available online, Table S1: 1H and 13C-NMR data (solvent:
CD3CN:D2O 80:20) of monacolin K in lactone (MK) and hydroxyl acid (MKA) forms, compactin and
dihydromonacolin K. Table S2: 1H-NMR quantitative determination of monacolins in RYR dietary supplements.
Table S3: Comparison of monacolin amounts measured in RYR dietary supplements by 1H-NMR and UHPLC.
Figure S1: 1H-NMR spectra (CD3CN:D2O (80:20)) of all the dietary supplements analyzed in the present study.
Upper part: entire spectrum, lower part: enlarged downfield region (4–9 ppm). Figure S2: UHPLC chromatograms
with UV detection at 238 nm (A) and full scan MS profile in positive ESI mode (B) of 9 RYR dietary supplements.
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Abstract: The root of Gentiana straminea Maxim. (Gentianaceae), is officially listed as “Qin-Jiao” in the
Chinese Pharmacopoeia for the treatment of rheumatic arthritis, icteric hepatitis, constipation, pain,
and hypertension. To establish the geographical origin traceability in G. straminea, its chemical profiles
were determined by a UPLC-Q exactive mass spectrometer, from which 43 compounds were identified
by comparing retention times and mass spectrometry. Meanwhile, a pair of isomers (loganin and
secologanol) was identified by mass spectrometry based on their fragmentation pathway. A total of
42 samples from difference habitats were determined by an UPLC-Q exactive mass spectrometer and
the data were assayed with multivariate statistical analysis. Eight characteristic compounds were
identified to determine the geographical origin of the herb. To estimate the key characteristic markers
associated with pharmacological function, the inhibiting activities of nitric oxide (NO) production in
lipopolysaccharide (LPS)-induced macrophages were examined. This finding is crucial in realizing
the determination of botanical origin and evaluating the quality of G. straminea.

Keywords: Gentiana straminea; geographical origin; UPLC-Q exactive mass; metabolomics;
multivariate analysis

1. Introduction

The geographical origin and the authenticity of herbal material are often related to the safe
application of their preparations, since the authenticity and quality parameters are often associated
with a particular geographical origin and/or production area [1]. However, some herbal products
available for purchase do not come from a fixed origin, and could fall short of quality requirements.
Thus, the successful traceability of geographical origin attributes is necessary for ensuring efficacy
and biosafety [2]. Metabolites are the end product of the majority of cellular processes, and, as such,
are representative of the phenotype of an organism. The secondary metabolites of herbs with
different geographical origins exhibit certain differences, therefore, it has been speculated that different
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geographical origins of medicinal herbs may be identified according to their chemical characteristics
by a data mining method based on their chemical profiles [3].

The root of Gentiana straminea (G. straminea) Maxim. (Gentianaceae) is officially listed as “Qin-Jiao”
in the Chinese Pharmacopoeia [4] for the treatment of rheumatic arthritis, icteric hepatitis, constipation,
pain, and hypertension [5]. Phytochemical investigations have characterized the plant by the presence
of a wide range of compounds, such as iridoids, secoiridoids, flavonoids, triterpenoids, alkaloids,
and other types of secondary metabolites [6–8]. Some published methods have focused on the qualitative
and quantitative determination of iridoids and secoiridoids in the plant by liquid chromatography
or liquid chromatography-mass spectrometry [9,10]. Nevertheless, few of these methods have been
aimed at determining the geographical origin of G. straminea by characteristic marker components.

In recent years, the authors of this paper successfully identified the characteristic components in
different geographical origins of Lamiophlomis rotata by ultra-high performance liquid chromatography
coupled with time-of-flight mass spectrometry (UPLC-Q/TOF/MS) [11–13]. Here, a comprehensive
chemical composition analysis of 42 samples is proposed to evaluate the variability of G. straminea
from different geographical origins, with sensitive, selective, and accurate UPLC-Q exactive mass
spectrometer analysis. The UPLC-Q exactive mass spectrometer data was assayed to identify the
characteristic components in G. straminea from different geographical regions. Partial least-squares
discriminant analysis (PLS-DA) and orthogonal partial least-squares discriminant analysis (OPLS-DA)
were employed with a metabolomic approach. To estimate the key characteristic marker associated with
pharmacological function, the inhibiting activities of nitric oxide (NO) production in lipopolysaccharide
(LPS)-induced macrophages were examined. In summary, the findings of this study imply that
the origin of the material should be considered when it is used in traditional prescriptions and
medicinal preparations.

2. Results

2.1. Identification of the Constituents in G. straminea by UPLC-Q Exactive Mass Spectrometer

The no. 3 sample from Sichuan province (SC-M-03-r3b) was selected for identification by UPLC-Q
mass assay as the sample showing the most peaks during 0–30 min. Forty-six peaks were detected
in G. straminea from MS and MSn in negative and positive ion mode by a UPLC-Q exactive mass
spectrometer (Figure 1). The mass accuracy for all assigned components was less than 5 ppm compared
with the molecular formulas of the published compounds in G. straminea. Gentiopicroside, swertiamarin,
6′-O-β-d-glucopyranosyl-gentiopicroside, sweroside, loganic acide and loganin were identified by
comparison with the retention time and mass fragmentation of reference standards. The SciFinder
Scholar and the PubChem databases were searched for the spectral data of other compounds reported
previously in the genus Gentiana and G. straminea to identify the constituents of the herb [14–20].
Forty-three of these were identified by comparing the retention times and mass spectrometry, which
has already been summarized [21], including 20 iridoids, 16 secoiridoids, 8 flavonoids, 2 triterpenoids,
2 lignins, 2 alkaloids, and 2 saccharides (Table 1).

Among these compounds, gentiopicroside (a type of secoiridoid) and loganin (a type of iridoid)
were officially listed in the Chinese Pharmacopoeia 2015 edition for quality control of the herb [22].
In positive ion mode, secoiridoids and iridoids all showed highly abundant proton and sodium ion
adducts, but a relatively lower proportion of potassium, and they also showed highly formate and
chlorine ion adducts in negative ion mode. Moreover, small peaks for [2M + Na]+, [2M + HCOOH −
H]− (Supplementary Figures S1 and S2), could be observed in the spectra for positive and negative
experiments. All of these mass signals were helpful in the identification of secoiridoid and iridoid
components [23,24].
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Figure 1. Total ion current chromatograms of substances in the extract of G. straminea (the no. 3 sample
of Sichuan province) with positive and negative ion modes.

For the first time, a pair of isomers (loganin and secologanol) were identified by mass spectrometry
based on their fragmentation pathway. Loganin (a type of iridoid), eluted at 9.95 min, showed
fragment ions at m/z 413.14157 [M +Na]+ (Figure 2a) and m/z 803.29346 [2M +Na]+, with the elemental
composition of C17H26O10Na (calculated 413.14240) in positive ion mode. In MS2, the compound
formed product-characterized ions at m/z 285.09409 with the neutral loss of C6H8O3 (Δm = 128.04831
Da). It also showed ions at m/z 185.04211 Da as glucose residue adducts sodium ion, and ions at m/z
219.06264 Da indacted the compound with the neutral loss of a glucose and methanol. The proposed
fragmentation pathway of the loganin is shown in Figure 3a.

Figure 2. The mass and MS2 spectra of (a) loganin and (b) secologanol.
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Notably, secoiridoids have always produced fragmentation by Retro–Diels–Alder (RDA) cleavage
of the aglycon moiety [24] and these fragmentations are quite different from that of iridoids. Secologanol
(a type of secoiridoid), eluted at 12.35 min, showed fragment ions at m/z 413.141172 [M+Na]+ (Figure 2b)
and m/z 803.29358 [2M +Na]+ (Supplementary Figure S1b), and after generated [M +Na − Glu]+ at
m/z 251.08833 Da, which was identical to the aglycone fragment corresponding to the neutral loss of
a glucose unit (Δm = 162 Da). The precursor ion produced characterized ions at m/z 181.04694 with
an RDA cleavage reaction of the base skeleton and showed the neutral loss of C4H6O (Δm = 70 Da).
The proposed fragmentation pathway of the secologanol is shown in Figure 3b.

 
Figure 3. (a,b) The proposed fragmentation pathways of loganin and secologanol, respectively.

2.2. Multivariate Analysis of the Global Metabolomics Data

To globally evaluate the chemical consistency of G. straminea samples of different geographical
origins, the UPLC-Q exactive mass datasets were subjected to partial least-squares discriminant
analysis (PLS-DA) and orthogonal partial least squared discriminant analysis (OPLS-DA) to highlight
differences among the G. straminea samples. As shown in Figure 4a, the 42 samples were roughly
clustered into three groups by PLS-DA analysis. With OPLS-DA analysis, all of the samples were
clearly categorized into three groups in 3D space (Figure 4b), 10 samples (green dots) from Gansu
province were assigned to group I, 7 samples (blue dots) from Qinghai were assigned to group II,
and 25 samples (red dots) from Sichuan province were assigned to group III.
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Figure 4. (a) Partial least-squares discriminant analysis (PLS-DA) score plot of G. straminea from
three geographical origins. Green dots: samples from Gansu province, blue dots: samples from
Qinghai province, red dots: samples from Sichuan province. (b) Orthogonal partial least-squares
discriminant analysis (OPLS-DA) in 3D score plot of G. straminea from three rgeographical origins.
Green dots: samples from Gansu province, blue dots: samples from Qinghai province, red dots:
samples from Sichuan province. (c) Loading plot of OPLS-DA analysis of G. straminea. compound
a: gentiopicroside (tR 9.78 min, m/z 379.09982), compound b: vitexin (tR 14.54 min, m/z 411.12610),
compound c: swertiamarin (tR 8.51 min, m/z 397.11060), compound d: gentiobiose (tR 1.33 min, m/z
365.10510), compound e: sweroside (tR 10.28 min, m/z 381.11551), compound f: 2-methoxyanofinic acide
(tR 22.15 min, m/z 271.08786), compound g: loganic acide (tR 6.87 min, m/z 399.12595), and compound
h: 1β, α,3α,24-tetrahydroxyursa-12,20 (30)-dien-28-oic acid (tR 25.53 min, m/z 503.33640).

In order to identify the most significant discriminatory features between these regions that could
act as potential barcodes, an extended statistical analysis was used to provide loading score plots
of OPLS-DA (Figure 4c). In this plot, according to the importance of discriminating geographical
characteristics, the size and color of these points have been highlighted, as seen in Figure 4c. The eight
characteristic compounds were identified as: gentiopicroside (tR 9.78 min, m/z 379.09982); vitexin
(tR 14.54 min, m/z 411.12610); swertiamarin (tR 8.51 min, m/z 397.11060); gentiobiose (tR 1.33 min,
m/z 365.10510); sweroside (tR 10.28 min, m/z 381.11551); 2-methoxyanofinic acid (tR 22.15 min, m/z
271.08786); 1β,2α,3α,24-tetrahydroxyursa-12,20(30)-dien-28-oic acid (tR 25.53 min, m/z 503.33640); and
loganic acid (tR 6.87 min, m/z 399.12595).

In the loading score plot of OPLS-DA, it is also clearly shown that samples from Gansu province
are characterized by a high content of gentiopicroside, vitexin, and loganic acid, while samples from the
Sichuan habitat location had a higher relative concentration of swertiamarin, and the populations of the
Qinghai province were characterized by high contents of gentiobiose, sweroside, 2-methoxyanofinic
acid, and 1β,2α,3α,24-tetrahydroxyursa-12,20(30)-dien-28-oic acid.
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2.3. Anti-Inflammatory Effect of Characterize Components

With the aid of multivariate statistical analysis, gentiopicroside was confirmed as the most
characteristic marker to distinguish the geographical origin of G. straminea. Anti-inflammatory activity
is directly associated with therapeutic effects on arthritis, thus, to further evaluate the anti-inflammatory
pharmacological function of characteristic markers, the inhibiting activities of nitric oxide production
were evaluated in the macrophage cell line RAW 264.7 [25].

The cytotoxicity of gentiopicroside and LPS in RAW 264.7 cells were examined using CCK8 assay.
As shown in Figure 5a, no significant difference in the viability of RAW 264.7 cells were observed
among groups, suggesting that the concentrations of gentiopicroside and LPS used in the present
study did not show any significant cytotoxic effects on RAW 264.7 cells. The inhibition effect of
NO production induced by LPS in the macrophage-derived RAW 264.7 cells of the compound was
assayed. It was found that the level of NO gradually decreased in a concentration-dependent manner
in gentiopicroside. At a concentration of 100 μM, the compound significantly inhibited NO generation
(83.76 ± 0.57%), with IC50 values of 44.2 ± 6.4 μM (Figure 5b).

In addition to gentiopicroside, nitric oxide production was also suppressed by loganic acid,
swertiamarin, and vitexin. These compounds possessed the most potent inhibitory activity against
NO production with IC50 values of 23.13 ± 5.4, 13.65 ± 7.1, and 15.71 ± 6.20 μM, respectively. All the
results showed that gentiopicroside, loganic acid, swertiamarin, and vitexin were able to effectively
inhibit NO production induced by LPS (1 μg/mL) in a dose-dependent manner in RAW 264.7 cells
(Supplementary Figure S3). Specifically, the inhibiting effect against NO production of sweroside
was also measured. However, the compound did not show inhibiting activities on LPS-induced NO
production in RAW 264.7 macrophages, as has been reported [26], because the cells were incubated
with sweroside for only 24 h in the experiment.

Figure 5. Effects of gentiopicroside on lipopolysaccharide (LPS)-induced NO production in RAW 264.7
cells. (a) RAW 264.7 cells were exposed to different concentrations of gentiopicroside (0, 5, 10, 20, 40, 80,
and 100 μM) with or without LPS (1 μg/mL) for 24 h. Cell viability was determined by using the CCK-8
method. (b) RAW 264.7 cells were incubated with gentiopicroside (0, 5, 10, 20, 40, 80, and 100 μM)
with stimulated by LPS (1 μg/mL) for 24 h. Extracellular levels of NO in culture media were measured
using commercial Griess reagent. Data were folds of control and expressed as the mean ± SEM of
six independent experiments. ### p < 0.001 compared with the control group. * p < 0.05, ** p < 0.01,
*** p < 0.001, compared with the LPS alone.

3. Conclusions

In the present research, a selective and specificity approach was established to illustrate the
chemical composition of 42 samples in G. straminea with a UPLC-Q exactive mass spectrometer,
and an overall chemical profile of the herb was obtained. The significant differences in metabolite
compositions between three geographical origins have been identified with multivariate analyses.
The anti-inflammation effects of biomarkers on LPS-induced NO production in RAW264 macrophages
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were examined. The results suggested that samples from Gansu province have a higher content of
gentiopicroside and loganic acid, and showed better anti-inflammatory effects than others. From the
legal point of view [27], the result also confirmed that samples of Gansu province have better quality
than other samples. Altogether, this finding is crucial in realizing the discrimination of the botanical
origin of G. straminea, and evaluating the herb quality.

4. Discussion

The objective of the current study is the development of UPLC-Q exactive mass spectrometer
methodology to allow qualitative screening of geographical origin traceability in G. straminea. Firstly,
the chemical profiles of G. straminea were determined with a UPLC-Q exactive mass spectrometer,
from which 43 compounds were identified by comparing the retention times and mass spectrometry.
Meanwhile, a pair of isomers (loganin and secologanol) was identified by mass spectrometry based on
their fragmentation pathway. Although Wu, et al. had identified 30 constituents in G. straminea with
LC-MS [9], the result was also conducive to have a comprehensive understanding of the constituents
of G. straminea.

Secondly, 42 samples from different habitats were determined by a UPLC-Q exactive mass
spectrometer and the data were assayed with multivariate statistical analysis. Gentiopicroside, vitexin,
swertiamarin, gentiobiose, sweroside, 2-metho-xyanofinic acide, loganic acide, and 1β,2α,3α,24-
tetrahydroxyursa-12,20(30)-dien-28-oic acid were identified as characteristic compounds to identify the
geographical origin of the herb. Notably, according to the importance of these characteristic compounds,
gentiopicroside was explored as the most characteristic marker to distinguish the geographical origin of
G. straminea. Additionally, the result also confirmed the rationality of gentiopicroside as the biomarker
to determine the quality of G. straminea. Moreover, the result indicated that samples from Gansu
province would be the most suitable choice for traditional prescriptions and preparations.

It should be emphasized that, according to the Chinese Pharmacopoeia, samples from Gansu
province have been shown to have higher gentiopicroside and loganic acide amounts of some
compounds than others. However, samples from Sichuan province showed a higher content of
swertiamarin, and pharmacological research has revealed that this characteristic compound possesses
anti-diabetic and anti-hyperlipidemic effects [28], and inhibits liver fibrosis [29]. Additionally, samples
from Qinghai province have shown a higher content of sweroside, which exhibited a hepatoprotective
effect [30], protective effects on osteoporosis [31], and aconitine-induced cardiac toxicity effects [32].
In view of the above reasons, it remains a challenge to estimate the herb quality of different populations.
Since the herb exhibits various clinical uses in traditional prescriptions, further research should be
conducted to better understand its geographical origin and its associated the clinical uses.

5. Materials and Methods

5.1. Plant Materials, Reagents, and Chemicals

Forty-two wild herbs of G. straminea were collected around the Qinghai-Tibet plateau in Qinghai,
Sichuan, and Gansu provinces during the flowering period (the locations of the samples are provided
in Table 2), individuals 10 m apart from each other were sampled randomly throughout the entire
range of each location. The herbs were authenticated by Professor Yi Zhang (Chengdu University
of Traditional Chinese Medicine, Chengdu, China). The samples were carefully divided into roots,
leaves, and inflorescences parts, and dried in the shade. The voucher samples were deposited in the
College of Ethnic Medicine (Chengdu University of Traditional Chinese Medicine, Chengdu, China)
and the Qinghai Key Laboratory of Qinghai-Tibet Plateau Biological Resources (Northwest Onstitute
of Plateau Biology, Chinese Academy of Science, Xining, China).
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Table 2. Populations of G. straminea from different geographical origin.

Location Longitude (E) Latitude (N) Altitude (m) No. of Samples

Gansu 101.9308–104.7733 33.36501–34.526 2905–3572 10
Qinghai 96.6487–101.7353 33.7805–33. 9361 3516–3789 7
Sichuan 98.7732–100.5236 31.0219–33.2510 3400–3796 25

Gentiopicrin (CAS:20831-76-9), loganic acid (CAS: 22255-40-9), swertamarin (CAS: 1738839-5);
loganin (CAS: 18524-94-2), vitexin (CAS: 3681-93-4), sweroside (CAS: 14215-86-2), and 6′-O-β-d-
glucopyranosylgentiopicroside (CAS: 115713-06-9) were purchased from Biopurify Phytochemicals
Ltd. (Chengdu, China). The purity of all of the standards is higher than 98% (determined by HPLC),
and were confirmed by the 1H-NMR spectra to those in the literature [14–20].

HPLC-grade methanol and formic acid were purchased from Merck (Darmstadt, Germany)
and Tedia (Fairfield, OH, USA). Deionized water was prepared using a Millipore water treatment
system (Bedford, MA, USA). Lipopolysaccharide (LPS, Escherichia coli 055: B5) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). The Cell Counting Kit-8 was purchased from Dojindo (Kyushu
Japan). Griess reagents and dimethyl sulfoxide (DMSO) were purchased from Beyotime (Shanghai,
China). All other reagents were of analytical grade.

5.2. Sample Preparation

The dried samples (100 mg of powder each) were made to the same concentration by resuspending
in 5 mL of 70% aqueous methanol in an ultrasonic bath for 30 min and cooled at room temperature.
The tubes were centrifuged twice at 12,000 rpm at room temperature for 5 min each time. The extraction
was repeated three times using fresh aliquots of the solvent. The extracts were transferred to a 5 mL
volumetric flask, which was then filled up to the final volume with extraction solvent. The sample
solutions were filtered through a 0.22-μm pore size nylon membrane filter before injection into the
UPLC. All samples were stored in a refrigerator at a temperature of 4 ◦C until analysis.

5.3. LC-MS/MS Analysis

The mass spectrometer Thermo Q-Exactive Plus (Thermo Scientific, San Jose, CA, USA) was
equipped with heated electrospray ionization (HESI) source. Capillary temperature and vaporizer
temperature were set at 330 and 280 ◦C, respectively, while the electrospray voltage was adjusted at
3.50 kV (operating in both positive and negative mode). Sheath and auxiliary gas were 35 and 15
arbitrary units, with an S lens RF level of 60.

The mass spectrometer was controlled by the Xcalibur 3.0 software (Thermo Fisher Scientific, San
Jose, CA, USA). The exact masses of the compounds were calculated using Qualbrowser in Xcalibur
3.0 software. The mass scan range was set in the range of m/z 100–1000.

The column was a Waters Acquity UPLC BEH C18 column (100 mm × 2.1 mm, 1.7 μm particle
size). The mobile phases were (a) water with 0.1% (v/v) formic acid and (b) methanol with 0.1% (v/v)
formic acid. The optimized elution conditions were as follows: holding at 10% B for 2 min, a linear
gradient from 10% to 13% B (all v/v) (2 to 4 min), 13% to 15% B (4 to 10 min), 15% to 17% B (10 to
15 min), 17% to 21% B (15 to 19 min), 21% to 29% B (19 to 24 min), 29% to 53% B (24 to 29 min), 53% to
75% B (29 to 35 min), 75% to 100% B (35 to 36 min), isocratic 100% B for 1 min, and then back to 7% B
in 1 min. The flow rate was 0.3 mL/min. The column temperature was 35 ◦C. The injection volume
was 2 μL.

5.4. Data Processing and Statistical Analysis

The data were processed according to the method described in the references [33]. The MS
chromatograms spectra of 42 samples were processed for alignment, data reduction, and normalization
by Xcalibur 3.0 software (Thermo Fisher Scientific, San Jose, CA, USA), the data were imported into
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Microsoft Excel to carry out peak area normalization after being processed by Compound Discoverer
2.0, and the processed data were exported to SIMCA-P software (ver. 13.0; Umetrics, Umeå, Sweden)
for data analysis. A list of the intensities of detected peaks was generated using the retention time (tR)
and the mass data (m/z) pairs to identify each peak. An arbitrary ID was assigned to each tR–m/z pair
in the order of their UPLC elution to facilitate data alignment. This procedure was repeated for each
run. Ions from different samples were considered to be identical when they had the same tR (tolerance
within 0.01 min) and m/z (tolerance within 0.01 Da). If a peak was not detected in a particular sample,
that ion intensity was recorded as zero.

5.5. Cell Culture and Cell Viability Measurement

Murine macrophage cell line RAW 264.7 were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Hyclone Florida, USA) supplemented with 10% fetal bovine serum (FBS, ExCell Bio Shanghai,
China), 1% Penicillin Streptomycin (Gibico California, USA) at 37 ◦C in a humidified atmosphere of
95% air and 5% CO2. After spreading at 80–90% confluence, cells were washed with PBS, scraped with
fresh culture, and subcultured into 96-well plates at a density of 5.0 × 103 cells/well and incubated
with or without LPS (1 μg/mL). The cells were exposed to different concentrations of gentiopicroside,
loganic acid, swertiamarin, and vitexin (0, 1, 5, 10, 20, 40, and 50 μM) with or without LPS (1 μg/mL)
for 24 h. The optical density was measured at 450 nm using a multi-plate reader (BioTek, Winooski,
VT, USA).

5.6. Nitric Oxide (NO) Assay

NO analysis was performed to evaluate inflammatory response and to measure NO release by
macrophages. RAW 264.7 cells (1× 105 cells/well) were seeded in 96-well cell culture plates and allowed
to adhere for 12 h. The cells were incubated on swertiamarin and loganic acid (0, 5, 10, 20, 40, 80,
and 100 μM), or swertiamarin and vitexin (0, 5, 10, 20, 40, and 50 μM), respectively, with stimulation by
LPS (1 μg/mL) for 24 h [34]. NO secretion by LPS-stimulated macrophages was determined by Griess
reagents (Beyotime, Shanghai, China) according to the instructions of manufacturer [35]. Absorbance
was measured at 540 nm and NO concentration was determined using sodium nitrite as a standard.
Three replicates were carried out for each of the different treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/24/4478/s1,
Figure S1: the mass spectra of loganin and secologanol in positive ion mode by UPLC-Q Exactive mass spectrometer
([2M + Na]+). Figure S2. the mass spectra of loganin and secologanol in negative ion mode by UPLC-Q Exactive
mass spectrometer ([2M + HCOOH-H]−). Figure S3. Effects of loganic acid, swertiamarin, and vitexin on
LPS-induced NO production in RAW 264.7 cells.
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Abstract: Resistance to anti-cancer drugs is one of the main factors of treatment failure resulting
in high morbidity. Among the reasons of resistance, overexpression of efflux pumps leading to
multidrug resistance is an important issue that needs to be solved. Taiwanofungus camphoratus has
been used as a nutritional supplement to treat various cancers. However, its effects on the resistance
to chemotherapeutic agents are still unknown. In this study, we report four new chemical constituents
of T. camphoratus isolated from an ether extract: camphoratins K (1) and N (2) and benzocamphorins G
(3) and I (4). Furthermore, we evaluated zhankuic acids A–C for their P-glycoprotein (P-gp) inhibitory
effects. The results showed that zhankuic acid A was the most potent P-gp inhibitor compound
and (at 20 μM) could reverse drug resistance in human cancer cells, restoring an IC50 of 78.5 nM for
doxorubicin, of 48.5 nM for paclitaxel, and of 321.5 nM for vincristine, indicating a reversal fold of 48,
38, and 45 times, respectively. This study provides support for the use of T. camphoratus in the further
development of cancer therapy.

Keywords: Taiwanofungus camphoratus; chemoreversing agent; zhankuic acid; P-gp inhibitor

1. Introduction

Treatment failure or metastasis are still the leading causes of death for cancer patients [1]. One of
the important factors causing treatment failure is drug resistance, which can be intrinsic or acquired [2,3].
Cancer stem cells [4], tumor microenvironment, and host effects are the main reasons of intrinsic
resistance, while efflux pumps, alteration of drug targets, degradation of anticancer drugs, and DNA
self-repair cause acquired resistance. In particular, overexpression of efflux pumps leads to multidrug
resistance (MDR) [2,3]. In order to increase the efficacy of anticancer drugs, strategies to reverse
multidrug resistance are extensively studied, and P-glycoprotein (P-gp) inhibitors have evolved to the
fourth generation [5–8]. However, because of their inability to of improve drug efficacy in patients
as well as their toxicity, P-gp inhibitors are not yet available in the clinic. Therefore, research is now
focusing on natural products, hoping to find safe and effective P-gp inhibitors [5–8].
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Taiwanofungus camphoratus, previously named Ganoderma camphoratum, Antrodia cinnamomea,
or Antrodia camphorate (Polyporaceae, Aphyllophorales), whose Chinese name is Zhan-Ku or
Niu-Chang-Chih, is a kind of fungus parasitic to Cinnamomum kanehirai Hay (Lauraceae), found in
the inner part of old hollow trunks. Traditionally, it has been used as a kind of medicinal food
against intoxication from food, alcohol, and drugs and for its anti-diarrhea, anti-hypertensive,
anti-inflammatory, and hepatoprotective effects [9]. Recent studies have revealed that Niu-Chang-Chih
exerts immunomodulatory effects [10,11], anti-lung cancer effects [12–14], and tumor-suppressive effects
in metastatic patients unresponsive to or unwilling to use chemotherapy [15]. A recent published
review summarized the pharmacological effects of this mushroom [16] reporting its anticancer
activity against a large variety of cancers, including breast, cervical, ovarian, prostate, bladder,
colorectal, pancreatic, liver, and lung cancers, melanoma, leukemia, lymphoma, neuroblastoma,
and glioblastoma. Other biological activities include anti-inflammatory, anti-atopic dermatitis,
anti-cachexia, immunoregulatory, anti-obesity, anti-diabetic, anti-hyperlipidemic, anti-atherosclerotic,
anti-hypertensive, anti-platelet, anti-oxidative, anti-photodamaging, hepatoprotective, renoprotective,
neuroprotective, testis protecting, anti-asthmatic, osteogenic, osteoprotective, antiviral, antibacterial,
and wound healing properties [16]. The major chemical constituents of this fungus are
triterpenoids [17–19] and benzenoids [20,21]. Other components are steroids [22], diterpenoids [23],
terpenoids [24], lignans [22], maleic and succinic acid derivatives [25], etc. Although the extract of
T. camphoratus has been used as a nutritional supplement for treating cancers, the P-gp inhibitory
effects of its main constituents are still unknown. Therefore, in addition to reporting new chemical
constituents of T. camphoratus, this study reveals the P-gp inhibitory effects of zhankuic acids A–C.

2. Results and Discussion

2.1. Purification and Identification of Chemical Constituents

The basswood cultivated fruiting bodies of T. camphoratus (3.6 kg) were repeatedly extracted
with ether (4 × 10 L) for 3 days. The ether extract was concentrated in vacuo to afford a brown
syrup (370 g) and then partitioned between water and ether. The ether layer was chromatographed
repeatedly over silica gel, as described in Supplementary Materials. In total, 45 compounds were
obtained. Among them, two triterpenoids, camphoratins K (1) and N (2), and two benzenoids,
benzocamphorins G (3) and I (4), were isolated and characterized from T. camphoratus for the
first time. Other known isolated compounds were triterpenoids, including methyl antcinate A
(5), antcins A (6), C (12), and K (18), zhankuic acid A methyl ester (7), zhankuic acids A (8),
B (11), C (9), and D (10), camphoratins E (13) and F (14), methyl antcinate (15), antcamphins
A (19), B (16), and D (17); terpenoids, including 1-hydroxy-p-menth-3-en-2-one (20), nerolidol
(21), coenzyme Q (22), 4-acetylantroquinonol B (23); steroids, including ergosterol (24), ergosterol
peroxide (25), camphoratin I (26); lignans, including sesamin (27) and 4-hydroxysesamin (28);
and benzenoids, including antrocamphins A (30) and B (29), benzocamphorins C (37), D (44),
E (43), F (31), and H (32), methyl 3,4,5-trimethoxybenzoate (33), methyl 2,3,4,5-tetramethoxy
benzoate (34), 1-methyl-2,3,4,5-trimethoxy benzene (35), 2,3,6-trimethoxy-5-methylphenol (36),
methyl 2,5-dimethoxy-3,4-methylenedioxybenzoate (38), 4,5-dimethoxy-6-methyl-1,3-benzodioxole
(39), 4,7-dimethoxyl-5-methyl-1,3-benzodioxole (40), 2,3-(methylenedioxy)-4-methyl-5-methylphenol
(41), 2,2,5,5-tetramethoxyl-3,4,3,4-bimethylenedioxyl-6,6-dimethylbiphenyl (42), and tetracanyl ferulate
(45) (see Supplementary Materials for their references).

