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Preface to "Phytochemical Omics in Medicinal
Plants”

Since prehistoric times, medicinal plants have been used in traditional medical practices
for curing diseases and benefiting human health. A huge array of phytochemicals have been
identified in medicinal plants, including carotenoids, phenolic acids, flavonoids, and lignans, which
have a wide range of biological activities, including antioxidant, antibacterial effect, anticancer,
anti-inflammatory, neuroprotection, and so on. In general, naturally occurring compounds possess
complicate bioactive effects and their efficacy is difficult clarify. Therefore, there is a demand for
comprehensive approaches to the synthesis and biological function of phytochemicals. In the past
decade, multi-omics has been an emerging field as a powerful tool to gain deep insights into complex
biological systems. This book originated from the Special Issue entitled Phytochemical Omics
in Medicinal Plants and it aims to integrate recent innovative approaches using high-throughput
technologies (omics), such as genomics, transcriptomics, proteomics, and metabolomics, as well
as bioinformatics and other related topics, including biotechnology attempts, to make significant
progress in understanding the relationship between phytochemicals and human health. As the editor
of this book, I greatly appreciate the invaluable contribution of all authors and reviewers as well as
the efforts of Editors in Biomolecules: Natural and Bio-inspired Molecules.

Jen-Tsung Chen
Editor
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Medicinal plants are used to treat diseases and provide health benefits, and their applications are
increasing around the world. A huge array of phytochemicals have been identified from medicinal
plants, belonging to carotenoids, flavonoids, lignans, and phenolic acids, and so on, having a wide range
of biological activities. In order to explore our knowledge of phytochemicals with the assistance of
modern molecular tools and high-throughput technologies, this special issue collects recent innovative
original research and reviews. As summarized below, 27 papers are published in this special issue,
which can be divided into four subtopics, as described below.

1. Mechanistic Insights into Bioactivities

1.1. Anti-Inflammation

Inflammation undergoes physiological and pathological responses caused by diverse stimuli
such as microbial infections, injury, and traumata. Zwirchmayr et al. identified anti-inflammatory
compounds that exhibit nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) inhibiting
ability from the extract of masterwort (Peucedanum ostruthium (L.) Koch) through a holistic omics-based
tool, namely Eliciting Nature’s Activities (ELINA) [1]. They successfully isolated four furanocoumarins,
one coumarin, and one chromone. According to the results presented, they suggest that ELINA is
practicable and may effectively accelerate the process of natural product-based drug discovery in
the future.

Inflammation is part of immunity, Yeh and Lin investigated the immunomodulatory potential
of steam-distilled essential oils (SDEOs) from Acorus gramineusand and Euodia ruticarpa cultivated in
Taiwan [2]. They found SDEOs to be rich in flavonoids, polyphenols, and saponins, and additionally,
SDEOs, particularly from Euodia ruticarpa, possess immunomodulatory ability by shifting the balance
of type 1 and type 2 T helper cells in primary splenocytes and inhibiting inflammation in peritoneal
macrophages in vitro.

1.2. Anti-Oxidative Stress

Oxidative stress is one of the main processes in human disorders. Wang et al. contributed a
review on bioactive compounds for treating oxidative stress-related human disorders involving the
toxic reactive aldehyde 4-hydroxynonenal (4-HNE), an advanced lipid peroxidation end product [3].
A number of related disorders are listed, such as cardiovascular injury, eye damage, liver injury,
neurotoxicity, neurological disorder and energy metabolism disorder in order to discuss their prevention
and treatment by bioactive compounds from particular medicinal plants, and finally, possible strategies
for future research and applications combating deleterious effects induced by 4-HNE are proposed.

1.3. Bioinformatics

In research related to traditional herbal medicine (THM), network pharmacology (NP) is a useful
tool for exploring the potential mechanisms of therapeutic effects that act on multiple targets. Lee et al.
constructed the networks of co-author and affiliation to analyze the trend of methodologies utilized
by researchers [4]. Firstly, they found a dramatic increase in THM-NP studies in the last ten years.
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Additionally, the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform
was the most frequently utilized, and the methodology for constructing a compound-target network
had achieved the greatest progress.

Jeyasri et al. used a system pharmacology approach to develop a strategy for multi-target
treatment based on traditional Ayurvedic medicine, Bacopa monnieri, for neurological diseases, focusing
on Alzheimer’s disease (AD) and Spinocerebellar ataxia (SCA) [5]. When compared with commercially
available drugs, it was revealed that the constituents of Bacopa monnieri have asiatic acid and loliolide
for treating AD and SCA. In addition, various potential actions from the bioactive compounds were
predicted, particularly benefiting cognitive function.

The extracts of some Garcinia species have an array of bioactivities in the treatment of adipogenesis,
obesity, cardiovascular diseases, diabetes, inflammation, and cancer. Chen et al. reviewed the molecular
docking approach for searching candidate agents for the treatment of diabetes using a number of
critical hypoglycemic targets [6]. Altogether, some benzopyrans and triterpenes that existed in G. linii
were proposed to be the chief components for regulating blood glucose.

2. Treatment of Diseases

2.1. Cancers

Due to the high morbidity and mortality of oral cancer, there is a demand to develop drugs
for inhibiting local invasion and metastasis of cancer cells. It has been reported that Withaferin A
(WFA), a steroidal lactone isolated from Withania somnifera, could inhibit the migration of cancer cells
at high cytotoxic concentrations. Interestingly, Yu et al. further prove that WFA in a relatively low
concentration of 0.5 uM inhibited oxidative stress-mediated migration as well as invasion in oral
cancer Ca9-22 cells, and they suggest that it has the potential to inhibit metastasis in oral cancer
therapy [7]. Velmurugan et al. use a cell-proliferation inhibitory flavonoid, luteolin-7-O-glucoside,
to further test its effect on metastasis of oral cancer [8]. On the basis of their results, they propose
that luteolin-7-O-glucoside inhibits cell migration and invasion by regulating the expression of matrix
metalloproteinase-2 and extracellular signal-regulated kinase pathway.

Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer and is
the major cause of death by cancer in the world. Oh et al. investigated the anti-cancer potential of
licochalcone D (LCD), a flavonoid isolated from Glycyrrhiza inflata, using an epidermal growth factor
receptor (EGFR) mutant NSCLC cell line [9]. They found that LCD inhibits the activity of EGFR and
hepatocyte growth factor receptor, induces reactive oxygen species-dependent apoptotic cell death,
and inhibits the proliferation of cancer cells.

Nasopharyngeal carcinoma (NPC) has a unique geographical and ethnic distribution. Its high
prevalence in Asia accounts for over 80% of new cases globally. Liu et al. studied the anticancer
activity of asiatic acid (AA), extracted from Centella asiatica, using two cisplatin-resistant NPC cell
lines [10]. They demonstrated that AA significantly reduced the cell viability in both cell lines through
p38-a mitogen-activated protein kinase (MAPK)-mediated phosphorylation and activation of bcl-2-like
protein 4 (Bax) in vitro.

Inflammatory bowel disease (IBD) is chronic intestinal and colorectal inflammation, which is
highly capable of developing into colorectal cancer (CRC). Zheng et al. evaluated bioactivities of a
clerodane diterpene, 16-hydroxycleroda-3,13-dien-15,16-olide (HCD) using an IBD mouse model and
two human CRC cell lines [11]. It was demonstrated that the inflammatory symptoms of IBD mice
could be ameliorated by HCD treatments, and additionally, in vitro tests confirmed that HCD-induced
apoptosis may involve both extrinsic and intrinsic pathways.

Khan et al. reviewed the recent advances in the use of active phytochemicals (APs) against cancers
by searching relevant keywords in reliable academic databases, selecting twenty medicinal plants to
discuss in detail [12]. It was revealed that APs were effective for treating a number of cancer cell lines,
and altogether, the inhibitory effects were mainly exerted by damaging DNA and activating enzymes
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that cause apoptosis. In addition, the anticancer activity of some APs was confirmed using in vivo
animal models.

There are more than 1300 ent-kaurane diterpenoids that have been identified, most of which belong
to the genus Isodon, and many possess anticancer potential. Sarwar et al. provide a review of the plant
sources, biological targets and mechanistic pathways of ent-kaurane diterpenoids [13]. They indicate
that the anticancer activities of such compounds are chiefly contributed by the regulation of apoptosis,
autophagy, cell cycle arrest, and metastasis. The key regulators in each process were discussed in
detail; for example, the most common metastatic target proteins are matrix metalloproteinases (MMP-2
and MMP-9), vascular endothelial growth factor (VEGF), and VEGF receptor.

2.2. Neurological Diseases

Quercetin, a flavonoid with an array of pharmacological effects, is widely available in fruits and
vegetables. It has been demonstrated that quercetin possesses a neuron-protective effect by alleviating
oxidative stress and inflammation. Khan et al. further refine the effect and underlying mechanisms of
quercetin on AD, with an emphasis on cognitive performance [14]. Finally, quercetin is proposed to
offer potential as a lead compound for clinical application in such disease.

Another flavonoid, naringenin, also has neuroprotective ability. Nouri et al. refined the current
knowledge of pharmacological targets, signaling pathways, molecular mechanisms, and the clinical
perspective of such compounds [15]. Additionally, systems for delivering naringenin were discussed.

2.3. Liver Diseases

Liver failure frequently leads to hepatic encephalopathy (HE), which has a spectrum of
neuropsychiatric abnormalities. Baek et al. studied the effect of Rheum undulatum and Glycyrrhiza
uralensis extract mixture (RG) on HE based on their anti-inflammatory and antioxidant properties [16].
Firstly, they identified seven bioactive ingredients in RG that had been predicted to be effective in
treating neurological diseases. Then, they used a CCly-induced HE mouse model to unravel the
therapeutic mechanisms of RG. Based on their results, RG consistently relieved HE symptoms by
preserving blood-brain barrier permeability, and thus offers considerable potential for treating chronic
liver disease as well as HE.

2.4. Cardiovascular Diseases

Cardiovascular diseases (CVDs) are the leading cause of death in the world, and are mainly related
to atherosclerosis. Toma et al. refined the recent knowledge regarding the effects and underlying
molecular mechanisms of phenolic compounds on atherosclerosis, especially involving dyslipidemia,
oxidative stress, and inflammation [17]. In this review, the authors suggest future research directions
for alternative therapy of CVDs using phenolic compounds, and encourage the adequate consumption
of foods containing natural phenolic compounds in order to prevent such diseases.

2.5. Fracture Healing

Green tea is a popular drink that benefits human health, including having positive effects that
increase bone mineral density and bone volume, while also diminishing osteoporotic fractures. Based on
previous reports, a bioactive compound of tea catechin, (-)-epigallocatechin-3-gallate (EGCG) could
promote bone defect healing in the distal femur, and this may be partly through the effect of bone
morphogenetic protein-2 (BMP-2). Lin et al. further studied the effect of EGCG on tibial fracture
healing in rats, and they concluded that the local treatment of EGCG accelerated fracture healing at
least partly via BMP-2 [18].
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3. Profiling, Extraction and Identification

3.1. Profiling

Ultraviolet-B (UV-B) radiation could induce stress in plants, and consequently, promotes the
production of secondary metabolites through elevated defense responses. It has been reported that
of the two Astragalus varieties, A. mongholicus has the higher tolerance to UV-B. Liu et al. further
profiled the metabolites, particularly the phenolic compounds of A. mongholicus, when subjected to
UV-B radiation [19]. Overall, they found that UV-B radiation could induce a tissue-specific strong shift
from carbon assimilation to carbon accumulation of phenolic metabolism in roots, and it was activated
by the upregulation of some relevant genes.

Chinese sage (Salvia miltiorrhiza) has been used as medicine for thousands of years for the treatment
of a number of disorders, particularly by benefiting blood circulation systems. In a previous report, the
polysaccharide fraction (PSF) of a symbiont, Trichoderma atroviride, was found to have a positive effect
on the accumulation of tanshinones in the hairy root culture. Peng et al. further profiled the proteomic
responses of the symbiont relationship, and they proposed that the PSF-induced accumulation of
tanshinones may contribute through defense-related signaling involving jasmonic acid, leading to
leucine-rich repeat protein synthesis [20].

3.2. Extraction and Identification

Flos Chrysanthemi indici is a traditional herb that has a number of bioactivities, including the
antibacterial, anti-inflammatory, and antioxidant properties. Jing et al. studied the effect of extraction
method on the yield and bioactivities of essential oils [21]. They suggest that solvent-free microwave
extraction and supercritical fluid extraction are both good methods with higher yield that could
simultaneously retain the antimicrobial activity of essential oils.

Deep eutectic solvents (DESs) are homogeneous solutions of quaternary ammonium salts, which
have advantages including easy preparation, ecological friendliness, and so on. Zeng et al. tested the
performance of six DESs in combination with five macroporous resins on isolation and purification of
flavonoids and 20-hydroxyecdysone from Chenopodium quinoa Willd by preparative high-performance
liquid chromatography [22]. They found the best combination of DES (choline chloride/urea) and
macroporous resin (D101). Subsequently, three flavonoids and 20-hydroxyecdysone were successfully
purified, and their chemical structures were identified.

Luteolin is a flavonoid and possesses an array of biological effects on hypertension, inflammatory
diseases, and cancer. Juszczak et al. reviewed the current chromatographic techniques for analyzing
luteolin and some derivatives [23]. They discussed the separation conditions for determining such
compounds, as well as the pros and cons of each method.

To solve the excess structural information in the isolation of metabolites from natural products by
high-resolution mass spectrometry, Lee et al. applied the Global Natural Product Social Molecular
Networking platform together with hierarchical clustering analysis on the selectively isolate of lignans
from Trachelospermum asiaticum [24]. Using this combined tool, eventually, they efficiently identified
five dibenzylbutylrolactone-type lignans that possess cytotoxic activities against cancer cells.

Curcuma species (Zingiberaceae) have long been used as traditional medicine, food flavor and
cosmetics. Pintatum et al. identified bioactive compounds from the Curcuma aromatica rhizome,
including curcumin, curcumenol, curdione, germacrone, and zederone, and found that curcumin has
the highest anti-inflammatory ability [25]. Additionally, the crude extract of C. aromatica demonstrated
the highest inhibitory response to NF-kB activity when compared to the other three Curcuma species.
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4. Biotechnology

4.1. Gene Transfer

Black nightshade (Solanum nigrum) is regarded as an herb that possesses bioactive compounds,
particularly those with anti-tumor activities. Chhon et al. used transgenic black nightshade that
overexpressed AtPAP1 (Arabidopsis thaliana production of anthocyanin pigment 1), to investigate the
effect of transgene on anthocyanin biosynthesis [26]. They found that transgenic plants produced a
higher content of anthocyanin when compared to the control, and thus suggested that it could be
a suitable platform for further studying AtPAP1-induced anthocyanin accumulation in response to
environmental stress.

4.2. Nanoparticles

Green synthesis of nanoparticles (NPs) is an emerging field that is regarded as “green chemistry”
due to the use of biological reducing agents including plant sources. Abbasi et al. made zinc oxide
NPs that conjugated with the leaf extract from Geranium wallichianum (GW), namely GW-ZnONPs [27].
They tested a number of bioactivities, as well as the biocompatibility of GW-ZnONPs, and finally
confirmed that it has considerable potential in biological applications.

5. Conclusions and Perspectives

Phytochemical omics is clearly an interesting topic and has attracted intensive studies focusing on
anticancer, anti-inflammation, immunoregulation, anti-oxidative stress, anti-diabetes, fracture healing,
and treatments for neurological, liver, and cardiovascular diseases. Additionally, recent advances
in profiling, extraction, identification, and biotechnology are included. The findings offered by the
contributors to this special issue may greatly aid the progress of phytochemical research. In the future,
I'hope that with the rapid development of molecular tools and approaches, particularly in integrative
multi-omics and genome editing technologies, scientists will be able to further unravel the efficacy of
phytochemicals for benefiting human health.
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Abstract: The genus Curcuma is part of the Zingiberaceae family, and many Curcuma species have
been used as traditional medicine and cosmetics in Thailand. To find new cosmeceutical ingredients,
the in vitro anti-inflammatory, anti-oxidant, and cytotoxic activities of four Curcuma species as well
as the isolation of compounds from the most active crude extract (C. aromatica) were investigated.
The crude extract of C. aromatica showed 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity with an ICsy value of 102.3 pg/mL. The cytotoxicity effect of C. aeruginosa, C. comosa, C. aromatica,
and C. longa extracts assessed with the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) assay at 200 ug/mL were 12.1 + 2.9, 144 + 4.1, 28.6 + 4.1, and 46.9 + 8.6, respectively.
C. aeruginosa and C. comosa presented apoptosis cells (57.7 + 3.1% and 32.6 + 2.2%, respectively) using
the CytoTox-ONE™ assay. Different crude extracts or phytochemicals purified from C. aromatica
were evaluated for their anti-inflammatory properties. The crude extract of C. aromatica showed
the highest potential to inhibit NF-«B activity, followed by C. aeruginosa, C. comosa, and C. longa,
respectively. Among the various purified phytochemicals curcumin, germacrone, curdione, zederone,
and curcumenol significantly inhibited NF-«B activation in tumor necrosis factor (TNF) stimulated
HaCaT keratinocytes. Of all compounds, curcumin was the most potent anti-inflammatory.

Keywords: Curcuma aromatica; sesquiterpene; anti-inflammatory; luciferase assay; cytotoxicity

1. Introduction

The genus Curcuma is part of the family Zingiberaceae and over 120 species have been identified [1].
Many Curcuma species have been used as traditional medicine for the treatment of various diseases [2], or
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as ingredients for coloring in cosmetics as well as enhancing food flavors [3-6]. Previous phytochemical
investigations of Curcuma species resulted in the isolation and identification of sesquiterpenoids
and diarylheptanoids as major constituents and many of them showed promising pharmacological
activities including anti-inflammatory activity, cytotoxicity against cancer cell lines, and antioxidant
activities [5-9].

C. aromatica is widely used in Thai and Chinese traditional medicine for anti-tumor therapy [6],
blood stasis [10], throat infections [3], to eliminate body waste, and to promote wound
healing [11]. It showed various pharmacological activities such as antioxidant, anti-inflammatory,
and anti-carcinogenic activities [12]. The rhizome extract of this plant is well-known as a rich source
of sesquiterpenes [5,13]. C. comosa has been used in Thai traditional medicine for the alleviation of
postpartum uterine pain [14]. This plant showed various biological properties such as antioxidant,
anti-inflammatory, insecticidal [15], and inhibitory effects on cell proliferation [16]. Sesquiterpenoids [8]
and diarylheptanoids [15] were isolated as major compounds from the rhizome of C. comosa. The rhizome
of C. aeruginosa has been traditionally used for the treatment of asthma, cancer, fever, inflammation,
and skin diseases [17]. Pharmacological activities such as antioxidant, anti-inflammatory, and
cytotoxic activities have been reported for extracts of this species. [18]. The phytochemical profile of
the rhizome of C. aeruginosa is characterized by the presence of diarylheptanoids, curcuminoids, and
sesquiterpenoids [17,19,20]. C. longa is commonly known as turmeric and its rhizome is used as food
and in traditional medicine for the treatment of inflammation, infections or tumors, as carminative, and
as diuretic [21-23]. In this study, we compared in vitro anti-inflammatory and anti-oxidant activity,
and cytotoxicity of four Curcuma species namely, C. aromatica, C. comosa, C aeruginosa, and C. longa. In
addition, over a dozen compounds were isolated from C. aromatica rhizome and its phytochemical
profile was compared to that of the other three Curcuma species by means of Ultra-Performance Liquid
Chromatography-High Resolution Mass Spectrometry (UPLC-HRMS) analysis.

2. Materials and Methods

2.1. Plant Material

The rhizome of C. aromatica (N: 20.1924°, E: 99.4854°), C. comosa (N: 20.1922°, E: 99.4852°), and C.
longa (N: 20.1927°, E: 99.4855°) were collected from Doi Tung, Chiang Rai Province, Thailand in May
2016, while the rhizome of C. aeruginosa was purchased from Mae-Ca-Chan local markets, Chiang Rai
Province, Thailand in June 2016. Plant authentication was verified by Mr. Martin Van de Bult and
voucher specimens (MFU-NPR0192, MFU-NPR0193, MFU-NPR0194, and MFU-NPR0195, respectively)
were deposited at the Natural Products Research Laboratory of Mae Fah Luang University.

2.2. Chemicals

L-Ascorbic acid, 2,2" -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), 3-[4,5-dimethylthiazol-2-yl1]-2,5-diphenyl tetrazolium bromide
(MTT), sodium dodecyl sulfate (SDS), and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All chemicals and solvents used in this study were of
analytical grade.

2.3. Extraction

The rhizomes of the four Curcuma species were cleaned, chopped, and air-dried at room
temperature for three days. The air-dried rhizomes (1 kg) of each plant were macerated in EtOAc
(3 x 10 L) at room temperature. The extracts were filtered and evaporated under reduced pressure
to obtain the EtOAc extracts of C. aromatica (21.67 g), C. comosa (24.49 g), C. aeruginosa (20.21 g), and
C. longa (19.76 g). Additionally, dried powder (100 g) of each plant was extracted with 80% ethanol
(83 X 500 mL) at room temperature. Removal of the solvent under reduced pressure yielded the crude
ethanolic extracts of C. aromatica (2.2 g), C. comosa (2.5 g), C. aeruginosa (2.0 g), and C. longa (2.1 g).
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2.4. Fractionation and Isolation

The EtOAc extract of C. aromatica was selected for fractionation and isolation, based on the fact
that it showed the most promising biological activities. The EtOAc extract was subjected to quick
column chromatography (QCC) over silica gel, eluting with a gradient system of n-hexane/EtOAc
(100% hexanes to 100% EtOAc) to give 13 fractions (A-M). Fraction B (1.45 g) was further separated
by CC over Sephadex LH-20 (100% MeOH) to give compound 1 (4.5 mg). Fraction C (2.26 g) was
separated by CC (1:4 CH;,Cly/n-hexane) to give fraction CP21-B5 (443.3 mg), which was further purified
by CC over Sephadex LH-20 (100% MeOH) to give compound 7 (15.4 mg). Fraction E (540.1 mg)
was separate by CC (1:3 CH,Cl,/n-hexane) to give nine fractions (CP6-01 to CP6-09). Compound 4
(9.9 mg) was obtained from fraction CP6-06 (263.0 mg) by repeated CC over Sephadex LH-20 (1:4
CH,Clp/MeOH), while compound 5 (7.0 mg) yielded from fraction CP6-08 (108.5 mg) by repeated
CC (1.5:8.5 CH,Cly/n-hexane). Fraction F (4.05 g) was fractionated by CC (1:19 EtOAc/n-hexane) to
give fraction CP30-02 (75.1 mg), which was further purified by CC (1:99 acetone/n-hexane) to afford
compound 6 (5.2 mg). Compound 2 (217.4 mg) was obtained from fraction G (654.7 mg) by CC (2:3
CH;Cly/n-hexane). Fraction H (3.13 g) was submitted to CC (1:49 EtOAc/n-hexane) to give fraction
CP32-A (1.12 g), which was further purified by RP-18 (7:3 MeOH/H;O) to afford compounds 3 (79.3 mg)
and 15 (55.8 mg). Fraction I (957.2 mg) was subjected to CC (1:1 CH,Cl,/n-hexane) to give fraction
CP7-2 (198.2 mg), then purified by CC (15:1:34 CH,Cl,/EtOAc/n-hexane) to give compound 8 (9.6 mg).
Fraction J (1.30 g) was subjected to CC over Sephadex LH-20 (100% MeOH), followed by CC (3:7
CH,Cly/n-hexane) to afford compounds 12 (3.1 mg) and 13 (3.1 mg). Fraction K (2.77 g) was fractionated
by CC (1:4 EtOAc/n-hexane) to give fraction CP35-BC (1.03 g), then repeated CC (1:49 acetone/n-hexane
and 1:9 CH,Cly/n-hexane) to afford compound 9 (6.8 mg). Fraction L (2.07 g) was subjected to CC (1:99
acetone/CH,Cl) to give compound 11 (31.1 mg) and six fractions (CP17-02 to CP17-07). Compound 14
(31.1 mg) was obtained from fraction CP17-05 (215.7 mg) by CC (1:49 acetone/CH,Cl;). Compound
10 (5.1 mg) was obtained from fraction CP17-06 (1.56 g) by CC over Sephadex LH-20 (100% MeOH)
followed by CC (1:1:3 acetone/EtOAc/n-hexane).

2.5. Characterization of Curcuma Extracts by UPLC-HRMS

Crude extracts of the four Curcuma species, prepared with 80% ethanol/20% water were analyzed
by Ultra-Performance Liquid Chromatography-High Resolution Mass Spectrometry (UPLC-HRMS)
together with 8 of the 15 purified compounds isolated from C. aromatica, in order to determine whether
these compounds were present in C. longa, C. comosa and C. aeruginosa too. Liquid chromatography
analysis was performed on an Acquity® UPLC System (Waters, Milford, MA, USA). Detection was
carried out on an LTQ-Orbitrap® XL hybrid mass spectrometer equipped with an Electrospray
Ionization (ESI) source (Thermo Scientific, Waltham, MA, USA) for accurate mass. Separation was
achieved on an Acquity UPLC® Peptide BEH C18 column (2.1 X 100 mm, 1.7 um, Waters Corporation®,
Wexford, Ireland) using a gradient containing water with 0.1% (v/v) formic acid (A) and acetonitrile
(B). The gradient elution was performed as follows: 0-2 min eluent B 2%; 2-18 min eluent B 2-100%;
18-20 min eluent B 100%; 21-25 min column equilibration-eluent B 2%. A flow rate of 0.4 mL/min
was employed for elution. The column was maintained at 40 °C, the samples at 7 °C, and the flow
rate was set to 0.4 mL/min. The 80% ethanol extracts (10 uL at 300 p1g/mL) were injected. All samples
were analyzed in the full scan m/z range of 115-1000, in negative and positive mode at a resolving
power of 30,000 and data-dependent MS/MS events were acquired. In both modes the data-dependent
acquisition was simultaneously performed using a collision induced dissociation C-trap (CID) with
normalized collision energy at 35 V and a mass resolution of 10,000. In negative mode capillary
temperature was set to 350 °C and the source voltage was 2.7 kV. Tube lens and capillary voltage were
respectively tuned at =100 V and —30 V. In positive mode capillary temperature was set to 350 °C and
the source voltage was 3.50 kV. Tube lens and capillary voltage were respectively tuned at +120 V
and +40 V. In both modes the arbitrary units were used for sheath gas, auxiliary gas, and sweep gas
was nitrogen at (40, 10, 0 arbitrary units, respectively). The control of the system and the spectral
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interpretation was performed using the XcaliburTM (Version 2.2, Thermo Scientific, Waltham, MA,
USA) software.

2.6. DPPH Radical-Scavenging Activity Assay

The antioxidant activity was determined by the DPPH radical scavenging assay as described
previously, with slight modifications [24]. In brief, 100 uL of extracts and compounds at different
concentrations were mixed with 100 pL of 60 pM DPPH methanol solution in a 96-well microplate.
The solution was incubated at room temperature in darkness for 30 min, then absorbance was measured
at 517 nm. Ascorbic acid was used as positive control. The DPPH radical scavenging activity was
expressed as the concentration at 50% inhibition (ICsp), which was calculated by plotting percent
inhibition against concentration of the sample.

2.7. ABTS Radical Cation Scavenging Assay

The ABTS radical cation scavenging activity of extracts and compounds was determined using
the method described previously [24] with some modifications. The ABTS™ solution was prepared
from the reaction of equal volumes of 7 mM of ABTS and 2.45 mM potassium persulfate in a dark
place at room temperature for 16 h before use. Prior to the assay, the ABTS* solution was adjusted to
the absorbance of 0.70 + 0.05 at 734 nm with EtOH. Twenty microliters of extracts and compounds
at different concentrations were mixed with 180 pL of ABTS* solution in a 96-well microplate and
incubated at room temperature for 5 min. Next, the absorbance was measured at 734 nm. Ascorbic
acid was used as positive control. The ABTS radical cation scavenging activity was expressed as
the concentration at 50% inhibition (ICs), which was calculated by plotting percent inhibition against
concentration of the sample.

2.8. Cell Culture

HaCaT keratinocyte cells with a stable transfected NF-«kB luciferase reporter gene cassette
has previously been described [25]. Cells were cultured in Dulbecco’s modified eagle’s medium,
supplemented with 10% fetal bovine serum, 2% of sodium bicarbonate (7.5% solution), 1% of sodium
pyruvate (100 mM), and 1% of penicillin—streptomycin (10,000 units/mL). The cells were incubated in
a humidified 37 °C, 5% CO, incubator.

2.9. MTT Assay

Adverse anti-proliferative or toxic effects of various extracts and purified phytochemicals
compounds on HaCaT cells were evaluated by MTT colorimetric assay. Cells were seeded into
96-well plates at 2 x 10* cells/well and incubated under the abovementioned conditions for 24 h.
The extracts or pure compounds at different concentrations were added for another 24 h, after which
10 uL of MTT reagent (5 mg/mL) was added to each well and incubated for 4 h. Cells were lysed
with 90 uL 10 mM HCI solution containing 10% SDS and OD value was measured at 595 nm with
the Envision Plate Reader (Perkin Elmer, USA). Withaferin A was used as positive control.