2.2. Structural Elucidations of Camphoratins K (1) and N (2) and Benzocamphorins G (3) and I (4)

Camphoratin K (1) was isolated as a white powder, and its sodiated molecular formula,
C33H54O4Na, was established from a sodium adduct ion peak at m/z 537.3917 in high-resolution
electrospray ionization mass spectrometric (HR-ESI–MS) analysis. The infrared (IR) absorption bands
at 3427, 1714, 1643, 1455, and 891 cm−1 were in agreement with the presence of a hydroxyl group,
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an ester, and a terminal double bond. In its 1H-NMR spectrum, there were proton signals for five
methyl singlets at δ 0.80 (6H, s, CH3-18, 29), 0.97 (3H, s, CH3-19), 0.99 (3H, s, CH3-30), 1.01 (3H, s,
CH3-31), 2.04 (3H, s, CH3-33), two methyl doublets at δ 1.01 (3H, d, J = 6.8 Hz, CH3-27) and 1.02 (3H, d,
J = 6.8 Hz, CH3-26), and four protons at δ 2.22 (1H, sept, J = 6.8 Hz, H-25), 3.22 (1H, dd, J = 4.4 Hz,
11.6 Hz, H-3), 3.69 (2H, m, H-21), 5.05 (1H, dd, J = 5.8, 9.4 Hz, H-15). The 13C-, DEPT- and HMQC
NMR spectra showed 33 carbon signals composed of 8 methyls at δ 15.4, 16.4, 18.3, 19.1, 21.4, 21.8, 21.9,
28.0; 9 methylenes at δ 18.2, 20.8, 26.4, 27.7, 28.2, 30.6, 31.4, 35.5, 36.0; 1 oxygenated methylene at δ
62.0; 2 oxygenated methines at δ 76.0, 78.9, and 1 terminal olefinic carbon at δ 106.4, which indicated a
triterpene skeleton. An acetyl group was assigned to link to C-15 from HMBC spectral correlations of
H-15 (δ 5.05) to C-16 (δ 36.0) and C-32 (δ 171.1). A terminal olefinic group and an isopropyl group were
built up via 2J, 3J-HMBC correlations of CH3-26 (δ 1.02) to C-24 (δ 156.1), C-25 (δ 33.7), and C-27 (δ 21.9)
and H-28 (δ 4.73 and 4.67) to C-23 (δ 31.4), C-24 (δ 156.1), and C-25 (δ 33.7). Other HMBC correlations
indicated a sulphurenic acid skeleton with a hydroxyl methylene [H-21 (δ 3.69) to C-17 (δ28.0)/C-20 (δ
43.2)] instead of an acid connected to C-20. This C-21 hydroxyl substitution is novel and rare among
all isolates from T. camphoratus (Figure 1).

Figure 1. Structure of camphoratin K (1) (a) and its key COSY (b), HMBC (c), and NOESY (d) correlations.

Camphoratin N (2) appeared as a pale yellow solid with sodiated molecular formula C30H42O6Na
(m/z 521.2876). The presence of an 8(9)-ene-7,11-dione moiety was proposed along with those of a
carboxyl group and a hydroxyl group, according to a UV maximum at 267 nm and IR absorptions at
3495, 1736, 1713, 1674, 1458, and 901 cm−1, respectively. Comparison of its 13C-NMR data with those of
antcamphin I [18] indicated the presence of an additional oxygenated methyl group. Assignment of
the oxygenated methyl group attached to a terminal carboxylate was based on the HMBC correlation
of CH3-26 (δ 3.67) to C-26 (δ 175.0). Also, 12α-OH and 29α-CH3 were suggested via the NOE
enhancements of H-12 (δ 4.11)/CH3-18 (δ 0.67) and CH3-19 (δ 1.54)/H-4 (δ 2.43) (Figure 2). According to
a previous study, camphoratin N could include a pair of epimers (25 S/R) that have identical NMR
data [18].
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Figure 2. Structure of camphoratin N (2) (a) and its key HMBC (b) and NOESY (c) correlations.

Benzocamphorin G (3), a colorless syrup, was isolated via thin-layer chromatography and has
the pseudomolecular formula of C13H12O3Na, constructed from the sodiated peak at m/z 239.0686 in
HR-ESI–MS analysis. Characteristic absorption bands in its IR spectrum revealed alkynes (2205 cm−1),
conjugated carbonyls (1667 cm−1), and alkenes (1607 cm−1). UV absorption maxima were at 268 and
296 nm. A comparison of its NMR spectra data with those of antrocamphin A [18] indicated similar
proton peaks at δ 5.44 (1H, s, terminal alkene), 5.55 (1H, s, terminal alkene), 3.82 (3H, s, OCH3), 2.22 (3H,
s, CH3-3), and 2.01 (3H, s, CH3-3′) as well as downfield shift of one aromatic proton (δ 5.99, 1H, s, H-6)
and loss of two methoxy signals. 13C- and DEPT-135 NMR spectra revealed a similar pattern to that of
antrocamphin A, except for a pair of ortho-carbonyls (δ 181.1 and 181.3), a downfield shift of C-6 (δ
107.0), and a loss of two methyl carbons. The positions of the ortho-carbonyls were assigned to be at
C-1 and C-2 via HMBC correlations of H-6 (δ 5.90)/with C-1 (δ 183.1), with C-2 (δ 181.3), with C-4 (δ
129.4), with C-5 (δ 158.8); and of CH3-3 (δ 2.22) with C-2 (δ 181.3), with C-3 (δ 144.6), with C-4 (δ 129.4),
with C-1′ (δ 81.7), respectively. Therefore, the structure of benzocamphorin G was established and is
shown in Figure 3.

 
Figure 3. Structure of benzocamphorin G (3) (a) and its key HMBC (b) and NOESY (c) correlations.

Benzocamphorin I (4) was also isolated via thin-layer chromatography as colorless syrup.
HR-ESI–MS analysis indicated its pseudomolecular formula as C18H18O8Na (m/z 385.0898). No alkynes
and alkene characteristic peaks were detected in its IR spectrum. Three pairs of proton signals revealed
two methyls (δ 1.99, 2.05), two methylenedioxy groups (δ 5.98, 6.00), and two methoxys (δ 3.89, 3.90).
Further 13C-, DEPT, and HSQC spectra indicated a benzocamphorin D skeleton [19] with an oxygen
linkage between two phenyl groups. However, one methoxy signal was lacking, and an oxygenated
aromatic carbon was present compared to benzocamphorin D [19], showing the methoxy group was
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replaced by a hydroxyl group. Thus, the structure of benzocamphorin I was determined and is shown
in Figure 4.

Figure 4. Structure of benzocamphorin I (4) (a) and its key HMBC (b) and NOESY (c) correlations.

2.3. P-gp Inhibitory Effects of the Extract of T. camphoratus

A pilot study using methanol as a solvent was done to evaluate the P-gp inhibitory effects of
the extract of T. camphoratus (Figure 5). The methanol extract was further partitioned using water
and EtOAc. Therefore, the methanol extract (TAM), the EtOAc layer (TAE), and the water layer
(TAW) were tested using human stably P-gp-expressing cells (ABCB1/Flp-InTM-293) in a calcein AM
(acetoxymethyl) uptake assay [26]. The increased intracellular calcein fluorescence corresponded to the
inhibition level of P-gp efflux function. The methanol extract as well as the EtOAc layer and the water
layer exhibited P-gp inhibitory activities at concentrations of 10 and 20 μM. The methanol extract and
the EtOAc layer exhibited inhibition in a dose-dependent manner. Moreover, the methanol extract
at 20 μM (TAM 20) showed P-gp inhibition comparable to that of the first-generation P-gp inhibitor
verapamil at a concentration of 2.5 μM.

Figure 5. The inhibitory effects of the methanol extract at 10 and 20 μM concentrations (TAM 10, TAM
20), the EtOAc layer (TAE 10, TAE 20), the water layer (TAW 10, TAW 20) and verapamil at 2.5 μM
concentration (VER 2.5) on P-glycoprotein (P-gp) in ABCB1/Flp-InTM-293 cells. * denotes p < 0.05
compared with the intracellular calcein fluorescence in the control group. The numbers, 2.5, 10, 20,
indicate the μM concentrations.

2.4. Zhankuic Acids A–C Inhibited P-gp Efflux Function

Although four new compounds were isolated, they were in little amount. In order to better
understand the main P-gp inhibitory effects of T. camphoratus, three of its major components, zhankuic
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acids (ZAs) A–C, were evaluated for their ability to inhibit P-gp using the calcein AM uptake assay.
ZAs A, B, C inhibited P-gp efflux function in a concentration-dependent manner (Figure 6). Among the
tested compounds, ZA-A demonstrated the most significant P-gp inhibitory effect.

Figure 6. The concentration-dependent inhibitory effects of zhankuic acids (ZAs) A, B, C on P-gp in
ABCB1/Flp-InTM-293 cells. * denotes p < 0.05 compared with the intracellular calcein fluorescence in
control group.

2.5. The MDR Reversal Effects of ZAs A, B, C

To examine the MDR reversal effects of ZAs A, B, C, the cytotoxicity of a combination of these
triterpenoids and chemotherapeutic drugs was evaluated in HeLaS3 and MDR KBvin cells. The IC50

of doxorubicin, paclitaxel, and vincristine in HeLa cells were 104 nM, 4.65 nM, and 41.5 nM, while in
KBvin cells they were 3750 nM, 1824 nM, and 14,540 nM, indicating high multidrug resistance of the
cells. When ZAs A–C were combined with the chemotherapeutic agents, the IC50 of doxorubicin,
paclitaxel, and vincristine in MDR KBvin cells were significantly decreased (Table 1). Reversal folds
were calculated by dividing the IC50 of the individual chemotherapeutic drug by the IC50 of the
compound–drug combinations. ZA-A possessed the most significant MDR reversal effect among the
tested compounds. It (20 μM) reversed drug resistance leading to an IC50 of 78.5 nM for doxorubicin,
of 48.5 nM for paclitaxel, and of 321.5 nM for vincristine, corresponding to reversal folds of 48, 38,
and 45, respectively.
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Table 1. The cytotoxic IC50 and reversal fold of drug resistance for ZAs A, B, C in combination with
chemotherapeutic drugs in HeLaS3 and MDR KBvin cells.

HeLa KBvin

IC50 ± SD (nM) RF 1 IC50 ± SD (nM) RF 1

Doxorubicin 104.5 ± 6.36 1 3750 ± 70.7 1
+Verapamil (2.5 μM) 83.61 ± 3.12 * 1.2 705.21 ± 19.13 * 5.3
+ZA-A (10 μM) 76.000 ± 1.41 * 1.4 420 ± 56.6 * 8.9
+ZA-A (20 μM) 51.500 ± 2.12 * 2 78.5 ± 3.53 * 47.8
+ZA-B (10 μM) 103.000 ± 1.43 1 2050 ± 72.5 1.8
+ZA-B (20 μM) 66.500 ± 4.94 * 1.6 1200 ± 23.5 * 3.1
+ZA-C (10 μM) 101.500 ± 2.12 1 2100 ± 25.3 1.8
+ZA-C (20 μM) 83.000 ± 1.42 * 1.3 1800 ± 45.7 * 2.1

Paclitaxel 4.65 ± 0.21 1 1824 ± 125.87 1
+Verapamil (2.5 μM) 0.95 ± 0.03 * 4.9 75.81 ± 4.95 * 24.1
+ZA-A (10 μM) 1.650 ± 0.07 * 2.8 143.5 ± 4.94 * 12.7
+ZA-A (20 μM) 0.450 ± 0.08 * 10.3 48.5 ± 2.12 * 37.6
+ZA-B (10 μM) 1.900 ± 0.14 * 2.4 228.5 ± 2.23 * 8
+ZA-B (20 μM) 0.750 ± 0.07 * 6.2 141.5 ± 4.78 * 12.9
+ZA-C (10 μM) 4.000 ± 0.28 1.2 253.6 ± 5.16 * 7.2
+ZA-C (20 μM) 3.700 ± 0.56 1.3 221.8 ± 2.54 * 8.2

Vincristine 41.5 ± 0.74 1 14540 ± 719.13 1
+Verapamil (2.5 μM) 37.9 ± 0.64 1.1 370.81 ± 8.34 * 39.2
+ZA-A (10 μM) 6.450 ± 1.06 * 6.4 2187 ± 30.7 * 6.6
+ZA-A (20 μM) 3.450 ± 0.77 * 12 321.5 ± 3.53 * 45.2
+ZA-B (10 μM) 8.350 ± 1.17 * 5 2252 ± 11.31 * 6.5
+ZA-B (20 μM) 5.700 ± 0.98 * 7.3 1355.5 ± 30.41 * 10.7
+ZA-C (10 μM) 31.500 ± 2.47 1.3 2484 ± 55.15 * 5.9
+ZA-C (20 μM) 16.500 ± 0.71 * 2.5 971.5 ± 37.8 * 15

1 RF: Reversal fold; * p < 0.05 compared with substrate drugs transport with the tested compounds.

3. Materials and Methods

3.1. General

The spectroscopic data of the purified compounds including optical rotations ([α]25
D ), UV, and IR

spectra were recorded on a Jasco P-2000 digital polarimeter (Jasco, Tokyo, Japan), a Hitachi U-0080D
diode array spectrophotometer (Hitachi, Tokyo, Japan), and a Jasco FT/IR-4100 spectrophotometer
(Jasco, Tokyo, Japan), respectively. The mass spectra were collected on a Shimadzu LC-MS 8040
spectrometer (Shimadzu, Kyoto, Japan). The HRMS data were obtained on a JMS-T100LP spectrometer
(Jeol, Tokyo, Japan). 1H-, 13C-, and 2D NMR spectra were recorded on the Bruker AV-500 and Avance
III-400 NMR spectrometers (Bruker, Billerica, MA, USA). The deuterated solvents were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Other chemicals used in this study were provided by Merck
KGaA (Darmstadt, Germany). Column chromatography was performed on silica gels in different
mesh sizes (70–230 and 230–400 mesh, Kieselgel 60, Merck KGaA, Darmstadt, Germany). Thin-layer
chromatography (TLC) was conducted on precoated Kieselgel 60 F 254 plates (Merck KGaA, Darmstadt,
Germany). The spots on TLC were detected by UV light or spraying with 10% (v/v) H2SO4 followed by
heating at 110 ◦C for 10 min.

3.2. Plant Materials

The fresh fruiting bodies of T. camphoratus were provided by TWHERB Biomedical Co., LTD,
Hsinchu, Taiwan (APACC-OG-100-034) in September 2009. The fungus was identified by Dr. Tun-Tschu
Chang (Taiwan Forestry Research Institute, Taipei, Taiwan). A voucher specimen (TSWu 2009-001-010)
was deposited in the School of Pharmacy, National Cheng Kung University, Tainan, Taiwan.

179



Molecules 2019, 24, 3730

3.3. Extraction and Isolation

The fruiting bodies of T. camphoratus (3.6 kg) were extracted with Et2O (4 × 10 L) for 3 days.
The Et2O extract was concentrated to afford a brown syrup (370 g) and then partitioned between H2O
and Et2O. The ether layer was chromatographed on silica gel and eluted with MeOH in chloroform
(0–100% of MeOH, gradient) to obtain 10 fractions, (Fractions 1–10) monitored by TLC. Fraction 2
underwent silica gel column chromatography using n-hexane–EtOAc (10:1) to obtain compound
3 (7 mg). Fractions 3 and 4 were combined and subjected to silica gel column chromatography,
eluted successively with a step gradient of n-hexane–EtOAc (3:1 to 1:2) to yield compounds 1 (15 mg)
and 4 (7 mg). Fractions 5 and 9 were combined and chromatographed on a column of silica gel,
eluted successively with a step gradient of CHCl3–MeOH as eluent to yield compound 2.

3.3.1. Camphoratin K (1)

Colorless powder; [α]25
D +111.2 (c 0.2, MeOH); IR (KBr) νmax: 3427, 2959, 2942, 2885, 1714, 1643,

1455, 1374, 1266, 1249, 1031, 891 cm−1; UV (MeOH) λmax: 243, 253 nm; ESI–MS m/z 537 [M + Na]+;
HR-ESI-MS m/z 537.3917 ([M + Na]+) (Calcd. for C33H44O4Na: 531.3920); 1H-NMR (CDCl3, 400 MHz)
δ 5.05 (1H, dd, J = 5.8, 9.4 Hz, H-15), 4.73 (1H, s, H-28), 4.67 (1H, s, H-28), 3.67 (3H, s, OCH3), 3.69 (1H,
m, H-21), 3.22 (1H, dd, J = 4.4, 11.6 Hz, H-3), 2.22 (1H, sept, J = 6.8 Hz, H-25), 2.12 (1H, m, H-16), 2.11
(1H, m, H-23), 2.10 (1H, m, H-7), 2.04 (1H, m, H-11), 2.03 (1H, m, H-7), 2.01 (1H, m, H-20), 1.93 (1H, m,
H-12), 1.91 (2H, m, H-11, H-23), 1.73 (1H, m, H-1), 1.63 (2H, m, H-2, H-22), 1.61 (1H, m, H-12), 1.56 (1H,
m, H-6), 1.55 (1H, m, H-2), 1.50 (1H, m, H-22), 1.48 (1H, m, H-6), 1.46 (1H, m, H-17), 1.22 (1H, m, H-1),
1.02 (3H, d, J = 6.8 Hz, H-26), 1.02 (3H, s, H-31), 1.01 (1H, m, H-5), 1.01 (3H, d, J = 6.8 Hz, H-27), 0.99
(3H, s, H-30), 0.97 (3H, s, H-19), 0.80 (3H, s, H-18), 0.80 (3H, s, H-29). 13C-NMR (CDCl3, 100 MHz) δ
171.1 (C-32), 156.1 (C-24), 135.5 (C-9), 132.8 (C-8), 106.4 (C-28), 78.9 (C-3), 76.0 (C-15), 62.0 (C-21), 51.0
(C-13), 50.1 (C-5), 44.4 (C-14), 43.2 (C-20), 38.8 (C-4), 37.1 (C-10), 36.0 (C-16), 35.5 (C-1), 33.7 (C-25), 31.4
(C-23), 30.6 (C-12), 28.2 (C-6), 28.0 (C-17), 28.0 (C-31), 27.7 (C-2), 26.4 (C-11), 21.9 (C-27), 21.8 (C-26),
21.4 (C-33), 20.8 (C-7), 19.1 (C-19), 18.3 (C-31), 18.2 (C-22), 16.4 (C-18), 15.4 (C-29).

3.3.2. Camphoratin N (2)

Yellow solid; [α]25
D +194.9 (c 0.1, MeOH); IR (KBr) νmax: 3495, 2944, 2926, 2892, 1736, 1713, 1674,

1458, 1378, 1238, 1200, 1167, 1065, 901 cm−1; UV (MeOH) λmax: 267 nm; ESI–MS m/z 521 [M + Na]+;
HR-ESI-MS m/z 521.2876 ([M + Na]+) (Calcd. for C30H42O6Na: 521.2879); 1H-NMR (CDCl3, 400 MHz)
δ 4.91 (1H, s, H-28), 4.87 (1H, s, H-28), 4.11 (1H, s, H-12), 3.67 (3H, s, OCH3), 3.13 (1H, q, J = 7.1 Hz,
H-25), 3.03 (1H, dd, J = 7.3, 12.4 Hz, H-14), 2.93 (1H, ddd, J = 2.7, 7.0, 2.7 Hz, H-1), 2.55 (1H, m, H-6),
2.54 (1H, m, H-2), 2.45 (1H, m, H-6), 2.43 (1H, m, H-4), 2.41 (1H, m, H-2), 2.40 (1H, m, H-15), 2.11 (1H,
m, H-23), 1.99 (1H, m, H-16), 1.99 (1H, m, H-5), 1.96 (1H, m, H-23), 1.87 (1H, m, H-17), 1.58 (1H, m,
H-22), 1.55 (1H, m, H-16), 1.54 (3H, s, H-19), 1.47 (1H, m, H-1), 1.44 (1H, m, H-15), 1.42 (1H, m, H-20),
1.28 (3H, d, J = 7.1 Hz, H-27), 1.20 (1H, m, H-22), 1.04 (3H, d, J = 6.6 Hz, H-29), 0.97 (3H, d, J = 6.5,
H-21), 0.67 (3H, s, H-18). 13C-NMR (CDCl3, 100 MHz) δ 210.7 (C-3), 201.9 (C-11), 200.1 (C-7), 150.3
(C-9), 148.4 (C-24), 145.3 (C-8), 80.4 (C-12), 49.3 (C-13), 48.5 (C-5), 45.6 (C-17), 43.9 (C-4), 41.7 (C-14),
39.0 (C-6), 37.9 (C-10), 37.5 (C-2), 35.3 (C-20), 34.5 (C-1), 33.8 (C-22), 31.2 (C-23), 26.8 (C-16), 23.8 (C-15),
17.9 (C-21), 16.3 (C-19), 11.4 (C-18).

3.3.3. Benzocamphorin G (3)

Colorless syrup; IR (KBr) νmax: 2937, 2205, 1667, 1607, 1588, 1450, 1365, 1273, 1230, 1078, 853 cm−1;
UV (MeOH) λmax: 268, 296 nm; ESI-MS m/z 239 [M + Na]+; HR-ESI–MS m/z 239.0686 ([M + Na]+)
(Calcd. for C13H12O3Na: 239.0684); 1H-NMR (CDCl3, 400 MHz) δ 5.90 (1H, s, H-2), 5.55 (1H, s, H-4′),
5.44 (1H, s, H-4), 3.82 (3H, s, OCH3), 2.22 (3H, s, CH3-5), 2.01 (3H, s, CH3-3′). 13C-NMR (CDCl3, 100
MHz) δ 183.1 (C-1), 181.3 (C-6), 158.8 (C-3), 144.6 (C-5), 129.4 (C-4), 126.2 (C-3′), 125.1 (C-4′), 108.7
(C-2′), 107.0 (C-2), 81.7 (C-1′), 56.3 (OCH3), 23.0 (CH3-3′), 14.5 (CH3-5).
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3.3.4. Benzocamphorin I (4)

Colorless syrup; IR (KBr) νmax: 3276, 2936, 2892, 1496, 1457, 1443, 1232, 1115, 1070, 1051, 956 cm−1;
UV (MeOH) λmax: 265, 284 nm; ESI-MS m/z 385 [M + Na]+; HR-ESI–MS m/z 385.0898 ([M + Na]+)
(Calcd. for C18H18O8Na: 385.0899); 1H-NMR (CDCl3, 400 MHz) δ 6.00 (2H, OCH2O-2′,3′), 5.98 (2H,
OCH2O-3′,4′), 5.97 (1H, s, H-6′), 5.17 (1H, s, OH-5), 3.90 (3H, s, OCH3-4), 3.89 (3H, s, OCH3-2′), 2.05
(3H, s, CH3-1′), 1.99 (3H, s, CH3-1). 13C-NMR (CDCl3, 100 MHz) δ 136.8 (C-3, 137.4 (C-2′), 136.1
(C-6, C-3′), 135.5 (C-5′), 135.0 (C-4), 134.4 (C-2), 133.4 (C-4′), 129.4 (C-5), 116.9 (C-1), 109.5 (C-6′),
101.8 (OCH2O-3′,4′), 101.8 (OCH2O-2, 3), 60.1 (OCH3-4), 60.0 (OCH3-2), 59.8 (OCH3-2′), 15.9 (CH3-1′),
9.4 (CH3-1).

3.4. Culture of Cell Lines

Human stably P-gp-expressing cells (ABCB1/Flp-InTM-293) were established and cultured in
DMEM as in a previous study [27]. The human cervical epithelioid carcinoma cell line HeLaS3 was
purchased from Bioresource Collection and Research Center (Hsinchu, Taiwan), and the multi-drug
resistant human cervical cancer cell line KBvin was kindly provided by Dr. Kuo-Hsiung Lee (University
of North Carolina, Chapel Hill, NC, USA). All cancer cell lines were cultured in RPMI-1640 containing
10% FBS, at 37 ◦C in a humidified atmosphere of 5% CO2.

3.5. Calcein AM Uptake Assay

The calcein AM uptake assay was performed to evaluate the inhibitory effect of the test compounds
on human P-gp efflux function. To be brief, 1 × 105 cells/well were seeded in 96-well black plates
overnight. Before starting the assay, the cells were washed and pre-incubated with warm Hanks′
balanced salt solution (HBSS) for 30 min. Then, the test compounds were added, and incubation was
carried out for 30 min. Calcein-AM was added after washing with warm PBS. The BioTek Synergy
HT Multi-Mode Microplate Reader was utilized to detect calcein fluorescence (excitation/emission
wavelength = 485 nm/528 nm) at 37 ◦C every 3 min for 30 min. Each experiment was performed at
least three times, each in triplicate on different days.

3.6. SRB Cytotoxicity Assay and Reversal Fold Calculation

Briefly, after 72 h of treatment with series concentrations of chemotherapeutic drugs with or
without the test compounds, 50% trichloroacetic acid (TCA) was added to fix the cells for 30 min.
After air-drying, the cells were stained with 0.04% sulforhodamine B (SRB) for 30 min and washed
with 1% acetic acid. The bound stain was solubilized in 10 mM Tris base, and the absorbance was
measured by a Synergy HT Multi-Mode Microplate Reader (BioTek, Winooski, VT, USA) at 515 nm.
Reversal folds were calculated by dividing the IC50 of each drug by the IC50 of the compound–drug
combination treatment.

4. Conclusions

Although numerous anti-cancer drugs are marketed, resistance to cancer treatments is still the top
reason for cancer death. Multidrug resistance is largely due to the high expression of efflux pumps.
T. camphoratus, a medicinal fungus, was reported to exhibit anti-cancer properties, but its effects toward
cancer multidrug resistance are unknown. In this study, four new chemical constituents, camphoratins
K (1) and N (2) and benzocamphorins G (3) and I (4), were reported for the first time, and the main
constituents of T. camphoratus, zhankuic acids A–C, were found to have P-gp inhibitory effects in a
dose dependent manner. In addition, zhankuic acid A (20 μM), the most potent P-gp inhibitor, could
effectively reverse MDR in KBvin cells, leading to an IC50 of 78.5 nM for doxorubicin, of 48.5 nM for
paclitaxel, and of 321.5 nM for vincristine, corresponding to reversal folds of 48, 38, and 45, respectively.
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Supplementary Materials: The following are available online. S01: References of the known compounds;
Figures S1–S36: NMR spectra of compounds 1–4.
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Abstract: In this study, an in vitro tyrosinase inhibition assay in combination with ultra performance
liquid chromatography-orbitrap mass spectrometry (UPLC-orbitrap-MS) was developed for the rapid
screening and identification of tyrosinase modulators from roots of Angelica keiskei. Of the 15 candidates
considered, nine chalcones, xanthoangelols (1), B (2), D (3), E (4), G (5), H (6), 4-hydroxyderricin (7),
xanthokeismin B (8) and (2E)-1-[4-hydroxy-2-(2-hydroxy-2-propanyl)-2,3-dihydro-1- benzofuran-7-yl]-
3-(4-hydroxyphenyl)-2-propen-1-one (9), five coumarins, umbelliferone (10), selinidin (11),
isopimpinellin (12), phellopterin (13) and xanthyletin (14), and one other compound, ashitabaol
A (15), were distinguished between the test samples and the controls with statistical significance,
and the structure of each compound was determined by comparing with in-house standards and
the literature. Among these, six compounds, xanthoangelol (1), xanthoangelol D (3), xanthoangelol
H (6), 4-hydroxyderricin (7), laserpitin (16) and isolaserpitin (17), were isolated from roots of A. keiskei.
Of the compounds isolated, compounds 1, 7 and 16 were subjected to tyrosinase inhibitory assay,
and the IC50 values were 15.87 ± 1.21, 60.14 ± 2.29 and >100 μM, respectively. The present study
indicated that the combination of in vitro tyrosinase inhibition assay coupled with UPLC-MS/MS
could be widely applied to the rapid screening of active substances from various natural resources.

Keywords: Angelica keiskei; tyrosinase; UPLC-MS/MS; chalcone; coumarins

1. Introduction

Natural products have been used in the field of medicine and cosmetics for centuries.
Their potential to treat various skin diseases and to improve skin condition is well-known. As ultraviolet
(UV) radiation is a contributing cause for sunburns, wrinkles, premature aging, cancer and reduced
immunity against infections, there is an increasing demand for products that provide protection
against UV radiation [1]. Tyrosinase is a key enzyme that catalyzes the initial rate-limiting steps of
melanin synthesis [2,3]. Abnormal and excessive melanin synthesis is the primary cause for skin
disorders including melasma, senile lentigo, freckles and age spots [4]. As a result, finding novel and
effective melanogenesis inhibitors has profound importance in controlling melanin production and
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pigmentation-related disorders [5]. In an attempt to find potent and safe tyrosinase inhibitors, this
experiment evaluated the in vitro tyrosinase inhibitory activity of Angelica keiskei.

A. keiskei Koidzumi (Japanese name: ‘Ashitaba’, Umbelliferae) is a hardy perennial herb with
exuberant vitality and multi-bioactive components. It originated in Hachijojima, Japan, and now
mainly grows along the Pacific coast of Japan. A. keiskei is traditionally used as a diuretic, laxative,
analeptic and galactagogue [6–8]. It is a dark green leafy vegetable that has been recognized as a
medicinally important herb and cultivated in many Asian countries because of its health benefits.
The stems and leaves have been consumed commercially as health foods and the roots have also been
used as a food additive and medicine to alleviate pain and diabetic symptoms [9]. Various chalcones
such as xanthoangelol, 4-hydroxyderricin and coumarins like xanthotoxin and laserpitin have been
isolated and characterized from this plant [6,8].

Chalcones and coumarins are the main bioactive compounds in A. keiskei. Chalcones have
been widely studied and are known to contain antioxidants [10], anticancer agents [11,12] and
α-glucosidase inhibitors [13]. Coumarins, on the other hand, were proved to have antioxidants [14],
antidepressants [15] and anticancer agents [8,16,17].

An ultra-performance liquid chromatography (UPLC) coupled with the high resolution MS/MS
method is the advanced method for the identification and quantification of phenol compounds from
plants and food [18]. The full scan analysis reveals the molecular weight (MW) of the unknown
compounds, while tandem MS reveals aspects of the chemical structure of the precursor ion via
fragmentation. Ion trap mass spectrometers can carry out sequential fragmentations of the precursor
ion to form product ions. By using this method, unknown compounds are identified from the exact mass
and MS/MS fragmentation. Since compounds are scanned separately and identified, the UPLC-MS/MS
approach has increased sensitivity and provides more structural information based on fragmentation
pattern of the analyte [19].

The aim of this study was to establish a rapid method by using UPLC-MS/MS to identify the
components in A. keiskei that regulate tyrosinase activity via statistical analysis.

2. Results

2.1. The Tyrosinase Modulatory Effect of Angelica keiskei

According to the current understanding, A. keiskei has anti-inflammatory, antimicrobial
and antihypertensive characteristics [14], while its effect on tyrosinase activity remains largely
unknown [20,21]. With the lack of research in this field, our study focused on the analysis of tyrosinase
activity in the presence of different concentrations of A. keiskei extracts from leaf and root parts.
As shown in Figure 1, the preliminary results from our study showed that at the concentration of
500 μg/mL the tyrosinase activity remained unchanged and similar to blank when treated with A. keiskei
leaves. On the other hand, a dosage-dependent inhibition of tyrosinase activity was observed when
treated with A. keiskei roots. This trend of the inhibitory effect started at 200 μg/mL and increased
with the higher concentration of A. keiskei roots. At the 1000 μg/mL level, conditions even exceeded
the inhibitory effect achieved by 10 μM kojic acid (positive control). Since the leaf extract showed
no evident change at the 500 μg/mL concentration, the subsequent experiments were performed
using the root extract of A. keiskei with the purpose of further examining its modulatory effect on
tyrosinase activity.
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Figure 1. The comparative ratio of tyrosinase activity of the A. keiskei Leaf (AK. Leaf) at 500 μg/mL and
roots (AK. Root) at 200, 500, 750 and 1000 μg/mL concentrations using kojic acid (10 and 20 μM) as the
positive control.