2.10. CytoTox-ONE™ Cytotoxicity Assay

Cell cytotoxicity was measured by determining membrane integrity of HaCaT cells following
treatment with crude extracts or purified phytochemicals by means of the CytoTox-ONE™ Assay
according to the manufacturer’s instructions (Promega, WI, USA). In brief, cells were plated at 2 x 10*
cells/well in 96-well plates and incubated under the above-mentioned conditions for 24 h. Extracts or
pure compounds at different concentrations were added to the cells and left to incubate for 24 h at
37 °C and 5% CO,;. After incubation, the assay plates were transferred to 22 °C for 5 min, 100 uL of
the CytoTox-ONE™ reagent was added to all wells and incubated at 22 °C for 10 min. After that, 50 uL
of stop solution was added to all wells and plates were shaken at 500 rpm for 10 s. The fluorescence
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signal was measured with an excitation wavelength of 560 nm and an emission wavelength of 590 nm
with the Tecan GENios Microplate Reader (Tecan Trading AG, Mannedorf, Switzerland). Withaferin
A was used as positive control. The triplicate wells without cells were used as negative control to
determine background fluorescence. Vehicle control was triplicate cells with untreated cells, the same
solvent used to deliver the test compounds. In addition, 2 uL of lysis solution was used as maximum
LDH release control.

2.11. Luciferase Assay

NFkB-luciferase-dependent reporter assays were performed in HaCaT cells stably expressing
P(NFkB)350-1uc as previously described [25]. In brief, cells were plated at a density of 10° cells/well
in 24-well plates and grown overnight. Cells were subsequently treated with a dose range of crude
extracts or purified compounds for 2 h, followed by TNF stimulation (2 ng/mL) for 6 h. Finally,
cells were lysed in 1 X lysis buffer (25 mM Tris-phosphate (pH 7.8), 2 mM DTT, 2 mM CDTA, 10%
glycerol, and 1% Triton X-100) and 25 uL of lysate was assayed for luciferase activity by adding 50 puL
of luciferase substrate (1 mM luciferin or luciferin salt, 3 mM ATP, and 15 mM MgSO, in 30 mM
HEPES buffer, pH 7.8). After 10 s of mixing, bioluminescence was measured for 1 s using the Envision
multilabel reader (Perkin Elmer, Waltham, MA, USA). Withaferin A was used as positive control.

2.12. Data Analysis

All analyses were performed in triplicate and data were expressed as means + standard deviation
(SD) from at least three independent biological experiments. The results were analyzed by one-way
analysis of variance (ANOVA) with the Dunnett test, significant difference (p < 0.05) using IBM SPSS
Statistics, version 23 (IBM Crop.).

3. Results and Discussion

3.1. Isolation of Compounds

The EtOAc extract of C. aromatica was fractionated by column chromatography to afford 15 known
compounds (Figure 1). The compounds were identified as germacrone (1) [25], curdione (2) [26],
dehydrocurdione (3) [25], furanodienone (4) [27], zederone (5) [28], curzerenone (6) [27], curzeone
(7) [29], comosone II (8) [30], gweicurculactone (9) [31], curcumenol (10) [25], isoprocurcumenol (11) [32],
zedoarondiol (12) [33], vanillin (13) [34], curcumin (14) [35], and g-sitosterol (15) [36] by comparison of
their spectroscopic data with those reported in the literature. Sesquiterpenes 7 and 8 were isolated
from the rhizome of C. aromatica for the first time, while all remaining sesquiterpenes were similar to
previous reports [5,13].

Figure 1. Structures of compounds isolated from C. aromatica rhizome.
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3.2. Characterization of Curcuma Extracts by UPLC-HRMS

Eight of the purified compounds, germacrone (1), curdione (2), dehydrocurdione (3), zederone (5)
curcumenol (6), zedoarondiol (12), curcumin (14), and p-sitosterol (15), were analyzed by UPLC-HRMS,
together with the 80% EtOH extracts of C. aromatica, C. longa, C. comosa, and C aeruginosa. Except for
compounds 12 and 15, all compounds were detected in ESI* mode, while 5 and 13 could be detected
in ESI* and ESI™ mode. Table 1 shows the retention time and MS data obtained for the purified
compounds. In addition, it is indicated whether these compounds could be detected in the crude
extracts. Compounds 12 and 15 were not clearly detected in either of the detection modes, possibly
due to poor ionization properties or their low abundance.

As expected, all six detected compounds were found in the crude extract of C. aromatica, since
the compounds were purified from this Curcuma species as described in Sections 2.1 and 3.1 Also C.
longa was found to contain these six compounds. Five out of six compounds could be identified in
the 80% EtOH extracts of C. aeruginosa; only curcumin (13) was found to be absent in this Curcuma
species. The C. comosa extract did not contain curcumin either, nor did it contain curcumenol. Our
results about the phytochemical composition of different Curcuma species are in line with results
reported by other groups [26,27].
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3.3. Antioxidant Activity

The antioxidant radical scavenging activity of extracts were evaluated using DPPH and ABTS
assays (Table 2), and purified compounds were tested in the DPPH assay as shown in Figure 2.
Regarding antioxidant activity, the C. aromatica extract showed the most promising ICsy values
(1024 + 1.9, 127.0 + 1.9 ug/mL), followed by C. longa (134.9 + 1.5, 170.8 + 1.6 pug/mL), C. comosa
(137.7 +£5.2,171.9 + 1.9 ug/mlL), and C. aeruginosa (187.4 + 22.1, 217.9 + 1.8 ug/mL). Ascorbic acid
was used as positive control, with ICsy values of 1.80 + 0.01 and 5.2 + 0.8 for DPPH and ABTS
assay, respectively. In addition, curcumin exhibited strong antioxidant activity with 68.9% + 0.6%
percent inhibition of at 25 ug/mL, whereas other compounds showed moderate activities, see Figure 2.
Since curcumin was only detected in C. aromatica and C. longa and not in C. comosa and C. aeruginosa,
the activity of the first two extracts may in part be attributed to the presence of curcumin. However,
since C. comosa showed antioxidant activity similar to C. longa, and C. aeruginosa showed significant
antioxidant activity too, curcumin cannot be the only active compound and other constituents might
also contribute too to overall antioxidant activity.

Table 2. Antioxidant activities of EtOH extract from the rhizome of C. aromatica, C. longa, C. comosa, and
C. aeruginosa.

Antioxidant (ICsp, 1g/mL)

Sample
DPPH ABTS
C. aromatica 1024 +£19 127.0+1.9
C. longa 1349 + 1.5 170.8 £ 1.6
C. comosa 137.7 £5.2 1719+ 19
C. aeruginosa 187.4 +22.1 2179+ 1.8
Ascorbic acid 1.80 + 0.01 52+08
Note: Values are the mean + SD, n = 3; DPPH: 2.2-diphenyl-1-picrylhydrazyl; ABTS:

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt.

DPPH radical scavenging activity

(concentration at 50 pig/mL)

Figure 2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of compounds isolated
from C. aromatica, * = concentration of 25 pg/mL.

3.4. Cell Viability and Cytotoxicity

Cell viability and cytotoxicity of crude extracts and pure compounds were assessed by MTT assay
and the CytoTox-ONE™ Homogeneous Membrane Integrity Assay using HaCaT keratinocyte cells,
respectively. The MTT colorimetric assay estimates the number of viable cells based on the ability of
mitochondrial enzymes to reduce the tetrazolium dye MTT to a purple colored formazan [37], whereas
the CytoTox-ONE™ assay is a fluorometric-based method to detect loss of membrane integrity of
dying cells. MTT results showed that exposure to 200 ug/mL of C. aeruginosa, C. comosa, C. aromatica,
or C. longa extract inhibited the growth of cells, with relative percentages of cell viability being
121+2.9,14.4 £ 4.1,28.6 + 4.1, and 46.9 + 8.6, respectively (Figure 3a). Interestingly, CytoTox-ONE™
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showed a slightly different outcome with estimated cell death being lower compared to the MTT
results. Treatment of HaCaT cells with 200 pug/mL concentrations of C. aeruginosa and C. comosa
extract resulted in 57.7 + 3.1% and 32.6 + 2.2% cell death respectively, while no cytotoxicity could be
observed with C. aromatica and C. longa treatments at the same concentration (Figure 4a). This suggests
that all extracts mainly affect mitochondrial reduction capacity and cell proliferation, and that only
C. aeruginosa and C. comosa extracts negatively impact membrane integrity at concentrations above
100 ug/mL [38—40]. In contrast, none of the purified phytochemicals inhibit cell viability (MTT) or
cytotoxicity (CytoTox-One™) at concentrations 1-20 uM, whereas a reference cytotoxic anti-cancer
compound withaferin A [28] dose dependently kills the HaCaT cells, as shown in Figures 3b and 4b.

160

140

C aromaticn Clonga C.comosa Caeruginosa

% cell viability
s 3 5z 8 B

B05%DMSO W125pgiml H25pgiml #50pgiml W100ugml 200 pg/ml

(a)
120
100
5 %
g
]
& 60
z
[}
= 40
20 Ii
o HNENENN HNERCNEN HESCEE HNESCES EENCEE EERCHE NESCOEE NESCEE RERCEE
Germacrone Curdione  Dehydrocurdione  Zederone Curcumenol  Zedoarondiol Curcumin P-Sitosterol Withaferin A

m05%DMSO m1jM m2uM w5uM m104M m20 uM

(b)

Figure 3. (a) Relative HaCaT viability by increasing concentrations of four Curcuma species. (b) Relative
HaCaT viability (%) by increasing concentrations of pure compounds isolated from C. aromatica and
the reference cytotoxic anti-cancer compound withaferin A in HaCaT cells.
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Figure 4. Disruption of membrane integrity measured by the release of lactate dehydrogenase (LDH)
(CytoTox-ONE™). (a) Relative cytotoxicity (%) of four Curcuma species in HaCaT cells. (b) Relative
cytotoxicity (%) of pure compounds isolated from C. aromatica and the reference cytotoxic anti-cancer
compound withaferin A in HaCaT cells.

3.5. Anti-Inflammatory Activity

HaCaT NF-«B reporter gene cells were left untreated or pretreated for 2 h with various
crude extracts or its purified phytochemicals, followed by 3 h combination treatment with
the pro-inflammatory stimulus TNF. After 5 h treatment, cells were lysed and corresponding luciferase
reporter gene activity was measured in lysates in presence of ATP/luciferin reagent (Promega, WI,
USA) by measuring the total emitted bioluminescence (relative light units, RLU) during 30s (Envision
multiplate reader, Perkin Elmer). As expected, and as shown in Figure 5a, the proinflammatory NF-«B
activator TNF strongly increases luciferase gene expression in HaCaT NF-«kB reporter cells, as compared
to the control samples without TNF. Upon combination treatment of the different extracts with TNF,
we observed dose dependent decrease of luciferase gene expression for all four extracts, suggesting
anti-inflammatory effects on NF-«B activity. C. aromatica showed the strongest anti-inflammatory
NF-«B effects, followed by C. aeruginosa, C. comosa, and C. longa, respectively.
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Figure 5. Anti-inflammatory effects of four Curcuma species and pure compounds isolated from C.
aromatica measured in HaCaT NF-«B reporter gene cells. (a) Dose dependent effects of crude extracts of
Curcuma species on basal and inflammation induced NF-«B reporter gene (luciferase relative light units)
expression. (b) Dose dependent effect of pure compounds isolated from C. aromatica and the reference
NF-«B inhibitor compound (withaferin A) on basal and inflammation induced NF-kB reporter gene
(luciferase relative light units) expression. (c) Dose dependent effect of pure compounds isolated from
C. aromatica and the reference NF-«B inhibitor compound (withaferin A) on basal and inflammation
induced NF-«B reporter gene (luciferase relative light units) expression.

Next, stable phytochemicals isolated in sufficient quantities isolated from C. aromatica were further
evaluated for their NF-«B inhibiting activity in TNF stimulated HaCaT keratinocytes, as compared to
the reference inhibitor compound withaferin A [41]. As shown in Figure 5b, curcumin was found to be
the most potent NF-«B inhibitor, although less potent the reference NF-«B inhibitor withaferin A, in
line with previous research [11,41]. C. aromatica, which contains curcumin, indeed was the most potent
NF-kB inhibiting extract. Thus, it’s traditional use in the prevention and treatment of inflammatory
diseases may be justified. However, the other three extracts, of which C. longa contains curcumin,
whereas C. comosa and C. aeruginosa do not, show a comparable activity. This suggests that besides
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curcumin, additional constituents may be responsible for NF-«B inhibition in C. comosa and C. aeruginosa
extracts. Indeed, germacrone, curdione, zederone, and curcumenol show moderate inhibition of NF-«B
reporter gene expression in TNF stimulated HaCaT keratinocytes too. In addition, zedoarondiol and
B-sitosterol show strong NF-«B inhibition, although they may be low abundant, since UPLC-HRMS
analysis failed to detect significant amounts in the four extracts.

4. Conclusions

Sesquiterpenes are major bioactive constituents in the rhizome extract of C. aromatica. Of the four
Curcuma species, C. aromatica, with its secondary metabolite curcumin, showed the highest antioxidant
activity and most potent anti-inflammatory properties with the lowest toxicity. Besides curcumin, we
purified additional anti-inflammatory bioactives in C. aromatica, C. aeruginosa, C. comosa, and C. longa,
such as germacrone, curdione, zederone, curcumenol, zedoarondiol, and S-sitosterol present, which
deserve further investigation.

In conclusion, our results suggest that the rhizome of C. aromatica holds promise to be developed
as a safe cosmeceutical or functional skin care products for anti-aging and to reduce inflammatory
skin irritation.
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Abstract: Withaferin A (WFA) has been reported to inhibit cancer cell proliferation based on
high cytotoxic concentrations. However, the low cytotoxic effect of WFA in regulating cancer
cell migration is rarely investigated. The purpose of this study is to investigate the changes in
migration and mechanisms of oral cancer Ca9-22 cells after low concentrations of WFA treatment.
WEFA under 0.5 uM at 24 h treatment shows no cytotoxicity to oral cancer Ca9-22 cells (~95% viability).
Under this condition, WFA triggers reactive oxygen species (ROS) production and inhibits 2D (wound
healing) and 3D cell migration (transwell) and Matrigel invasion. Mechanically, WFA inhibits matrix
metalloproteinase (MMP)-2 and MMP-9 activities but induces mRNA expression for a group of
antioxidant genes, such as nuclear factor, erythroid 2-like 2 (NFE2L2), heme oxygenase 1 (HMOX1),
glutathione-disulfide reductase (GSR), and NAD(P)H quinone dehydrogenase 1 (NQO1)) in Ca9-22
cells. Moreover, WFA induces mild phosphorylation of the mitogen-activated protein kinase (MAPK)
family, including extracellular signal-regulated kinases 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK),
and p38 expression. All WFA-induced changes were suppressed by the presence of ROS scavenger
N-acetylcysteine (NAC). Therefore, these results suggest that low concentration of WFA retains potent
ROS-mediated anti-migration and -invasion abilities for oral cancer cells.

Keywords: Withaferin A; oral cancer; oxidative stress; migration; invasion; matrix metalloproteinases;
antioxidant signaling

Biomolecules 2020, 10, 777; d0i:10.3390/biom10050777 23 www.mdpi.com/journal/biomolecules



Biomolecules 2020, 10, 777

1. Introduction

Oral cancer leads to high morbidity and mortality [1]. It invades local tissues [2] and
reoccurs occasionally [3]. Local invasions are associated with metastasis, which is important to
oral carcinogenesis [4]. Therefore, discovery of a drug that inhibits metastasis or local invasion is of
great importance for oral cancer therapy.

Withaferin A (WFA), a triterpenoid derived from the root or leaf of the medicinal plant Withania
somnifera, is reported to exhibit antiproliferative properties and can induce apoptosis in several types of
cancers such as leukemia [5], cervical [6], pancreatic [7], breast [8], lung [9], colorectal [10], and oral [11,12]
cancer cells. These anticarcinogenic effects for WFA were based on high cytotoxic concentrations.

These cytotoxic concentrations of WFA were reported to induce reactive oxygen species
(ROS)-mediated apoptosis in oral [12] and colon [10] cancer cells. ROS may induce a number of
reactions such as apoptosis [5-12], autophagy, and endoplasmic reticulum stress [13]; however, its
effect on migration has rarely been reported.

Migration inhibitory effects of WFA against cancer cells had been reported recently [14,15].
For example, WFA exhibits G2/M cell cycle arrest, apoptosis, and antiproliferation, as well as migration
inhibition in gastric cancer AGS cells [14]. However, its migration inhibitory effects were based on
wound healing and invasive assays at >10 uM and >1 uM WFA, where the ICsy value for WFA in
AGS cells was 0.75 uM [14]. WFA also showed antiproliferative effects against breast cancer cells
(MDA-MB-241) and could exhibit migration inhibitory effect using the concentration of ICs, value for
WEFA (12 uM) [15]. These migration inhibitory effects of WFA against cancer cells were based on high
cytotoxic concentrations. The migration modulating effect of low concentration of WFA with low or no
cytotoxicity warrants for detailed investigation.

To date, the migration inhibitory effects of WFA against oral cancer cells had rarely been
investigated. Since ROS is a vital factor for cell migration regulation [16], the migration inhibitory
effects of low concentration of WFA, as well as the role of WFA-generated ROS in regulating oral cancer
cell migration warrants detailed investigation. Accordingly, the aim of this study is to evaluate the
migration regulation of low concentration WFA and explore the involvement of oxidative stress in the
migration-modulating mechanisms in oral cancer cells.

2. Materials and Methods

2.1. Cell Culture and Reagents

Ca9-22 oral cancer cell line (Japanese Collection of Research Bioresources Cell Bank; JCRB) were
incubated in Dulbecco’s Modified Eagle Medium (DMEM)/Nutrient Mixture F-12 containing 10%
bovine serum and penicillin/streptomycin (Gibco, Grand Island, NY, USA), as described previously [17].
WEFA and the antioxidant N-acetylcysteine (NAC) [18,19] were purchased from Selleckchem.com
(Houston, TX, USA) and Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell Viability

Cell viability was determined through mitochondrial enzyme activity detection using MTS assay
(Promega Corporation, Madison, WI, USA) as described previously [20].

2.3. ROS Flow Cytometry

Cellular ROS content was detected by Accuri C6 flow cytometer (BD Biosciences; Franklin Lakes,
NJ, USA) using ROS interacting dye 2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA)
(Sigma-Aldrich, St. Louis, MO, USA) [21] under the following conditions: 10 uM, 37 °C for 30 min.
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2.4. Wound Healing Assay

Wound healing assay was used to detect 2D migration ability as described previously [22,23].
The non-migrated cell-free area for vehicle, NAC, WFA, and NAC + WFA (NAC pretreatment
and WFA posttreatment) in oral cancer cells were measured using the free software “TScratch”
(https://www.cse-lab.ethz.ch/software/).

2.5. Cellular 3D Migration and Invasion Assays

Three-dimensional migration ability was detected using 8 um pore transwell chambers (Greiner
Bio-One; Vilvoorde, Belgium). Three-dimensional invasion ability was detected using 0.5% Matrigel
(BD Matrigel Basement Membrane Matrix, BD Biosciences, Bedford, MA, USA) topped transwell
chambers. For these two assays, cells were plated under serum-free medium in the transwell
top chambers, which were soaked in 10% FBS-containing medium with vehicle, NAC, WFA,
and NAC + WEFA for 21 h in the bottom chamber. Other detailed steps were described previously [23].
Finally, the 3D migration and invasion abilities were analyzed using Image J software.

2.6. Zymography for Matrix Metalloproteinase (MMP)-2 and MMP-9 Activities

Cell invasion ability were proportional to the MMP-2 and MMP-9 activities [24], which were
detected using zymography analysis. Cells were seeded overnight, washed with 1X PBS, and treated
with vehicle, NAC, WFA, and NAC + WFA in serum-free medium for 48 h. The conditioned medium
used for gelatin zymography was described previously [23]. Gelatinase-based MMP-2 and MMP-9
activities were measured by the area of clear zone using Image J software.

2.7. Quantitative RT-PCR (qRT-PCR) for Antioxidant-Associated Genes

Total RNA, prepared by Trizol reagent (Invitrogen, Carlsbad, CA, USA), was reverse- transcribed
to cDNA using the OmniScript RT kit (Qiagen, Valencia, CA, USA) as described previously [25].
qRT-PCR was performed by iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA,
USA) using a MyiQ real-time machine (Bio-Rad). Touch-down PCR program [26] was used
for the antioxidant-associated genes [27], including nuclear factor erythroid 2-like 2 (NFE2L2),
glutathione-disulfide reductase (GSR), glutamate-cysteine ligase catalytic subunit (GCLC), glutathione
peroxidase 1 (GPX1), thioredoxin (TXN), catalase (CAT), superoxide dismutase 1 (SOD1), heme
oxygenase 1 (HMOX1), NAD(P)H quinone dehydrogenase 1 (NQO1), and GAPDH. Their primer and
PCR amplicon information are provided in Table 1. The comparative method (2-AACt) was used for
analyzing relative mRNA expression (fold activation) [28].

Table 1. Primer information for antioxidant-associated genes *.

Genes Forward Primers (5’ —3’) Reverse Primers (5’ —3') Length
TXN GAAGCAGATCGAGAGCAAGACTG GCTCCAGAAAATTCACCCACCT 270 bp
GSR GTTCTCCCAGGTCAAGGAGGTTAA CCAGCAGCTATTGCAACTGGAGT 297 bp
CAT ATGCAGGACAATCAGGGTGGT CCTCAGTGAAGTTCTTGACCGCT 274 bp

SOD1 AGGGCATCATCAATTTCGAGC [29] CCCAAGTCTCCAACATGCCTC 211 bp

HMOX1 CCTTCTTCACCTTCCCCAACAT GGCAGAATCTTGCACTTTGTTGC 251 bp
NFE2L2 GATCTGCCAACTACTCCCAGGTT CTGTAACTCAGGAATGGATAATAGCTCC 302 bp

NQO1 GAAGGACCCTGCGAACTTTCAGTA GAAAGCACTGCCTTCTTACTCCG 258 bp

GCLC ACAAGCACCCTCGCTTCAGTACC CTGCAGGCTTGGAATGTCACCT 232 bp
GPX1 AACCAGTTTGGGCATCAGGAG AGTTCCAGGCAACATCGTTGC 256 bp

GAPDH  CCTCAACTACATGGTTTACATGTTCC [30] CAAATGAGCCCCAGCCTTCT [31] 220 bp

* Primers without reference were designed in this study.

2.8. Western Blotting for Mitogen-Activated Protein Kinase (MAPK) Expressions

Total protein (45 pg) was electrophoresed by 10% SDS-PAGE. After PVDF transferring and
blocking, primary antibodies recognized extracellular-signal-regulated kinase 1/2 (ERK1/2), c-Jun
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N-terminal kinase 1/2 (JNK 1/2), p38 (MAPK Family Antibody Sampler Kit; #9926, Cell Signaling
Technology, Inc., Danvers, MA, USA), and their phosphorylated forms (Phospho-MAPK Family
Antibody Sampler Kit; #9910, Cell Signaling Technology, Inc., Danvers, MA, USA) as well as GAPDH
(#GTX627408; GeneTex International Corp.; Hsinchu, Taiwan) were used and other detailed steps were
described previously [23]. The band intensity was analyzed using Image ] software.

2.9. Statistical Analysis

Multiple comparisons were analyzed using the Tukey HSD test (JMP13; SAS Institute, Cary, NC,
USA). Treatments without the same letter characters show a significant difference.

3. Results

3.1. Identification of the Optimal Concentrations of WFA for Oral Cancer Cell Migration Assay

In the MTS assay (Figure 1), oral cancer cells (Ca9-22) were treated with 0, 0.25, and 0.5 uM of
WEA for 24 h with or without NAC pretreatment (2 mM, 1 h). Neither the WFA nor the NAC + WFA
(NAC pretreatment and WFA posttreatment) affect the viability of Ca9-22 cells. This result suggests
that WFA under 0.5 uM in the single treatment (WFA) or the combined treatment (NAC + WFA) both
exhibited no cytotoxic to oral cancer cells (>95% viability). These concentrations were chosen for the
following migration related experiments.
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Figure 1. Viability of low concentration of Withaferin A (WFA) treatment in oral cancer cells. Oral cancer
cells (Ca9-22) were pretreated with or without N-acetylcysteine (NAC) (2 mM, 1 h) and post-treated
with different concentrations of WFA for 24 h. For multiple comparison, treatments with the same letter
character show nonsignificant difference. Data, mean + SD (1 = 3).

3.2. ROS Generation of Oral Cancer Ca9-22 Cells at Low Concentrations of WFA

Figure 2A presented ROS patterns of Ca9-22 cells after NAC and/or WFA treatment. The ROS
(+) (%) of Ca9-22 cells after low concentrations of WFA treatments were higher than those of the
control, whereas this ROS generation was suppressed by NAC pretreatment (Figure 2B). Therefore,
low concentrations of WFA triggered moderate ROS generation in oral cancer Ca9-22 cells.
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Figure 2. ROS generation effects of low concentrations of WFA in oral cancer cells. (A) ROS patterns of
Ca9-22 cells after NAC and/or WFA treatments. Cells were pretreated with or without NAC (2 mM, 1 h)
and post-treated with different concentrations of WFA for 24 h, i.e., NAC + WFA vs. WFA. ROS-positive
population is marked as ROS (+). (B) Statistics of ROS change in Figure 2A. For multiple comparison,
treatments without the same labels (a,b) indicate the significant difference. p < 0.05~0.001. Data,
mean + SD (n = 3).

3.3. 2D Migration of Oral Cancer Ca9-22 Cells at Low Concentrations of WFA

Figure 3A demonstrated the wound healing patterns of Ca9-22 cells after NAC and/or WFA
treatments. Figure 3B showed that the cell-free area (%) of Ca9-22 cells after low concentrations of WFA
treatments was greater than that of the untreated control over time. In contrast, this WFA-induced
increase of cell-free area (%) was suppressed by NAC pretreatment. Therefore, low concentrations of
WEA triggered 2D migration inhibition in Ca9-22 cells.
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Figure 3. Two-dimensional anti-migration effects of low concentrations of WFA in oral cancer cells.
(A) Two-dimensional migration (wound healing) images of Ca9-22 cells after NAC and/or WFA
treatments. Cells were pretreated with or without NAC (2 mM, 1 h) and post-treated with different
concentrations of WFA for 0,9 and 12 h. (B) Statistics of 2D migration change in Figure 3A. For multiple
comparison, treatments without the same labels (a—e) indicate the significant difference. p < 0.05~0.0001.
Data, mean + SD (n = 3).

3.4. 3D Migration and Invasion Changes in Oral Cancer Ca9-22 Cells at Low Concentrations of WFA

To further confirm the 2D migration inhibitory effect of WFA, the 3D migration and invasion
assays of Ca9-22 cells were performed (Figure 4A,C, respectively). Figure 4B,D showed that low
concentrations of WFA suppressed transwell migration and the Matrigel invasion abilities of Ca9-22
cells in a dose-response manner. In contrast, the WFA-induced 3D migration inhibition and invasion
were suppressed by NAC pretreatment. Therefore, low concentrations of WFA triggers inhibitory 3D
migration and invasion in Ca9-22 cells.
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Figure 4. Three-dimensional anti-migration and -invasion effects of low concentrations of WFA in
oral cancer cells. (A,C) 3D migration and invasion images of Ca9-22 cells after NAC and/or WFA
treatments. Cells were pretreated with or without NAC (2 mM, 1 h) and post-treated with different
concentrations of WFA for 21 h. (B,D) Statistics of 3D migration and invasion changes in Figure 4A,B.
For multiple comparison, treatments without the same labels (a—c) indicate the significant difference.
p <0.001~0.0001 (B) and p < 0.01~0.001 (D). Data, mean + SD (1 = 3).

3.5. MMP-2 and MMP-9 Zymography of Oral Cancer Ca9-22 Cells at Low Concentrations of WFA

MMP-2 and MMP-9 activities were proportional to the cell invasion ability [32]. To detect MMP-2
and MMP-9 activities after low concentrations of WFA treatment, a zymography assay was performed.
Figure 5 demonstrated the clear zone pattern of MMP-2 and MMP-9 in Ca9-22 cells after NAC and/or
WEFA treatment. It showed that the MMP-2 and MMP-9 activities of Ca9-22 cells were decreased after
WFA treatment. In contrast, these WFA-induced inhibitions of MMP-2 and MMP-9 activities were
suppressed by NAC pretreatment. Therefore, low concentrations of WFA triggers inhibition of MMP-2
and MMP-9 activities in Ca9-22 cells.

WFA NAC+WFA
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Figure 5. MMP-2 and MMP-9 activities of low concentrations of WFA in oral cancer cells.
Zymography-detecting MMP-2 and MMP-9 activities in Ca9-22 cells after NAC and/or WFA treatments.
Cells were pretreated with or without NAC (2 mM, 1 h) and post-treated with different concentrations
of WFA for 48 h. Similar experiments were repeated 3 times.

3.6. Antioxidant Gene Expressions of Oral Cancer Ca9-22 Cells at Low Concentrations of WFA

Under oxidative stress, ROS may activate antioxidant pathways [33,34]. Since moderate ROS is
induced by low concentrations of WFA, the mRNA expressions of antioxidant genes [27], including
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NFE2L2, GSR, GCLC, GPX1, TXN, CAT, SOD1, HMOX1, and NQO1, were examined. Figure 6 showed
that low concentrations of WFA significantly induced mRNA expressions of NFE2L2, HMOX1, GSR,
and NQOI1 genes while expressions of other genes were not significantly affected. Therefore, low
concentrations of WFA triggers some antioxidant signaling in Ca9-22 cells.
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Figure 6. mRNA expressions of antioxidant genes of low concentrations of WFA in oral cancer cells.
Cells were treated with or without 0.5 tM of WFA for 24 h. Treatments (control vs. WFA) without the
same labels (a,b) indicate the significant difference. p < 0.05~0.01. Data, mean =+ SD (1 = 2).