2.2. Screening Tyrosinase Modulator by UPLC-MS/MS

In order to investigate the compounds of A. keiskei roots that modulate the tyrosinase activity in a
timely manner, we analyzed the samples using the simple LC-MS protocol optimized by our lab [22].
The base peak chromatograms (BPC) showed that under the ESI (+) MS mode in Figure 2, there were
differences in signal intensities for the roots of A. keiskei treated with or without tyrosinase at the retention
times of 7.93, 10.83, 10.84, 14.86, 14.88, 15.52, 18.56 and 19.04 min (Table 1). The base peak chromatograms
(BPC) ESI (−) MS mode are shown in Figure 3; differences in signal intensities were observed at the
retention times of 7.65, 10.08, 10.87, 13.20, 13.82, 14.32, 16.35 and 19.95 min (Table 2). Consequently, we
suspect that components in the roots of A. keiskei might have a modulatory effect on tyrosinase activity.

 
Figure 2. The base peak chromatograms (BPC) of untreated (A) and tyrosinase-treated samples (B) of
A. keiskei in positive ion mode.
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Figure 3. The base peak chromatograms (BPC) of untreated (A) and tyrosinase-treated samples (B) of
A. keiskei in negative ion mode.

2.3. Multivariate Analysis to Differentiate Processed A. keiskei

The highly complex UPLC-MS spectra are difficult to visually link to various components; therefore,
multivariate data analyses were performed to comprehensively characterize the distinct composition
of various metabolites from the untreated samples and the tyrosinase-treated samples. For each
condition, there were three biological replicates of A. keiskei metabolites (n = 3). After performing
UPLC-orbitrap-MS-based profiling on individual samples, each dataset was processed using SIEVE
software to align and extract meanings. All datasets obtained from the two treatment groups were
then analyzed with PCA, OPLS-DA and S-plot functions within the SIMCA-P software to find the
candidates of interest.

Due to the similarity in compositions, the differences between untreated (blank) and
tyrosinase-treated (test) samples were hard to identify based on the BPC chromatograms (shown in
Figures 2 and 3). Henceforth, a two-component PCA score plot of UPLC-MS data was utilized to depict
general variations in components among the A. keiskei samples (Figure 4). According to the PCA scores
plot in Figure 4, the distribution can be readily classified into two clusters, with the untreated (blank)
and treated (test) samples clearly separated by principal component 1 (PC1) (Figure 4).

First, OPLS-DA was performed to compare untreated and tyrosinase-treated samples. An S-plot
analysis was then used to select the critical variables that allowed differentiation. In the S-plot, each
point represents m/z-RT pairs of molecules. To further reveal the tyrosinase inhibiting effect of A. keiskei,
an OPLS-DA model was carried out between blank and test groups. The model fit well with R2Y
value 0.996 and Q2 value 0.821 in positive mode, and R2Y value 1.0 and Q2 value 0.999 in negative
mode. The score plot (Figure 4A,C) showed good separation, confirming the tyrosinase inhibiting
effect. The corresponding S-plot was shown in Figure 4B, where coordinates in the lower-left quadrant
were metabolites significantly increased in the blank group compared with the test group, while those
in the upper-right quadrant represent the decreased ones. In Figure 4D, the components elevated in
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untreated samples were shown in the upper-right quadrant of the S-plot, while the lower-left quadrant
revealed the components elevated in tyrosinase-treated samples.

  

  
Figure 4. OPLS-DA score plot (A) and S-plot (B) of positive mode, OPLS-DA score plot (C) and
S-plot (D) of negative mode, mass spectra obtained from untreated (blank) and tyrosinase-treated
(test) groups.

2.4. Structural Characterization of Chalcones and Coumarines

To find the regulators for tyrosinase and the indicator component, the acetone extract was
dissolved in acetone and coated in silica gel (1.5 g) and was then subjected to medium-pressure
liquid chromatography (MPLC) and semi-preparative HPLC purification using the LC/MS-guided
isolation approach. The process resulted in the successful isolation of six compounds, 1, 3, 6, 7, 16

and 17 (Figure 5). By using extensive NMR spectroscopic methods (1D and 2D-NMR), and LC/MS
analysis to compare our results with previously reported spectroscopic values, the isolated compounds
were determined to be xanthoangelol (1) [23], 4-hydroxyderricin (7) [24], xanthoangelol D (3) [25],
xanthoangelol H (6) [26], laserpitin (16) [23] and isolaserpitin (17) [23] (Figure 5). These types of
chalcones and coumarins are common amongst the Angelica species. In order to further confirm the
effectiveness of the screening system, purified compounds, which in the S-plot are different between
the blank and test groups, like the compounds 1, 7 and 16, were subjected to tyrosinase inhibition
assay using kojic acid as the positive control. Results showed that both compounds 1 and 7 inhibited
tyrosinase activity with IC50 values of 15.87 ± 1.21 μM and 60.14 ± 2.29 μM, respectively, whereas
compound 16 had no inhibitory effect (IC50 > 100 μM) on tyrosinase. These findings corroborated the
results found earlier via the screening system (Tables 1–3).
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Figure 5. The chemical structure of 17 compounds in Angelica keiskei Koidzumi, xanthoangelol (1), B (2),
D (3), E (4), G (5), H (6), 4-hydroxyderricin (7), xanthokeismin B (8), (2E)-1-[4-hydroxy-2-(2-hydroxy-
2-propanyl)-2,3-dihydro-1-benzofuran-7-yl]-3-(4-hydroxyphenyl)-2-propen-1-one (9), umbelliferone
(10), selinidin (11), isopimpinellin (12), phellopterin (13), xanthyletin (14), ashitabaol A (15), laserpitin
(16) and isolaserpitin (17).
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Table 1. Identification of the different amount of compounds from A. keiskei between the blank and test
groups by UPLC-MS/MS in positive ion mode.

No.
tR

(min)
Measured m/z

[M + H]+
Theoretical Formula

[M +H]+
Error
(ppm)

HCD
(eV)

Fragment Ions (m/z)
Abundance Rate (%)

Identification

P1 7.93 247.0605 C13H11O5 1.8 50
247.0608 (15)
232.0373 (40)

217.0137 (100)
Isopimpinellin

P2 10.8 163.0387 C9H7O3 −1.7 50
163.0389 (51)
133.0282 (72)

105.0332 (100)
Umbelliferone

P3 10.84 355.1542 C21H23O5 0.5 50

235.0959 (46)
217.0855 (45)
181.0493 (83)

163.0384 (100)

Xanthoangelol H

P4 14.86 229.0861 C14H13O3 0.9 50

229.0856 (100)
187.0386 (23)
175.0387 (50)
159.0438 (22)

Xanthyletin

P5 14.88 329.1384 C19H21O5 0.2 30 245.0807 (54)
227.0686 (100) Selinidin

P6 15.52 235.1697 C15H23O2 1.7 50 235.1683 (100)
179.106 (82) Ashitabaol A

P7 18.56 423.2170 C26H31O5 0.9 30

283.0945 (100)
181.0499 (23)
163.0375 (42)
131.5666 (18)

Xanthoangelol G

P8 19.04 339.1592 C21H23O4 0.2 40
283.0945 (32)
181.0484 (99)

163.0379 (100)
4-Hydroxyderricin

Table 2. Identification of the different amount of compounds from A. keiskei between the blank and test
groups by UPLC-MS/MS in negative ion mode.

No.
tR

(min)
Measured m/z

[M + H]+

Theoretical
Formula
[M + H]+

Error
(ppm)

HCD
(eV)

Fragment Ions (m/z)
Abundance Rate (%)

Identification

N1 7.65 369.1320 C21H21O6 −3.4 50
369.1389 (100)
297.0811 (1.3)
119.0517 (0.9)

Xanthoangelol E

N2 10.08 299.0905 C17H15O5 −2.9 40 299.0959 (100)
119.0516 (10) Phellopterin

N3 10.87 353.1370 C21H21O5 −3.7 50
353.1436 (100)
239.1103 (2.4)
119.0518 (32)

Xanthoangelol H

N4 13.2 339.1216 C20H19O5 −3.1 50 339.1274 (100)
119.0517 (17)

(2E)-1-[4-hydroxy-2-(2-
hydroxy-2-propanyl)-2,3-

dihydro-1-benzofuran-7-yl]-
3-(4-hydroxyphenyl)-2-

propen-1-one

N5 13.82 439.1737 C25H27O7 −3.2 50
439.1779 (100)
319.1223 (3.4)
119.0525 (2.2)

Xanthokeismin B

N6 14.32 353.1373 C21H21O5 −2.9 50
353.1435 (100)
283.1014 (12)
119.0517 (32)

Xanthoangelol D

N7 16.35 407.1837 C25H27O5 −3.8 50

407.1913 (100)
287.1324 (5.5)
119.0517 (2.2)
243.142 (0.8)

Xanthoangelol B

N8 19.95 391.1892 C25H27O4 −3.0 50
391.1956 (100)

271.137 (11)
119.0518 (4)

Xanthoangelol
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Table 3. Effect of kojic acid, 4-hydroderricin, xanthoangelol and laserpitin on mushroom tyrosinase activity.

Compounds
l-tyrosine

IC50 (μM) (%) 1

Kojic acid 2 3.8 ± 0.2
Xathoangelol 15.87 ± 1.21

4-hydroyderricin 60.14 ± 2.29
Lasepitin >100 μM (No inhibition at 100 μM)

1 Relative inhibitory activity, 2 Positive control.

3. Materials and Methods

3.1. Reagents and Materials

The fresh Angelica keiskei was collected from Ali Mountain, Chiayi County of Taiwan,
and authenticated by Dr. Yu-Hsin Chen (Taichung District Agricultural Research and Extension
Station, Taichung, Taiwan). The voucher specimens (TMU-LCK-77) were deposited at the School of
Pharmacy, Taipei Medical University, Taipei, Taiwan.

All the reagents including phosphate buffer (sodium phosphate monobasic (NaH2PO4), sodium
phosphate dibasic (Na2HPO4)), kojic acid (positive control for the enzyme activity assay), dimethyl
sulfoxide (DMSO) and acetone were purchased from Sigma Aldrich (St. Louis, MO, USA). Methanol and
acetonitrile (all MS grade), on the other hand, were purchased from Macron Fine Chemicals™ (Radnor,
PA, USA). The ultra-pure water was prepared with the Millipore-Q water purification system (Bedford,
MA, USA).

3.2. Sample Preparation

The fresh A. keiskei was weighed, ground and precisely cut into thin blocks. The root (425 g) and
leaf (490 g) specimens of A. keiskei were then purified and extracted three times using acetone in a 1:5
ratio to obtain 20.58 g and 18.11 g of crude extract, respectively.

3.2.1. Crude Extract Preparation and Effective Compound Isolation

One gram of A. keiskei roots extracts was dissolved in acetone and coated in silica gel (1.5 g).
The sample was subjected to medium-pressure liquid chromatography (MPLC, Isolera ONE, Uppsala,
Sweden) on a silica SP column (Daiso gel, 50 μm, 10 g, column volume: 25 mL) with a fixed flow
rate of 10 mL/min. The step-gradient of purification method was used to obtain the 0%, 20%, 30%,
40%, 60%, 80% and 100% fraction ethyl acetate solvents. A total volume of 100 mL was collected
for each of the 6 ethyl acetate (EA) fractions (20 mL/tube). Tube numbers 12 to 15 were loaded on
the same silica column for HPLC (250 × 10 mm, Luna 5μ Silica (2) 100 Å). The eluting solvent was
ethyl acetate-hexane with a ratio of 20:80. At the flow rate of 4.0 mL/min, we were able to isolate
4-hydroxyderricin (7), xanthoangelol (1), laserpitin (16) and isolaserpitin (17). Similarly, HPLC was
performed on tube numbers 18 to 23 on the same silica column. EA-hexane with a ratio of 40:60 was
used as the eluting solvent. With the flow rate of 4.0 mL/min, we successfully isolated xanthoangelol D
(3) and xanthoangelol H (6). All of the compounds were identified through HR-MS and NMR and
their identities were confirmed via comparison with the literature values.

3.2.2. Tyrosinase Assay

The L-tyrosine substrate and the mushroom tyrosinase were purchased from Sigma Aldrich.
The test samples were prepared by first dissolving mushroom tyrosinase (250 U/mL) and l-Tyrosine
(0.1 mg/mL) in DMSO and diluting the stock to different concentrations using phosphate buffer
(66.7 mM at pH 6.8) to obtain a final DMSO concentration of 1%. The 96-well plate was divided
into four groups: Blank control (BC), experimental control (EC), sample control (SC) and sample
experiment (SE). All wells contained 40 μL of tyrosinase and had a total volume of 200 μL. On top of
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the enzyme solution, the BC group had phosphate buffer (160 μL) in the wells; EC contained phosphate
buffer (80 μL) and l-Tyrosine (80 μL) in each well; SC wells consisted of phosphate buffer (120 μL)
and sample solution (40 μL); SE wells, on the other hand, had phosphate buffer (40 μL), l-Tyrosine
(80 μL) and sample solution (40 μL) in them. These assay mixtures were incubated at 37 ◦C for 30 min
and measured at 475 nm using the microplate reader (Molecular Devices, CA, US). Percentages of
tyrosinase activity were calculated using this formula:

% Tyrosinase activity = [(SE − SC) ÷ (EC − BC)] × 100% (1)

Note:

SE = absorbance of sample experiment (with tyrosine)
SC = absorbance of sample control (without tyrosine)
EC = absorbance of experimental control (with tyrosine)
BC = absorbance of blank control (without tyrosine)

3.3. UPLC-MS/MS Analysis

UPLC-MS/MS analyses were performed using a linear ion trap-orbitrap mass spectrometer
(Orbitrap Elite; Thermo Fisher Scientific, Bremen, Germany) coupled with the online UPLC system
(ACQUITY UPLC; Waters, Waters Corp., Manchester UK). The working solution was separated by an
ACQUITY UPLC BEH C18 column (100 × 2.1 mm, 1.7 μm; Waters) at 40 ◦C. The flow rate of mobile
phase A (ddH2O) and B (methanol) was 0.3 mL/min. The sample injected 5 μL. The gradient program
was set as 20–30% phase B from 0–1 min and 30–100% phase B from 1–25 min. The column was
washed with 100% phase B for 5 min before being re-equilibrated for 5 min. The mass spectrometer
was equipped with an electrospray interface controlled by the Xcalibur software (version 2.0, Thermo
Fisher Scientific, Bremen, Germany) with two types of operations: The positive ion and negative
ion modes. The ESI source was set at these parameters: Spray voltage of 3.5 kV for the positive-ion
mode and −3.2 kV for the negative-ion mode; capillary temperature was set at 360 ◦C and the source
heater temperature was maintained at 350 ◦C. During the analysis, the mass spectrometer performed
high-resolution (resolving power, r = 15,000) full scan cycles (m/z 100–1000). The analyte profiles were
first made by the orbitrap; the MS2 spectra were then recorded in the centroid mode for the five most
intense ions. The isolation width was set at the mass-to-charge ratio (m/z) of 0.2 and the higher-energy
collisional dissociation (HCD) was performed at collision energies of 20, 30, 40 and 50 eV

3.4. In Vitro Tyrosinase Inhibition Assay by UPLC-MS/MS Analysis

The crude extract of A. keiskei root (15 mg) was dissolved in 75 μL of DMSO and 525 μL of 50 mM
phosphate buffer (pH 6.8) to form the blank solution. Similarly, another 15 mg of the crude extract was
dissolved in 75 μL DMSO and 425 μL of phosphate buffer solution (50 mM, pH 6.8) before 100 μL of
tyrosinase (716 units/mL) was added as the test solution. Both solutions were stirred and incubated in
the 37 ◦C water bath for 40 minutes in the dark. Subsequently, 900 μL of acetonitrile was added to each
solution in order to terminate the enzyme reaction. Both test solutions with the final concentration of
10 mg/mL were filtered through the 0.22 μm filters. The working solutions were then analyzed by
UPLC-MS/MS.

3.5. Mass Fragmentation Analyses and Compound Identifications

The MassLynx Mass Spectrometry software version 2.0.w.15 (Waters Corporation, Milford, MA,
USA) was used for analyses. We extracted the mass fragment spectrum of each candidate in positive
and negate mode, separately, and then transferred the mass fragment spectrum to the mass list. In the
last step, via the MassFragment software in the MarkerLynx XS, structures were assigned to our
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observed fragment ions of small molecule compounds and, further, the reported structures were cross
referenced with the literature on A. keiskei.

3.6. Statistics

The raw data were aligned and extracted using the SIEVE v2.2 application software from Thermo
Fisher Scientific. The experimental target was metabolomics and the minimum intensity for the base
peak was 1,000,000. The frames and threshold values were defined as 481,351 for the positive mode
and 674,992 for the negative mode. SIMCA-P 13.0.3 software from MKS Umetrics (Umeå, Sweden) was
then used to obtain OPLS-DA. The S-plots were also utilized for finding different candidates between
blank and test groups.

4. Conclusions

Besides xanthoangelols (1), B (2), D (3), E (4), G (5), H (6), 4-hydroxyderricin (7), xanthokeismin B (8)
and (2E)-1-[4-hydroxy-2-(2-hydroxy-2-propanyl)-2,3-dihydro-1-benzofuran-7-yl]-3-(4-hydroxyphenyl)-
2-propen-1-one (9), umbelliferone (10), selinidin (11), isopimpinellin (12), phellopterin (13), xanthyletin
(14) and ashitabaol A (15) in the positive and negative modes of UPLC-MS/MS, along with the
differences between untreated and treated, revealed that there were nearly 15 different tyrosinase
modulators found in these two groups. In addition to umbelliferone (10) and isopimpinellin (12),
which are already known to inhibit tyrosinase activity, we also identified compounds 1 and 7 as active
components with similar effects. This is the first research to investigate the tyrosinase-modifying effects
of A. keiskei. We compared the compounds with the published literature and found xanthoangelols
(1) [20], 4-hydroxyderricin (7) [20], umbelliferone (10) [27], isopimpinellin (12) [28] and phellopterin
(13) [28] had been reported to have tyrosinase inhibition activity. The compounds from its roots
demonstrate promising potential for treating hyperpigmentation and related disorders. Future research
can focus on elucidating the in vivo effect and the optimal dosage.

With the aim of evaluating the effectiveness of the novel screening system, we examined the purified
compounds to check the candidates from the base peak chromatograms and the tyrosinase inhibitory
assay and found out that the results from the two experiments support each other. We therefore
conclude this novel screening is highly accurate and effective. Furthermore, in comparison to the
traditional protocols, our method reduces the sample and solvent volumes required for UPLC-MS/MS
analysis. In addition, it allows researchers to quickly analyze and screen for more candidates with
tyrosinase modulatory effects. This strategy can also be used for the rapid development of applications
in other screening platforms.
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1. Korać, R.; Khambholja, K. Potential of herbs in skin protection from ultraviolet radiation. Pharmacogn. Rev.
2011, 5, 164–173. [CrossRef] [PubMed]

2. D’Mello, S.; Finlay, G.; Baguley, B.; Askarian-Amiri, M. Signaling Pathways in Melanogenesis. Int. J. Mol. Sci.
2016, 17, 1144. [CrossRef]

194



Molecules 2019, 24, 3297

3. Pillaiyar, T.; Manickam, M.; Namasivayam, V. Skin whitening agents: Medicinal chemistry perspective of
tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2017, 32, 403–425.

4. Picardo, M.; Maresca, V.; Eibenschutz, L.; De Bernardo, C.; Rinaldi, R.; Grammatico, P. Correlation Between
Antioxidants and Phototypes in Melanocytes Cultures. A Possible Link of Physiologic and Pathologic
Relevance. J. Investig. Dermatol. 1999, 113, 424–425. [PubMed]

5. Pillaiyar, T.; Namasivayam, V.; Manickam, M.; Jung, S.-H. Inhibitors of melanogenesis: An updated review.
J. Med. Chem. 2018, 61, 7395–7418. [PubMed]

6. Akihisa, T.; Tokuda, H.; Hasegawa, D.; Ukiya, M.; Kimura, Y.; Enjo, F.; Suzuki, T.; Nishino, H. Chalcones
and Other Compounds from the Exudates of Angelica keiskei and Their Cancer Chemopreventive Effects.
J. Nat. Prod. 2006, 69, 38–42. [CrossRef]

7. Kil, Y.-S.; Choi, S.-K.; Lee, Y.-S.; Jafari, M.; Seo, E.-K. Chalcones from Angelica keiskei: Evaluation of Their
Heat Shock Protein Inducing Activities. J. Nat. Prod. 2015, 78, 2481–2487. [CrossRef]

8. Akihisa, T.; Tokuda, H.; Ukiya, M.; Iizuka, M.; Schneider, S.; Ogasawara, K.; Mukainaka, T.; Iwatsuki, K.;
Suzuki, T.; Nishino, H. Chalcones, coumarins, and flavanones from the exudate of Angelica keiskei and their
chemopreventive effects. Cancer Lett. 2003, 201, 133–137. [CrossRef]

9. Li, L.; Aldini, G.; Carini, M.; Chen, C.Y.O.; Chun, H.-K.; Cho, S.-M.; Park, K.-M.; Correa, C.R.; Russell, R.M.;
Blumberg, J.B.; et al. Characterisation, extraction efficiency, stability and antioxidant activity of phytonutrients
in Angelica keiskei. Food Chem. 2009, 115, 227–232. [CrossRef]

10. Aoki, N.; Muko, M.; Ohta, E.; Ohta, S. C-geranylated chalcones from the stems of Angelica keiskei with
superoxide-scavenging activity. J. Nat. Prod. 2008, 71, 1308–1310. [CrossRef]

11. Kimura, Y.; Baba, K. Antitumor and antimetastatic activities of Angelica keiskei roots, part 1: Isolation of an
active substance, xanthoangelol. Int. J. Cancer 2003, 106, 429–437. [CrossRef] [PubMed]

12. Shin, J.E.; Choi, E.J.; Jin, Q.; Jin, H.G.; Woo, E.R. Chalcones isolated from Angelica keiskei and their inhibition
of IL-6 production in TNF-alpha-stimulated MG-63 cell. Arch. Pharmacal Res. 2011, 34, 437–442. [CrossRef]
[PubMed]

13. Luo, L.; Wang, R.; Wang, X.; Ma, Z.; Li, N. Compounds from Angelica keiskei with NQO1 induction, DPPH
scavenging and α-glucosidase inhibitory activities. Food Chem. 2012, 131, 992–998.

14. Caesar, L.; Cech, N. A Review of the Medicinal Uses and Pharmacology of Ashitaba. Planta Med. 2016, 82,
1236–1245. [PubMed]

15. Chen, Y.; Kong, L.-D.; Xia, X.; Kung, H.-F.; Zhang, L. Behavioral and biochemical studies of total furocoumarins
from seeds of Psoralea corylifolia in the forced swimming test in mice. J. Ethnopharmacol. 2005, 96, 451–459.
[CrossRef]

16. Akihisa, T.; Kikuchi, T.; Nagai, H.; Ishii, K.; Tabata, K.; Suzuki, T. 4-Hydroxyderricin from Angelica keiskei
roots induces caspase-dependent apoptotic cell death in HL60 human leukemia cells. J. Oleo Sci. 2011, 60,
71–77.

17. Sumiyoshi, M.; Taniguchi, M.; Baba, K.; Kimura, Y. Antitumor and antimetastatic actions of xanthoangelol and
4-hydroxyderricin isolated from Angelica keiskei roots through the inhibited activation and differentiation
of M2 macrophages. Phytomedicine 2015, 22, 759–767. [CrossRef]

18. Gupta, D.K.; Verma, M.K.; Anand, R.; Khajuria, R.K. Development of a validated UPLC–qTOF-MS/MS
method for determination of bioactive constituent from Glycyrrhiza glabra. J. Pharm. Anal. 2013, 3, 205–210.
[CrossRef]

19. Aldini, G.; Regazzoni, L.; Pedretti, A.; Carini, M.; Cho, S.M.; Park, K.M.; Yeum, K.J. An integrated high
resolution mass spectrometric and informatics approach for the rapid identification of phenolics in plant
extract. J. Chromatogr. A 2011, 1218, 2856–2864.

20. Arung, E.T.; Furuta, S.; Sugamoto, K.; Shimizu, K.; Ishikawa, H.; Matsushita, Y.-I.; Kondo, R. The inhibitory
effects of representative chalcones contained in Angelica keiskei on melanin biosynthesis in B16 melanoma
cells. Nat. Prod. Commun. 2012, 7, 1007–1010. [CrossRef]

21. Asthana, S.; Zucca, P.; Vargiu, A.V.; Sanjust, E.; Ruggerone, P.; Rescigno, A. Structure–Activity Relationship
Study of Hydroxycoumarins and Mushroom Tyrosinase. J. Agric. Food Chem. 2015, 63, 7236–7244. [CrossRef]
[PubMed]

22. Chen, C.H.; Chen, P.Y.; Wang, K.C.; Lee, C.K. Rapid identification of the antioxidant constituent of Koelreuteria
henryi. J. Chin. Chem. Soc. 2010, 57, 404–410. [CrossRef]

195



Molecules 2019, 24, 3297

23. Jayasinghe, L.; Balasooriya, B.A.I.S.; Padmini, W.C.; Hara, N.; Fujimoto, Y. Geranyl chalcone derivatives with
antifungal and radical scavenging properties from the leaves of Artocarpus nobilis. Phytochemistry 2004, 65,
1287–1290. [CrossRef] [PubMed]

24. Kim, D.W.; Curtis-Long, M.J.; Yuk, H.J.; Wang, Y.; Song, Y.H.; Jeong, S.H.; Park, K.H. Quantitative analysis
of phenolic metabolites from different parts of Angelica keiskei by HPLC-ESI MS/MS and their xanthine
oxidase inhibition. Food Chem. 2014, 153, 20–27. [CrossRef] [PubMed]

25. Baba, K.; Nakata, K.; Taniguchi, M.; Kido, T.; Kozawa, M. Chalcones from Angelica keiskei. Phytochemistry
1990, 29, 3907–3910. [CrossRef]

26. Sugamoto, K.; Matsusita, Y.-I.; Matsui, K.; Kurogi, C.; Matsui, T. Synthesis and antibacterial activity of
chalcones bearing prenyl or geranyl groups from Angelica keiskei. Tetrahedron 2011, 67, 5346–5359. [CrossRef]

27. Ashraf, Z.; Rafiq, M.; Seo, S.-Y.; Babar, M.M.; Zaidi, N.-U.-S.S. Design, synthesis and bioevaluation of novel
umbelliferone analogues as potential mushroom tyrosinase inhibitors. J. Enzym. Inhib. Med. Chem. 2015, 30,
874–883. [CrossRef] [PubMed]
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Abstract: Molecular hydrogen (H2) has been shown to have antioxidant and anti-inflammatory activities
that may reduce the development and progression of many diseases. In this study, hydrogen-rich water
(HRW) was obtained by reacting hybrid magnesium–carbon hydrogen storage materials with water.
Then, the effects of intake of HRW on the activities of xenobiotic-metabolizing enzymes, membrane
transporters, and oxidative stress in rats were investigated. Rats were given HRW ad libitum for four
weeks. The results showed that intake of HRW had no significant effect on the activities of various
cytochrome P450 (CYP) enzymes (CYP1A1, 1A2, 2B, 2C, 2D, 2E1, 3A, and 4A), glutathione-S-transferase,
and Uridine 5′-diphospho (UDP)-glucuronosyltransferase. Except for a mild lower plasma glucose
concentration, intake of HRW had no effect on other plasma biochemical parameters in rats.
p-Glycoprotein and multidrug resistance-associated protein (Mrp) 2 protein expressions in liver were
elevated after intake of HRW. However, HRW had no significant effects on glutathione, glutathione
peroxidase, or lipid peroxidation in liver. The results from this study suggest that consumption of
HRW may not affect xenobiotic metabolism or oxidative stress in liver. However, intake of HRW
may increase the efflux of xenobiotics or toxic substances from the liver into bile by enhancing
p-glycoprotein and Mrp2 protein expressions.

Keywords: molecular hydrogen; hydrogen-rich water; xenobiotic-metabolizing enzymes; membrane
transporters; liver; oxidative stress

1. Introduction

Xenobiotics, such as drugs or toxic chemicals, can be metabolized and eliminated by xenobiotic-
metabolizing enzymes and membrane transporters. The liver is the major tissue responsible for
detoxification of xenobiotics. The xenobiotic-metabolizing enzymes include phase I and phase II
enzyme systems. The cytochrome P450 (CYP) enzymes are the major phase I enzymes responsible
for the metabolism of endogenous molecules (e.g., sterols and fatty acids) and exogenous xenobiotics
(e.g., drugs and toxic chemicals), resulting in the formation of more water-soluble and less toxic
metabolites [1]. However, some CYP enzymes, such as CYP1A1, 3A, and 2E1, are involved in the
bioactivation of chemicals, such as benzo[a]pyrene, aflatoxin B1, and acetaminophen [2–4], and produce
electrophile intermediates that may covalently bind to proteins, lipids, and DNA. These enzyme
reactions may therefore produce more reactive oxygen species (ROS) and increase oxidative damage to
tissues [5]. Uridine 5’-diphospho (UDP)-glucuronosyltransferase (UGT) and glutathione S-transferase
(GST) are two important phase II detoxifying enzymes that catalyze the conjugation reactions, resulting
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in the formation of water-soluble glucuronate and glutathione conjugates to facilitate the excretion of
xenobiotics. Induction of phase II detoxifying enzymes and reduction of ROS is most pronounced
in the prevention of chemical-induced tissue injuries and carcinogenesis [6]. Phase III membrane
transporters include p-glycoprotein and multidrug resistance-associated proteins, such as Mrp2/3,
which may function to shuttle xenobiotics or their metabolites across cellular membranes and to
facilitate the excretion of these compounds from the liver into bile (e.g., p-glycoprotein and Mrp2) and
blood (e.g., Mrp3) [7–9].

Molecular hydrogen (H2) acts as an antioxidant by selectively reducing particularly strong
oxidants such as the hydroxyl radical (•OH), which can exhibit relatively stronger oxidative activities
than other ROS in cells [10]. It is noteworthy that H2 has no cytotoxicity even at high concentrations.
Consumption of hydrogen water (H2 dissolved in water) is a convenient, easily administered, and safe
way to ingest H2. Hydrogen water can be made by several methods: infusing H2 gas into water under
high pressure, electrolyzing water to producing H2, and reacting magnesium metal or its hydride with
water [11]. Despite the low solubility of H2 gas in water, which can be only up to 1.6 ppm under 1
atmospheric pressure at room temperature, consumption of hydrogen-rich water (HRW) has been
shown to be effective for ameliorating various diseases caused by oxidative stress in animal and clinical
studies [11,12]. These findings suggest that H2 may be a versatile element with therapeutic activity.

The quality of drinking water is an important health and safety information [13]. It is known
that dissolved H2 in drinking water will gradually decrease over time. Until now, in addition to the
H2 concentration, the quality of HRW has not been adequately described. In addition, the effects of
intake of HRW on the activity of xenobiotic-metabolizing enzymes and on the membrane transporters
involved in the metabolism of various drugs or chemicals are still unknown. In this study, therefore,
we first assessed quality parameters of HRW, such as the dissolved H2 concentration, total dissolved
solids (TDS), ions, and water cluster. Then, the effects of intake of HRW on xenobiotic-metabolizing
enzymes, membrane transporters, and antioxidant activity in rat liver were investigated.

2. Results

2.1. Quality of HRW

The quality of drinking water is an important information for health and safety. The quality
parameters of HRW, including dissolved H2 concentration, oxidation-reduction potential (ORP) value,
and physical and chemical properties of the water samples, are shown in Table 1. The fresh HRW
contained 1550 ppb H2 and had a negative ORP value (control water: +293 mv; HRW: −453 mv). HRW
also had a higher pH than the control water. Ca2+ concentrations were lower and Mg2+ concentrations
were higher in the HRW. Other parameters of water quality, including TDS, salt, electrolytic conductivity
(EC), dissolved oxygen (DO), Na+, K+, Cl−, and SO42− levels, showed little or no difference between
the control water and HRW.