3.7. Mitogen-Activated Protein Kinase (MAPK) Expressions of Oral Cancer Ca9-22 Cells at Low
Concentrations of WFA

To further detect the potential upstream antioxidant signaling in oral cancer cells after low
concentrations of WFA treatment, the activation of three members of MAPK, including ERK, JNK,
and p38 MAPK was examined. Figure 7 showed that WFA induced phosphorylation of three MAPK
members, i.e., p-ERK1/2, p-JNK1/2, and p-p38. In contrast, these WFA-induced MAPK phosphorylations
were suppressed by NAC pretreatment. Therefore, low concentrations of WFA triggers MAPK
phosphorylations in Ca9-22 cells.
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Figure 7. MAPK changes of low concentrations of WFA in oral cancer cells. Ca9-22 cells were pretreated
with or without NAC (2 mM, 1 h) and post-treated with different concentrations of WFA for 24 h.
ERK1/2, JNK1/2, p38, p-ERK1/2, p-JNK1/2, and p-p38 expressions were detected by Western blotting.
The intensity ratio for each p-MAPK expression was adjusted to its matched MAPK and GAPDH
intensities. Similar experiments were repeated 3 times.
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4. Discussion

Previously, we discovered that high cytotoxic concentration of WFA, which was larger than ICs,
selectively killed oral cancer cells but rarely damaged normal oral cells [12], i.e., IC50 value of WFA in
oral cancer Ca9-22 cells is 3 uM at 24 h MTS assay. In the current study, we focus on the evaluation of
the migration regulating effects of low concentration (within 0.5 uM) of WFA in oral cancer Ca9-22
cells, which show 95% viability. This low concentration of WFA inhibits 2D/3D migration, 3D invasion,
MMP-2 and MMP-9 activities, whereas it induces ROS generation, antioxidant related gene mRNA
expressions and MAPK phosphorylation. The detailed mechanisms for low concentration of WFA
inducing inhibition of migration and invasion are discussed below.

4.1. Low Cytotoxic Concentration of Drugs Is Suitable for Migration Study

The standard criteria for studying the migration effect of drugs is based on measurements using
low cytotoxic concentrations [35-37]. With a high cytotoxic concentration (higher than ICsy), WFA
had been reported to show migration inhibitory effects against gastric [14] and breast [15] cancer cells,
though it may be attributed to apoptosis and cell death. Alternatively, low concentration of WFA
with no cytotoxicity avoided side effect of cell death and provided a clear observation for migration
response in the current study.

4.2. MMP-2 and MMP-9 Activity Changes in WEA-Treated Oral Cancer Cells

MMP-2 and MMP-9 are important mediators for cell migration, invasion, and metastasis in
carcinogenesis [24]. A WFA-derived compound such as 3-azido WFA inhibits MMP-2 activity
and migration of prostate PC-3 and cervical HeLa cancer cells [38]. Low concentration of WFA
(>95% viability) inhibits MMP-9 activity of cervical Caski and liver SK-Hep-1 cancer cells by
downregulating Akt phosphorylation [39].

In agreement with the inhibitory effect on MMP-9 activity [39], we further found that low
concentration of WFA (>95% viability) exhibits inhibitory effects on MMP-2 activity in oral cancer
Ca9-22 cells. Accordingly, WFA inhibits migration of oral cancer cells by inactivating MMP-2 and
MMP-9. Moreover, MMP-2 and MMP-9 are overexpressed in the biopsy specimens of oral squamous
cell carcinoma compared to the adjacent normal tissues [40,41]. Therefore, a low concentration of WFA
has the potential to inhibit the MMP-2 and MMP-9 activities in order to inhibit migration or metastasis
of oral cancer cells.

4.3. ROS Changes in WFA-Treated Oral Cancer Cells

As mentioned above, WFA exhibits a concentration-effect on apoptosis and migration, i.e.,
high concentration of WFA induces apoptosis while low concentration of WFA inhibits migration.
Our previous study [12] demonstrated that the cytotoxic concentrations (>ICsp) of WFA induced
90% (+) ROS in oral cancer Ca9-22 cells. In the current study, the low concentration (>95% viability) of
WEFA induces 70% (+) ROS generation in Ca9-22 cells. It is possible that low concentration of WFA
induces a ROS level lower than the redox threshold and leads to cell survival with inhibitory migration.
In contrast, high cytotoxic concentration of WFA induces a ROS level higher than the redox threshold
and leads to apoptosis and cell death. Accordingly, the differential ROS induction by WFA may lead to
distinct fate of oral cancer cells, i.e., migration inhibition or inducible apoptosis.

4.4. Antioxidant Genes Changes in WFA-Treated Oral Cancer Cells

In cancer cells, ROS overproduction is counterbalanced by overexpression of antioxidant activity for
redox homeostasis [42]. Moreover, antioxidant genes have the potential to regulate cellular migration.
For example, knockdown of HMOX1 and/or NFE2L2 reversed the migration inhibitory effect of
semaphorin 6A (SEMA6A) and the SEMA6A-driven downregulation of MMP-9 [43]. Knockdown of
NQOT1 increases the invasion of human cutaneous squamous cancer SCC12 and SCC13 cells but it
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is reverted by NQO1 overexpression [44]. Consistently, we found that low concentrations of WFA
induced mRNA expressions of NFE2L2, HMOX1, and NQO1 genes, which may lead to inhibitory
migration of oral cancer cells.

4.5. MAPK Changes in WEA-Treated Oral Cancer Cells

As mentioned above, both high [12] and low (the current study) concentrations of WFA induced
ROS. Moreover, ROS can regulate MAPK signaling [45], which is associated with tumor cell invasion [46].
Cytotoxic concentration of WFA induces apoptosis by phosphorylating p38 and ERK1/2 in leukemic [47]
and glioblastomas cells [48], respectively. Similarly, we found that low concentration of WFA induces
mild phosphorylation for ERK, JNK, and p38 MAPK.

4.6. The Role of ROS in Low Concentration of WFA Induced Migration Changes and Signaling in Oral
Cancer Cells

Under low concentration of WEFA, the changes of ROS generation, 2D migration,
3D migration/invasion, MMP-2/MMP-9 activities, antioxidant gene expression, and MAPK
phosphorylation are reverted by NAC pretreatment. These results indicate that a low concentration
of WFA inhibits migration and induces antioxidant signaling in a ROS-dependent manner in oral
cancer cells.

5. Conclusions

Our study focuses on low concentrations of WFA to evaluate its inhibitory effects on migration
and invasion in oral cancer Ca9-22 cells. Under low concentrations of WFA, Ca9-22 cells are grown
with high viability and retained anti-migration and anti-invasion. Mechanically, this safe treatment of
WEFA inhibits MMP-2 and MMP-9 activities and induces antioxidant gene expression as well as MAPK
activation in oral cancer cells. All these inhibitory migration changes and mechanisms after WFA
treatment were suppressed by NAC pretreatment, suggesting that ROS plays an important role in WFA
induced inhibitory migration in oral cancer cells. In conclusion, we provide here the first finding that
supports low concentration of WFA could be a potent inhibitor for metastasis in oral cancer therapy.
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Abstract: Peucedanum ostruthium (L.) Koch, commonly known as masterwort, has a longstanding
history as herbal remedy in the Alpine region of Austria, where the roots and rhizomes are traditionally
used to treat disorders of the gastrointestinal and respiratory tract. Based on a significant NF-«B
inhibitory activity of a P. ostruthium extract (PO-E), this study aimed to decipher those constituents
contributing to the observed activity using a recently developed biochemometric approach named
ELINA (Eliciting Nature’s Activities). This -omics tool relies on a deconvolution of the multicomponent
mixture, which was employed by generating microfractions with quantitative variances of constituents
over several consecutive fractions. Using an optimized and single high-performance counter-current
chromatographic (HPCCC) fractionation step 31 microfractions of PO-E were obtained. 'H NMR data
and bioactivity data from three in vitro cell-based assays, i.e., an NF-kB reporter-gene assay and two
NF-«B target-gene assays (addressing the endothelial adhesion molecules E-selectin and VCAM-1)
were collected for all microfractions. Applying heterocovariance analyses (HetCA) and statistical
total correlation spectroscopy (STOCSY), quantitative variances of 'H NMR signals of neighboring
fractions and their bioactivities were correlated. This revealed distinct chemical features crucial
for the observed activities. Complemented by LC-MS-CAD data this biochemometric approach
differentiated between active and inactive constituents of the complex mixture, which was confirmed
by NF-«kB reporter-gene testing of the isolates. In this way, four furanocoumarins (imperatorin,
ostruthol, saxalin, and 2’-O-acetyloxypeucedanin), one coumarin (ostruthin), and one chromone
(peucenin) were identified as NF-«B inhibiting constituents of PO-E contributing to the observed
NF-kB inhibitory activity. Additionally, this approach also enabled the disclose of synergistic effects of
the PO-E metabolites imperatorin and peucenin. In sum, prior to any isolation an early identification
of even minor active constituents, e.g. peucenin and saxalin, ELINA enables the targeted isolation of
bioactive constituents and, thus, to effectively accelerate the NP-based drug discovery process.

Keywords: Peucedanum ostruthium; Apiaceae; ELINA; HetCA, STOCSY; coumarines; NF-kB; VCAM-1;
E-selectin; inflammation

1. Introduction

Natural products (NPs) have been used for millennia as part of herbal remedies to alleviate and treat
various types of diseases. Their unique chemical diversity provides a vast source of drug-like molecules

Biomolecules 2020, 10, 679; doi:10.3390/biom10050679 35 www.mdpi.com/journal/biomolecules
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endowed with various biological activities, which account for their significant contributions in drug
discovery [1-4]. Until now, anti-inflammatory activities of NPs are one of the most frequently reported
effects and have been described for many traditionally used herbal drugs in vitro and partly also in vivo,
e.g., from Zingiber officinale Roscoe [5-71, Symphytum officinale L. [8,9], Vaccinium myrtillus L. [10-12],
and Calendula officinalis L. [13,14], as well as for constituents of herbal remedies, such as curcumin [15-19]
and resveratrol [20-22]. However, because of the intrinsic complexity of the inflammation process,
the search for new anti-inflammatory compounds remains a challenging task [23]. Inflammation
underlies a wide range of physiological and pathological changes and is triggered by microbial,
chemical or physical stimuli, such as infection, tissue injury, and traumata. Activation of NF-kB
leads to an enhanced expression of the cell adhesion molecules ICAM-1, VCAM-1, and E-selectin.
Here, the activation of endothelial cells in blood vessels near the site of the injury plays a crucial role
during the inflammation cascade as it promotes the chemoattraction, adhesion, and transmigration of
leucocytes in the affected tissue. Hence, NF-kB plays a central role in the transcriptional regulation of
inflammatory mediators and represents a rational target for intervention [8,24,25].

Nature is a prolific source of novel secondary metabolites, able to interfere with key players in
inflammation [23] and their multi-target properties play an advantageous role when dealing with complex
diseases. The structural diversity of NPs allows for identifying novel bioactives or the recognition of
similar congeners with potential activity [26]. A previously published ethnopharmacological study
on 71 Austrian herbal drugs, traditionally used to treat inflammation, revealed NF-«B inhibition
for a detannified methanol extract and a dichloromethane extract generated from the roots of
Peucedanum ostruthium (L.) W. D. J. Koch, also known as masterwort [27]. Masterwort, belonging to
the Apiaceae family, has a longstanding history as a herbal remedy in the Alpine region of Austria.
The rhizomes and roots (Radix Imperatoriae) are traditionally used to treat disorders of the respiratory
tract, the cardiovascular system [28] as well as gastrointestinal diseases like stomach pain or ulcer [29].
One main compound class present in P. ostruthium are coumarins, such as osthole and ostruthin, as well
as furanocoumarins such as oxypeucedanin, ostruthol, or imperatorin [28]. Although several studies on
the isolation and identification of coumarins from P. ostruthium have been performed, the secondary
metabolites responsible for the observed NF-kB inhibition of masterwort root extracts remain elusive.

One goal in NP-based drug discovery is to disclose constituents from complex mixtures responsible
for a certain biological effect. Traditionally, bioassay-guided fractionation is applied as the gold standard
to simplify these complex mixtures (i.e., extracts) and to isolate the comprised bioactive constituents.
Although this approach has led to the discovery of drugs with great significance (e.g., taxol and
artemisinin) [30], bioassay-guided fractionation has its restrictions: (i) bioactive compounds in low
quantity are easily overlooked because of the presence of highly abundant compounds, (ii) bioactivity
can get lost due to degradation or adhesion of compounds to chromatographic materials during
repetitive fractionation steps [31], and (iii) synergistic or additive effects among several compounds are
difficult to recognize [1,30,32-34]. Due to its intrinsic complexity, NP research is hampered by tedious
fractionation and isolation steps that often results in the repeated isolation and identification of already
known constituents. This can be avoided by the early identification of known NPs in complex mixtures
(i.e., dereplication) [35]. In the recent past, there has been a great interest in the implementation of
bioactivity data with chemical profiles to unveil the biologically active constituent(s) in multicomponent
mixtures [33,36,37]. This so-called biochemometric approach is achieved by the correlation of biological
and chemical datasets via multivariate statistics [33,36,37], as recently implemented by the NMR- and
MS-based ELINA approach (Eliciting Nature’s Activities) [32]. ELINA offers significant benefits over
bioassay-guided fractionation, namely (i) the semi-quantitative estimation of secondary metabolite
levels in mixtures by LC hyphenated to MS and a charged aerosol detector (CAD) [35]; (ii) the
quantitative composition of secondary metabolites via 'H NMR, and (iii) the in situ structural
characterization of bioactives and inactive constituents prior to isolation by statistically correlating 'H
NMR profiles to bioactivity data [36,38]. Whereas in previous similar biochemometric approaches,
structural data were correlated with bioactivity data derived from enzyme assays [36-38], we here
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probed the robustness and predictive power of ELINA when using the readout from a cell-based assay.
This application study accordingly aimed to disclose those metabolites in the extract of masterwort,
which contributes to its previously found NF-kB inhibitory activity. To achieve this aim, we applied
the following workflow:

(i) microfractionation of a bioactive extract prepared from the roots of P. ostruthium using high-
performance counter-current chromatography (HPCCC);

(ii) investigation of the masterwort extract and its generated microfractions for their ability to interfere
with the NF-kB signaling pathway, and thus the expression of pro-inflammatory target genes
(E-selectin, VCAM-1) in cell-based models;

(iii) recording of 'TH NMR and LC-MS-CAD data of all microfractions;

(iv) correlation of structural data with bioactivity data to structurally identify and distinguish the
bioactive/inactive metabolites from the extract, and

(v) isolation and assaying of ELINA predicted active and inactive constituents from the masterwort
root extract for validation of the used approach.

2. Materials and Methods

2.1. General Experimental Procedures

HPCCC fractionation was performed on a Spectrum HPCCC instrument (Dynamic Extractions
Ltd) connected with an isocratic solvent pump (ecom Alpha 10+), a fraction collector and a chiller.
UPLC analysis was performed on a Waters Acquity UPLC system (H-class) equipped with a binary
solvent manager, a sample manager, a column manager, a PDA detector, an ELSD, and a fraction
collector using a Waters Acquity UPLC BEH Phenyl column (1.7 um, 2.1 X 100 mm). PO01_01-PO01_31
were chromatographed over a Dionex HPLC connected to a charged aerosol detector (CAD) and an
MS Iontrap (LTQ XL™ Linear Ion Trap Mass Spectrometer, Thermo Fisher Scientific Inc. Bremen,
Germany) equipped with ESI with a Waters Acquity UPLC BEH Phenyl column (1.7 um, 2.1 X 100 mm).
Flash chromatography was performed on an Interchim puriFlash 4250 system (Montlucon, France),
equipped with an evaporative light scattering detector (ELSD), a photodiode array (PDA) detector, and
a fraction collector, controlled by Interchim Software. Sephadex column chromatography (CC) was
performed with Sephadex LH-20 in 100% MeOH. TLC analyses were performed with toluol:ether:10%
aqueous acetic acid (1:1:1, upper layer) as mobile phase. Stationary phase: Merck silica gel 60 PF254,
detection under both visible light and UV254 and UV366. NMR experiments were performed on
a Bruker Avance 500 NMR spectrometer (UltraShield) (Bruker, Billerica, MA) with a 5 mm probe
(TCI Prodigy CryoProbe, 5 mm, triple resonance inverse detection probe head) with z-axis gradients
and automatic tuning and matching accessory (Bruker BioSpin). The resonance frequency for 'H
NMR was 500.13 MHz and for '*C NMR 125.75 MHz. Standard 1D and gradient-enhanced (ge) 2D
experiments, like double quantum filtered (DQF) COSY, HSQC, and HMBC, were used as supplied
by the manufacturer. (Ultrahigh-)gradient grade solvents from Merck (Darmstadt, Germany) and
deuterated solvents from Deutero GmbH (Kastellaun, Germany) were used.

2.2. Plant Material

Dried Peucedanum ostruthium roots and rhizomes were purchased from Kottas Pharma GmbH
(Ch.Nr.: P17301770), Vienna. A voucher specimen (JR-20180119-A2) is deposited at the Department of
Pharmacognosy, University of Vienna, Austria.

2.3. Extraction

For the extraction of P. ostruthium the protocol of [39,40] was used and modified as follows: 1 kg
dried plant material was defatted with 2 L n-hexane (1-hex). The flasks were shaken for three days.
The obtained n-hex extract was discarded. The remaining defatted plant material was extracted with
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2.6 L CH,Cl, and shaken for two days. The CH,Cl, extract was transferred into a round bottom flask
and the solvent was evaporated on a rotary evaporator. The remaining plant material was extracted
with 2.6 L CH,Cl, for a second time and shaken for one day. All CH,Cl, extracts were combined and
dried. The remaining plant material was extracted with 2.6 L MeOH for 7 days and filtrated. For an
exhaustive extraction, this procedure was repeated twice. CH,Cl,/MeOH extracts were combined and
concentrated to dryness on a rotary evaporator. The extraction yielded 348.96 g extract (PO-E; 35.81%).

2.4. UPLC Analysis of PO-E

PO-E was chromatographed over UPLC using a binary mobile phase system consisting of A) H,O
and B) CH3CN. The gradient was from 13%-98% B in 12 min followed by 5 min re-equilibration.
Method in detail: 13% B for 0.5 min, 13%-18% B in 0.5 min, 18%—45% B in 1 min, isocratic 45% B for
1.7 min, 45%-73% B in 2.8 min, 73%-98% B in 0.3 min, isocratic 98% B for 5 min, 98%-13% B in 0.1 min,
isocratic 13% B for 0.1 min; Conditions: temperature, 40 °C; flow rate, 0.300 mL/min; injection volume,
1 pL. Detection of compounds using PDA and ELSD. PDA conditions: 210 nm and full range spectra
192-400 nm.

2.5. HPCCC Separation Procedure

2.5.1. Selection of Two-phase Solvent System for HPCCC

Mixtures of n-hex, ethyl acetate (EtOAc), methanol (MeOH), and H,O (HEMWat) with various
volume ratios were used for the two-phase solvent system selection. Briefly, a small amount of selected
HEMWat solvent mixtures was prepared in small test-tubes with ground joint, whereas one aliquot
of the MeOH ratio was replaced by an aliquot of a sample solution of PO-E (5 mg/mL in MeOH).
The mixture was shaken vigorously followed by a 10 min equilibration time at room temperature.
1.00 mL of each phase was taken, dried and re-dissolved in 500 uL. MeOH for UHPLC analysis. To find
the ideal solvent system(s) for the micro-fractionation, the partition coefficient Kp was determined
for each solvent system, as described by Garrard [41]: This was done for both, reversed-phase and
normal-phase mode. Partition coefficients were expressed as the peak area of selected peaks in the
stationary phase divided by the peak area of the corresponding peak in the mobile phase (data not
shown). HEMWat systems resulting in Kp values for the main constituents in the range of 0.5 to 5.0
(i.e., systems 22,21, 19, 17, 15, and 10) were selected for the semi-preparative HPCCC analysis.

2.5.2. Microfractionation with HPCCC

Microfractionation of PO-E was performed in a semi-preparative, normal-phase mode with
gradient elution, starting with HEMWat system 22 and gradually increasing the polarity of the mobile
phases by subsequently applying the mobile phases (i.e., upper layer) of HEMWat system 21, 20, 19, 17,
15, and 10 (Supporting Information, Table S1). The semi-preparative column was initially filled with
the stationary phase (i.e., lower layer) of HEMWat system 22 at 200 rpm with a flow rate of 10 mL/min.
After rotating up to 1600 rpm the mobile phase of HEMWat system 22 was pumped through the
column with a flow rate of 6.0 mL/min. After the equilibrium was reached, the sample solution of
PO-E (269.82 mg dissolved in 10 mL of HEMWat system 22) was injected and the fraction manager was
set to 1 min time count (i.e., 6 mL/fraction). For each solvent system, 250 mL of the upper layer were
used as the mobile phase for the fractionation, starting with 250 mL of the mobile phase of system
22. When the volume of system 22 was reduced to 60 mL, 50 mL of the upper layer of system 21
were added on top. As the solvent mixture of system 22 and 21 was reduced to 60 mL the remaining
200 mL of the upper layer of system 21 were added. This procedure was repeated for each selected
solvent system, resulting in an even fractionation. Elution extrusion was performed with the lower,
stationary phase of system 10 at 200 rpm and 10 mL/min. 285 fractions were collected. A second run
with 329.40 mg was performed, resulting in 280 fractions. All HPCCC fractions were monitored by
TLC and pooled to obtain 31 final microfractions, i.e., PO01_01-PO01_31. (Table S2, Figure S1).
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2.6. NMR Measurements of PO01_01-PO01_31

The samples were measured at 298 K in fully deuterated methanol referenced to the residual
non-deuterated solvent signal at 3.31 ppm (MeOH). Dry weighted samples (between 2.3 and 2.4 mg) of
PO01_01-PO01_31 were dissolved in methanol-d4 to reach a concentration of 3.11 mg/mL. To avoid
precipitation in the NMR tube, an aliquot of 750 uL of each fraction was put into an Eppendorf tube
and centrifuged at 3000 rpm for 5 min. From the supernatants, 645 L were transferred to NMR tubes.

Standard 'H NMR spectra with 16 scans and relaxation delay of 6 s were recorded for all
fractions using pulse sequences included in the standard pulse program library of Bruker. TopSpin 4.0,
controlling a 60-position autosampler, was used for fully automated NMR operation, i.e., temperature
control, sample loading, tuning and matching, shimming, lock phase optimization, 90° pulse calibration,
and data recording. For the pure compounds, both standard 1D and 2D experiments were performed.

2.7. LC-MS-CAD Measurements of PO01_01-PO01_31

PO01_01-PO01_31 (c = 2 mg/mL in MeOH) were chromatographed using a binary mobile phase
system consisting of A) H,O: formic acid (100:0.01) and B) CH3CN. The gradient was from 13%-98% B
in 20 min. Isocratic 13% B for 0.5 min, 13%-18% B in 0.5 min, 18%-45% B in 1 min, isocratic 45% B
for 1.7 min, 45%-73% B in 2.8 min, 73%-98% B in 0.3 min, isocratic 98% B for 5.2 min, 98%-13% B in
0.5 min, isocratic 13% B for 7.5 min; conditions: temperature, 40 °C; flow rate, 0.300 mL/min; injection
volume, 10 pL. Detection of compounds using PDA and CAD. PDA conditions: 210 nm and full range
spectra 192-400 nm. CAD nebulizer temperature, 35 °C. Mass conditions: source heater temperature,
300 °C; source voltage, 3.7 kV; sheath gas flow rate, 40; aux gas flow rate, 10.

2.8. TH NMR Spectra Processing and Statistical Correlation with Bioactivity Data

For spectral alignment, all 'H NMR spectra of the 31 microfractions were subjected to chemical
shift scale calibration by referencing to the MeOH resonance at 3.31 ppm. Then, a baseline correction
factor was applied using a simple polynomial curve fitting of the mathematical equation A + Bx
+ Cx2 + Dx3 + Ex4. Baseline correction was carried out manually using the appropriate factors.
To detect structural features of the active components prior to any purification, the previously described
heterocovariance (HetCA) analysis was applied [36]. Briefly, "H NMR spectra of relevant fraction
packages were bucketed (covered range: 6y 0.5-10; bucket width: 0.0005 ppm). This means that spectra
were reduced in their complexity by summation of all the data points per bucket. Since each bucket
width was 0.0005 ppm, this procedure gave a total of 19,000 spectroscopic buckets. The intensities
of TH NMR resonances of each bucket were calculated and served as variables for subsequent
analyses. Covariance as a measure of the joint variability between the two variables (i) 'H NMR
resonance intensity and (ii) percentage of NF-kB inhibition at 10 pug/mL was calculated. Additionally,
the normalized version of covariance, i.e., the correlation coefficient, was calculated for color coding.
Thus, the resulting bucket-specific covariance values were plotted as 'H NMR pseudo-spectrum
and color coded according to the respective correlation coefficients. This procedure allowed for the
straightforward identification of 'H NMR resonances which are either positively (red) or negatively
(blue) correlated with NF-«B inhibition. HetCA analysis was carried out with spectra of selected
sets of fractions which showed a distinct variation in bioactivity and concentration of contained
secondary metabolites. Additionally, the statistical total correlation spectroscopy (STOCSY) was
applied [42], using the multicolinearity of the intensity variables over a set of spectra to give the
correlation among the intensities of the various resonances across the whole set of spectra. STOCSY
displays also covariance as a function of spectroscopic position and is color-coded according to the
respective correlation coefficients (i.e., the intensities of the various resonances across the whole fraction
package). STOCSY allows for the detection of multiple 'H NMR signals from the same molecule based
on the multi-collinearity of their intensities in the selected set of "H NMR spectra. The calculations
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for HetCA and STOCSY analyses were performed using the multi-paradigm numerical computing
environment MATLAB.

2.9. Targeted Isolation of Bioactives

For the isolation of peucenin (2), PO-E was fractionated via isocratic HPCCC in semi-preparative
normal-phase mode, using an optimized HEMWat system consisting of n-hex:EtOAc:MeOH:H,O
(volume ratios 1.8:1.2:2.1:0.9). The sample solution of PO-E (310 mg dissolved in 10 mL of optimized
HEMWat system) was injected and fractionation was performed at 1600 rpm with a flow rate of
6.0 mL/min. The fraction manager was set to 1 min time count (i.e., 6 mL/fraction). In total, 79 tubes
were collected, monitored with TLC and compared with the TLC pattern of the active microfraction
POO01_16. Tubes 42-49 were pooled (5.38 mg) and purified via Sephadex CC collecting 60 sub-fractions.
Sub-fractions 31-50 were combined yielding 3.12 mg of 2. Fraction PO01_22 (3.33 mg) was fractionated
via Sephadex CC yielding 79 tubes. Saxalin (4) (1.06 mg) was isolated by pooling fraction 46-57.
Ostruthol (5) and oxypeucedanin methanolate (6) were isolated by combining PO01_24 and PO01_25
(~19 mg). The combined microfractions were separated via Sephadex CC, yielding five fractions
PO02_01-PO02_05. PO02_02 (3.83 mg), PO02_03 (3.47 mg), and PO02_04 (5.31 mg) were further
fractionated with flash chromatography via direct injection (PuriFlash C1g HQ column (6 g); flow rate:
2 mL/min) applying a gradient system of CH3CN/water as mobile phase (0 min 40%/60%, 3 min 40%/60%,
13 min 60%/40%, 16 min 98%/2%, 20 min 98%/2%, 20 min 40%/60%, 23 min 40%/60%). 3 x 40 tubes were
collected and chromatographed with TLC. Tubes were pooled according to their TLC pattern yielding
five fractions PO03_01-PO03_05. Fractions PO03_01, PO03_03, and PO03_05 were combined, yielding
4.27 mg of 5. Fractions PO03_02 and PO03_04 were combined, yielding 1.05 mg of 6.

The purity of all isolated compounds was determined by UPLC-ELSD analysis to be >98%.

2.10. Cell-Lines, Chemicals and Biochemicals

2.10.1. Reporter-Gene Assay

HEK293 cells stably transfected with the NF-kB-driven luciferase reporter gene NF-«B-luc
(293/NF-kB-luc cells, Panomics, RC0014) were stained with 2 M cell tracker green (CTG, Thermo Scientific).
After one hour, 4 X 10* cells per well were seeded in a 96 well plate in serum-free DMEM (4.5 g/L Glucose)
obtained from Lonza and supplemented with 2 mM glutamine, 100 U/mL benzylpenicillin and
100 pg/mL streptomycin. After incubation at 37 °C, 5% CO, overnight, the cells were pre-treated
on the next day with the samples for 1 h. Thereafter, cells were stimulated with 2 ng/mL human
recombinant TNF-« (Sigma) for 3.5 h to activate the NF-«kB signaling pathway. Then the medium was
removed and cells were lysed with luciferase reporter lysis buffer (E3971, Promega, Madison, USA).
PO-E and its microfractions were tested at a concentration of 10 ug/mL in at least three independent
experiments, if not otherwise indicated. The sesquiterpene lactone parthenolide, an effective inhibitor
of the NF-«kB pathway [43], was used as a positive control at a concentration of 10 uM and 0.1% DMSO
served as vehicle control. The luminescence of the firefly luciferase product and the CTG-derived
fluorescence were quantified on a Tecan Spark plate reader (Tecan, Mdnnedorf, Switzerland). The ratio
of luminescence units to fluorescence units was calculated to account for differences in cell number.
Results were expressed as fold changed relative to the vehicle control with TNFa, which was set to
1 [44]. CTG-fluorescence values used to estimate cell viability were also normalized to the vehicle
control with TNFx. Compared to the vehicle control, treatments with fluorescence values below 0.75
were considered as toxic.