The stability of dissolved H2 in HRW is shown in Figure 1. A H2 concentration of around 1500 ppb
was maintained in water for 1 h, and the concentration remained around 1300 ppb for 2 h. After
that, the H2 concentration in water gradually decreased over time. The remaining H2 concentration
in HRW was around 200 ppb after the sample was set at 4 ◦C or 25 ◦C for 24 h. The ORP value in
HRW increased gradually over time and, after 24 h, was around −100 mv. No significant differences in
dissolved H2 or ORP values were observed in the HRW samples either at 4 ◦C or at 25 ◦C within 24 h.

It was noteworthy that water cluster size, determined by 17O NMR line-width, was comparable
between the control water (55.8 Hz) and the HRW (54.9 Hz) (Figure 2). In a previous study, the water
cluster size of tap water was shown to be greater than 110 Hz [14]. These results suggest that, after
tap water is filtered through the first two filters, the water cluster size can be lowered by shear force.
The final magnetized rod device may have strengthened the hydrogen bond network of the water and,
thus, stabilized the water cluster [15].
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Table 1. Quality of control water and hydrogen-rich water (HRW) a.

Parameters Control HRW

H2 (ppb) 0 1550
ORP (mv) 292.6 −452.7
TDS (g/L) 197.3 196.7

Salt (kU.m) 149.3 149.3
EC (ds/m) 197 197
DO (mg/L) 6.1 5.8

pH 7.6 9.3
Ions (ppm)

Ca2+ 28.0 9.1
Mg2+ 10.2 22.8
Na+ 4.8 5.4
K+ 1 1
Cl− 2.9 3.2

SO4
2− 38.5 59.8

Water cluster (Hz) 55.8 54.9
a All data were measured at 25 ◦C. The quality of tap water was as follows: H2, 0 ppb; ORP: 203.7 mv; TDS: 204.7 g/L;
salt: 155 kU.m; EC: 310.7 ds/m; DO: 8.0 mg/L; pH: 8.0; Na+: 4.8 ppm; K+: 1 ppm; Ca2+: 51 ppm; Mg2+: 10 ppm; Cl−:
3.2 ppm; and SO4

2−: 42.0 ppm. Except for water cluster, all of the above parameters were expressed as the mean
value of three determinations. In the previous study, the water cluster of tap water determined by the 17O NMR
line-width method was 113 Hz [14]. DO, dissolved oxygen; EC, electrolytic conductivity; ORP, oxidation-reduction
potential; TDS, total dissolved solids.

 
(A) 

 
(B) 

Figure 1. (A) Stability of dissolved H2 and (B) the ORP of hydrogen-rich water at 4 ◦C and 25 ◦C. ORP,
oxidation-reduction potential.

 
(A) 

 
(B) 

Figure 2. 17O Nuclear magnetic resonance line-width of water samples: (A) Control water and (B)
hydrogen-rich water.

2.2. Body Weight, Tissue Weight, Water Drinking Volume, and Plasma Biochemical Parameters

In this study, no significant effects were found on body weight, liver weight, kidney weight, or
food intake in rats that ingested the control water or HRW for four weeks. The volume of drinking
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water ingested was mildly higher (+10.7%, p < 0.05) in the HRW group (81.8 ± 5.1 mL/day) than in the
control group (73.9 ± 5.0 mL/day). The plasma biochemical parameters are shown in Table 2. Plasma
glucose was mildly lower (−7.7%) in the HRW group than in the control group (p < 0.05). There were no
significant differences in other plasma parameters including ions between the control and HRW groups.

Table 2. Effects of intake of HRW on plasma biochemical parameters in rats a.

Parameters Control HRW

Total cholesterol (mg/dL) 72.0 ± 8.2 78.9 ± 9.1
Triglyceride (mg/dL) 53.9 ± 20.5 58.2 ± 13.3

Glucose (mg/dL) 155.9 ± 10.3 143.9 ± 8.1 *
BUN (mg/dL) 16.8 ± 2.4 18.8 ± 2.6

Creatinine (mg/dL) 0.31 ± 0.02 0.31 ± 0.03
Uric acid (mg/dL) 2.2 ± 0.6 2.0 ± 0.3

ALT (U/L) 44.6 ± 6.1 44.3 ± 5.1
TBARS (nmol/mL) 0.6 ± 0.1 0.6 ± 0.1

GSH (nmol/mL) 6.4 ± 2.6 6.5 ± 2.4
Na+ (mg/dL) 140.2 ± 1.6 144.0 ± 5.9
K+ (mg/dL) 6.1 ± 0.3 6.1 ± 0.3
Cl− (mg/dL) 1.3 ± 0.1 1.4 ± 0.2

Ca2+ (mg/dL) 91.5 ± 1.1 93.3 ± 3.9
Mg2+ (mg/dL) 2.9 ± 0.2 3.0 ± 0.2

a Results are expressed as the mean ± S.D. of eight rats in each group. ALT, alanine aminotransferase; BUN, blood
urea nitrogen; GSH, reduced glutathione; TBARS, thiobarbituric acid reactive substances. * Significantly different
from the control group, p < 0.05.

2.3. Activities of Xenobiotic-Metabolizing Enzymes and Membrane Transporters

Table 3 shows the effects of intake of HRW on the activities of xenobiotic-metabolizing enzymes
in the liver. No effects were found in the activity of UGT or GST in rats based on intake of HRW for
four weeks. In addition, intake of HRW had no significant effect on CYP-mediated reactions.

Table 3. Changes in hepatic drug-metabolizing enzyme activities in rats a.

Control HRW

Phase I enzymes (pmol/min/mg protein)
Testosterone 6β-hydroxylase (CYP3A) 682.3 ± 75.6 640.9 ± 168.1

Diclofenac 4-hydroxylase (CYP2C) 155.9 ± 10.3 147.9 ± 8.1
Dextromethorphan O-demethylase (CYP2D) 51.9 ± 6.1 45.2 ± 4.6

Nitrophenol 6-hydroxylase (CYP2E1) 121.1 ± 12.3 109.8 ± 15.6
Ethoxyresorufin O-deethylase (CYP1A1) 167.8 ± 17.2 171.5 ± 10.1

Methoxyresorufin O-demethylase (CYP1A2) 133.2 ± 18.2 140.6 ± 17.4
Pentoxyresorufin O-depentylase (CYP2B) 61.9 ± 10.4 62.3 ± 11.3

Lauric acid 12-hydroxylauric acid (CYP4A) 1524 ± 125 1488 ± 132
Phase II enzymes (nmol/min/mg protein)

Glutathione S-transferase (GST) 1072 ± 175 1132 ± 88
UDP-glucurosyltransferase (UGT) 23.4 ± 2.3 25.5 ± 3.0

a Results are expressed as the mean ± S.D. of eight rats in each group.

The gene expression of CYP enzymes was also not changed (p > 0.05) by intake of HRW (Figure 3).
Immunoblots of liver membrane transporters are shown in Figure 4. Intake of HRW increased

(p < 0.05) p-glycoprotein and Mrp2 protein expressions in liver. However, HRW had no significant
effect on Mrp3 protein expression. These results suggest that intake of HRW may increase the efflux
of endogenous substances and exogenous xenobiotics from liver into bile by increasing Mrp2 and
p-glycoprotein protein expression without affecting the hepatic activity of xenobiotic-metabolizing
enzymes in rats.
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Figure 3. Effects of intake of HRW on the mRNA expression of various CYP enzymes in liver: The results
are expressed as the mean ± S.D. of five rats.

 
(A) 

   
(B) (C) (D) 

 

Figure 4. Effects of intake of HRW on p-glycoprotein and Mrp2/3 protein expression in liver of rats
(A). Protein expression was determined by Western blotting. Densitometric analysis for Mrp2 (B),
p-glycoprotein (C) and Mrp3 (D) protein levels corrected to each internal control is shown. The results
are expressed as the mean ± S.D. of six rats. Na+/K+ ATPase acts as an internal control. The protein
band was quantified by densitometry, and the level of the control was set at 1. * Significantly different
from the control group at p < 0.05.

2.4. Oxidative Stress

As shown in Table 4, intake of HRW had no significant effects on hepatic GSH or GSSG levels, the
GSH/GSSG ratio, or GSH peroxidase activity in rats compared with these animals in the control group.
Also, intake of HRW did not change the hepatic TBARS value.
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Table 4. Effect of intake of HRW on oxidative stress in liver a.

Control HRW

GSH (nmol/mg protein) 4.1 ± 0.7 5.0 ± 1.4
GSSG (nmol/mg protein) 0.14 ± 0.03 0.16 ± 0.02

GSH/GSSG 29.4 ± 4.2 31.3 ± 10.2
GSH peroxidase (nmol/min/mg protein) 314.3 ± 25.6 302.0 ± 41.3

TBARS (nmol/g protein) 18.8 ± 3.6 18.9 ± 2.1
a Results are expressed as the mean ± S.D. of eight rats in each group. GSH, reduced glutathione; GSSG, oxidized
glutathione; TBARS, thiobarbituric acid reactive substances.

3. Discussion

Xenobiotic-metabolizing enzymes and membrane transporters are responsible for the detoxification
and elimination of xenobiotics from the body. Food components can change xenobiotic metabolism by
modifying these enzymes and membrane transporters. This study first showed that intake of HRW
had no effect on CYP enzyme activities or antioxidant activity in rat livers. However, intake of HRW
increased the efflux pumps of p-glycoprotein and Mrp2 in liver. These results indicate that HRW may
enhance the excretion of xenobiotics from the liver into bile without altering their metabolism by
xenobiotic-metabolizing enzymes. In addition, intake of HRW had no significant effect on oxidative
stress in the normal physiologic condition.

CYP-mediated bioactivation and ROS formation may be responsible for chemical or drug toxicity.
Increased phase II-conjugated enzymes may facilitate the elimination of xenobiotics [6]. We showed
here that intake of HRW did not change the activities of CYP isozymes, UGT, and GST in the liver. Thus,
intake of HRW may not change the metabolism of xenobiotics by xenobiotic-metabolizing enzymes
in liver.

GSH is the most important biomolecule against ROS-induced tissue injury and can participate
in the elimination of xenobiotics through GST [6]. HRW has been shown to be able to scavenge
free radicals, especially hydroxyl radical (•OH), and can prevent the progression of various diseases
induced by oxidative damage [11,12]. In the present study, the plasma GSH concentration and hepatic
GSH, GSH/GSSG, and GSH peroxidase activities were not changed after intake of HRW. In addition,
the lipid peroxidation levels in plasma and liver were not affected by HRW. Therefore, in the normal
physiologic condition, intake of HRW may not affect antioxidant activity or oxidative stress in liver.
These results are consistent with previous results indicating that H2 does not disturb normal cellular
metabolic redox reactions [11].

Membrane transporters are effective pumps for elimination of conjugates of xenobiotics from
hepatocytes into bile (e.g., Mrp2 and p-glycoprotein) [16] and plasma (e.g., Mrp3) [9]. Therefore,
increased protein expressions of Mrp2/3 and p-glycoprotein also play roles in detoxification processes.
These membrane proteins can be induced and can protect normal tissues from endogenous and
exogenous toxic substances [16,17]. In the present study, Mrp2 and p-glycoprotein increased in the
liver whereas Mrp3 did not change significantly after intake of HRW (Figure 4). Therefore, although
the mechanism is still unknown, HRW may enhance the excretion of xenobiotics or endogenous toxic
substances from the liver into bile and then increase their fecal excretion by increasing the efflux pumps
of Mrp2 and p-glycoprotein. On the other hand, in this study, a little change on the concentrations of
Ca2+, Mg2+, and SO42− between the control water and HRW groups did not have any influence on
plasma mineral ions. A higher daily water drinking volume was found in the HRW group compared
with the control group, suggesting HRW had better palatability (see descriptions in the Results section).
Until now, there is a lack of evidence demonstrated that ions in drinking water may change the
xenobiotic-metabolizing enzymes and transporters. Therefore, it is suggested that increased Mrp2 and
p-glycoprotein expression in the liver after intake of HRW may be attributed to the molecular hydrogen.

Calcium and magnesium are important nutrients in the development and maintenance of human
health. Supplementation with magnesium ion (Mg2+) from drinking water may provide substantial
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contributions to total intakes of Mg2+ in some populations and may exert beneficial effects on reducing
many diseases. A protective effect of Mg2+ intake from drinking water has been demonstrated on
reducing cerebrovascular disease and cardiovascular mortality in humans [18,19], especially in men
with lower dietary magnesium intake [20]. A recent study demonstrated that Mg2+ added to drinking
water reduces blood glucose levels by inhibiting the gluconeogenesis pathway in rat liver [21]. In this
study, HRW contained a higher Mg2+ concentration than control water. This may be one of the
explanations for the lower plasma glucose level in the HRW group, although H2 is regarded as an
effective element to improve glucose intolerance in diabetic mice and some type 2 patients [22,23].
Therefore, HRW manufactured by reacting water with magnesium–carbon hydrogen storage hybrid
materials may result in a higher Mg2+ concentration in drinking water and, thus, may complement
daily magnesium, especially in populations with magnesium deficiency.

To date, various commercial apparatuses for HRW production (e.g., manufactured by electrolyzing
water or water reacted with magnesium-containing materials) are being developed. These HRW
products may have a high dissolved H2 concentration and H2 stability in drinking water. However,
the quality and safety of these HRW products should be a concern (e.g., undesirable flavor and/or
unknown reaction products).

In summary, intake of HRW for four weeks may not change xenobiotic-metabolizing enzymes or
antioxidant activity in liver. Regular consumption of HRW may enhance detoxification process, at
least in part, through an increase in the efflux of toxic substances from the liver into bile. In addition to
measuring dissolved H2 concentration, the present study also evaluated the water quality of HRW on
biological function. Because HRW is becoming more popular worldwide, the results of the present
study may provide health and safety information on HRW to consumers.

4. Materials and Methods

4.1. Materials

Testosterone, ethoxyresorufin, methoxyresorufin, pentoxyresorufin, resorufin, p-nitrophenol,
4-nitrocatechol, NADPH, glutathione, 1-chloro-2,4-dinitrobenzene, lauric acid, 12-hydroxy lauric acid,
diclofenac (sodium salt), chlorzoxazone, dextromethophen, 1,1,3,3-tetraethoxypropan, thiobarbituric
acid, and heparin were obtained from Sigma (St. Louis, MO, USA). 6-β-Hydroxytestosterone was
purchased from Ultrafine Chemicals (Manchester, UK). All other chemicals and reagents were of
analytical grade and were obtained commercially.

4.2. HRW Production

As shown in Figure 5, the control water (control group) was filtered from tap water (Taitung,
Taiwan) by passage through a calcined ceramic filter, an activated carbon filter, and a magnetized rod
(purchased from Japin biotech company, Taitung, Taiwan). The whole water devices are certified by
the National Sanitation Foundation (NSF)/American National Standards Institute (ANSI) standards
No. 42 (Filters are certified to reduce aesthetic impurities such as chlorine and taste/odor.), No. 53
(Filters are certified to reduce a contaminant with a health effect, which are set in this standard as
regulated by the U.S. Environmental Protection Agency (EPA) and Health Canada.), and No. 401
(Treatment systems that have been verified to reduce one or more of 15 emerging contaminants,
which can be pharmaceuticals or chemicals not yet regulated by the EPA or Health Canada, from
drinking water (http://www.nsf.org/consumer-resources/water-quality/water-filters-testing-treatment/
standards-water-treatment-systems)). The HRW was obtained from the same water apparatus except
that the tap water was passed through the first two filters and then reacted with the magnesium–carbon
hydrogen storage hybrid materials (Kuraray Co., Ltd., Japan) in the third device. The resulting HRW
was then passed through an activated carbon filter and magnetized rod at a flow rate of 2 L/min.
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Figure 5. Schemes of the manufacturing process for control water and HRW from tap water: 1. Calcined
ceramic filter; 2. activated carbon filter; and 3. magnesium–carbon hydrogen storage hybrid materials.
Water reacted with this material and then release stable H2 gas; 4. activated carbon filter; 5. magnetized rod.

4.3. Determinations of the Quality of HRW

The dissolved H2 in fresh HRW was measured with an ENH-1000 electrode (TRUSTLEX Inc,
Osaka, Japan), and the oxidation-reduction potential (ORP) value was determined by use of an MP-103
electrode (Gondo Electronic Co., Ltd. Taipei, Taiwan). The stability of dissolved H2 and ORP values in
HRW was determined at various time points, including initial (0 h), 1, 2, 4, 8, 12, and 24 h, and at 4 ◦C
and 25 ◦C, respectively (Figure 1).

The other water quality parameters, including pH, total dissolved solids (TDS), electrolytic
conductivity (EC), and dissolved oxygen (DO), in the experimental drinking water were determined
by use of electrode equipment with a bench-top water quality meter (Chi Jui Instrument Enterprise
Co., Ltd., Taiwan) (Table 1). The concentrations of cations (Na+, K+, Ca2+, and Mg2+) and anions
(Cl− and SO42−) in the water samples were determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (HORIBA Jobin Yvon Longjumeau, France). It is known that water quality
can be influenced by ions (e.g., Na+, K+, Ca2+, Mg2+, Cl−, NO3−, and SO42− are commonly found in
natural water), pH, and TDS in water and that these variables have an important influence on human
health. The above water parameters can affect water clusters by the interaction of water molecules
and ions or the formation of clusters of ion–water and water–water, which can change the physical
properties of water (e.g., melting point) [14]. To estimate the water clustering of control water and
HRW, 17O nuclear magnetic resonance (NMR) line-width was measured to estimate median water
cluster size [14]. The wider the 17O NMR line-width, the larger the water cluster size. In this study,
water samples were characterized by 17O NMR spectroscopy (Bruker 500 MHz NMR, Varian Inova,
Canada). The sample (700 μL) was mixed in a 5-mm NMR spectroscopy tube and analyzed under the
following conditions: 67.80 MHz, 0.202-s sampling time, 10162.6-Hz bandwidth, 4096 scans, 90◦ flip
angle, 0.2-s relaxation delay, and room temperature (25 ◦C).

4.4. Animal Study

To investigate the effect of intake of HRW on the xenobiotic-metabolizing enzymes and membrane
transporters in rat livers, sixteen male Wistar rats (aged six weeks) obtained from BioLASCO in
Ilan, Taiwan were used. Rats were fed a pelleted laboratory diet with fresh control water or HRW
(replaced at 5 p.m. every day) ad libitum for four weeks. The rats were all housed in plastic cages
in a room kept at 23 ± 1◦C with 60 ± 5% relative humidity and a 12-h light-dark cycle. At the end of
the experiment, food was withdrawn for 12 h and the animals were sacrificed by exsanguination via
the abdominal aorta while under carbon dioxide (70:30, CO2/O2) anesthesia. Heparin was used as
the anticoagulant, and the plasma was separated from the blood by centrifugation (1750× g) at 4 ◦C
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for 20 min. Plasma concentrations of total cholesterol, triglyceride, alanine aminotransferase (ALT),
glucose, blood urine nitrogen (BUN), creatinine, uric acid, and ions were measured immediately by
use of a serum autoanalyzer (DiaSYS Diagnostic system, Germany). The liver and kidney samples
from each animal were weighed and stored at −80 ◦C.

This study was approved (No: 2017-056) by the Institutional Animal Care and Use Committee
(IACUC) of China Medical University, Taiwan. The animals were maintained in accordance with the
guidelines for the care and use of laboratory animals as issued by the IACUC ethics committee.

4.5. Preparation of Liver Microsomes

The frozen liver was homogenized (1:4, w/v) in ice-cold 0.1 M phosphate buffer (pH 7.4) containing
1 mM ethylenediaminetetraacetic acid (EDTA). The homogenates were centrifuged at 10,000× g for
15 min at 4 ◦C. The supernatants were then centrifuged at 105,000× g for 60 min. The resulting
microsomal pellets were suspended in a 0.25 M sucrose solution containing 1 mM EDTA and were
stored at −80 ◦C until use. The microsomal protein concentration was determined by using a BCA
protein assay kit (Pierce, Rockford, IL, USA).

4.6. Xenobiotic-Metabolizing Enzyme Activity Assays

The CYP enzyme activities, including methoxyresorufin O-demethylation (CYP1A2), ethoxyresorufin
O-deethylation (CYP1A1), pentoxyresorufin O-depentylation (CYP2B), diclofenac 4-hydroxylation
(CYP2C), dextromethorphan O-demethylation (CYP2D), p-nitrophenol 6-hydroxylation (CYP2E1),
testosterone 6β-hydroxylation (CYP3A), and lauric acid 12-hydroxylation (CYP4A), were determined
by the high performance liquid chromatography (HPLC)/mass spectrometric (MS) method [24].
Enzyme activities were expressed as pmol of metabolite formation/min/mg protein. Microsomal
UGT activity was determined by using p-nitrophenol as the substrate, and the rate of formation of
p-nitrophenol glucuronic acid was measured by HPLC/MS (Agilent, USA) [25]. GST was measured by
the spectrophotometric method [26].

4.7. Determinations of GSH, GSH Peroxidase Activity, and Lipid Peroxidation

Plasma and liver homogenate were used to determine the reduced (GSH) or oxidized glutathione
(GSSG) content by the HPLC/MS method as reported previously [27]. Glutathione peroxidase activity
was determined spectrophotometrically according to the method of Mohandas et al. [28]. Lipid
peroxidation, as measured by thiobarbituric acid reactive substances (TBARS), in plasma and tissues
were assessed by the modified method of Mihara and Uchiyama [29]. 1,1,3,3-Tetramethoxypropane
(Sigma, USA) was used to determine the concentrations of TBARS in the samples. Fluorescence was
measured at excitation and emission wavelengths of 515 nm and 553 nm, respectively.

4.8. Determination of p-Glycoprotein and Mrp 2/3

Crude membrane from liver was prepared according to the method of Aleksunes et al. [30]. Each
gram of liver was homogenized with 4 mL of sucrose-Tris buffer (0.25 M sucrose, 10 mM Tris-HCl,
pH 7.4) containing 50 g/mL of aprotinin. The homogenate was then centrifuged at 100,000× g for 60 min
at 4 ◦C. The resulting pellet was resuspended in sucrose-Tris buffer and was used for determinations of
p-glycoprotein and Mrp2/3 by Western blot.

4.9. Western Blot Analysis

Equal amounts of proteins from membranes of each group were separated by SDS-PAGE
and transferred to nitrocellulose membranes. The p-glycoprotein was purchased from Calbiochem
(Darmstadt, Germany). Mrp2/3 antibodies were purchased from Abcam (Cambridge, UK). The western
blot analysis was performed as described previously [24].
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4.10. Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA was extracted from homogenized liver tissue by using TRIZOL reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA (1 μg) was reverse-
transcribed into first-strand cDNA by using 200 units of MMLV-RT (Promega) in a total volume of
20 μL. For real-time PCR, a SYBR system with self-designed primers and 12.5 ng cDNA was used.
The self-designed primers were as follows: CYP1A1 forward: GGTTCTGGATACCCAGCTGAC;
reverse: TGTGGCCCTTCTCAAATGTCC, CYP1A2 forward: GCTGTGGACTTCTTTCCGGT; reverse:
TGTCCTGGATACTGTTCTTGTTGA, CYP2C6 forward: TCCTGCTGAAGTGTCCAGAA; reverse:
TGCAAGGGCTGCGATGTTT, CYP2C11 forward: TGAAGGACATCGGCCAATCA; reverse: CCCA
TGCAACACCACAAAGG, CYP2D1 forward: ACCCATGGCTTCTTTGCTTTTC; reverse: GTCCTTGC
TCCCGTACCAC, CYP3A1 forward: CTCAAGGAGATGTTCCCTGTCA; reverse: CAGGTTTGCCTT
TCTCTTGCC, CYP3A2 forward: CCATCCACATCTGGTGGTCT; and reverse: TCAAAGGACGAG
GACATGGTT. Amplification using 40 cycles of 2 steps (95 ◦C for 15 s and 60 ◦C for 1 min) was
performed on an ABI Prism 7900HT sequence detection system (Foster City, CA, USA).

4.11. Statistical Analysis

Statistical differences among groups were calculated by using one-way ANOVA (SAS Institute,
Cary, NC, USA). The differences were considered to be significant at p < 0.05 as determined by
independent-sample t tests.

5. Conclusions

Intake of HRW for four weeks may not change xenobiotic-metabolizing enzymes and antioxidant
activity in liver. Regular consumption of HRW may enhance detoxification process possibly through
an increase in the efflux of toxic substances from the liver into bile.
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Abstract: Lepidium meyenii is now widely consumed as a functional food and medicinal product,
which is known as an enhancer of reproductive health. However, the specific chemical composition
and mechanism of action for improving sexual function are unclear. The present study aims at
screening and determining the potential compounds, which promote mouse leydig cells (TM3)
proliferation. The partial least squares analysis (PLS) was employed to reveal the correlation between
common peaks of high performance liquid chromatography (HPLC) fingerprint of L. meyenii and the
proliferation activity of TM3. The results suggested that three compounds had good activities on the
proliferation of TM3 and promoting testosterone secretion, there were N-benzyl-hexadecanamide,
N-benzyl-(9z,12z)-octadecadienamide and N-benzyl-(9z,12z,15z)-octadecatrienamide which might
be the potential bioactive markers related to the enhancing sexual ability functions of L. meyenii.
The first step in testosterone synthesis is the transport of cholesterol into the mitochondria, and the
homeostasis of mitochondrial function is related to cyclophilin D (CypD). In order to expound how
bioactive ingredients lead to promoting testosterone secretion, a molecular docking simulation was
used for further illustration in the active sites and binding degree of the ligands on CypD. The results
indicated there was a positive correlation between the binding energy absolute value and testosterone
secretion activity. In addition, in this study it also provided the reference for a simple, quick method
to screen the promoting leydig cell proliferation active components in traditional Chinese medicine
(TCM).

Keywords: Lepidium meyenii; high-performance liquid chromatography-electrospray ionization/mass
spectrometry; partial least squares; ultrafiltration affinity; molecular docking

1. Introduction

Lepidium meyenii (Maca), is a Brassicaceae Lepidium plant native to the Andes Mountains of South
America. It has been traditionally used as a food and machine over 5000 years [1]. As is usual with
many traditional folk medicines, many claims have been made regarding the efficacy of Maca in
treating a wide range of illnesses and medical conditions [2,3]. However, in the 20th century most of the
scientific attention has been focused in the areas where the pharmacological actions of Maca seem most
strongly attested, these include, enhancement of sexual drive in humans, increasing overall vigour and

Molecules 2019, 24, 2101; doi:10.3390/molecules24112101 www.mdpi.com/journal/molecules209
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energy levels, and increasing sexual fertility in humans and domestic livestock [3]. Lepidium meyenii is
rich in nutrients and secondary metabolites with a variety of biological activities. Its main chemical
compositions are polysaccharide, flavone, saponin, microelement and amino acid [4]. Low polarity
magamide is considered to be its unique iconic ingredient, at present, the method of solvent reflux,
ultrasonic extraction, high performance liquid chromatography (HPLC) and liquid chromatography
mass spectrometry were used to detect it [5].

The present studies abroad have been studying the pharmacological effects of L. meyenii, they
focus mainly on the effect of sexual function in mice. However all of these studies are segmentary,
and lack of a comprehensive and systemic assessment, as well as the effect mechanism of improving
sexual function is not yet clear. Especially, there is no research on the L. meyenii active monomers in
promoting the mechanism of sexual function [6–8].

Testosterone is a prerequisite for normal spermatogenesis. Leydig cells are the main cells
responsible for the production and secretion of the testosterone hormone [9]. The raw material
for testosterone synthesis is cholesterol. The rate-limiting enzyme steroidogenic acute regulatory
protein (StAR) in testosterone synthesis is responsible for accelerating the transport of cholesterol
to the mitochondria, which is the first step in testosterone biosynthesis. For the maintenance of the
StAR function, the homeostasis of the mitochondrial function is indispensable. In the process of
maintaining mitochondrial function homeostasis, CypD plays an important regulatory role. Activation
of CypD leads to opening of the mitochondrial permeability transition pore (mPTP) on the outer
membrane of mitochondria which causes mitochondrial damage [10,11]. Mitochondrial dysfunction
results in the inhibition of StAR expression, hindering cholesterol from entering the mitochondrial
stromal membrane and inhibiting testosterone secretion; the CypD inhibitor can effectively bind CypD
and inhibit the cis-trans isomerase activity of CypD, making the StAR expression stable, ultimately
promoting testosterone secretion. Although the complete mechanism of the mPTP opening remains
unclear, cyclosporine A (CsA), a high-affinity cyclophilin inhibitor, blocks the mPTP opening by
binding to the CypD [12–16].

Inspired by the applications mentioned above, in order to find out the bioactive
markers reflecting the traditional efficacy, an effective strategy on the high-performance liquid
chromatography-electrospray ionization/mass spectrometry (HPLC-ESI-MS/MS) coupling with
multivariate statistical analysis was developed to screen and identify the bioactive ingredients
in L. meyenii [17]. Molecular docking was used to investigate the mechanism of bioactive compounds
for improving sexual function, as depicted in Figure 1. The present study illustrated and explained the
underlying correlations between active constituents and mechanisms of action [18].

210



Molecules 2019, 24, 2101

Figure 1. Strategy based on high-performance liquid chromatography-electrospray ionization/mass
spectrometry (HPLC-ESI-MS/MS) coupling with the multivariate statistical analysis method to screen
and identify the bioactive ingredients for the proliferation of mouse leydig cells (TM3) and promoting
testosterone secretion in Lepidium meyenii. Molecular docking was used to investigate the mechanism
of bioactive compounds. (a) The HPLC fingerprints of ten fractions. (b) Effects of the ten fractions on
TM3 (a p < 0.01, b p < 0.05). (c) Model effect weights of the ten compounds on TM3. (d) Effects of the
three compounds on TM3 and testosterone secretion (a p < 0.01). (e) The crystal structure of human
cyclophilin D (PDB ID: 2Z6W). (f) The chemical structures of three bioactive markers. (g1) Molecular
docking of compound (9) with CypD showed in three-dimensional (3D) and two-dimensional (2D).
(g2) Molecular docking of compound (6) with CypD showed in 3D and 2D. (g3) Molecular docking of
compound (6) with CypD showed in 3D and 2D.

2. Results and Discussion

2.1. High-Performance Liquid Chromatography-Photodiode Array Detector-Electrospray Ionization/Mass
Spectrometry Method Analysis of Ten Common Peeks

Ten compounds (1)–(10) were found in fraction LM-P-1 to fraction LM-P-10 at the characteristic
wavelength of 210 nm. All the constituents of 10 fractions were separated and detected within 80 min
and their MS2 data were detected in a positive ion mode (Figure 2) according to the research of
fragmentation pathway for compositions of 10 fractions in electrospray ionization using MS2 ion
trap mass spectrometry and comparing retention time. Their structures were elucidated based on the
analyses of ultraviolet (UV) spectra and ESI–MS2 fragmentation patterns with those of standards and
the corresponding spectroscopic data given in the literatures.
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Figure 2. The HPLC fingerprints of ten fractions.

An overview of identified compounds was shown in Table 1. Meanwhile, the detailed structural
analysis of common peaks was taken as an example to illustrate that our paradigm in this part
bore out the correctness of structural presumption by using MS2. The Fragmentation mode were
consistent with the previously reported, it suggested that Compound (2) of m/z 368 [M+H]+

was N-benzyl-(9z,12z,15z)-octadecatrienamide. The collision-induced dissociation (CID) spectra
of (Figure 3) were displayed as examples for the illustration of fragmentation patterns of macamides.

Figure 3. The collision-induced dissociation (CID) spectra of a N-benzyl-(9z,12z,15z)-octadecatrienamide.

The five fragment ions (m/z 56, 96, 107, 136 and 260) which corresponded to butylene, (1Z,
4Z)-heptadecadiene, benzylamine, (1Z, 4Z, 7Z)-decatriene and (9Z, 12Z, 15Z)-octadecane-triene-ketone,
respectively, through a classic α-cleavage in amide linkage, were detected in all standards and were
considered as the diagnostic ions of macamides [2].

212



Molecules 2019, 24, 2101

T
a

b
le

1
.

H
PL

C
-E

SI
-M

S
da

ta
of

10
co

m
m

on
pe

ek
s.

N
o

.
R

e
te

n
ti

o
n

T
im

e
(m

in
)

U
V

A
b

so
rp

ti
o

n
C

h
a

ra
ct

e
ri

st
ic

s
λ

m
a

x
(n

m
)

O
b

se
rv

e
d

m
/z

F
ra

g
m

e
n

t
Io

n
C

o
m

p
o

u
n

d
S

tr
u

ct
u

re
C

o
m

p
o

n
e

n
t

N
a

m
e

1
35

.3
21

0
39

8
13

8,
26

1
N

-(
3-

m
et

ho
xy

be
nz

yl
)-

(9
zN

,1
2z

N
,1

5z
)-

oc
ta

de
ca

tr
ie

na
m

id
e

2
36

.4
21

0
36

8
10

8,
23

2,
26

1,
27

2
N

-b
en

zy
l-

(9
z,

12
z,

15
z)

-o
ct

ad
ec

at
ri

en
am

id
e

3
37

.7
21

0
36

8
10

8,
26

1,
28

5
N

-b
en

zy
l-

(9
E,

12
E,

15
E)

-o
ct

ad
ec

at
ri

en
am

id
e

4
38

.7
21

0
36

8
10

8,
26

1
U

nk
no

w
n

U
nk

no
w

n

5
44

.8
21

0
40

0
13

8,
26

3,
30

2
N

-(
3-

m
et

ho
xy

be
nz

yl
)-

(9
Z

,1
2Z

)-
oc

ta
de

ca
di

en
am

id
e

6
46

.6
21

0
37

0
10

8,
23

2,
26

3,
27

2
N

-b
en

zy
l-

(9
z,

12
z)

-o
ct

ad
ec

ad
ie

na
m

id
e

7
48

.9
21

0
37

0
10

8,
26

3
U

nk
no

w
n

U
nk

no
w

n

8
50

.3
21

0
37

0
10

8,
26

3,
28

5
N

-b
en

zy
l-

(9
E,

12
E)

-o
ct

ad
ec

ad
ie

na
m

id
e

9
59

.6
21

0
34

6
10

8,
23

9,
26

8,
26

8
N

-b
en

zy
l-

he
xa

de
ca

na
m

id
e

1
0

63
.0

21
0

37
2

10
8,

16
5

N
-b

en
zy

l-
9Z

-o
ct

ad
ec

en
am

id
e

213



Molecules 2019, 24, 2101

2.2. Mouse Leydig Cells Proliferation Activity of Ten Fractions

The proliferation activity of these 10 fractions was assessed using the MTT assay in TM3. All the
10 fractions were found to possess the proliferation activity (Figure 4).

 

Figure 4. Effects of the ten fractions on TM3 (a p < 0.01, b p < 0.05).

2.3. Screening of Active Compounds by Using Partial Least Squares

The selected initial data was further processed by PLS in order to establish a model for predicting
the potential active components in L. meyenii. Parameters were set as follows: Confidence level was
95%, R2 = (0.0, 0.794), Q2 = (0.0, –0.285), and the parameters showed that the established PLS model
was effective. We could use the PLS to carry on the weights analysis about the impact of the common
peeks area exported from ten HPLC spectra of 10 fractions (x-axis) to the proliferative activity of TM3
(y-axis) and screening of major compounds which influenced bioactivity.

In our data set, the weights plot summarized the variables both to explain X and to
correlate to Y. The results were shown in (Figure 5). The weights greater than one indicated
important variables, and three potential biological markers of N-benzyl-hexadecanamide (9),
N-benzyl-(9z,12z)-octadecadienamide (6) and N-benzyl-(9z,12z,15z)-octadecatrienamide (2) had high
contributions to the proliferation activity of TM3. Meanwhile, they were considered to be potential
active compounds for further study [19].

Figure 5. Model effect weights of the ten compounds on TM3.
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2.4. Activity Evaluation of Active Components

The proliferation activity of the three compounds (9), (6), (2), were assessed using the MTT assay
in TM3. All the compounds were found to possess proliferation activity.

To better evaluate the improving sexual function of the three compounds (9), (6), (2), the testosterone
secretion assay was tested, and the results were presented in a strong correlation between the values
determined by the HPLC-DAD-MS2 method and that predicted by the testosterone secretion tested
data was observed [20] (Figure 6).

 

Figure 6. Effects of the three compounds on TM3 and testosterone secretion (a p < 0.01).

2.5. Analysis of Molecular Docking

The molecular docking study further elucidated the binding mode of the three compounds at
the active site of CypD. The binding pocket of CypD was large and shallow, consisting of residues
Arg55, Ile57, Phe60, Met61, Gln63, Gly72, Thr73, Gly74, Ala101, Asn102, Phe113, Trp121, Leu122,
and His126 etc [21]. In which it was known, four specific residues (Arg55, Gln63, Asn102 and Trp121)
were involved in hydrogen bond interactions with CsA [12]. Molecular docking simulation revealed
that ligands interacted with important amino acid residues surrounding the active site through plenty
of interactions including hydrogen bond acceptor, hydrogen bond donor, hydrophobic interactions.
The docked molecules interacted with essential amino acid forming proteins’ binding site. Unlike the
case of full occupation by CSA, CypD- macamide complexes occupied only part of the binding pocket
and might swing in the pocket [21]. (Figures 7a–c and 8a–c). The lowest binding energy were found:
−4.79 kcal/mol for (9), −4.55 kcal/mol for (6) and −4.18 kcal/mol for (2). The negative binding energy
(G < 0) indicated that there were good binding affinity between the three compounds and CypD.

Normally, the interactions between CypD and the macamide were dependent on the structures of
the macamides, as the number of hydrogen bonds and hydrophobic interactions increased, the affinity
degree might increase, it was shown between (6) and (2). It was interesting that, a hydrogen bond was
formed between residual Arg55 and N atoms of macamide, causing the electrons of the N atom to form
a regular tetrahedron of Sp3 hybrid, with single-button rotation. A mutant CypD with a single amino
acid substitution (Arg to Ala at position 55) that was predicted to produce a 1000-fold attenuation in
isomerase activity failed to reverse the CsA effect [22]. Therefore, the lowest binding energy were
found in (9).

The results showed there was a specific ligand-binding ability of macamide for CypD, which could
be used in the inhibition of MPT pore opening, which caused mitochondrial damage. The homeostasis
of the mitochondrial function ensured the maintenance of the StAR function, which was the first step
in testosterone biosynthesis. CypD inhibitor could effectively bind CypD and inhibit the cis-trans
isomerase activity of CypD, making the StAR expression stable, ultimately promoting testosterone
secretion [23,24]. Therefore, one of the possible mechanisms of promoting testosterone secretion for
thee compounds, which could be the bioactive markers of L. meyenii.
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Figure 7. (a–c) Molecular docking of the three bioactive ligands with CypD, respectively. Ligands were
shown in stick form and gray dashed lines were hydrogen bonds. The figure was prepared with PyMol.
The interactions between bioactive ligands and binding sites were detailed in the article. (Figure 7a-(9),
Figure 7b-(6), Figure 7c-(2)).

Figure 8. (a–c) Two-dimensional (2D) representation of hydrogen bond and hydrophobic interactions.
Dashed lines represent hydrogen bonds, and spiked residues form hydrophobic interactions.
(Figure 8a-(9), Figure 8b-(6), Figure 8c-(2)).

3. Materials and Methods

3.1. Materials

Lepidium meyenii was provided by Changchun University of Chinese Medicine and a voucher
specimen (No. 201710) was deposited at the laboratory of Jilin Ginseng Academy, Changchun
University of Chinese Medicine, P.R. China. Mouse leydig cells (TM3) were purchased from the Cell
Bank of Type Culture Collection Chinese Academy of Sciences (Shanghai, China; cat. no. GNM24).

Standard compounds N-benzyl-hexadecanamide, N-benzyl-(9z,12z)-octadecadienamide and
N-benzyl-(9z,12z,15z)-octadecatrienamide were provided by Yunnan Technical Center for Quality of
Chinese Materia Medica (Yunnan, China). All standards were of purity greater than 98% and suitable
for HPLC/MS/MS analysis.
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3.2. Sample Preparation

The dried roots and rhizomes of L. meyenii (1000 g) were pulverized then sieved through a 20-mesh.
The powder was extracted two times with 10 volumes of 95% ethanol (v/v) at 60 ◦C for 2 h. The filtrate
was evaporated by a rotavapor at 60 ◦C and concentrated in vacuo to yield 24.32 g of brown residue.
The residue (0.5 g) was further subjected to liquid-liquid partitioning to afford petroleum ether and
water soluble extracts [25]. The resulting petroleum ether-soluble extract was applied to a silica gel
column, and eluted with dichloromethane followed by (10:0 to 9:1, v/v) to give ten fractions (LM-P-1 to
LM-P-10) [25]. The fraction was dissolved into 1 mL with acetonitrile and filtered with 0.22 μm filter
membrane. The filtrate was used for HPLC analysis and testing of the proliferation of TM3.

3.3. High-Performance Liquid Chromatography-Photodiode Array Detector-Electrospray Ionization/Mass
Spectrometry Method

An Agilent Technology 1100 Series HPLC system equipped with a quaternary pump, a degasser,
a thermostatic auto-sampler and a photodiode array detector (DAD), was used for analysis (Agilent
Technologies, Palo Alto, CA, USA). Chromatographic separations were carried out on a C18 analytical
column Agilent Eclipse Plus-C18 (4.6 mm × 250 mm, 5μm) supplied by Agilent. The acetonitrile
and water were used as the mobile phases (A) and (B), respectively, the optimized HPLC elution
procedures were conducted as follows: 0–25 min, 80–90% (A); 25–70 min, 90–90% (A); 70–75 min,
90–100% (A). The flow-rate was 0.3 mL/min and the column temperature was maintained at 30 ◦C.
The chromatogram was recorded at 210 nm. The injection volume of samples was 3.0 μL.

Agilent 1100 HPLC/MSD Trap mass spectrometer 6320 (Agilent) equipped with an electrospray
ionization source was used in both positive and negative ion mode. An HPLC system coupled
with DAD was controlled by an HPLC-MSD ChemStation software system. Auto MS2 mode of
mass spectrometer was chosen to analyze the sample. The following operation parameters were
used: capillary voltage: 4000 V; nebulizer pressure: 35 psi; drying gas: 9.0 L/min; gas temperature:
350 ◦C; skimmer voltage: 60 V. Liquid chromatography-electrospray ionization-mass spectrometry
(LC-ESI-MS) accurate mass spectra were recorded across the range from 50 to 1200 m/z. The data
recorded was processed with the Applied HPLC-MSD ChemStation software system [26] (1200, Agilent
Technologies).

3.4. Cell Culture and Viability Assay

Mouse leydig cell (TM3) line is a mouse epithelial Leydig cell line. The TM3 cell line were
grown in Dulbecco’s modified Eagle’s medium/F-12 nutrient mixture (DMEM/F-12) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 1% penicillin
(100 U/mL) and streptomycin (100 μg/mL) [27]. The human chorionic gonadotropin anhydrous (hCG)
was obtained from Suolaibao Technology Co., Ltd. (Beijing, China).

Standard compounds N-benzyl hexadecanamide, N-benzyl-(9z,12z)-octadecadienamide and
N-benzyl-(9z,12z,15z)-octadecatrienamide were dissolved in a culture medium containing a stock
solution of 200 mg/L and further diluted to 62.5 μg/mL, 125 μg/mL, 250 μg/mL concentrations with
culture medium containing 10% fetal bovine serum for 24 h. The DMEM/F12 concentrations (100 μL)
was prepared as a control, and hCG concentrations (1 U/mL, 100 μL) were used as a positive control.
Cells were cultured in a 37 ◦C incubator with 5% CO2 and 95% air [20]. The effects of fractions
on Leydig cell viability were assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (Roche, Basle, Switzerland). The supernatant was collected to determine the testosterone
levels using the Mouse Testosterone (T) ELISA kit (cat. no. JL10895; Shanghai Yuanye Biotechnology
Co., Ltd., Shanghai, China), according to the manufacturer’s protocol.
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3.5. Partial Least Squares Analysis and Statistical Analysis

The multivariate analysis of the acquired data was carried out by PLS using the SIMCA 11
software (Umetrics, Umea, Sweden). All assays were performed at least in triplicate and the results
were expressed as a mean ± standard deviation (SD). The significant difference analysis was evaluated
by one-way analysis of variance (ANOVA) test completed by the software of IBM SPSS Statistics 19
(International Business Machines Corp., New York, NY, USA). Significance was accepted at p < 0.05 [28].

3.6. Molecular Docking Studies

To further study the probable mechanism of the bioactive compounds with CypD, a molecular
docking study which could conjecture the interactions of ligands within the constraint of receptors
binding sites was performed in silico.

In the prediction, The X-ray crystal structure of CypD in the complex with its inhibitor CsA, 0.96 Å,
was obtained from the Protein Data Bank (PDB ID: 2Z6W). The three-dimensional (3D) structures
of the ligands were drawn and converted using ChemBioDraw Ultra and ChemBio 3D Ultra [29]
(Cambridgesoft Corp., Waltham, MA, USA). The ligands and water molecules were removed from the
crystal structure and the polar hydrogen was added by using AutoDock [30] (4.2.6, Department of
Molecular Biology, The Scripps Research Institute, La Jolla, CA, USA).

Each grid computation was set up covering all the active sites where CsA was bounded. The grid
was then concentrated on the center (80 Å, 40 Å, 80 Å, 0.375 Å, central coordinates x = –20.347,
y = 13.119, and z = 11.232), respectively. The calculation of the docking score was repeated three times
for each ligand. Fifty ligand−receptor complex conformations were generated for each test compound,
in which the least building energy was considered for further analysis. Finally, PyMOL and LigPlot
were used to present the docking results [31,32].

4. Conclusions

This work used the multivariate analysis to reveal some potential components, which improved
sexual function from L. meyenii. We established an effective strategy based on HPLC-ESI-MS/MS
with the PLS analysis for screening and determining the bioactive compounds which promote leydig
cells proliferation and testosterone secretion. The 10 fractions were fractionated and their promoting
activities on TM3 were demonstrated. With the aid of HPLC-ESI-MS/MS and the multivariate statistical
software, the three potential improving sexual function markers were identified. Molecular docking
was employed for further illustration in the mechanism of action for bioactivity.

In this study, correlation analysis was studied to explore the internal relationship between chemical
constituents and pharmacological effects and discover the bioactive markers reflecting the traditional
efficacy of L. meyenii. The results specified the three compounds as potential bioactive markers could
lay a foundation for the improvement of quality standard of L. meyenii.
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Abstract: In the last years, the European Commission has adopted restrictive directives on food quality
and safety in order to protect animal and human health. Veterinary drugs represent an important
risk and the need to have sensitive and fast analytical techniques to detect and quantify them has
become mandatory. Over the years, the availability of different modes, interfaces, and formats has
improved the versatility, sensitivity, and speed of capillary electrophoresis (CE) techniques. Thus,
CE represents a powerful tool for the analysis of a large variety of food matrices and food-related
molecules with important applications in food quality and safety. This review focuses the attention of
CE applications over the last decade on the detection of different classes of drugs (used as additives in
animal food or present as contaminants in food products) with a potential risk for animal and human
health. In addition, considering that the different sample preparation procedures have strongly
contributed to CE sensitivity and versatility, the most advanced sample pre-concentration techniques
are discussed here.

Keywords: food quality; food safety; veterinary drugs; animal food; food contaminants; capillary
electrophoresis; residue analysis; pre-concentration techniques

1. Introduction

The addition of drugs (abuse or illegal use) to animal food to promote growth and protect animals
can represent a potential risk of contamination of food matrices. Drugs, such as antibiotics, estrogens,
non-steroidal anti-inflammatory drugs (NSAIDs), and β-agonists, which are usually used in feedstuffs,
can contaminate different food products, mainly meat, milk, and dairy products, causing health
problems and also serious diseases [1]. In particular, the abuse of antibiotics in food-producing animals,
which contributes to the increase in risk of the transfer of antibiotic resistance from animals to humans,
is a very important issue for human health. For this reason, the European Union (EU) and the Food
and Drug Administration (FDA) established restrictive regulations for the control of pharmacologically
active substance residues and fixed maximum residue limits (MRLs) in edible animal tissues to preserve
foodstuff of animal origin and consumers [2–4].

The need of sensitive and rapid analytical techniques to detect and quantify pharmacologically
active compounds, unauthorized drugs included, in animal food and foodstuff of animal origin has
become mandatory for food security. Therefore, over the years, the necessity to develop and validate
new analytical methods has increased [5]. The Commission Decision 2002/657/EC reported the technical
guidelines and performance criteria for method validation for the control of the different residues [6].
In addition, there is a lack of regulation for veterinary drug residues (for example, for fluoroquinolones
used as antimicrobials) in many foods, including baby foods [7].
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EU guidelines suggest the use of the liquid chromatography (LC) technique; in particular,
LC coupled with mass spectrometry (MS) was the most used approach to detect and analyze drug
residues in complex matrices, such as milk and dietary products [8–12]. In addition, ion mobility
spectrometry (IMS) coupled with MS represented a very promising powerful tool to detect analytes in
traces [13].

Capillary electrophoresis (CE) with its well-known advantages, such as high efficiency,
low consumption of sample and buffer, and rapidity, represents a potential alternative to LC methods in
the analysis of drugs in different fields, including food analysis [14–16]. Another important advantage
of CE rests in the versatility of applications thanks to the development of different CE separation
modes. The simple addition of different molecules (surfactants, chiral selectors, polymers, particular
electrolytes, and organic modifiers) to the buffer or the modification of the capillary inner wall with
new packaging materials gave origin to different separation mechanisms and selectivity, increasing CE
versatility and potential applications [16–19].

In particular, the use of electrospray ionization (ESI), matrix-assisted desorption/ionization
(MALDI), and inductively coupled plasma (ICP) as CE-MS interfaces improved food analysis by
increasing CE sensitivity [20,21]. In fact, CE-MS represents the ideal technique to detect analytes in
traces with important implications in food contaminants and residue analysis [15,16].

In addition, advances in electrochemical detectors, such as CE-contactless coupled detection
(CE-CCD) and CE-capacitively coupled contactless conductivity detection (CE-C4D), offered very
sensitive methods [22,23]. Furthermore, the development of miniaturized CE systems (microchip-CE
devices) allowed the monitoring of food analytes with rapidity and sensitivity, and their use was
particularly important in the detection of frauds or contaminations [24–26].

Due to the complexity of food matrices, which are mainly rich in lipids, carbohydrates, and proteins,
a pre-concentration step was necessary to detect drug residues in trace amounts. This became mandatory
because of the intrinsic poor sensitivity of CE [27]. Solid phase extraction (SPE) and miniaturized
SPE are the most used procedures, not only for the pre-concentration step, but also for the sample
clean-up. New SPE sorbents with high adsorption capacity and high resistance were studied, giving
origin to selective materials for some drugs and also generating advanced high-throughput procedures
able to extract different drug classes [28,29]. In addition, advances in on-chip SPE-CE procedures also
allowed low-abundance analytes with high sensitivity to be analyzed [30]. Recently, the combination of
traditional liquid-liquid extraction (LLE) and SPE procedures or advanced liquid extraction techniques,
such as dispersive liquid-liquid microextraction (DLLME), was successfully applied to detect analytes
in trace, increasing CE sensitivity [31–33].

Finally, the development of on-line procedures in which pre-concentration techniques were
integrated with the CE instrumentation had many advantages, such as minimal sample loss, low cost,
and rapidity [34].

In this review, we focused the attention on the potential of CE in veterinary drug residue analysis,
considering the versatility of different CE-modes (mainly capillary zone electrophoresis, CZE; capillary
electrochromatography, CEC; micellar electrokinetic chromatography, MEKC; nonaqueous capillary
electrophoresis, NACE). CE methods and advanced sample preparation procedures combined with CE
techniques in the last decade were also discussed. The main CE-modes were summarized, subdividing
drugs into antibiotics (classified according to different molecular structures) and other drugs (estrogens,
non-steroidal anti-inflammatory drugs, NSAIDs, and β-agonists).

2. Antibiotics

2.1. Nitroimidazoles

5-Nitroimidazoles (5-NDZs) are mainly active against Gram-negative and Gram-positive anaerobic
bacteria. Some benzimidazoles (BZs) are also used as additives in stored fruit and vegetables, because
of their fungicidal properties [35]. Regarding the veterinary use, these substances are prohibited [2,36],

222



Molecules 2019, 24, 4617

as they could be a potential risk for human health because of their genotoxicity and mutagenicity [37].
Therefore, no MRLs were established.

A rapid CEC-UV method for the analysis of 5-NDZ residues in bovine milk samples was set-up
by Hernández-Mesa et al. The characteristic speed and high efficiency of CEC, which combines
mobility and partition principles, are well-known to be affected by the complexity in fritting fabrication,
which gives origin to pressure drops and bubble formation with loss of efficiency and reproducibility.
In this work, the authors overcame this problem by proposing a simple capillary packing procedure
and optimizing a sintering process (parameters: Time and temperature), thus obtaining a reproducible
frit fabrication. A proper set-up of buffer composition and concentration, capillary length, and voltage
allowed a reproducible analysis of eight 5-NDZs in milk samples in 15 min. In addition, a sample
pretreatment using LLE and SPE methods highly increased the method sensitivity (LOQ range for all
the 5-NDZs analyzed was 19–96 μg/L) [38]. This method, combining the advantages of CE and HPLC,
was more selective and rapid than the simple HPLC [39] or CZE [40] methods.

The same technique (CEC-UV), but coupled with DLLME as a pre-concentration step, was used
to analyze BZs in environmental and farm water [41]. DLLME, which belongs to liquid-phase
microextraction (LPME) techniques, is based on the formation of a dispersion, created by adding an
organic solvent mixture to an aqueous sample. It represented an ideal procedure to efficiently extract
environmental pollutants and an interesting greener approach in their analysis [42].

This procedure was also used by Hernández-Mesa et al. to concentrate different 5-NDZ compounds
in river water samples before the analysis with a cation-selective exhaustive injection and sweep
(CSEI-sweep)-MEKC-UV method. DLLME and CSEI-sweep approaches combine an electrokinetic
injection of charged cations and a sweeping in which the formation of micelles is promoted to focus
the analyte. Thus, the MEKC method was more rapid, allowing the separation of six BZs in about
10 min [43]. The DLLME procedure coupled with MS detection could also improve the sensitivity of
CZE. An example was the study of Tejada-Casado et al., who set-up a CZE-MS/MS method able to
rapidly (about 30 min) detect and quantify twelve BZs in meat samples, as a valid alternative to HPLC
methods [44].

Finally, SPE combined with CSEI-sweep-MEKC-UV allowed six nitroimidazole residues in egg
samples to be quantified with LOQ values in the range of a few ng/g [45].

2.2. Fluoroquinolones

Quinolones represent a class of drugs commonly used in veterinary fields, whose MRLs have
been established in the range level of 100–500 μg/kg by the EU Council Regulation and FDA [2,3].
Fluoroquinolones (FQs) are synthetic quinolones, related to nalidixic acid, which act against
Gram-negative and Gram-positive bacteria by inhibiting their DNA synthesis. FQs are commonly
used for livestock growth and aquaculture and are toxic to human health because they can exhibit a
direct toxicity, responsible for muscular and neuronal dysfunctions, or cause antibiotic resistance or
allergies [46–48].

CE techniques also represented interesting platforms in the analysis of the third and fourth
generation of FQs in different food matrices (water, milk, and animal muscle), but appropriate sample
pre-treatments and detection systems (LIF and MS) became mandatory to obtain a high level of
sensitivity [49]. To extract milk FQs, LLE and SPE were the most used procedures, but in the literature,
examples of protein precipitation (PPT) followed by SPE are also present as a good alternative [50].
In particular, molecularly imprinted polymers (MIPs), which are selective and stable sorbent materials
for SPE (MISPE technique) [51], allowed promising CZE-LIF or CZE-MS methods to be obtained in
the animal foodstuff analyses. MIPs can be used both before CZE analysis and as an in-line-MISPE
strategy, thus obtaining sensitive and selective methods for the analysis of different complex matrices
(for example, pig kidney and bovine milk) [52,53]. In fact, by using advanced MIP technologies,
the low CZE-UV sensitivity can also be overcome. Magnetic molecular imprinted polymers (MMMIPs)
were prepared by combining ferroferric-oxide nanoparticles, and MIPs and had a rapid and efficient
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binding capacity. These materials allowed a rapid and selective CZE-UV method to be obtained to
separate fleroxacin, gatifloxacin, lomefloxacin (LOM), and norfloxacin in bovine milk samples [29].
The method sensitivity (LOD range: 12.9–18.8 μg/L) was slightly lower than, but comparable to, that of
Springer et al. (7.5–11.6 μg/L), who separated ciprofloxacin (CIP), norfloxacin, and ofloxacin (OFL) in
milk samples using a miniaturized SPE (made of carbon nanotubes as sorbents with high adsorption
capacity and stability) to prepare samples [28].

Lara et al. set-up a CZE-MS/MS method for the simultaneous quantification (ng/kg level) of eight
FQs, i.e., danofloxacin, sarafloxacin, CIP, marbofloxacin, enrofloxacin (ENRO), difloxacin, oxolinic
acid, and flumequine, in chicken muscle samples. Two different sample preparation approaches were
set-up; the first one consisted of pressurized liquid extraction (PLE), which was performed in an
accelerated solvent extraction, followed by centrifugation, percolation, concentration, reconstitution,
and filtration steps prior to the injection into the CE instrument; the second one was an in-line SPE,
using a mixed-mode sorbent (RP and ion-exchange sorbents), in which different parameters, such as
sample pH, volume, elution plug composition, and injection time, were optimized. The combination
of in-line SPE-CE-MS/MS with PLE improved the selectivity and sensitivity, and this was particularly
useful in multiresidue analysis [54].

Field-amplified sample stacking (FASS) with sweeping represented another on-line pre-concentration
procedure used in combination with CE to rapidly quantify ENRO and CIP (LODs ng/mL) in milk and
animal tissues. The FASS procedure consists of an electrokinetic injection of sample in a run buffer
with high conductivity, creating an interface in which the difference in the electric field between the
sample matrix and run buffer promotes sample stacking. The use of gamma-cyclodextrin in the sample
matrix (sweeping procedure) could increase the FASS sensitivity, because it gave origin to micelles as
in the MEKC technique, in which cyclodextrins are added to the background electrolyte (BGE) [55].

A different on-line preconcentration procedure, named field-enhanced sample injection (FESI),
could increase CZE-UV sensitivity. FESI is useful for samples with low conductivity and consists of a
careful optimization of the injection (pressure and time) of a water plug into the capillary in order to
increase the capillary electric field by creating a sample stacking effect. The use of FESI in addition
to a bubble cell capillary (with a longer window pathway than the traditional capillary) increased
the method sensitivity for five different FQs (ENRO, CIP, LOM, fleroxacin, and OFL) in bovine milk
samples [56].

Another CE mode, i.e., nonaqueous capillary electrophoresis (NACE)-UV, combined with a DLLME
approach allowed the set-up of a selective method for the separation and quantification of eight FQs
(omefloxacin, levofloxacin, marbofloxacin, CIP, sarafloxacin, ENRO, danofloxacin, and difloxacin) in
water samples [57]. In NACE, BGE is added with organic solvents, mainly methanol or acetonitrile,
and this promotes the separation of low-water-soluble molecules. In fact, even if the use of organic
solvents could induce changes in the pKa values and mobility, the advantage consisting of an increased
selectivity becomes fundamental [16]. The same CE-mode coupled with an in-line single-drop
liquid-liquid-liquid microextraction (SD-LLLME) was used to separate CIP and ENRO in surface and
groundwater samples. This setup allowed a reduction in the analysis time (as no sample pre-treatment
was necessary) and in the volume of extraction solvent, as a buffer was used as a pH donor, a drop of
NaOH as a high pH acceptor, and an organic solvent as a medium in which the analytes diffused [58].

2.3. Tetracyclines

Tetracyclines are widely used as economic broad-spectrum antibiotics against both Gram-positive
and Gram-negative bacteria. MRLs were established by the Commission Regulation (EU) and ranged
from 100 to 600 μg/kg, depending on animal tissues or the food sample [2]. In the literature, many works
aimed to analyze and quantify these antibiotics. A simple SPE procedure with a NACE-LIF method
allowed a very sensitive separation of chlortetracycline (CTC), tetracycline (TC), oxytetracycline (OTC),
and doxycycline (DC) in feeds and milk with pg/mL LOD values [59]. In the same year, Deng et al.
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proposed a simple CZE-enhanced chemiluminescence (ECL) method to monitor TC residues over time
in crucian carp muscle of fish samples, with a sensitive detection under MRL values [60].

Recently, a field-amplified sample injection (FASI) procedure in CZE-UV was set-up for the
detection of four tetracyclines in pig farms’ wastewaters with results comparable to those obtained by
HPLC-UV methods [61]. FASI pre-treatment is particularly suitable for large amounts of water samples
and is based on a difference in electrical conductivity between the sample and the background electrolyte,
which causes a stacking effect responsible for the increase in peak efficiency and method sensitivity.

The combination of two pre-concentration procedures could be useful to determine drug residues,
even when present at a concentration below MRL limits. Islas et al. recently set-up a SPE step followed
by a large-volume sample stacking (LVSS) approach before a CZE-UV analysis of TC. LVSS consisted
of a stacking procedure with an on-line series of polarity switches (PS) and enabled an improvement in
sensitivity and reproducibility, particularly useful for low-concentration analytes in complex matrices,
such as milk samples (Figure 1) [62]. The same pre-concentration approach (SPE-LVSS-PS) was
previously used to determine five TC residues (metacycline-MTC, OTC, TC, CTC, and DC) in water
samples, reaching a high sensitivity (ng/L) in a short time (10 min) [63]. The LVSS approach alone,
after a careful optimization of stacking conditions (sample zone length and stacking time), allowed a
CZE-UV method to be obtained with a sensitivity around 10 ppb, a sensitivity level very similar to that
obtained by using ED or LIF detectors. This method was used to detect TC, CTC, OTC, and DC in tap
water samples [64].

Figure 1. Solid phase extraction (SPE)-large-volume sample stacking (LVSS)-capillary electrophoresis
(CE) method applied to milk sample for the detection of tetracyclines (TCs). Electropherograms of (a)
standard TC sample (10 mg/L) analyzed by CE, (b) standard TC sample (1 mg/L) analyzed by LVSS-CE,
(c) blank milk sample, and (d) real milk sample analyzed by SPE-LVSS-CE method [62].
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Another promising extraction approach consisted of matrix solid-phase dispersion (MSPD),
which required the addition of sorbents to the sample with a consequent elution step before the analysis.
Mu et al. set-up an economic MSPD-CZE-UV method to rapidly (about 6 min) separate TC, OTC,
and DC in milk samples [65]. In order to improve CE sensitivity, a functionalized β-cyclodextrin-ionic
liquid was added in-line; unlike the conventional β-cyclodextrin, it acted as an additive able to form
a complex with TCs and as a capillary coating agent. The method proposed by Zhou et al. was
developed to separate four TCs in about 30 min by using CE with amperometric detection (AD) [66].