2.10.2. Target-Gene Assay

Primary human venous endothelial cells (HUVEC) were isolated from umbilical cords as
described previously [8] and maintained in M199 medium (Lonza) supplemented with 20% FCS
(Sigma), 2 mM L-glutamine (Sigma), penicillin (100 units/mL), streptomycin (100 mg/mL), 5 units/mL
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heparin, and 25 mg/mL ECGS (Promocell), and were used up to passage 5. HUVEC were grown
to post-confluency in 12-well plates, pre-incubated with PO-E and its microfractions for 30 min,
followed by stimulation with 5 ng/mL IL-1p for 90 min. The resorcylic acid lactone of fungal
origin (5Z)-7-oxozeaenol [45], TAK1 inhibitor, was used as positive control at a concentration of
5 uM. Total RNA was isolated using the PeqGold Total RNA Isolation Kit (VWR International)
according to the manufacturer’s instructions. One ug RNA was reverse transcribed using random
hexamers (Fermentas) and murine leukemia virus reverse transcriptase (Thermo Fisher). Real-time
PCR was performed with the SsoAdvanced Universal SYBR Green Supermix (BioRad) using the
StepOnePlus instrument (Applied Biosystems). The following primer pairs were used (forward/reverse,
5’-3’): E-selectin: CCTGTGAAGCTCCCACTGA/GGCTTTTGGTAGCTTCCATCT; VCAM-1: CCGG
CTGGAGATATTAC/TGTATCTCTGGGGGCAA CAT; GAPDH: AGAAGGCTGGGGCTCATTT/CTAA
GCAGTTGGTGGTGCAG. Relative mRNA levels were normalized to GAPDH and fold changes
calculated according to the 2-AACT method. Results are shown as mean fold induction of averaged Ct
values of triplicates. Cytotoxicity was judged by morphological examination.

2.11. Statistical Analysis

NEF-kB inhibition data of pure compounds were expressed as the means + SD of at least three
independent biological experiments if not otherwise indicated. All statistical analyses were performed
using GraphPad Prism 4.03 software. ICs5y values were determined by non-linear regression with
the sigmoidal dose-response settings (variable slope). Analysis of variance (ANOVA) with Dunnett’s
multiple comparison test was used to assess the significant differences between the control and
treatment groups. A p-value < 0.05 was considered significant.

3. Results

As previously reported, a detannified MeOH extract and a CH,Cl; extract prepared from the roots
of P. ostruthium (both tested at 10 pg/mL) showed an NF-kB inhibition of >75% [27]. To unravel the
compounds responsible for the pronounced inhibitory activity on this transcription factor, an optimized
large-scale extract from the roots and rhizomes of P. ostruhtium was prepared. Briefly, the dried
plant material was defatted with n-hex and the remaining material was subsequently extracted
with CH,Cl, and MeOH. Both extracts were combined to pool the arsenal of putatively bioactive
molecules in one extract labeled as PO-E. The biochemometric approach ELINA [32] was applied
to enable a straightforward identification and isolation of the active principles of PO-E. The first
objective was to simplify and thus expand the structural complexity of the bioactive extract by the
generation of microfractions with quantitative variances of constituents over several consecutive
fractions. These were thereupon equally prepared for

(i) 'H NMR analysis to obtain quantitative information on structural features of the constituents
independent of their ability to ionize (in contrast to an MS-based approach),

(ii) LC-MS-CAD investigation for semi-quantitative information and dereplication of constituents
present in each microfraction in both, positive and negative mode, and

(iii) bioactivity testing in three cell-based assays: an NF-kB reporter-gene assay and two functional
assays quantifying mRNA expression of NF-kB target-genes (E-selectin and VCAM-1).

For microfractionation, an HPCCC with gradient elution in normal-phase mode was employed.
An HPCCC method was developed allowing a high-resolution efficiency able to fractionate the crude
extract in one single fractionation step. PO-E was fractionated by applying seven different two-phase
solvent systems composed of n-hex/EtOAc/MeOH/H,O with increasing polarity without stopping the
apparatus (Table S1). By applying this optimized technique, an efficient fractionation of P. ostruthium
constituents was guaranteed in a single operation by HPCCC. In total, more than 565 tubes were
collected and pooled to 31 microfractions (PO01_01-PO01_31) according to their TLC fingerprint.
Aliquots of PO01_01-PO01_31 were forwarded to TH NMR analysis, LC-MS-CAD measurements and
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bioactivity testing in an NF-kB reporter-gene assay using HEK293 cells, and two functional target-gene
assays (E-selectin and VCAM-1) using endothelial cells. In parallel to a quantitative variance of 'H
NMR signals over consecutive microfractions (Figure 1), bioactivity patterns of three cell-based assays
relating to this variation were obtained for PO01_01 to PO01_31 (Figure 2).

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
5'H/ ppm

Figure 1. Stack Plot of PO01_01-PO01_31; "H NMR data (831 0.5-8.5) of obtained Peucedanum ostruthium
microfractions after fractionation with high-performance counter-current chromatographic (HPCCC).
For clarity reasons, both, the water signal (at 4.9 ppm) and the signal of the solvent (at 3.31 ppm) are
not shown.

By taking a closer look at the bioactivity results, it became obvious that the activity profile of the
microfractions in the NF-kB reporter gene assay shows a very similar pattern as the activity profiles in
the two NF-«B target-gene assays. For instance, PO01_06 to PO01_09 showed cytotoxicity in all assays.
Further, an increase in activity was observed from PO01_11 to PO01_14, whereas a decrease was
obvious from PO01_27 to PO01_29. Increasing activity was shown for PO01_01 to PO01_03 in the NF-kB
reporter-gene assay and the NF-kB target-gene assay (E-selectin). Likewise, a similar bioactivity pattern
was observed for PO01_15 to PO01_17 in the NF-kB reporter-gene assay and the NF-kB target-gene
assay (VCAM-1). Here, a decreasing activity can be observed throughout these fractions. Interestingly,
by perceiving the bioactivity results for PO01_22 to PO01_25, a decreasing activity could be shown
for the reporter-gene assay and the target-gene assay (VCAM-1). In this package, the active principle
seems to be comprised of PO01_22 rather than in PO01_24. On the contrary, in the target-gene assay
quantifying E-selectin mRNA expression an explicit decrease in activity from PO01_24 to PO01_27 is
shown, indicating that the active constituent(s) is/are accumulated in PO01_24 rather than in PO01_27.
This decrease in activity for PO01_24 to PO01_26 was also shown in the target-gene assay when tested
at 50 ug/mL (Figure S2). Because of the high correlation between the inhibition of NF-kB transactivation
activity and the expression of both adhesion molecules on the mRNA level, the biochemometric
correlations were predominantly elaborated based on the bioactivity data of the NF-kB reporter-gene
assay. For ELINA, the concentration variances of compounds comprised in the microfractions of a
chosen package (e.g., also reflected in their 'H NMR data) were correlated with the bioactivity data by
using the multivariate statistical tool HetCA as described before [32]: HetCA plots were generated to
visualize the correlation between 'H NMR spectra with their corresponding bioactivity data. Therefore,
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packages of three to four consecutive microfractions with a variance in activity were selected and
depicted as HetCA plots. By applying this method, structural features of molecule(s) correlating to
bioactivity could already be seen at the early stage of phytochemical workup, i.e., after the single
fractionation step of PO-E. Hence, the HetCA plot of package I (i.e., PO01_11-PO01_14) (Figure 3A)
displays structural features of molecule(s) correlating with NF-kB inhibition. Features belonging
to 'H NMR signals exhibiting a positive correlation with NF-kB inhibition (red) were assigned as
“hot” features whereas, features belonging to TH NMR signals with a negative correlation with NF-kB
inhibition (blue) were assigned as “cold” features. Thus, it became evident that aromatic compounds
giving resonances in the downfield chemical shift area (such as coumarins or furanocoumarins)
contribute to the inhibition of the transcription factor NF-kB. Further, statistical total correlation
spectroscopy (STOCSY) analysis was implemented to deliver information in which molecule(s) share
specific “hot” features [42]. For instance, the HetCA plot of package I (Figure 3A) resembles the
STOCSY plot of package I (Figure 3B) indicating that there is only one molecule responsible for the
observed anti-inflammatory activity. By taking a closer look on the generated STOCSY plot, it can be
seen that the molecule with “hot” features gives five aromatic proton signals (between 5y 6.00-9.00)
with an aliphatic side chain: at 65 1.67 and 1.71 two singlets can be seen typical for methyl groups,
a triplet at 8y 5.55 typically given by a vinylic proton as well as a doublet at 5 4.97. Further, the
signal of water and the solvent are present at 4.87 and 3.31 ppm. LC-MS was used to facilitate the
identification of the bioactive molecule via dereplication. By the additional use of a charged aerosol
detector (CAD), a semi-quantitative analysis could be performed and allowed for the visualization of
increasing or decreasing peak areas under the curve (AUC) within a package. By implementing this
information, further correlation with bioactivity could be achieved. For instance, an overlay of the
four chromatograms of package I revealed a continuous increase of the AUC of the peak at the LC
retention time (tg) 7.6 min from the least active microfraction PO01_11 to the most active PO01_14
(Figure S3). A dereplication of the selected peak with a m/z value of 271.13 g/mol in the positive mode
identified the furanocoumarin imperatorin (1) [28] as the bioactive constituent without any preceding
isolation efforts. Figure 3C shows that the structural predictions delivered by the STOCSY plot match
with the actual structure of the predicted molecule. Here, no targeted isolation was performed as 1
was already in-house available as a pure compound. LC-MS-CAD analysis was performed to compare
the LC chromatogram and MS spectra of the microfraction PO01_14 and compound 1 (Figure S4A,B).
Package II was composed of the microfractions PO01_15 to PO01_17, since an explicit decline in
activity was observed in both, the NF-kB reporter-gene assay and the target-gene assay on VCAM1.
The HetCA pseudo spectrum and the STOCSY plot of package II revealed that at least two molecules
contribute to the observed activity (compare Figure 4A,B): the STOCSY plot at 0y 5.21 displays a
molecule with two aromatic signals (singlets at o1 6.35 and 6.05), whereas the signal at 5y 5.21 is given
by a vinylic proton. Two methyl protons are further shown at 5y; 1.66 and 1.77 as well as a doublet at
81 3.29. The prominent signal at dyy 2.35 indicates either the presence of a benzylic proton or a carbonyl
methyl group. Apart from this, further signals in the downfield chemical shift area are present in the
HetCA pseudo spectrum given by four doublets at d¢; 8.03, 7.89, 6.96, and 6.38 as well as a singlet at 5
7.57 (compare with Figure 3B). Besides the NMR-bioactivity correlation, a dereplication via LC-MS-CAD
of package II was performed. In the most active fraction, PO01_15, two peaks at tg 7.3 min and 7.6 min
(red squares) are shown (Figure S5). The peak at tg 7.6 min is the previously identified compound 1,
responsible for the activity of package I. The second peak in the most active microfraction PO01_15
present at tg 7.30 min contains a 1/z value of 261.28 in the positive mode. A dereplication via a literature
search was performed under consideration of (i) the molecular weight of the compound at tg 7.30 min
and (ii) the structural information derived from the STOCSY plot. By this, the chromone peucenin (2)
was identified as an active principle in package II. A targeted isolation and structure elucidation of 2
confirmed the ELINA prediction of package II (compare Figure 4B,C). Likewise, the furanocoumarin
oxypeucedanin (3) [28] was identified as an inactive principle of package II (Figure S5; blue square).
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Figure 2. Bioactivity data of PO01_01-PO01_31 in (A) an NF-kB reporter-gene assay, a real-time
PCR analysis of (B) E-selectin and (C) VCAM-1. Packages I-V are shown as red squares (solid lines,
bioactivity data used for HetCA analysis; dotted lines, packages for comparison of bioactivity data);
(A) PO01_01-PO01_31, the crude extract PO-E (all 10 pg/mL) and the positive control parthenolide
(10 uM) were tested in a cell-based in vitro NF-«kB-driven luciferase reporter assay in HEK293-NF-«B-luc
cells stimulated with 2 ng/mL TNF« as indicated. The luciferase signal derived from the NF-«B reporter
was normalized to the CTG-fluorescence and expressed as fold change normalized to the vehicle control
(DMSO 0.1%) with TNF«. Bar charts represent (residual) NF-«B transactivation activity expressed as
mean + SD, n = 3. Microfractions marked with an “x” showed cytotoxicity; (B) PO01_01-PO01_31,
the crude extract PO-E (all 50 pg/mL), the positive control TAK1-inhibitor (5 uM (5Z)-7-oxozeaenol)
and vehicle control (DMSO 0.5%) were assayed for E-selectin expression in primary human venous
endothelial cells (HUVEC). Real-time PCR of cDNA obtained from IL-1f (5 ng/mL, 90 min)-stimulated
HUVEC which were either untreated (DMSO) or pre-treated (30 min) with 50 ug/mL PO01_01-PO01_31.
Relative mRNA levels of E-selectin were normalized to GAPDH and expression levels are depicted as
mean fold change + SD compared to non-stimulated cells. n = 3. Microfractions marked with an “x”
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showed cytotoxicity; (C) PO01_01-PO01_31, PO-E (all 50 pg/mL), the positive control TAK1-inhibitor
(5 uM) and vehicle control (DMSO 0.5%) were assayed for VCAM-1 expression in primary HUVEC.
Real-time PCR of cDNA obtained from IL-1f (5 ng/mL, 90 min)-stimulated HUVEC, which were either
untreated (DMSO) or pre-treated (30 min) with 50 ug/mL PO01_01-PO01_31. Relative mRNA levels of
VCAM-1 were normalized to GAPDH and expression levels are depicted as mean fold change + SD

compared to non-stimulated cells, n = 3. Microfractions marked with an “x
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imperatorin (1)

showed cytotoxicity.
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Correlation coefficient

Figure 3. (A) HetCA plot of package L. The color code is based on the correlation coefficient: red signals

(“hot features”) are positive, blue signals (“cold features”) are negatively correlated with bioactivity;
(B) STOCSY plot of package I. The signal at 551 7.88 was chosen to obtain the information which molecule(s)
share this hot feature. The plot is color coded based on the correlation coefficient: red = signals belonging
to molecule(s) that have a signal at 8y 7.88; blue = signals belong to molecule(s) that do not have the

signal at 5¢; 7.88; (C) structure of the positively correlated and identified compound 1.
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Figure 4. Package IT (A) 'H NMR pseudo-spectrum showing the HetCA of 'H NMR spectra and NF-kB
reporter-gene inhibition data of the microfractions PO01_15-PO01_17. (B) STOCSY plot of package II.
The signal at 517 5.21 was chosen to obtain the information in which molecule(s) share this hot feature.
(C) "H NMR spectra of the isolated active compound 2.