Tetracyclines can also be present in honey, representing a serious problem, as the EU Commission
did not admit to the use of antibiotics in honey and did not establish MRLs for bee products [2].
Casado-Terrones et al. set-up an SPE procedure followed by a CZE-UV method to simultaneously and
rapidly (16 min) determine eight tetracyclines in honey with LOD values of 23.9–49.3 μg/kg [67].

2.4. Sulfonamides

These molecules are widely used for the treatment of bacterial and protozoan diseases (i.e., malaria)
and as growth-promoters in farm animals. The EU fixed MRLs to 100 μg/kg in different animal
tissues and milk [2]. Sulfonamides could be dangerous for human health. For example, studies
on sulfamethazine carcinogenesis are very controversial, but nowadays, it is not yet classified as
carcinogenic by the U.S. National Toxicology Program 14th Report on Carcinogens (2016).

For the antimalarials sulfadoxine and quinine, the old literature proposed CZE-UV as the main
CE-mode in meat and water analysis with sensitivity values of μg/L and mg/L for sulfadoxine and
quinine, respectively [68]. More recently, Mikus et al. set-up a capillary isotachophoresis (CITP)
coupled on-line with the CZE method to detect quinine in commercial beverages. This approach
could be potentially used to detect drug residues in food, as CITP combined on-line with CZE-UV
significantly increased the CZE sensitivity. In fact, in CITP, leading and terminating electrolytes are
used to create separated zones in which the ions migrate at the same velocity, giving origin to an
on-line stacking effect [69]. This combination allowed the direct analysis of samples with a lower
LOD than CZE-UV methods and with sensitivity values comparable to those obtained with HPLC-UV
methods [70].

Nine sulfonamides in meat samples were efficiently separated by CEC-ESI-MS. The use of a
poly(divinylbenzene-octyl methacrylate) (poly-DVB-OMA) monolithic stationary phase and an on-line
concentration (obtained increasing sample injection time) provided a sensitive method for detecting
trace residues that needed only a simple sample pretreatment (i.e., SPE) (Figure 2) [71].

Wang et al. set-up a microfluidic CE system with LIF detection, which was able to separate four
sulfonamides (sulfamethazine, sulfamethoxazole, sulfaquinoxaline, and sulphanilamide) in milk and
chicken muscle extracts in 1 min with LOD values of a few μg/L. The short time required for the
analysis and the fact that the plastic chips proposed were cheap made this method very useful for a
rapid screening of sulfonamide residues in food samples [72].

Recently, Dai et al. proposed a CZE method with on-line ECL detection to quantify sulfadimidine,
sulfadiazine, and sulfathiazole in pork and chicken meat samples. Chemiluminescence (CL) emissions
were generated by the oxidation of luminol in the Ag(III)-luminol system, and sulfonamides exhibited
an inhibitory effect on CL signals. The careful optimization of different parameters (buffer type and
pH, voltage, and injection time) allowed a promising selective and sensitive method to be obtained for
the analysis of veterinary drug residuals in animal-derived food [73].
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Figure 2. Capillary electrochromatography (CEC)-electrospray ionization (ESI)-mass spectrometry
(MS) electropherograms obtained by using different monolithic stationary phases in the analysis of
standard sulfonamides (a–e). The use of poly(DVB-OMA) capillary (b) allowed the best compromise to
be obtained between resolution, efficiency, and analysis time [71].

2.5. Aminoglycosides

These antibiotics (AGs) are widely used in veterinary medicine for bacterial and protozoan
infections. In addition, AGs are frequent honey contaminants from non-EU countries, which is a big
issue. As mentioned above, the use of antibiotics in beekeeping is not authorized in the EU [2] and,
therefore, there are no European Community regulations about MRLs for these drugs in this product.
To detect these compounds in other complex matrices, i.e., biological fluids and pharmaceutical
samples, CE with LIF, C4D, or indirect detections, are requested [74]. Recently, Moreno-Gonzalez et al.
detected nine AGs (three gentamicins, neomycin, apramycin, paromomycin, dihydrostreptomycin,
spectinomycin, and streptomycin) in different types of honey using MISPE and FASS procedures
as purification and pre-concentration steps, and a CZE-MS/MS analysis method [75]. MISPE also
represented an interesting tool for the extraction and analysis of AGs in different animal-derived food
(meat) [76].

In 2019, a microchip-CE-C4D method was developed using standard solution and was proposed
as a good alternative to separate in a very short time (less than 1 min) AG sulfates (gentamicin sulfate,
kanamycin sulfate, and streptomycin sulfate) in foodstuffwith LOD values of 1–3 μg/mL [77].

2.6. Macrolides

Macrolides are bacteriostatic antibiotics with a broad spectrum of activity against Gram-positive
and Gram-negative, particularly used in the treatment of respiratory diseases in bovines and pigs, but
generally also added to animal feed. Like aminoglycosides, they are listed in Group B1-antibacterial
substances under the Council Directive 96/23/EC [78] and possess the same mechanism of action
consisting of the inhibition of bacterial protein synthesis, but they bind the 50S instead of 30S ribosomal
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unit. Their presence in food could cause problems to human health, in particular, to intestinal bacterial
flora, and, in the last years, their use for long periods contributed to cause the development of antibiotic
resistance [79,80]. An EU directive established MRL values in the range 40–200 μg/kg for erythromycin,
tylosin (TYL), tilmicosin (TIL), and spiramycin [2,80].

For the evaluation of macrolides in food, HPLC-UV or HPLC-ESI/MS were the most frequently
used methods [81,82]. However, off-line or on-line pre-concentration steps were the ideal approach
to overcome the derivatization step required to obtain a high sensitivity by CE. Among the on-line
pre-concentration techniques, FASS represented a promising solution, as demonstrated in the analysis
of TIL, erythromycin, clarithromycin, roxithromycin, and tylosin residues in milk samples by a
FASS-MEKC-UV method (LOD range of 0.002–0.004 mg/kg) [83]. CZE-DAD was recently proposed to
analyze macrolides (TYL and TIL) in chicken fat samples, reaching LOQ values of a few μg/kg thanks to
a preconcentration step that consisted of an evolution of the DLLME procedure: In fact, the extraction
and the preconcentration occurred in an ionic liquid by using ultrasound instead of dispersive solvents
(this procedure is named reverse ultrasound-assisted emulsification-microextraction, R-USAEME).
Organic salts, which are more stable and less toxic than the organic solvents commonly used in DLLME,
were used to prepare the ionic solution [84].

2.7. β-Lactam Antibiotics

Penicillins and cephalosporines are classified as β-lactam antibiotics. They have the same action
mechanism, but cephalosporines have a more extended spectrum. In particular, in veterinary medicine,
ceftiofur and cefquinome are specifically used to treat respiratory diseases and exudative epidermitis,
and meningitis, respectively. Cefquinome had MRL values more restrictive than those of ceftiofur
(50–200 μg/kg vs. 100–6000 μg/kg) [2], but the use of ceftiofur must be carefully evaluated as its use
could develop E. coli resistance [85,86].

CZE and MEKC modes were the best choice for the analysis of penicillins and cephalosporins
in complex matrices [87,88]. For example, penicillin acid and penicillin G could be easily detected
in milk by CZE-UV with a simple sample pre-treatment, which consisted of the deproteinization,
extraction, and precipitation of milk protein with acetonitrile [89]. To achieve the best resolution,
an on-line sample concentration step coupled with a CEC-MS method with a polymeric monolithic
column was proposed by Liu et al. The injection in CE consisted of an anion selective injection (ASEI)
performed by solubilizing the analytes in buffers with different pH values and promoting a stacking
effect. This method was applied to analyze milk samples, obtaining a high sensitivity [90].

Regarding cephalosporins, Hancu et al. set-up a simple and rapid CZE-UV method, simply
optimizing BGE composition and pH. The method was able to separate seven cephalosporins in 6 min
and it was proposed for the analysis of pharmaceutical products and different complex matrices,
obtaining very low LOD values; therefore, it could be useful for residue analysis [88].

2.8. Simultaneous Analysis of Different Antibiotics

The separation and quantification of different drugs (macrolides and tetracycline antibiotics) in
feedstuffs could be simultaneously carried out by CZE-UV, as demonstrated for TIL, TYL, TC, OTC,
and DC with LOD values of 0.5–1 mg/kg [91]. The method sensitivity was good considering that OTC
and TYL were added in feeds for growth promotion in a range from a few to 50 mg/kg, and that TIL
was also often added as an antimicrobial and respiratory diseases agent at a concentration of a few
hundreds of mg/kg [92]. The separation was performed in 15 min and, thus, this CE-method could be
considered useful for rapid routine analysis.

In addition, β-lactams, tetracyclines, quinolones, amphenicols, and sulphonamides were
simultaneously and rapidly (8 min) separated by CZE-UV in bovine raw milk. The combination of
LLE and SPE extraction procedures before CE-analysis allowed LOQ values lower than MRLs to be
obtained [93].
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Another example of a simultaneous separation of different antibiotics (fluoroquinolones,
tetracyclines, and β-lactams) in milk was proposed by Long et al. The use of ECL detector allowed
trace to be detected, reaching LOD values of cents and thousands of μg/mL [23].

If carefully optimized, CE methods could be very promising in routine screening as good
alternatives to LC-MS methods. For example, Kowalski et al. set-up a SPE procedure combined with
a MEKC-UV method able to selectively and successfully separate sulfonamides (sulfamethazine,
sulfamerazine, sulfathiazole, sulfachloropyridazine, sulfamethoxazole, sulfacarbamide, and
sulfaguanidine) and amphenicol-type antibiotics (chloramphenicol, thiamphenicol, and florfenicol) in
commercial poultry samples (muscle, liver, and skin with fat) [94].

More recently, the use of FASS combined with a micelle to the solvent stacking (MSS) approach
allowed the set-up of a very sensitive CZE-UV method to detect sulfamethoxazole and trimethoprim
(an antibacterial agent frequently used in combination with sulfamethoxazole for respiratory and
urinary infections) in dairy products, chicken eggs, and honey. MSS consisted of an injection of a
micellar solution plug prior to FASS, in order to obtain a focused sample zone with an increase in CE
sensitivity [95].

In 2019, a microchip-CE with an LED-induced fluorescence detector was used as a promising
platform to simultaneously analyze antibiotics in food. The chip was tested for chloramphenicol (CAP)
and kanamycin (Kana) quantification in milk and fish samples, obtaining rapid analysis (3 min) with
LODs of pg/mL. Unlike other microchip-CE methods, which had the disadvantages of complexity and
low versatility, this platform used a simple strategy, named stir-bar assisted DNA multi-arm junctions
recycling, which exploited the capacity of a gold bar with the DNA probe to capture antibiotics, allowing
a multiplexed detection and increasing the method sensitivity without matrix interference [26].

To analyze fluoroquinolones and sulfonamides in environmental water, He et al. set-up an on-line
preconcentration procedure with a pressure-assisted electrokinetic injection (PAEKI) [96]. PAEKI
resolves FASI limits in the analysis of anionic molecules, which can be depleted when the voltage
is applied in reverse mode. PAEKI parameters (pressure and voltage) were optimized, obtaining
LOD values of a few μg/L and improving the results obtained with hydrodynamic or electrokinetic
injections [96].

3. Other Drugs

3.1. Estrogens

Estrogens are widely used in intensive farming worldwide. In EU and United States livestock,
the discharge of estrogens is about 83,000 kg/year, representing a very dangerous environmental
pollutant. Their low water solubility and the fact that they can easily be degraded and transformed
contribute to make them important water contaminants [97].

Wu et al. proposed the use of SPE and pressurized CEC (p-CEC)-AD to separate five estrogens
(bisphenol-A, 4-tert-octylphenol, 4-n-nonylphenol, 2,4-dichlorophenol, and pentachlorophenol) in
chicken eggs and milk powder samples. p-CEC is an advancement of CEC, in which the formation
of typical air bubbles of CEC is prevented by setting a micro-HPLC pump at the inlet of the CE
capillary. The set-up method was selective and exhibited a 100- to 500-fold higher sensitivity than
CE-UV methods, with values comparable to GC-MS methods [98].

The first DLLME approach combined with MEKC-ESI/MS to extract and analyze estrogens (estriol,
17α-estradiol, 17β-estradiol, estrone, 17β-ethinylestradiol, and their main metabolites) in different milk
samples and milk derivatives was set-up by D’Orazio et al. The method was simple, less expensive,
and allowed a μg/L LOD level to be obtained [32]. DLLME and MEKC-UV were also used in the
analysis of hexestrol, bisphenol A, diethylstilbestrol, and dienestrol, which are phenolic environmental
estrogens (PEEs) frequently present in water as contaminants. In this case, after an optimization of
DLLME procedure (type and volume of extraction solvent; volume of dispersive solvent; extraction
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time; salt concentration), LOD values (0.3–0.6 μg/L) within the requirements of trace analysis in
environmental water were obtained [33].

3.2. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs are added to animal feed mainly to treat respiratory diseases and allergies, generally in
association with antibiotics. In addition, they could also improve animal meat quality by reducing
fats [99]. They were classified as group B substances and, for many of them, MRLs were established by
the European Council in relation to different animals and food matrices [2].

Diclofenac was banned in dairy animals, and other commonly used molecules (ketoprofen, salicylic
acid and salicylates, acetylsalicylic acid, and acetylsalicylates) were approved only for non-dairy
animals or for animals not involved in egg production [99]. For ibuprofen and flurbiprofen, no MRL
value was established, and this could represent a serious problem as NSAIDs cause important side
effects (from gastrointestinal problems to cancer) in humans [100].

Regarding the analysis of NSAIDs in animal feed, LC-MS was the most widely used approach,
reaching LOQ values around ng/mL [10,101]. Nevertheless, off-line and on-line stacking procedures
could lead to promising sensitive CE methods. Alshana et al. set-up a rapid DLLME-FASS-CZE
method to detect five main NSAIDs (etodolac, naproxen, ketoprofen, flurbiprofen, and diclofenac)
and their derivatives in bovine milk with results similar to those obtained using conventional SPE-LC
techniques. In fact, DLLME and FASS combined extraction and stacking procedures are able to develop
a sensitive method with a 1000-fold decrease in LOQ values (μg/kg), in comparison to conventional CZE
techniques [99]. Among NSAIDs, naproxen, ketoprofen, and clofibric acid are widely used in veterinary
medicine and represent contaminants of emerging concern (CECs) for the aquatic environment. SPME
is a rapid off-line pre-concentration step ideal for the analysis of highly polar compounds, as NSAIDs,
in water samples, with high sensitivity. This was demonstrated by Espina-Benitez who set-up a rapid
and economic synthesis of new coated fibers for SPME, developing a sensitive CZE-UV method [102].

3.3. β-Agonists

β-agonists are widely used not only as bronchodilators, but also as muscle growth promoters to
increase bovine, lamb, and pork meat production, mainly in Asian countries. They can be toxic for
human health, particularly for their effect on the cardiovascular system, and, for this reason, the EU set
a very low MRL for clenbuterol (0.05–0.5 μg/kg) in meat and milk samples [2].

NACE coupled with MS (NACE-MS) allowed trace amounts of β-agonists (clenbuterol, salbutamol
and terbutaline, TER) to be detected. Anurukvorakun et al. developed a NACE-MS set-up, obtaining
results comparable to those obtained by an HPLC-MS/MS method. In fact, the sensitivity is very high
thanks to the combination of an SPE using mixed-mode reversed phase/cation exchange cartridges and
hydrodynamic and electrokinetic injections in the CE-system [103].

For the quantification of ractopamine and dehydroxyractopamine in porcine meat, Wang et al.
proposed an interesting MEKC-UV method with results totally in agreement with those obtained
by MS techniques. The method was an on-line stacking method, including exhaustive CSEI and
sweeping with a 900 fold higher sensitivity (ng/g level) in comparison to CZE-UV. The capillary was
filled with a long plug of a higher conductivity buffer and an electrokinetic injection of the sample
was then performed; at the end, the compounds were separated by a sweeping buffer with SDS,
whose electrostatic forces contributed to the mobility and resolution of the two analytes [104]. Similarly,
FASI-sweep-MEKC improved the MEKC sensitivity by 400–2000 times (ng/mL), allowing the analysis
of eight β-agonists (R-albuterol hydrochloride, cimaterol, clenbuterolhydrochloride, colterol, TER,
tulobuterol, ractopamine hydrochloride, and zilpaterol) in animal feed samples. A very efficient method
was proposed by combining the sensitivity derived from the stacking effect of the FASI-sweeping
procedure with the particular selectivity of a dialkyl-chain anionic surfactant in place of SDS [105].

The combination of FESI and CE-C4D represented another important alternative in the analysis of
these drugs in animal feed. In 2014, Gao et al. proposed the first method able to detect TER, procaterol,
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formoterol, and bambuterol in pig feed. FESI as a pre-concentration step allowed an improvement in
LOD values (0.02 mg/L) to be obtained in comparison to UV detection (Figure 3) [106].

Figure 3. CE-capacitively coupled contactless conductivity detection (CE-C4D) electropherograms
of four β2-agonists in pig feed. (a) Samples (10 mg/L in background electrolyte (BGE)) without
pre-concentration step; (b) samples (0.1 mg/L in methanol) with field-enhanced sample injection (FESI)
preconcentration step; (c) samples (5 mg/L in methanol) with FESI preconcentration step [106].

4. Conclusions

In the last years, the use and abuse of veterinary drugs has represented a very important issue
for animal and human health. Consequently, the need of sensitive and rapid analytical techniques
for the analysis of veterinary drug residues in food products has become a challenge. This review
highlighted the potential role of CE in this topic, as summarized in Table 1. In fact, it is evident that
the recent progress in sample pre-concentration methodologies coupled to CE allowed the sensitivity
limits of this technique to be overcome and to improve its versatility in the analysis of different types
of molecules, in complex food matrices, too.

Table 1. CE-modes in the analysis of the mainly used veterinary drugs in different food matrices.
Method sensitivities in terms of LOD or LOQ values are reported.

CE-Technique Food Matrix Sensitivity Ref.

Nitroimidazoles

LLE-SPE-CEC-UV bovine milk LOQ: 19–96 (μg/L) [38]
DLLME-CEC-UV water LOQ: 5.7–9.3 (μg/L) [41]

DLLME-CZE-MS/MS poultry and porcine meat LOQ: 4–16 (μg/kg) [44]
DLLME-CSEI-sweep-MEKC-UV water LOQ: 2.05–8.14 (ng/mL) [43]

SPE-CSEI-sweep-MEKC-UV egg LOQ: 6.99–16.8 (ng/g) [45]

Fluoroquinolones

SPE-CZE-UV bovine milk LOD: 7.5–11.6 (μg/L) [28]
MMMIPs-CZE-UV bovine milk LOD: 12.9–18.8 (μg/L) [29]
PPT/SPE-CZE-UV bovine milk LOQ: 0.06–0.1 (mg/kg) [50]
MISPE-CZE-LIF bovine milk, pig kidney LOQ: 0.55–35 (μg/kg) [52]

MISPE-CZE-MS/MS bovine milk LOQ: 3.2–4.7 (μg/kg) [53]
PLE-SPE-CZE-MS/MS meat LOQ: 130–470 (ng/kg) [54]
FASS-sweep-CZE-UV milk, meat LOD: 5.70, 7.39 (ng/mL) [55]

FESI-CZE-UV and CZE-MS bovine milk LOQ: 2.3–8.3 (μg/kg) [56]
DLLME-NACE-UV water LOQ: 5.43–461 (μg/L) [57]

SD-LLLME-NACE-UV water LOD: 10.1, 55.3 (μg/L) [58]
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Table 1. Cont.

CE-Technique Food Matrix Sensitivity Ref.

Tetracyclines

CZE-ECL fish LOD: 1.8 ng/mL [60]

FASI-CZE-UV water LOQ: 23–59 μg/L [61]

SPE-LVSS-PS-CZE-UV milk LOD: 18.60–23.83 (μg/L) [62]

MSPD-CZE-UV milk LOD: 0.0745–0.0808 (μg/mL) [65]

SPE-LVSS-PS-CZE-UV water LOQ: 67–167 (ng/L) [63]

LVSS-CZE-UV water LOD: 8.1–14.5 (μg/L) [64]

CZE-AD water LOD: 0.33–0.67 (μM) [66]

SPE- CZE-UV honey LOD: 23.9–49.3 (μg/kg) [67]

Sulfonamides

SPE-CEC-MS meat LOD: 0.01–0.14 (μg/L) [71]
microchip-CE-LIF milk, meat LOQ: 0.6–7.7 (μg/L) [72]

SPE-CZE-ECL milk, meat LOD: 0.62–3.14 (μg/mL) [73]
CZE-UV and CZE-MS meat, water LOD: 0.33–180 (μg/L) [68]

CITP-CZE-UV beverages, water LOD: 2.29 (ng/mL) [69]

Aminoglycosides

MISPE-FASS-CZE-MS/MS honey LOQ: 1.4–94.8 (μg/kg) [75]

microchip-CE-CCD standard solutions LODs: 0.89–3.1 (μg/mL) [77]

Macrolides

FASS-MEKC-UV milk LOD: 0.002–0.004 (mg/kg) [83]

R-USAEME-CZE-DAD chicken fat LOQ: 22.1–47.0 (μg/kg) [84]

β-lactam antibiotics (penicillins)

PPT/CZE-UV milk LOQ: 0.04–1.7 (μg/mL) [89]

ASEI-CEC-MS milk LOD: 0.05–0.2 (μg/L) [90]

β-lactam antibiotics (cephalosporins)

CZE-UV complex matrices LOQ: 4.33–8.00 (μg/mL) [88]

Estrogens

SPE-p-CEC-AD bovine milk, diary products LOD: 2–50 (ng/mL) [98]
DLLME-MEKC-ESI-MS/MS bovine and goat milk,

diary products
LOD: 1–61 (μg/L) [32]

DLLME-MEKC-UV water LOD: 0.3–0.6 (μg/L) [33]

NSAIDs

DLLME-FASS-CZE-UV bovine milk, dairy products LOQ: 10–43.7 (μg/kg) [99]
SPME-CZE-UV water LOQ: 2.91–3.86 (μg/L) [102]

β-agonists

SPE-NACE-MS meat LOD: 0.3 (ppb) [103]
CSEI-sweep-MEKC-UV meat LOD: 3–5 (ng/g) [104]
FASI-sweep-MEKC-UV commercial animal feeds LOD: 5–20 (ng/mL) [105]

FESI-CE-C4D pig feed LOD: 0.02 (mg/L) [106]
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Abstract: The use of foodstuff as natural medicines has already been established through studies
demonstrating the pharmacological activities that they exhibit. Knowing the nutritional and
pharmacological significance of foods enables the understanding of their role against several diseases.
Among the foods that can potentially be considered as medicine, is sesame or Sesamum indicum L.,
which is part of the Pedaliaceae family and is composed of its lignans such as sesamin, sesamol,
sesaminol and sesamolin. Its lignans have been widely studied and are known to possess antiaging,
anticancer, antidiabetes, anti-inflammatory and antioxidant properties. Modern chronic diseases,
which can transform into clinical diseases, are potential targets of these lignans. The prime example
of chronic diseases is rheumatic inflammatory diseases, which affect the support structures and the
organs of the body and can also develop into malignancies. In line with this, studies emphasizing the
anti-inflammatory and anticancer activities of sesame have been discussed in this review.

Keywords: anti-inflammatory; anti-cancer; sesame extracts; sesame oil; Sesamum indicum L.

1. Introduction

Numerous studies have already been able to prove that different kinds of food are capable for
acting against several types of diseases due to their various medicinal properties. Sesamum indicum L.,
more commonly referred to as sesame, is one of the foods that are known to exhibit pharmacological
applications. Sesame, from the Pedaliaceae family [1], has been known way back several decades ago
(1600 BC), and is originated from Indonesia according to the Hindu legends. Sesame is considered as
one of the oldest condiments in the human history [2,3]. In line with this, sesame is one of the first
crops to produce oil [4]. Its herbal medicinal property was first discovered in China and India during
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the 8th century BC, and is believed to relieve toothaches, to give energy, to prevent aging, to sooth the
mind and body and to treat bites of insects [5,6]. The largest area of sesame cultivation is found in
India and provides 27.9% of the world’s sesame [7]. Some countries also cultivate sesame especially in
the tropical countries of Africa and Asia [8].

Majority of the sesame lignans are found in the sesame seeds. Sesame seeds comprise of 50% oil
and 25% protein and the rest are sugars, moisture, fibers and minerals [9,10]. There are four commonly
known sesame lignans namely, sesamin, sesamol, sesaminol and sesamolin. These sesame lignans
(Figure 1) are known for its various biological activities and applications. Sesamin, a furfuran lignan,
plays a role in scavenging free radicals and lipid and glucose metabolism. Sesamol possess high
antioxidant activity, which involves membrane protection from peroxidation of lipids [11,12]. Sesaminol
exhibits inhibitory property against membrane lipid peroxidation and improves the tocopherols
availability of vitamin E through enhancement of concentrations of liver and plasma [13,14]. Sesamolin
upregulates the rate of peroxisomal fatty acid oxidation and hepatic mitochondrial and has a synergistic
effect on pyrethrum insecticides [15–17]. Not only is sesame oil abundant in sesame seeds, but sesame
oil also has excellent quality nutrition and stability [18]. Among other vegetable oils, sesame oil has
many uses and has high therapeutic values, which make it interesting to study. The presence of sesame
lignans such as sesamin, sesamol, sesamolin and other acylglycerols (oleic acid, linoleic acid, palmitic
acid, stearic acid and arachidic acid) in sesame oil contributes to its distinct properties [19,20]. This
paper presents an in-depth review on the anti-inflammatory and anti-cancer properties of sesame.

Figure 1. Chemical Structures of Sesamum indicum L. lignans.

2. Pharmacological Applications of Sesame

2.1. Anti-Inflammatory Activity

Inflammation has been recorded way back several centuries ago (1500 BCE–600 CE) in the
ancient Indian medicine called Ayurveda [21]. In the modern era, the term ‘inflammation’ comes
from the Latin word inflammare that has a meaning of “to set on fire” [22]. Redness, heat, pain and
swelling are the characterizations of inflammation and are induced by several factors such as frostbite,
infection by pathogens, burns, chemical irritants, physical injuries, oxidative stress, ischemia, toxins
and hypersensitivity [23,24]. Inflammation is part of the body’s defense mechanism against pathogens
or pathogen-associated molecular patterns [25]. Restoring, regenerating and repairing of the damaged
tissues or organ hemeostasis through cellular network and signaling pathways are involved in the
inflammation process. Conversely, severe acute inflammation or prolongation of inflammation may
lead to pathology, organ failure, chronic inflammatory diseases, autoimmunity and death. The active
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cellular components that are responsible for the processing of acute and chronic inflammation are
monocytes/macrophages, endothelial cells, neutrophils, innate lymphoid cells, mucosal-associated
invariant T cells, mast cells, natural killer cells, dendritic cells and other lower forms of T cells [26–29].
Tables 1–3 depicts the in vitro/in vivo models for the anti-inflammatory properties of sesame.

2.1.1. Neurodegenerative Disease

Dysregulation of microglia, a principal cell type of brain, is pivotal to recruitment of cell
inflammation and expression of pro-inflammatory factors, which later results to neurodegeneration [30].
Such neurodegenerative diseases are Parkinson’s disease, Alzheimer’s disease and other multiple
sclerosis [31]. The inflammation begins when the pattern recognition receptors (PRRs) and pathogen
associated molecular patters (PAMPs) interacts [32]. A common type of PPRs that detects the
lipopolysaccharide (LPS) is Toll-like receptor 4 (TLR4), which is expressed highly on the surface
of the microglia when activated. Once activated, the pro-inflammatory mediator is released via
mitogen-activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-кB) pathways [33] and further generation of other pro-inflammatory mediators begins (e.g.,
interleukin 1 beta (IL-1β), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), reactive oxygen
species (ROS) and nitric oxide (NO)). Other pro-inflammatory molecules like prostaglandin E2 (PGE2)
are also initiated simultaneously through phosphorylation of its subunits. There are several NF-кB
subunits such as p-IKKα/β, p-IκBα and p-p65, and several MAPK subunits such as c-Jun N-terminal
kinase (JNK), p38 and extracellular-signal-regulated kinase (ERK).

In the literature study [34] showed that wherein the BV-2 microglial cell line was used, sesamin
shows dose-dependent decrease in expression of TLR4 in LPS-stimuli. Notably, at 50 μM concentration
of sesamin, there is a significant decrease in the expression of TLR4. Furthermore, sesamin suppresses
the phosphorylation of p-IkBα and p-p65 over a moderate period. In addition, sesamin decreases
the phosphorylation of JNK, however, the phosphorylation of p38 is slightly reduced. Interestingly,
sesamin with 50 μM indomethacin dose-dependently reduced IL-1β and IL-6 mRNA gene expression
and moderately reduced TNF-α before LPS exposure. Similarly, sesamin decreases the levels of
cyclooxygenase-2 (COX-2) gene expressions and hinders the production of PGE2. Moreover, sesamin
reduced the expression of inducible nitric oxide synthase (iNOS) gene and as well as reduced production
of NO in dose-dependent manner. Sesamin exhibits a reduced effect for neurotoxicity of LPS-mediated
microglia activation, which eventually increases the viability of neuronal cells.

In another study [35], in which same microglial cell line was used, further investigation on the
p38 MAPK signaling pathway was commenced to support its role in cytokine production. It has been
found that 50 μM concentration of sesamin suppresses the p38 MAPK activation (40–75%) induced
by LPS. The inhibitory effect of sesamin is similar to that of SB203580 (p38 MAPK inhibitor), which
inhibits the production of IL-6 mRNA and protein production specifically. Similarly, sesamolin has
been reported to reduce the activation of p38 MAPK induced by LPS, however it has not yet been
fully studied.

One of the mental disorders associated with neuroinflammation is depression. The downregulation
of norepinephrine (NE), and serotonin (5-hydroxytryptamine, 5-HT) levels and the decrease of synaptic
content cause depression [36,37]. Brain derived neurotrophic factor (BDNF) controls the development
of neuronal function and becomes ineffective in neurodegenerative disorders such as depression [38].
The ionized calcium binding adaptor molecule 1 (IBA-1) is responsible for the microglia activation in
hippocampus and cortex [39]. Several studies already used chronic unpredictable mild stress (CUMS)
for the physiological pathway elucidation of depression [40].

CUMS-induced depression in mice [41] shows relatively positive results toward forced swimming,
tail suspension, elevated plus maze, Morris water maze and Y-maze tests when sesamin is administered
(50 ppm/d) for 6 weeks. Furthermore, sesamin upregulates the levels of 5-HT and NE in striatum only,
suggesting its beneficial effects on depressive like behaviors. Neurotrophin-3 (NT3) and BDNF shows
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increase expression in hippocampus when treated with sesamin. Comparatively, sesamin decreases
the expression of IBA-1 expression and as a result, the production of inflammatory cytokines ceases.

Another neurodegenerative disorder is the ischemic brain stroke. Shutting off the flow of cerebral
blood to thrombi results to ischemic brain stroke due to loss of oxygen and energy supply to crucial
tissues of the brain. In middle cerebral artery occlusion (MCAO)-treated mice [42], sesamin (30 ppm)
mitigates brain injury by suppressing the production of inflammatory mediators. Interestingly,
sesamin reduces the expression levels of p-ERK1/2 together with p-p38 of ischemic brain tissue in
MCAO-induced brain damage.

Sesamin at dosage 20 ppm has shown to suppress 6-hydroxydopamine (6-OHDA) that induces
Parkinson’s disease in rats [43] via decrease in inflammatory mediator levels in the brain. Sesamin
has the capability to alleviate astrogliosis based on the lowering effect of glial fibrillary acidic protein
(GFAP) immunoreactivity. Similarly, the inhibitory effect of sesamin against inflammatory agents
(MAPK and COX-2) results to stabilizing the oxidative stress and mortality in kainic acid-induced
status epilepticus [44]. This study, however, is not fully studied as the degree of inflammatory markers
was not discussed.

Degradation of heme to iron, carbon monoxide and biliverdin is caused by a phase II antioxidant
enzyme called heme oxygenase (HO). There are other isoforms of HO such as inducible HO-1 and
constitutive HO-2 and HO-3 [45]. Biliverdin reductase transform biliverdin to bilirubin and bilirubin is
believed to possess anti-oxidative properties [46,47].

At 100 μM concentration of sesamin, there is an increase in the (HO-1) protein level in RAW 264.7
macrophage cells. The HO-1 mRNA expression, however, is not affected by sesamin. Several studies
have claimed that sesamin activates Nf-кB or MAPK signaling pathway, not to mention, sesamin
affects the p65 and p38 MAPK effectively in RAW 264.7 cells. The ZnPP IX, a HO-1 inhibitor, reduced
the inhibitory effect of sesamin on the release of NO. The degradation of HO-1 protein through the
ubiquitination pathway is partially suppressed by sesamin. The proteasome activity, however, is not
affected by sesamin. Hence, the ubiquitination mechanism inhibition by sesamin is still unclear [48].

In rat pheochromocytoma PC12 cells study [49], episesamin and sesamin metabolites are
investigated. Based from the luciferase reporter assays, episesamin and sesamin metabolites has the
capability to activate the signaling cells nuclear factor E2-related factor 2/antioxidant response element
(Nrf2/ARE), which further upgrades to phase II detoxification enzyme expression. Moreover, sesamin
metabolites induced the expression of detoxification enzymes such as HO-1, y-GCSc and NQO-1 in
a dose-dependent manner. Different signal transduction pathways are also affected by the sesamin
metabolites through phosphorylation. In addition, sesamin metabolites increase the expression of
HO-1 mRNA and protein, which comes before the nuclear translocation of Nrf2.

In the 16-week-old senescence-accelerated mouse-prone 8 (SAMP8) study [50], sesaminol exhibit a
reducing effect on the inflammatory cytokines namely IL-6, IL-1β and TNF-α via real-time polymerase
chain reactor (PCR) assay in the brain of the modeled mouse. This further contributes in the mitigation
of the Alzheimer’s disease.

2.1.2. Osteoarthritis

The degradation and the tearing down of cartilage matrix are characterized in a chronic articular
disease called osteoarthritis (OA) [51,52]. Chondrocyte has become the context of pathogenesis of
OA, which has an outcome of imbalance between degradation and synthesis of cartilage extracellular
matrix (CEM). Inflammatory cytokine network could stimulate matrix metalloproteinases (MMPs)
generation together with PGE2 and NO in chondrocytes [53,54]. During the progression of OA, MMPs
(e.g., collagenase-3/MMP-13) cleaves and denatures the type II collagen and proteoglycan at the surface
of the cartilage. The degradation of the collagen and proteoglycan results to the loss of tensile strength
in the matrix of cartilage due to the increase of water content [55,56]. Interleukin-1 (IL-1) and TNF-α
can prompt the expression of MMPs expression via c-fos signaling pathway.
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In papain-induced OA rat study [57], sesamin has been reported to exhibit chondroprotective
effects for OA. Sesamin has no effect on the activity of aggrecanase, the main proteoglycan in the
cartilage tissue, but has reversible effect in the expression of MMP-1, -3 and -13 in the human articular
chondrocyte (HAC) culture. Not to mention, sesamin suppresses the IL-1β induced MMP expression
at both protein and mRNA levels. Moreover, sesamin has been reported to reverse the synergistic
effect of combined IL-1β and oncostatin M (OSM) and stops the degradation of type II collagen and
proteoglycan. Having said this, sesamin can slow down the destruction of cartilage prompting to the
development of OA.

Another study [58], wherein the articular cartilage of the 12 patients undergoing knee replacement
surgery were acquired, suggests that sesamin activates Nrf2 signaling pathway and up-regulates HO-1
protein expression and further inhibits the inflammatory gene expressions in the OA chondrocytes.
Coupled with, sesamin inhibits the activation of NF-кB during the process of Nrf2 activation.

Sesamol exhibits an inhibitory effect on MMPs expression that triggers OA [59]. The specific MMPs
are MMP-1, -9 and -13 and the expression of these MMPs initiate the destruction of cartilage. The cell
line used was the human chondrosarcoma cell line (SW1353) and was put into different concentrations
of sesamol (5–20 μM). The study claimed that activation of MMP-9 and its expression is prompted
concentration-dependently by TNF-α. MMP-1 and MMP-13, however, is not improved by TNF-α but
still these are inhibited by sesamol in response to PMA (phorbol 12-myristate 13-acetate). Sesamol,
moreover, has been reported to inhibit the degradation of IкB-α, which also considers the inhibition of
NF-αB activation, which then propagates the TNF-α signaling. In restoring the chondrocytes via IL-1β
signaling pathway, there would be production of MMP-9. The IL-Iβ induced p38 MAPK activation
promotes generation of MMP-9 by chondrocytes. Having said this, sesamol has been found to alleviate
the phosphorylation of p38 MAPK induced by IL-1β. Moreover, sesamol has been shown to attenuate
the expression of MMP-1/-9 in MIA-induced OA in rats though the effect of sesamol in the destruction
of cartilage was not studied.

One study [60] discussed the effectivity of encapsulating sesamol with micelles. Encapsulated
sesamol in phosphatidyl choline micelles have no cytotoxic activity in the cells and improves its
bioavailability against inflammatory. As compared to free sesamol, encapsulated sesamol has a higher
percentage in decreasing the production of ROS induced by LPS intracellular. Free sesamol decreases
the generation of ROS by 42.6%, whereas encapsulated sesamol decreases the generation of the same
species by 74.8%. Investigation on the extent of encapsulated sesamol on other inflammatory cytokines
is not yet discussed.

In a clinical trial study [61], a randomized double arm, double-blind active-controlled was
designed in 104 male and female participants ages 30–70 years old. Half of the participants are the
control group and half are the intervention group. The intervention and took 1.5 mL of sesame oil
thrice a day for a span of 4 weeks, while the control group took diclofenac gel in the same span of time.
The clinical results show that sesame oil reduces knee OA pain and other body systems related to knee
OA more effectively than the control group. On the other hand, the control group was non-inferior as
compared to sesame oil when it comes to knee joint stiffness. The study claimed to be the first clinical
trial to conduct efficacy of sesame oil in OA patients. All things considered, the study needs extensive
and deep exploration regarding other external and internal factors of OA and its response to sesame.

2.1.3. Liver Disease

Nonalcoholic fatty liver disease (NAFLD) occurs when there is generation of fat in the liver in the
absence of alcohol. NAFLD is characterized by lobular hepatitis, hepatic steatosis, and liver cell injury [62].
One of the mechanisms involved in the pathogenesis of NAFLD is the inflammation in hepatocytes [63].
Nuclear receptor such as Liver X receptor α (LXR-α) and peroxisome proliferator-activated receptor α
(PPAR-α) are responsible for the regulation of lipid homeostasis and are crucial [64].

In the high-fat diet (HFD) Sprague-Dawley rat model [65], sesamin administered at dose 160 ppm
by weight exhibit a reduced level of steatosis through inhibition of gene tags: TC and TAG accumulation.
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Equally, sesamin reversed the effect of HFD to the levels of inflammatory cytokines such as IL-6 and
TNF-α. In parallel, sesamin downregulates the LXR-α prompted by HFD, while sesamin upregulates
the expression of PPAR-α, which stimulates attenuation in the hepatic fat accumulation.

The life threatening of fulminant hepatic failure (FHF) is described as the immense hepatocyte
necrosis and sudden decrease in the liver function. This results to multiple organ disfunction syndromes
and hepatic encephalopathy [66,67]. In lipopolysaccharide/d-galactosamine (LPS/d-GalN)-induced FHF
mice model [68], 100 ppm of sesamin shows improved mortality and promotes serum aminotransferases
activity for 6 h. Moreover, sesamin possess hepatoprotection by reducing the regulation of expression
of hepatic TNF-α mRNA and protein as well as intercellular adhesion molecule-1 (ICAM-1) and
endothelial cell adhesion molecule-1 (ECAM-1). Similarly, sesamin downregulates the expression of
TLR4 hindering the MAPK and NF-кB signaling pathway. In one small study, sesamin alleviates the
synergistic effect of combined lead (Pb) and LPS causing acute hepatic injury effectively. The suppressive
effect of sesamin positively affects several inflammatory signaling pathways such as COX-2, iNOS,
JNK and p38 MAPKs, CHOP and GADD45b [69].

The conversion of sesamin into catechol derivatives and converted further into glucuronides or
sulfates in the liver [70–73] has been reported to have anti-inflammatory effect on macrophage cell line
(J774.1 cells). The said sesamin metabolites have been reported to have strong inhibitory effects on the
LPS-induced NO production [74]. Through methylation, the catechol group of the sesamin metabolites
was found to cause this inhibition. Though the level of the inhibitory effect of the sesamin metabolites
differs, its inhibitory strength is relative to one another. One of the noticeable interactions is the
deconjugation of (7α,7′α,8α,8′α)-3,4-dihydroxy-3′,4′-methylenedioxy-7,9′:7′,9-diepoxylignane (SC1)
glucuronide to (7α,7′α,8α,8′α)-3-methoxy-4-hydroxy-3′,4′-methylenedioxy-7,9′:7′,9-diepoxylignane
(SC1m) in macrophages. With this, the time-dependent deconjugation enhances the inhibitory effect
against the LPS-induced NO production in macrophages. Correspondingly, the inhibitory effects of SC1
glucuronide are controlled by the β-glucuronidase activity and catechol-O-methyltransferase (COMT)
activity in macrophages. β-glucuronidase activity hinders the accumulation of SC1m in macrophages
and hence, withdraws its inhibitory effect. On the other hand, the COMT activity helps the inhibitory
effects of SC1 glucuronide in macrophages. The sulfates of the sesamin metabolites, however, possess
weak or non-inhibitory effects towards the LPS-stimulated macrophages. The conversion of sesamin to
SC1 during the metabolism of macrophage is therefore the prominent form for the anti-inflammatory
effects [75].

Sesame oil, at dosage 1 and 2 ppm, possess protective effect against nutritional steatohepatitis
in the methionine-choline deficient (MCD) mice model [76]. Sesame oil with concentration of 4 ppm
has been reported to mitigate hepatic injury, α-SMA, fibrosis and reduces the activity of MMP-2,
and -9. However, at the same concentration of sesame oil, it elevates the expression of PPAR-γ
and tissue inhibitor matrix metalloproteinase 1 (TIMP-1) [77]. It was mentioned, consequently, that
consumption of a large dosage of sesame oil might cause steatohepatitis due to suppression of its
antioxidative effect [78]. PPAR-γ, when activated, is responsible for suppressing the expression of
collagen and inhibition of hepatic fibrosis by blocking the profibrogenic transforming growth factor
beta (TGF-β)/Smad pathway which then down-regulates the expression of α-SMA expression [79–81].
MMPs cleave the fibrillar extracellular matrix (ECM) and aid in apoptosis, specifically MMP-2 and
-9. As mentioned above, sesame oil inhibits MMP-2 and -9 as it regulates the expression of TIMP-1.
This results to alleviating the injury, hepatic stellate cell (HSC) activation and degradation of ECM and
utmost is reversing the fibrosis [82]. Conversely, the US Food and Drug Administration’s approval for
its medication for the treatment of non-alcoholic steatohepatitis (NASH) has not yet been made.

In a different rat model [83], sesame oil has been found to possess preventive expression
of proteins in HFD-induced endoplasmic reticulum (ER) stress and to prevent the initiation of
apoptosis. Furthermore, sesame oil has been reported to decrease the expression levels of lipogenic
transcription factors (by 44.58%) and enzymes in the liver, which also increases the expression of
fatty acid oxidation-related gene. Similarly, sesame oil suppresses the regulation of sterol regulatory
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element-binding protein 1 (SREBP-1) by 22.91% and the expression of FAS by 50.38%, however, it
promotes the expression levels of PPAR-α and carnitine palmitoyl transferase 1 (CPT-1). In view of
these regulations, this increases the hepatic lipid oxidation and hence prevents hepatic fat accumulation.

2.1.4. Diabetic Eye Disease

Diabetic retinopathy is a microvascular complication that affects the neurovascular of the retina
as a result of neurodegeneration, neuro-inflammation, eventual fibrosis and other diabetic-related
damage [84]. In general theory, pathological conditions related to inflammatory activates microglia in
the retina and further initiate neuro-inflammation [85]. This eventually led to tissue ischemia, vascular
occlusion and cell death causing blindness [86].

In streptozotocin (STZ)-induced diabetic retinopathy mice model, administered 30 ppm of sesamin
alleviates the retinal inflammation. The treatment decreases the mRNA levels of TNF-α and ICAM-1
I unlike in the diabetic group. This further elaborates the possibility of reducing the production of
inflammatory cytokines in diabetic retina. Sesamin suppresses the induced diabetic retinal injury by
inhibition of TNF-α and microglia Iba-1 [87].

2.1.5. Inflammatory Bowel Disease

Ulcerative colitis is an inflammatory bowel disease (IBD) that involves damaging of mucosal
tissue via dysregulation of the inflammatory system. In the dinitrochlorobenzene (DNCB)-induced IBD
albino rat model [88], sesamol decreases the activity of myeloperoxidase (MPO), which is considered
to manifest the anti-inflammatory activities. Although sesamol has incapability to decrease the IL-6
and TNF-α cytokine levels induced by DNCB, sesamol can undergo through ROS pathway.

Aspirin, when ingested, can kill different inflammatory diseases however this can possibly
cause acute gastroduodenal injury, which considers the bleeding of ulcers [89]. This happens when
there is lipid peroxidation in gastric mucosal caused by ROS, which then regulates the inflammatory
cytokines [90,91]. In an aspirin-induced gastric mucosal rat model [92], sesamol has been reported
to have suppression effect on neutrophil activation and infiltration when aspirin induces gastric
inflammation. The activation of neutrophil initiates the expression of proinflammatory mediators and
eventually upregulates the production of nitric oxide, which causes cell damage and lipid peroxidation.
The inhibition of sesamol on the neutrophil activation, moreover, is reported to have no effect on the
physiological aspect of the aspirin-treated system.

In one study [93], sesaminol triglucoside can be metabolized to enterolignans through the walls
of the large intestines such as ST-1, ST-2 and ST-3. Correspondingly, these sesaminol triglucoside
metabolites are transformed further into hydroxylate metabolites when absorbed to the intestines and
is excreted in urine. ST-1 and ST-2 possess catechol moiety, which considers its antioxidant activity.
ST-2 has showed a remarkable inhibitory effect against the LPS stimulated TNF-α and IL-6 production
in RAW 264.7 cells. STG blocks the generation of NO, which is induced by LPS and inhibits cytosolic
phospholipase A2 (cPLA2), COX-2 and iNOS expression [94].

In one small study of adhesive small bowel obstruction (SBO) [95], a clinical trial wherein sixty-four
patients (control: 33 patients; intervention: 31 patients) were administered, is conducted in a span of
three hours with 150 mL sesame oil. The results show more effectivity of sesame oil in SBO as compared
to the control group. Only a few patients were required to undergo surgery in the intervention group
as compared to the control group and the observed duration of stay in the hospital was shorter than
the control group.

2.1.6. Cardiovascular Disease

Endothelial dysfunction ignites the start of the chronic inflammatory process called atherosclerosis.
This pathogen pathway is enhanced by transforming low-density lipoprotein (LDL) to oxidized
low-density lipoprotein (oxLDL) as a consequence of ROS and oxidative stress. Exposure of endothelial
cells to oxLDL promotes the expression of proinflammatory cytokines [96].
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In the human umbilical vein endothelial cells (HUVECs) model [97], sesamin at a dose of 100 μM
has nearly 100% inhibitory effect on the activation of NF-кB induced by oxLDL. Similarly, sesamin also
suppresses the discharge of interleukin IL-8, and endothelin ET-1, prompted by oxLDL. The expression
of adhesion molecules on the surface has been attenuated by sesamin by half of the initial dose.

Cardiac hypertrophy is the unusual enlargement of heart muscles that leads to the changes in the
extracellular matrix of the heart. Renin-angiotensin system (RAS) is crucial in the development of cardiac
hypertrophy especially in the left ventricle. MAPK stimulates the hypertrophic response of Angiotensin
II (Ang II), the bioactive peptide component of RAS [98–101]. In the study of DOCA/salt-induced left
ventricular hypertrophy (LVH) rat model, sesame oil exhibited a down-regulation of p-p38 and p-JNK
levels. However, sesame oil had no observed effect on the ERK activation in the LVH rat [102].

2.1.7. Lung Disease

Acute lung injury is caused by lung inflammation as a consequence of endotoxemia [103].
Promotion of pulmonary inflammatory cell sequestration and enhanced production of pro-inflammatory
mediators affects the alveolar space resulting to lung dysfunction [104–107]. In the study of systematic
endotoxin-induced acute pulmonary injury in rats [108], administered sesamol at 1–3 ppm blocks the
inflammatory cells induced by LPS in infiltrating the alveolar space, suppresses the protein leakage and
expression of inflammatory cytokines in bronchoalveolar lavage fluid (BALF). The NF-кB activation in
alveolar macrophage is inhibited by sesamol. Sesamin at dosages 1 and 3 ppm, moreover, suppresses
the generation of nitric oxide related to the alveolar macrophage.

Leukotrienes are mediators of lipid that involves the pathogenesis in asthma. The enzyme
5-lipoxygenase (5-LOX) draw in the production of inflammatory mediators through metabolism of
arachidonic acid into leukotriene B4 (LTB4) and leukotriene C4 (LTC4), potent inflammatory mediators,
by the presence of five lipoxygenase activating protein (FLAP). LTC4 is claimed to possess powerful
inflammatory eicosanoid, which enhances vascular permeability [109]. Sesamin has been reported
to reduce the levels of LTB4 more effectively than sesamol. On the contrary, sesamin and sesamol
downregulates the serum level of LTC4. The cumulative effects of the combined sesamin and sesamol
reduces the said inflammatory mediators, although its reducible strength is equivalent to that of the
individual effects of sesamol and sesamin suggesting that the synergistic interactions are absent. For
the most part, sesamin and sesamol exhibits anti-leukotriene effects, which downregulates the receptors
and key enzymes of leukotriene pathway and further diminishing the pro-inflammatory leukotrienes
production [110].

Non-heme iron-containing enzyme called lipoxygenases (LOX) is characterized by its catalysis
activity in incorporating molecular oxygen into polyunsaturated fatty acids [111]. The conversion
of arachidonic acid to hydroxyeicosatetraenoic acid (HETE) via metabolism with LOX promotes
expression of leukotrienes and regulates the inflammation pathway [112].

In the study of kinetic inhibition [113], sesamol competitively inhibits LOX with IC50 value of
51.84 μM and an inhibitory constant (Ki) of 4.9 μM. The competitive inhibition is happening in either
the active substrate site or the active metal ion site. Hence, in the ferric reducing ability power (FRAP)
assay of the same study, 55.35 μM of sesamol reduces half of the Fe3+-LOX into Fe2+-LOX indicating
the partial interaction of sesamol to the active metal ion site.
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Table 1. In vivo models for the anti-inflammatory effects of sesame lignans.

Compound Inflammatory Disease/Disorder Rat Model References

Sesamin

Depression Chronic unpredictable mild stress (CUMS) rat
model [41]

Ischemic brain stroke Middle cerebral artery occlusion (MCAO) rat
model [42]

Parkinson’s disease 6-hydroxydopamine (6-OHDA) rat model [43]

Osteoarthritis Papain-induced osteoarthritis rat model [57]

Hepatic steatosis High-fat diet rat model [65]

Fulminant hepatic failure d-galactosamine (d-GalN)-sensitized rat model [66]

Acute hepatic injury Lead-induced acute hepatic injury rat model [69]

Diabetic Retinopathy Streptozotocin (STZ) induced rat model [87]

LPS-induced leukotrienes
generation ad libitum semi-synthetic diet rat model [110]

Sesamol

Ulcerative colitis Dinitrochlorobenzene (DNCB)—induced rat
model [88]

Gastric ulceration Aspirin-induced gastric mucosal rat model [92]

Acute lung injury Endotoxin-induced acute pulmonary
inflammation rat model [108]

Sesaminol Alzheimer’s disease senescence-accelerated mouse-prone 8
(SAMP8) model [50]

Sesame Oil

Nonalcoholic steatohepatitis Methionine-choline deficient (MCD) diet rat
model [76]

Hepatic steatosis High-fat diet-fed rat model [83]

Cardiac hypertrophy Deoxycorticosterone/salt (DOCA/salt)-induced
hypertension uninephrectomized rat model [102]

Table 2. In vitro models for the anti-inflammatory effects of sesame lignans.

Compound Mechanism of Action Cell Line References

Sesamin

Inhibition of LPS-induced TLR4
expression BV-2 microglial cell [34]

Inhibition of LPS-induced IL-6
mRNA and protein BV-2 microglial cell [35]

Inhibition of HO-1 protein
ubiquitination

RAW 264.7 murine
macrophage cells [48]

Activation of Nrf2/ARE PC12 rat
pheochromocytoma cells. [49]

Inhibition of IL-1β-stimulated
human osteoarthritis chondrocytes. Primary chondrocytes [58]

Inhibition of oxidized low-density
lipoprotein (oxLDL)-induced

endothelial dysfunction

Human umbilical vein
endothelial cells

(HUVECs)
[97]

Episesamin and
Sesamin metabolites Activation of Nrf2/ARE PC12 rat

pheochromocytoma cells. [49]

Sesamin Catechol
Glucuronides

Inhibition of LPS-induced NO
production

J774.1 mouse
macrophage-like cells [75]

Sesamol
Inhibition of MMPs expression SW1353 human

chondrosarcoma cells [59]

Inhibition of inflammatory LOX Soy LOX-1 enzyme
model [113]

Sesaminol Triglucoside Inhibition of IL-6 and TNF-α RAW 264.7 murine
macrophage cells [93]

Sesamolin Reduce the activation of p38 MAPK BV-2 microglial cell [35]
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2.1.8. Others

The extent of the effect of other sesame extracts on the inflammatory cytokines and mediators
has also been investigated thoroughly. One study involves the aqueous extract of sesame oil
(SOAE) [114], which has twenty-eight identified molecules that ranges from moderate to polar in
nature. The SOAE-methoxyphenol derivatives (SOAE-8; i.e., vanillyl alcohol, p-hydroxyphenylacetic
acid, vanillic acid, coniferyl alcohol, p-coumaric acid, ferulic acid, sinapic acid and syringic acid) are
the key components for its anti-inflammatory property. The absence of the sesame lignans in SOAE
paves way for the study to be engrossing. Monocyte derived macrophages (MDMs) and RAW 264.7
macrophage cells were used, and the results are positive with slight distinction. SOAE-8 successfully
reduced dose-dependently the mRNA levels of the inflammatory markers (IL-6, IL-1β and TNF-α) in
MDMs. Meanwhile, in RAW264.7 cells, only TNF-αmRNA level was not reduced dose-dependently
by SOAE-8.

The ethanol extract in black sesame seeds (BSSEE) attenuates liver inflammatory response in
fructose-induced NAFLD rat model [115]. Three major lignans, which are sesamin (16.33%), sesaminol
(1.92%) and sesamolin (13.06%), were found in BSSEE. Three major lignans, which are sesamin
(16.33%), sesaminol (1.92%) and sesamolin (13.06%), were found in BSSEE. Inflammatory cytokines are
dose-dependently reduced by BSSEE when administered at 0.5–2 ppm. Infiltration of inflammatory cells
is also hindered in the presence of BSSEE. Correspondingly, BSSEE with concentrations of 1 ppm and
2 ppm promotes the activation of Nrf2 and improves the levels of MAPKs and NF-кB. In another study
of BSSEE, Freund’s complete adjuvant (FCA)-induced arthritis rat model was used [116]. The study
examined the effect of BSSEE on the inflammatory cytokines (IL-6 and TNF-α). It has been reported
that at dosage 800 ppm of BSSEE, the levels of inflammatory cytokines induced by rheumatoid arthritis
are reduced in the span of 28 days. Comparatively, extracts of black sesame seeds via CO2 supercritical
fluid extraction (SFE) exhibits neuroprotective activity against ischemia [117]. While its composition
is mainly made up of fatty acids (caprylic acid, capric acid, lauric acid, myristic acid, palmitoleic
acid, margaric acid, linolenic acid, arachidic acid, behenic acid, palmitic acid, stearic acid, linoleic
acid and oleic acid) and phytosterol (cholesterol, brassicasterol, stigmasterol, Δ-5, 24 stigmastadienol,
Δ-7 stigmastanol, Δ-7 avenasterol, eritrodiol, campesterol + campestanol + 24 methylene cholesterol,
clerosterol + Δ-5, 23 stigmastadienol, Δ-5 avenasterol and β-Sitosterol + sitostanol), its synergistic
interactions play a vital role. The infiltration of leukocyte reduces when treated with CO2 SFE extracts
of black sesame seeds. On the contrary, the study suggests further evaluation of its mediating-effect on
the neuronal disorders.

The ethanol extract in the sesame coat (EESC) also manifests anti-inflammatory property [118]. It was
reported that EESC contains sesamin, sesamolin, phenolic compounds and tetranortriterpenoids [119].
Using RAW 264.7 macrophage cell line, EESC (0.08 ppm) exhibited lowering effect on the levels of NO
production as well as PGE2 production. EESC, at the same dosage, inhibits both the iNOS and COX-2
protein expressions by 94% and 53%. Inhibitory effect on the LPS-induced degradation of IкB-protein has
been observed when EESC was applied.

Table 3. In vitro/in vivo applications of different extracts from different sesame components.

Sesame Component Mode of Extraction/Solvent In vitro/In vivo References

Sesame Oil Aqueous extract RAW 264.7 macrophage cell line [114]

Black Sesame Seeds Ethanol extract Fructose-induced NAFLD rat model [115]

Black Sesame Seeds Ethanol extract Freund’s complete adjuvant
(FCA)-induced arthritis rat model [116]

Black Sesame Seeds CO2 supercritical fluid extraction Endothelin-1-induced focal
ischemia rat model [117]

Sesame Coat Ethanol extract RAW 264.7 macrophage cell line [118]
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2.2. Anti-Cancer Activity

During inflammation, the immune system of the body is tasked to the release of reactive oxygen
and nitrogen species (RONS) to fight against pathogens and to protect the body. RONS are also
responsible for tissue repair and regeneration [120]. However, these chemicals are able to obstruct
DNA repair mechanisms, which can potentially lead to DNA damage. With damaged DNA, the chance
of mutations significantly rises, promoting tumorigenesis. It was reported that chronic inflammation
is part of the 15% precedencies of recorded cancer cases [121]. Millions of cancer cases are recorded
every year and millions of people succumb to different types of cancer. In 2018, 9.6 million deaths
in the world were caused by cancer [122]. Due to this, efforts in finding a cure for and attempts to
understand cancer continue to rise [123]. Cancer is commonly defined as the abnormal growth of
the cells, but there are indications that mark the development of cancer in the human body. It was
suggested that six essential alterations in cell physiology are mainly responsible for the uncontrolled
growth of the cells. Self-sufficient in growth signals, insensitive to growth-inhibitory signals, evasive
of apoptosis, unlimited replication potential, maintenance of angiogenesis and invasive to tissues are
the six characteristics of cells during tumor development [124,125]. However, in a study more than a
decade later after these indications were identified, two other hallmarks of cancer have been discovered.
It was reported that tumor cells are also able to reprogram energy metabolism and are evasive of
immune destruction, with genome instability and inflammation as the primary causes [126]. Knowing
these hallmarks allow the creation of defensive strategies against cancer and also understanding
the fundamentals of these indications opens the opportunity for a better comprehension as to how
neoplastic diseases emerge.

2.2.1. Lung Cancer

Oil extracted from sesame stood out among other vegetable oils because of its exceptional nutritional
characteristics [2]. Sesame lignans have demonstrated several pharmacological applications [127],
including anti-proliferative activity, which made them subjects of anticancer studies. Lung cancer,
which is the most diagnosed cancer in 2018 [122], has been studied by Harikumar and colleagues by
treating human lung adenocarcinoma cell line H1299 with sesamin solution. Sesamin was able to
significantly inhibit the proliferation of H1299 cells, with a 50% inhibitory dose of 40.1 μmol/L [128].
Sesaminol has also been proven to exhibit anticancer property against lung carcinoma A549 cells at a
concentration of 50 μM and 6 h of treatment [129]. The mechanism of action of sesaminol on A549 cells
is tackled in the following section (2.2.2 Breast Cancer).

Another lignan of sesame, sesamol, has also been explored for its anticancer properties [130]. It has
been studied for its apoptotic effect in lung adenocarcinoma SK-LU-1 cell line. After 48 h of treatment,
the lignan showed selective antiproliferation effect with an IC50 of 2.7 mM on SK-LU-1 cells and 7.6 mM
on Vero cells. The apoptotic effect of sesamol was also found to be both time and dose-dependent.
The higher the concentration, the higher number of cell deaths was recorded. At 2.7 mM sesamol,
evident necrosis occurred in a time-dependent manner, while at 5.4 mM sesamol, early stage apoptosis
was affected [131,132]. A 24-h sesamol treatment of SK-LU-1 cells showed an increase in the activities
of caspase 3/7, which largely participate in the propagation of death signals. Specifically, the increase
and activation of caspase 3 causes the cleavage of a DNA repair protein known as PARP. Consequently,
DNA damage occurs and cell deaths are achieved. The loss of mitochondrial membrane potential
(Δψm) was also investigated as one of the factors of apoptosis and a 48-h treatment revealed that
longer exposure to sesamol leads to a greater decrease in Δψm. This proposes that mitochondria are
part of the apoptotic pathway that occurs in SK-LU-1 cells [131,132].

Another study revealed that sesamin also has a protective action against the down-regulation
of the PI3K-Akt signaling pathway in a nickel-induced apoptosis in mouse liver. PI3K-Akt pathway
is responsible for the restriction of apoptosis and for the promotion of cell survival [133,134]. This
action of sesamin showed that the lignan is capable of preventing DNA damage, hence, it becomes a
potential anticancer agent. In line with this, it was also reported that the ability of sesamin to reduce
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COX-2 gene expressions in A549 cell line occurs through PI3K-Akt pathway [135] and inhibition of this
pathway inactivates inflammatory response, which reduces restenosis [136].

2.2.2. Breast Cancer

Another common type of cancer is the female breast cancer, which accounts for 11.6% of the
total cancer deaths [122]. For that reason, breast cancer is also widely studied. In 2007, sesamin was
examined for its effect on the proliferation of human breast cancer cell line MCF-7 for 24 h. Results
showed that the inhibition is done through G1 phase growth arrest and is dose-dependent, with a
cytostatic effect at 100 μM sesamin. The lignan was also used to assess the effect of down-regulation
of cyclin D1 protein expression in different types of human tumor cells including the breast cancer
cell line T-47D, the lung cancer cell line A549, the transformed renal cell line 293T, the immortalized
keratinocyte cell line HaCaT, the melanoma cell line UACC-62 and the osteosarcoma cell line MG63,
which proved that suppression of sesamin generally occurs in the tumor cells. In line with this,
the down-regulation of cyclin D1 protein expression was examined as one of the main factors that
cause the growth inhibitory effect of sesamin against cyclin D1-depleted MCF-7 breast cancer cells.
Results showed that the inhibitory effect of sesamin is largely dependent on the presence of cyclin D1
as cyclin D1-depleted MCF-7 cells were almost insensitive to the sesamin treatment [137]. In the study
of Harikumar, the same antiproliferation activity of sesamin was also observed against breast cancer
cells MDA-MB-231 with an IC50 value of 51.1 μmol/L [128].

The anticancer function of sesamin also manifests even with a different mechanism of action.
Sesamin was also able to impede the proangiogenic activity of MCF-7 cells. A 24-h pretreatment
of MCF-7 cells and macrophages were carried out with 50 μM of sesamin, which resulted to the
suppression of angiogenesis upon observation of the endothelial capillary tube assay and the network
formation of the cells. Observation done on MCF-7 cells alone, however, revealed that the sesamin
treatment was not significantly cytotoxic to the breast cancer cells as it did not decrease the cells’
viability even at sesamin concentration of 100 μM within a 72-h treatment period. MφCM-treated
MCF-7 cells were also examined for the same activity and sesamin showed a more promising inhibition
performance than when MCF-7 cells were treated with the control medium. The same suppressive
effect of sesamin was also exhibited against a more malignant cell line, MDA-MB-231 cells, treated
with MφCM. To properly investigate the mechanism of action of sesamin on the tumor cells, vascular
endothelial growth factor (VEGF) and matrix metallopeptidase 9 (MMP-9), which are essential factors
of angiogenesis, were evaluated. MφCM treatment was found to induce VEGF and MMP-9 mRNA
expression in MCF-7 cells, but treatment with sesamin drastically hindered this. The same results were
obtained for MDA-MB-231 cells [138].

A combined treatment with γ-tocotrienol also prevents the proliferation of MCF-7 and MDA-MB-231
cells. It was suspected that sesamin could increase the antiproliferative activity of γ-tocotrienol by
inhibiting its metabolic degradation but the study revealed that the synergistic inhibiting effect of
the two compounds is the result of the induction of G1 cell cycle arrest and the reduction of protein
expression levels involved in the cell cycle. The synergistic inhibitory performance of sesamin and
γ-tocotrienol is also effective against the murine +SA mammary epithelial cell line of a mouse [139].
An in vivo study on the proliferation of MCF-7 cells in athymic mice presented a comparison of
the apoptotic activity of sesamin and of a lignan of flaxseed, secoisolariciresinol diglucoside (SDG),
in which sesamin showed a more promising activity [140]. Tumor cell proliferation declined by 38%
with sesamin treatment and cell apoptosis rose by 91% as opposed to the 37% reduction of proliferation
with SDG treatment without exhibition apoptotic property. Their ability to down-regulate growth
factor receptors known as EGFR and HER2 explains the reduced tumor growth and sesamin’s ability
to reduce pMAPK expression causes it to be more effective than SDG.

Just like with sesamin, sesamol was also used against the human breast cancer MCF-7 cells.
Endothelial cell line EA.hy 926 was used to observe morphological changes that are caused by the
exposure to sesamol. Endothelial cells were treated with sesamol for 72 h with a concentration range of
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0.05�1.0 mM. It was found that lower doses of sesamol caused the cells to swell, while a concentration
of 1 mM caused apparent cell death. Fragmented nuclei were present in the cells that were treated with
1 mM sesamol, indicating apoptosis. To check whether sesamol is capable of inhibiting the growth of
MCF-7 cells, the cells were subjected to a 3-day treatment at 0.10 mM. This revealed that cell numbers
are indeed lower than the controls. Combining PI labeling with a TUNEL assay led to the information
that cell deaths occur in both S and G2/M phases [141]. Whether the inhibitory effect of sesamol on
MCF-7 cells was solely caused by the apoptosis was disclosed in the study. No other pathway of
inhibition was presented.

Aside from this, sesaminol has also been utilized against breast cancer cell lines MDA-MB-231
and MCF-7, along with lung carcinoma cell line A549 stated in the previous section. As mentioned,
restriction of cyclin D1 expression plays a major role in some of the inhibitory pathways induced by
sesame lignans. It was reported that the same statement applies to sesaminol, which was verified when
a 6-h treatment at 50 μM sesaminol reduced cyclin D1 expression in MCF-7 cells. Although the same
conditions did not produce the same result in MDA-MB-231 cells, it was stated that 100 μM sesaminol
with 24 h to 48 h of sesaminol treatment achieved the desired result. To investigate how sesaminol
manifests the same activity, sesaminol-immobilized FG beads were incubated with MCF-7 cells to
identify, which proteins would bind to the beads. Among the proteins was an inner mitochondrial
membrane protein known as adenine nucleotide translocase 2 or ANT2. This protein is said to be
overexpressed in different malignant tumors and is recognized as an oncoprotein. To confirm whether
ANT2 is involved in the anticancer activity of sesaminol, a knockdown of ANT2 in MCF-7 cells was
performed. This resulted to growth inhibition and accumulation of cells in the G1 phase [129].

2.2.3. Prostate Cancer

Following breast cancer is the prostate cancer, which is responsible for 7.1% of the total cancer
deaths. Similar with the findings on γ-tocotrienol, γ-tocopherol was also found to have antiproliferation
effect on the human prostate cancer cell line PC-3 [142] and that intake of sesamin, sesamolin or
sesame seed oil in general [143] has a significant impact on the plasma levels of tocopherols in
humans [144]. The presence of γ-tocopherol becomes more evident with sesamin intake and at
low levels of α-tocopherol [145]. It was reported that sesamin prevents the tocopherol from being
metabolized by inhibiting CYP3A-dependent carboxychroman production to which tocopherol is
metabolized to [146]. The same lignan was also found effective against the solid tumor cell line DU145
and the 50% inhibitory sesamin dose was 60.2 μmol/L [128].

2.2.4. Colon Cancer

Colorectal cancer, which is next to prostate cancer as one of the leading causes of cancer deaths [122],
was investigated to determine whether sesame lignans can act against its cell lines. Sesamin was
capable of suppressing the growth of colon cancer cells HCT116 with an IC50 value of 57.2 μmol/L [128]
and in the study of Watanabe, colon adenocarcinoma RKO cells were also used to observe the effectivity
of sesaminol against the proliferation of these cancer cells and the same results were observed with
6-h treatment of 50 μM sesaminol [129]. Five compounds found in sesame seeds, including sesamol,
were tested for their ability to suppress the transcriptional activity of COX-2 because its excessive
production of prostaglandin is an essential factor of colorectal cancer. The human colon cancer cell line
DLD-1 was used to measure the activity of COX-2 up to 100 μM of the test compounds. At 100 μM,
the inhibiting effect of sesamol was 50%, while ferulic acid, sesamin, sesamolin and syringic acid did
not manifest any favorable results. Due to this, sesamol was further examined in terms of its capability
to hinder intestinal polyp formation in Min mice. The effects of administering 500 ppm sesamol to Min
mice for eight weeks were observed. It was stated that sesamol administration did not affect the mice
in any aspect abnormally and that it successfully lessened the number of polyps in the small intestine
and colon by 75% of the untreated group [147].
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Human colorectal carcinoma cell line HCT116 was also evaluated as the target of sesamol, to which
it caused cell death with an IC50 value of 2.59 mM. Concentration range 0.5–5 mM showed exceptional
inhibition of the survival of HCT116, but not on the viability of the normal Vero cells. The cell cycle
arrest ability of sesamol was then compared to cisplatin with an exposure of 48 h. Sesamol was able
to induce G0/G1 cell cycle arrest at a low concentration (0.05 mM) as opposed to 100 μM of cisplatin.
At both low and high concentrations, sesamol was also able to arrest the S phase, with the highest cell
cycle arrest peaking at 1 mM [148]. Treatment beyond this concentration revealed a relationship with
the S phase arrest that is inversely proportional. Sesamol increases the cells in the S phase and decreases
the number in the G0/G1 phase. Analyzing this led to the understanding that subG1 phase is also
suppressed by both sesamol and cisplatin, leading to DNA fragmentation and cell death. Data gathered
translate to the fact that the mitochondria are indeed a factor in the apoptotic pathway induced by
sesamol as it enhanced Δψm. Colon cancer induced by 1,2-dimethylhydrazine (DMH) in Wistar rats
was observed to whole sesame paste (WSP) and resistant starch type 2 (RS2) as anticancer agents.
It was reported that both WSP and RS2 have restrictive actions against the initiation of DMH-induced
colorectal cancer and they are capable of reducing the number of mucin depleted foci [149]. This result
is similar to the study on azoxymethane-induced colon carcinogenesis, which proved that sesame
could act against the said cancer [150].

2.2.5. Liver Cancer

The induction of cell cycle arrest was also tested on the human hepatocellular carcinoma cell
line HepG2. The MTT assay was used to observe the viability of HepG2 cells under the influence of
sesamin and the data indicated that the cells were inhibited after 48 h with an IC50 value of 98 μM,
but sesamin was less cytotoxic to L02 cells. Unlike with the growth inhibition of the breast cancer cells,
the antiproliferation activity on HepG2 cell was caused by the suppression of the STAT3 signaling
pathway, which controls genes that participate both in cell cycle and apoptosis. This induces G2/M
phase arrest and a dose-dependent early apoptosis resulting to reduced proliferation [151]. Parallel
observations were made when sesamol was used against HepG2 cells, in which the antiproliferative
activity of 1 mM sesamol was over 90%. Just like with other inhibitory effects of sesame lignans, this
was also reported as concentration-dependent. To understand which cell death patterns occur in
HepG2 cells, the deaths were observed at different concentrations. Chromosomal DNA fragmentation
was noticeable at as low as 50 μM sesamol. At this concentration, characteristics of apoptosis such
as nuclear shrinkage and membrane blebbing were recorded. At higher doses like 200 and 1000 μM,
necrosis was observed [152,153].

The location of sesamol in cells was identified to further analyze its apoptotic effect. It was
shown that sesamol undergoes nuclear localization in HepG2 cells and this phenomenon is related
to sesamol’s cytotoxicity because this means that sesamol can travel to and accumulate in the nuclei
of cancer cells. The transportation of sesamol into the nucleus, however, was not discussed in the
study. In a more recent study of the same group of researchers, it was revealed that the intrinsic
apoptosis pathway was achieved by the reduction of the Bcl-2 expression, although there were no
changes observed on the expression of Bax. Sesamol also enhanced cytochrome c release, which
activates caspase-3. As discussed previously, caspase-3 activation leads to the cleavage of PARP, which
is responsible for DNA repair. In contrast, the extrinsic pathway happened through the amplified
protein expression of Fas/FasL and through the activation of tBid and caspase-8, caused by sesamol.
Further experimentations also showed that sesamol suppressed both autophagy and mitophagy in the
liver cancer cells via reduced LC3 expression, an indicator of autophagy, and via triggering the loss of
Δψm [152,153]. Phenolic extract from black and white sesame seeds have also been used to study the
same activity and have been proven to exhibit significant antiproliferative property [154].
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2.2.6. Cervical Cancer

Cervical cancer, ranked fourth as the leading cause of cancer death among females [125],
was studied by observing the effect of sesamin on the viability and the migration of the HeLa
human cervical cancer cell line. The CCK-8 assay was used to determine the cells’ viability, while
scratch wound assays were used for the migration test. Similar with other inhibitory actions of sesamin,
its effect on the HeLa cells was also found to be dose-dependent. The apoptosis rate of HeLa cells
also increased with 50 μM sesamin treatment within 48 h as compared to the HeLa cells without
sesamin treatment and this occurrence was caused by the increased ratio of Bax, a pro-apoptotic
protein, to Bcl-2, an anti-apoptotic protein [155]. It was also revealed that sesamin treatment increased
the injured endoplasmic reticulum leading to programmed cell deaths. There was also up-regulation
of the levels of p-IRE1α and p-JNK in HeLa cells, which were reported to be the pathway responsible
for the ER-stress mediated apoptosis.

2.2.7. Blood Cancer

Sesamin can also suppress the proliferation of human leukemic cell lines, KBM-5 and K562, and of
a multiple myeloma cell line, U266. The IC50 values of sesamin for these cells are 42.7, 48.3 and
51.7 μmol/L, respectively. While investigating the biological pathway of sesamin in these cells, it was
discovered that pretreatment with the lignan allows the restriction of cyclooxygenase-2 (COX-2) and
cyclin D1 expressions induced by tumor necrosis factor (TNF), which is a cell signaling protein. These
expressions are known to play essential roles in the propagation of cancer. Aside from this, TNF can
also induce expression of gene products involved in angiogenesis and sesamin exhibited the same
inhibitory action against these expressions. It was revealed that sesamin is capable of hindering the
growth of the cells and its inhibition ability depends on both its concentration and the duration of the
treatment. The inhibitory action of sesamin was made possible with the induction of TNF to NF-κB
activation, which is responsible for the involved cellular responses. Sesamin was able to augment the
apoptotic activity of TNF by downregulating the expression of gene products [131].

Aside from the study of Harikumar on leukemic cells using sesamin treatment, study utilizing
sesamol against blood cancer cells have also been carried out. Interaction of sesamol with human lymphoid
leukemia Molt 4B cells resulted to growth inhibition and induced apoptosis in a concentration-dependent
manner. Morphological change indicating apoptosis and DNA fragmentation were observed in the cancer
cells and the fragments of DNA increased the longer the contact time. These changes were not observed
in sesamol-treated normal lymphocytes, leading to the conclusion that sesamol could induce cell death to
restrict the growth of the leukemic cells [156]. The study did not present a detailed mechanism of action
of the DNA fragmentation nor the apoptotic pathway.

A study in 2010, both in vivo and in vitro, presented the cytotoxic activity of two oxidation
products of sesamol, a trimer and a tetramer. Sesamol and its oxidation products were used to treat rat
thymocytes to know how the compounds will change the lethality of the cells. FeCl3 was reacted with
sesamol to undergo oxidation and yield the trimer and the tetramer. A 24-h incubation with 30 μM
sesamol did not affect the population of the cells exerting propidium fluorescence, which is used as
an indicator for dead cells. On the other hand, trimer at the same concentration resulted to a slight
growth in population, while tetramer amplified it. The biological pathway of the apoptotic effect of
tetramer was similar to that of sesamol against the SK-LU-1 cell line. Tetramer managed to elevate
the activity of caspases, which in turn increased DNA damage. When tetramer was tested on K562
cells as an antiproliferative agent, the results showed that K562 cells were inhibited depending on the
concentration of tetramer, which ranged from 3 to 30 μM. Only the concentration above 10 μM was
able to manifest significant inhibitory performance. It was also discovered that at 30 μM, tetramer
already exhibits a significant increase in lethality. Unfortunately, at these specific concentrations,
the cytotoxicity of tetramer on normal cells was found to be greater than the cancer cells, which makes
it difficult to consider the compound as a possible anticancer agent [157]. To be able to utilize tetramer
against K562 cells, a mechanism of action that protects the normal cells from its cytotoxic action must
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first be developed. Acute myeloid leukemia cells, HL-60 and Molt-4, were also examined and only
HL-60 cells suffered from DNA fragmentation due to exposure to sesamol [158].

The idea of sesaminol acting against human lymphoid leukemia Molt 4B cell line was also
investigated by the same research team that explored sesamol’s effect on Molt 4B cells and parallel data
were acquired as with the study on sesamol. The inhibition was also concentration-dependent and
morphological changes indicating apoptosis were also reported. Apoptotic bodies were observed after
three days of treatment with 45 μM sesaminol and it was noted that the growth inhibition of sesaminol
is better than other sesame lignans. Specific mechanism of action of sesaminol on its induced apoptosis
in Molt 4B cells was also not presented in this study [159,160].

On the other hand, along with sesamin, sesamolin was studied for its inhibitory effect against
Burkitt’s lymphoma cells, Raji. The study aimed to utilize the sesame lignans to improve NK cell lysis
activity so identification of a cancer cell line that has low cytotoxicity against NK cells was first carried
out. Human leukemia cell line K562, T cell leukemia cell line Jurkat, and human Burkitt’s lymphoma
cell line Raji were the three tumor cell lines used with LHD assay. Both K562 and Jurkat cells were
highly sensitive to the cytolysis activity of the NK cells in contrast with its effect on Raji cells. Due to
this, Raji cell line was used as the subject of study. It was shown that sesamolin decreased the cells’
viability by 31% compared to the untreated cells at a concentration of 80 μg/mL. Meanwhile, sesamin
showed an even greater cytotoxic activity with concentrations higher than 2.5 μg/mL. Since the goal
of the study was to use the lignans as boosting agents, concentrations were set at a level that is not
toxic to Raji cells. Sesamolin-treated Raji cells were proven to be more sensitive to NK cell lysis than
the untreated ones, confirming that sesamol enhanced the lysis activity of the NK cells. On the other
hand, no significant results were observed with the tests involving sesamin. Since NKG2D ligands are
deemed as one of the key role players in the activity of NK cells against cancer cells, it was assessed
whether sesamolin treatment has an impact on its expression. Below toxic concentration of sesamolin,
it was confirmed that the expression indeed increased. The same amplification of expression was
observed with other key role players namely ULBP-1, ULPB-2 and MIC-A/B. The latter part of the
study reported that sesamolin increased the phosphorylation of the ERK pathway, which is one of
the pathways responsible for NKG2D ligand expression in Raji cells [161]. Although sesamin did not
affect the NK cell lysis activity, it is important to note that it exhibits a much greater cytotoxicity to Raji
cells even at low concentrations. This presents the possibility of sesame acting against the growth of
Raji cells in a different pathway.

2.2.8. Skin Cancer

The antimelanogenesis property of sesamin, was evaluated in comparison to recognized
depigmenting agents, kojic acid and β-arbutin. Its ability to function as a sunscreen was investigated
through the measurement of UV absorption. Its effects against tyrosinase activity through mushroom
and cellular tyrosinase were also observed. The results showed that sesamin was able to absorb
ultraviolet in the UVB range with an absorbance intensity of approximately 1.3 at 290 nm, as opposed
to the absorbances of kojic acid and β-arbutin equal to 0.2 at 300 nm. Sesamin also exhibited a slight
inhibitory effect against tyrosinase. In the same study above, similar antimelanogenesis findings
were observed for sesamol. The lignan was also able to absorb ultraviolet in the UVB range with
an absorbance intensity of 0.8 at 300 nm, four folds higher than that of kojic acid and β-arbutin. Its
inhibition of mushroom tyrosinase activity in vitro was shown to be concentration-dependent just
like with kojic acid. The IC50 values for sesamol and kojic acids were 0.33 μg/mL and 6.15 μg/mL,
respectively. On the other hand, β-arbutin did not exhibit an inhibitory activity, leading to the
conclusion that sesamol has the greatest effect against tyrosinase enzyme [162].

To further assess the ability of sesamol, its cytotoxicity on Vero and SK-MEL2 cell lines were
examined. Cytotoxicity of sesamol to Vero cell line was 22.8% after 48 h of treatment, while at a
concentration range of 600–800 μg/mL, its cytotoxicity to SK-MEL2 cell line was between 42–97%, with
an IC50 value of 608.93 μg/mL. Sesamolin, another lignan, was also tested for its antimelanogenesis
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activity. Similar with the results in the inhibition of mushroom tyrosinase activity, the sesame lignans
and kojic acid obstructed the activity of cellular tyrosinase, while β-arbutin was negative. In line
with this, sesamolin was also found to manifest the highest inhibition equal to 50% compared to
the other two sesame compounds with only 23% of inhibition. Inhibition of melanin pigment was
also investigated among the test compounds and sesamolin showed the most favorable inhibition
performance at 25 μg/mL. Other proteins involved in melanogenesis, TRP-1 and TRP-2, were also
exposed to the sesame compounds and their levels in SK-MEL2 cells were analyzed using Western blot
analysis. It was illustrated that sesamolin lowered TRP-1 and TRP-2 protein levels by 36% and 15%,
respectively. Sesame oil was also tested against SK-MEL cells [162], while sesaminol was tested against
the SK-MEL-28 cell line, which was found to reduce cyclin D1 expression at a concentration of 100 μM
within one to two days of incubation period [132].

Studies have shown that essential polyunsaturated fatty acids such as linoleic acid are capable of
exhibiting antiproliferative activity against malignant cell lines. It was also reported that sesame oil is
made up of 96% triglycerides and around 90% of its esterified fatty acids are oleic and linoleic acids
in an approximately equal proportion. In line with this, sesame oil was proven to manifest greater
growth inhibitory effect against melanoma cells than compared to its effect on normal melanocytes.
An incubation period of five days showed that the average growth rate of melanoma cells and normal
cells were 2.6 and 2.2, respectively [163]. Further investigation on the pathway of inhibition, however,
was not executed. In a similar study, the effect of sesamin, sesamol and sesamolin on the synthesis
of melanin in mouse melanoma B16F10 cells was observed and only sesamol showed a significant
inhibitory effect, which was approximately 63% of the synthesis at 100μg/mL. The production of melanin
was halted by sesamol by inhibiting the specific activities of mushroom tyrosinase, monophenolase
and diphenolase. At the same concentration, sesamol was also able to disrupt the viability of the cells
by 60% as it was found to exhibit an apoptotic effect [164].

The chemopreventive capability of sesamol, along with sesame oil and two other products,
against two-stage skin carcinogenesis of mice was also inspected in vivo. The two-stage skin
carcinogenesis initiated by 7,12-dimethylbenz(a)anthracene (DMBA) and promoted by the tumor
promoter 12-O-tetradecanoylphorbol-13-acetate (TPA) was exposed to resveratrol, sesamol, sesame oil
and sunflower oil. Ten weeks of treatment and prior to TPA promotion, the mice showed gross tumor
incidence of 20%, 20%, 30% and 20%, respectively, against the 100% control group. After 20 weeks
of treatment, only resveratrol and sesamol manifested more than 30% and 10% inhibitory potential,
respectively. The ability of the compounds to cancel TPA tumor promotion and impede tumor
latency further demonstrated their chemopreventive effects [165]. In-depth mechanisms of action
of the products involved against the proliferation of skin papillomas in the mice have not been
provided. To test sesamol’s impact on the process of neoplastic development, an ex vivo research
on the permeation of sesamol to the LACA mice skin was assessed by using sesamol solution and
cream base sesamol-loaded solid lipid nanoparticles (S-SLN), while an in vivo method utilized sesamol
solution, sesamol ointment and S-SLN. Ex vivo skin permeation of sesamol as a free drug solution was
recorded to be much higher than that of S-SLN, which has three times higher skin retention and a 40%
drop on the flux. This proposes that SLN is a potential transport service for sesamol. This is consistent
with the results of the in vivo study wherein the number of papillomas on the dorsal skin of the mice
was checked and there was 0% incidence of skin tumors [158].

2.2.9. Others

Attempts to apply sesamin against pancreatic cancer and skin cancer were also executed. In 1994,
pancreatic carcinogenesis initiated with N-nitrosobis (2-oxoproyl) amine (BOP) was observed in vivo
by controlled diet of Syrian golden hamsters. The effect of sesamin-supplemented diet, a strategy to
lower cholesterol levels, on the progress of the pancreatic cancer was evaluated. However, within a
four-month period of treatment, it was concluded that although sesamin successfully lowered the
cholesterol contents, this did not have any significant effect on BOP-initiated pancreatic cancer in
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hamsters [166,167]. Even so, the study emphasizes that the period of observation was done on a short
term, which basis and suggests that favorable results possibly occur in a time-dependent manner.
In line with this, a more recent study reported that sesamin was able to suppress the growth of
pancreatic cancer MiaPaCa-2 cells with an IC50 value of 58.3 μmol/L [129].

The antitumor effect of sesamol was also determined using MA-10 cells, a mouse Leydig tumor
cell line. Morphological changes caused by sesamol were observed and cells without sesamol treatment
showed signs of normal cell growth phenomena, while those treated with sesamol appeared differently,
depending on the duration of the treatment. Plasma membrane blebbing was seen after 12 h of
treatment. These findings suggest the apoptotic property of sesamol. To confirm this, MA-10 cells
viability against sesamol treatment was assessed. It was then revealed that sesamol is capable of
inducing the death of MA-10 cells and that the dose of sesamol and the time of treatment are significant
factors that affect the performance of sesamol. Flow cytometry showed DNA fragmentation at the
subG1 phase of the cell cycle and verified the apoptosis of MA-10 cells. Similar with the established
pathways of other studies, the activation of caspase-3 expression was also observed, consequently
inducing apoptosis [168].

The following table (Table 4) provides a summary of the anticancer activities of the lignans of
sesame, including their mechanisms of action against each cancer cell line discussed above:

Table 4. Sesame lignans against different types of cancer and the mechanisms of action.

Compound Cancer Type Cell Line Mechanism of Action Reference

Sesame Oil

Skin Cancer

human malignant melanoma SK-MEL - [163]

two-stage mouse skin
carcinogenesis in vivo protection against TPA tumor promotion [165]

Sesame Extract
Liver Cancer

human hepatocellular
carcinoma HepG2 - [154]

Sesamin

Blood Cancer

chronic myeloid leukemia K562
KBM-5 inhibition of TNF-induced NF-κB activation [128]

myeloma U266 inhibition of TNF-induced NF-κB activation [128]

Breast Cancer MCF-7 induction of G1 cell cycle arrest;
down-regulation of Cyclin D1 protein [137]

MCF-7
MDA-MB-231

inhibition of macrophage-induced VEGF
and MMP-9 mRNA expressions [138]

MDA-MB-231 inhibition of TNF-induced NF-κB activation [128]

MCF-7
MDA-MB-231

induction of G1 cell cycle arrest and
reduction of protein expression levels [139]

MCF-7 down regulation of growth factor receptors
EGFR, HER2, and pMAPK expression [140]

Cervical Cancer HeLa
favored apoptosis through the increase of

Bax/Bcl-2 ratio; ER stress-mediated
apoptosis by IRE1α/JNK pathway

[155]

Colon Cancer

colon carcinoma HCT116 inhibition of TNF-induced NF-κB activation [128]

Liver Cancer

human hepatocellular
carcinoma HepG2 suppression of the STAT3

signaling pathway [151]

Lung Cancer

human lung adenocarcinoma H1299 inhibition of TNF-induced NF-κB activation [128]

Pancreatic cancer MiaPaCa-2 inhibition of TNF-induced NF-κB activation [128]

Prostate Cancer PC-3 degradation of γ-tocopherol metabolism [146]

DU145 inhibition of TNF-induced NF-κB activation [128]

Skin Cancer

malignant melanoma SK-MEL2
absorption of ultraviolet in the UV range

and inhibition of mushroom and
cellular tyrosinase

[162]
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Table 4. Cont.

Compound Cancer Type Cell Line Mechanism of Action Reference

Sesaminol

Blood Cancer

lymphoid leukemia Molt 4B DNA fragmentation leading to apoptosis [159,160]

Breast Cancer MCF-7
MDA-MB-231

Reduction of cyclin D1 expression by
binding to ANT2 protein [129]

Colon Cancer

colon carcinoma RKO Reduction of cyclin D1 expression by
binding to ANT2 protein [129]

Lung Cancer

lung adenocarcinoma A549 Reduction of cyclin D1 expression by
binding to ANT2 protein [129]

Skin Cancer

melanoma SK-MEL-28 Reduction of cyclin D1 expression by
binding to ANT2 protein [129]

Sesamol

Blood Cancer

acute myeloid leukemia HL-60 DNA fragmentation leading to apoptosis [158]

chronic myeloid leukemia K562 oxidation to tetramer; increased caspases
activity leading to DNA damage [157]

lymphoid leukemia Molt 4B DNA fragmentation leading to apoptosis [156]

Breast Cancer MCF-7 growth inhibition and apoptosis in S and
G2/M phases [141]

Colon Cancer

colon adenocarcinoma DLD-1 suppression of cyclooxygenase-2
transcriptional activity [147]

colon carcinoma HCT116 subG1 phase cell cycle arrest causing
cell death [148]

Liver Cancer

human hepatocellular
carcinoma

HepG2
induced apoptosis and necrosis via

DNA fragmentation and [152,153]

induced apoptosis via suppression
of autophagy

Lung Cancer

lung adenocarcinoma SK-LU-1 increased activity of caspase 3 leading to
DNA damage [131,132]

Skin Cancer

human malignant melanoma SK-MEL2
absorption of ultraviolet in the UV range

and inhibition of mushroom and
cellular tyrosinase

[162]

mouse melanoma B16F10
inhibition of monophenolase and

diphenolase activities and promotion
of apoptosis

[164]

two-stage mouse skin
carcinogenesis in vivo protection against TPA tumor promotion [165]

Others

Mouse Leydig tumor MA-10 increased activity of caspase 3 leading to
DNA damage at subG1 phase [168]

Sesamolin

Blood Cancer

Burkitt’s lymphoma Raji enhancement of NK cell lysis activity via
escalated NKG2D ligand expression [161]

Prostate Cancer PC-3 degradation of γ-tocopherol metabolism [146]

Skin Cancer

human malignant melanoma SK-MEL2
absorption of ultraviolet in the UV range

and inhibition of mushroom and
cellular tyrosinase

[162]

3. Conclusions

The bioactive components of Sesamum indicum L., such as sesamin, sesaminol, sesamol and
sesamolin, play essential roles in combating different types of biological and pharmacological concerns
and are able to exhibit promising medicinal properties against the diseases. One of the notable properties
of sesame lignans is anti-inflammation. Inflammation is a defense mechanism of a body against foreign
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substances and chronic inflammation persist to different kind of diseases. Sesame lignans hinder the
propagation of inflammatory cytokines and inflammatory mediators, which further leads to alleviating
inflammatory-related diseases such as osteoarthritis, cardiovascular disease, neurodegenerative disease,
inflammatory bowel disease, diabetic eye disease, lung disease and liver disease. Other sesame extracts
apart from the sesame lignans also exhibit mitigation of inflammatory-related pathways. These
are proven by the in vivo and in vitro models of inflammatory-induced systems. Another alarming
complication that can be instigated by inflammation is cancer. Cancer, which is the abnormal growth
of the cells, may develop when the body suffers from DNA damage caused by the chemicals released
during inflammation. Interestingly, it was also revealed that the lignans of sesame manifest anticancer
activities against different cancer cell lines with different mechanisms of action. Both in vitro and
in vivo studies have presented that the lignans are capable of inhibiting the growth of the cancer cells
by down-regulating protein expressions, by suppressing the production of gene products, and through
cell cycle arrest. Consequently, the lignans also induce either necrosis or apoptosis to the cells, inflicting
an antiproliferation effect. Sesame lignans have been proven to manifest these anticancer effects against
the tumor cells of lung cancer, breast cancer, colon cancer, prostate cancer, cervical cancer, blood cancer,
skin cancer and even pancreatic cancer. With all things considered, sesame proves that food can indeed
become a medicine and that foods do not only possess nutritional value, but they also have medicinal
worth. The lignans of sesame that manifest anti-inflammatory and anticancer properties and the
specific diseases that they act against are summarized in Figure 2 below:

Figure 2. Anti-inflammatory and anti-cancer activities of major sesame lignans.
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