The microfractions PO01_22 to PO01_25 were selected for the generation of package IIL
Here, the STOCSY plot (13 4.0; Figure 5B) strongly resembles the HetCA plot of package III (Figure 5A),
indicating that there is mainly one molecule responsible for the observed activity in the reporter-gene
assay and target-gene assay (VCAM-1). The bioactive molecule shows resonances in the downfield
chemical shift area, typical for the aromatic backbone of furanocoumarins (four doublets at 5y 8.42,
7.81,7.20, and 6.31 as well as a singlet at oy 7.24), two resonances in the upfield resonance area given
by aliphatic protons such as methyl groups (81 1.67 and 1.63). Further signals are present at 5y 4.62
(singlet), 4.47 and 4.02 (doublet of doublet). A semi-quantitative LC-MS-CAD analysis allowed for the
visualization of the concentration differences of the respective peaks within package III (Figure S6).
The chromatogram revealed an increase of the AUC for the peak at tg 7.33 min from the most active
microfraction PO01_22 to PO01_24 (thereupon decreasing from PO01_24 to PO01_25). The peak at tg
6.01 min is not present in PO01_22, whereas the peak at tg 6.98 min is only present in the most active
microfraction PO01_22. A dereplication for the respective peak revealed a my/z value of 323.12 in the
positive mode. Further, an MS? fragmentation pattern of —35 g/mol was observed for this selected peak,

46



Biomolecules 2020, 10, 679

typical for the halogene chlorine. Under consideration of the molecular weight, the fragmentation
pattern and the hot features from the STOCSY plot, literature research was performed and unveiled
the furanocoumarin saxalin, however with undefined stereochemistry (4) [46] as bioactive compound.
Targeted isolation and structure elucidation with 1D and 2D NMR experiments (expect for NOESY)
were performed and confirmed the presence of the chlorinated compound 4 within the most active
microfraction PO01_22.
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Figure 5. Package III (A) HetCA plot of PO01_22-PO01_25. (B) STOCSY plot; the signal at 5 4.03 was
chosen to obtain the information which molecule(s) share this hot feature and (C) 'H NMR spectra of
the isolated active compound 4.

As the microfractions PO01_24 to PO01_27 exhibited a decreasing activity (i) on the expression
of E-selectin in the target-gene assay, (ii) in the reporter-gene assay at 50 ug/mL (Figure S2) and (iii)
POO01_24 showed a similar activity than the preceding microfractions PO01_22 and PO01_23 on the
expression of VCAM-1, these microfractions were used for the generation of package IV. Here, the ELINA
approach unveiled the furanocoumarin ostruthol (5) [28] as the active principle (Figure 6A,B; red signals).
Targeted isolation of 5 was performed; additionally, a second compound (6) was co-isolated showing
cold features. Following the structure elucidation confirmed the isolated compound as 5 by using 1D
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and 2D NMR experiments. Compound 6 was identified as oxypeucedanin methanolate [47] which was
negatively correlated with activity (Figure 6C,D).
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Figure 6. (A) 'TH NMR pseudo-spectrum showing the HetCA of THNMR spectra and NF-kB target-gene
assay on E-selectin of selected fractions PO01_24-PO01_27. (B) STOCSY plot of package IV. The signal
at 551 6.24 was chosen to obtain the information in which molecule(s) share this hot feature. (C) 'H
NMR spectra of the isolated active compound 5 and (D) 'H NMR spectra of the isolated compound 6
predicted as inactive.
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The last package analyzed was generated from PO01_27 to PO01_29, i.e., package V. Here, ELINA
unveiled the presence of two compounds responsible for the observed bioactivities in all three assays,
i.e., the furanocoumarin 2’-O-acetyloxypeucedanin (7) [46] and the coumarin ostruthin (8). Further,
the furanocoumarin oxypeucedanin hydrate (9) [28] was predicted as an inactive compound (Figure 7A,B;
cold features). Because of the low quantity of the microfraction PO01_29 no isolation was performed of
7 and 8, whereas compound 9 was available as an in-house pure compound (Figure 8).
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Figure 7. (A) "H NMR pseudo-spectrum showing the HetCA of 'H NMR spectra and NF-kB reporter-
gene assay of selected fractions PO01_27-PO01_29 (i.e., package V); (B) STOCSY plot of package V.
The signal at 85 6.71 was chosen to obtain the information which molecule(s) share this hot feature.

As proof of concept, the isolated pure compounds 2, 4, 5, and 6, as well as the in-house available
compounds 1, 3, and 9 were tested in the NF-«B reporter gene assay. Additionally, 1 and 2 were also
tested as a mixture (1:1) as they were both predicted to contribute to the activity in the most active
microfraction PO01_15 (Figure 9). Further, dose-response experiments were performed with positively
correlated compounds and isolates 1, 2, 4, and 5, respectively (Figure S7). Compounds 1 and 2, when
tested separately, showed only weak NF-kB inhibitory activities with an ICs, value of 49.0 uM for 1.
For compound 2 dose-response experiments revealed hardly any concentration-dependent activity
resulting in a rather flat curve. However, when tested as a mixture, a significant increase of the inhibitory
effect was shown (p < 0.01) in the NF-kB reporter-gene assay (Figure 9). Whereas 5 exerted a moderate
inhibitory activity (with an ICs, value of about 20 uM), 4 was identified as potent NF-«B inhibiting
compound (p < 0.01) with an ICsy value of 8.08 uM. In line with the ELINA prediction, the negatively
correlated compounds 3, 6, and 9, showed no bioactivity, when tested in the NF-«B reporter-gene assay
at 10 ug/mL, and thus confirmed the accuracy of the presented biochemometric approach.
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Figure 8. Chemical structures of identified P. ostruthium constituents.
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+ 2 ng/mL TNFa

NF-xB activation
(normalized to control)

Figure 9. Residual NF-kB activity (normalized to the vehicle control with TNF«x) in TNF«x (2 ng/mL)-
activated HEK293-NF-kB-luc cells after treatment with the compounds 1-6, 9 and a 1:1 mixture of
1 and 2 (all tested at 10 pg/mL) and the positive control parthenolide (10 uM). The luciferase signal
derived from the NF-kB reporter was normalized to CTG-fluorescence and expressed as fold change
normalized to the vehicle control (0.1% DMSO) with TNF«. Bar charts represent (residual) NF-kB
transactivation activity expressed as mean + SD. 1 = 4; + p < 0.05 and *+ p < 0.01 as compared to the
control with TNFa.

4. Discussion

In this study, we applied a biochemometric approach to unravel those constituents, which contribute
to the NF-kB inhibitory activity in the masterwort extract PO-E using the recently established
ELINA approach [37]. As a first and crucial step, a newly elaborated protocol for a comprehensive
gradient-elution HPCCC was developed for the microfractionation of PO-E. This enabled an appropriate
deconvolution of the crude extract without compound(s) adhesion to any chromatographic material,
and accordingly without the risk of putatively losing bioactives. In this way, the complexity of PO-E
was broken down to 31 microfractions with envisaged concentration variations of constituents.

Bioactivity data of three in vitro cell-based assays addressing the NF-kB inhibitory activity in
masterwort were acquired for all 31 microfractions. Here, the implementation of in vitro cell-based
assays in the biochemometric ELINA approach has substantial benefits. First, in contrast to cell-free
assays, they offer the advantage to model the biology of intact cells. Thus, not only the activity data
of a sample can be shown, but also biologically relevant information like the effect of the sample
on cell viability and cytotoxicity can be elucidated. Second, molecular pathway interactions can be
exposed [34,48,49]. Although some biochemometric studies have previously been performed with e.g.
enzyme-based assays to decipher bioactives in complex mixtures [32,36-38], the present study aimed
to evaluate the robustness of the ELINA approach applying a cell-based readout to correlate with big
metabolite data derived from NMR and MS. Indeed, all the positively correlated constituents tested
in the NF-kB reporter-gene assay (i.e., 1, 2, 4, 5) showed significant inhibitory activities (Figure 9),
whereas the negatively correlated compounds (i.e., 3, 6, and 9) revealed as inactive (tested at 10 uM).
In addition, all the above tested compounds were well tolerated in the assay and showed no in vitro
cytotoxicity (Figure S8). With the scope of this study, the application of a biochemometric approach in
cell-based in vitro assays on the transcription factor NF-kB was successfully demonstrated.

Pharmacological effects given by a crude extract are often a result of the combination of constituents
rather than individual chemical entities out of that mixture. Traditional medicinal systems like the European
phytotherapy, traditional Chinese medicine, and Ayurveda, however, rely on multi-component mixtures
instead of single compounds to treat pleiotropic diseases [50] such as inflammation. Identifying multiple
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compounds that contribute additively, synergistically or antagonistically to a biological effect remains
a challenging task in NP drug discovery [34,51]. To unravel bioactive compound(s) from a complex
mixture, metabolomics approaches have been introduced in the past few years. They offer a more holistic
perspective on bioactives [36,52] by profiling multiple mixture components simultaneously [30]. Using the
example of masterwort, additive effects of compounds 1 and 2 were observed within the most active
microfraction PO01_15. This effect was imitated when 1 and 2 were tested as 1:1 mixture (Figure 9). On the
contrary, when taking a closer look at the LC-MS chromatograms of package I (i.e., PO01_11-PO01_14;
Figure S3), the detrimental effects of several compounds (present at tg 7.8, 8.3, and 9.3 min) within
POO01_11 are assumed. Several compounds seem to antagonize the activity of 1 (present at tg 7.6 min in
POO01_11-PO01_14). This conclusion is in line with the quantitative "H NMR data of package I (Figure 1;
for more details see Figure S9): in all microfractions resonances given by 1 are present. These findings
emphasize a unique strength of the ELINA approach: combinatorial effects of constituents that would
probably have been missed using the classical bioactivity-guided isolation approach are disclosed from
mixtures. Moreover, these positively correlated compounds can be identified prior to any isolation, thus
avoiding unnecessary and tedious isolation procedures.

5. Conclusion

The biochemometric approach ELINA enabled a targeted identification of the NF-kB inhibiting
metabolites of the traditionally used masterwort extract after one single fractionation step. Concentration
variances of HPCCC microfractions unmasked the anti-inflammatory constituents probed in an NF-«B
reporter-gene assay and two NF-«B target-gene assays quantifying VCAM-1 and E-selectin mRNA.
In sum, three furanocoumarins (1, 4, and 7), one chromone (2) and one coumarin (8) were pinpointed
as NF-kB inhibitory agents present in P. ostruthium even prior to any isolation. As proof of concept,
the positively correlated compounds 1, 2, 4 and 5 as well as the negatively correlated compounds 3, 6,
and 9 were tested in the cell-based NF-kB reporter-gene assay and confirmed the prediction. Intriguingly,
ELINA enabled to unravel additive effects of compounds 1 and 2 that would have probably been
missed in a classic bioactivity-guided isolation procedure. By applying this biochemometric approach,
early identification and dereplication of even minor bioactives were achieved. Thus, this holistic
—omics-based tool not only offers insight into the chemical features and those metabolites contributing to
the bioactivity of multicomponent NPs but also has the potential to effectively accelerate the NP based
drug discovery process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/5/679/
s1. Table S1: HEMWat system table for HPCCC fractionation with gradient elution. Table S2: Pooling of
microfractions. Figure S1: TLC of microfractions PO01_01-PO01_31; detection UV;s4 (top) and UV34 (bottom).
Figure S2 Bioactivity results of PO01_11-PO01_29, the crude extract PO-E (all 50 ug/mL) and the positive control
parthenolide (10 uM) tested in a cell-based in vitro NF-kB-driven luciferase reporter assay in HEK293-NFKB-luc
cells stimulated with 2 ng/mL TNF« as indicated. The luciferase signal derived from the NF-kB reporter was
normalized to the vehicle control (0.1% DMSO) with TNF«. Bar charts represent (residual) NF-kB transactivation
activity expressed as mean + SD; n = 3. Figure S3: CAD chromatogram of package I (PO01_11-PO01_14); tg
6.00-9.60 min. Figure S4: LC-MS-CAD analysis of the microfraction PO01_14 and the pure compound imperatorin;
(A) LC chromatogram of PO01_14 and imperatorin at tg 7.6 min; (B) Mass spectra of PO01_14 and imperatorin
showing the m/z value of 271.1 g/mol. Figure S5: CAD chromatogram of package II (PO01_14-PO01_17); tg
6.0-9.0 min. Figure S6: CAD chromatogram of package III (PO01_22-PO01_25); tg 5.0-8.5 min. Figure S7:
Concentration-response curves showing the positively correlated compounds 1, 2, 4 and 5 assayed in a cell-based
NF-kB-reporter gene assay at different concentrations. Shown are the residual NF-kB activities in TNF«
(2 ng/mL)-activated HEK293-NF-kB-luc cells after treatment with the respective compounds. The luciferase
signal derived from the NF-kB reporter was normalized to the CTG-fluorescence and expressed as fold change
normalized to the TNF« signal. ICs values were determined by non-linear regression with the sigmoidal dose
response settings (variable slope) using GraphPad Prism 4.03 software. Figure S8: CTG fluorescence as a measure
for cell viability after treatment with pure compounds 1-6, 9 and a 1:1 mixture of 1 and 2 (all tested at 10 pug/mL)
and the positive control parthenolide (10 tM) in TNFo (2 ng/mL)-activated HEK293-NF-kB-luc cells; data are
normalized to vehicle control (0.1% DMSO) with TNF«. Data represent mean + SD. n = 4. Figure S9: TH NMR
data of package I (PO01_11-PO01_14).
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Abstract: Atherosclerosis is the main process behind cardiovascular diseases (CVD), maladies which
continue to be responsible for up to 70% of death worldwide. Despite the ongoing development of
new and potent drugs, their incomplete efficacy, partial intolerance and numerous side effects make
the search for new alternatives worthwhile. The focus of the scientific world turned to the potential
of natural active compounds to prevent and treat CVD. Essential for effective prevention or treatment
based on phytochemicals is to know their mechanisms of action according to their bioavailability
and dosage. The present review is focused on the latest data about phenolic compounds and aims
to collect and correlate the reliable existing knowledge concerning their molecular mechanisms
of action to counteract important risk factors that contribute to the initiation and development of
atherosclerosis: dyslipidemia, and oxidative and inflammatory-stress. The selection of phenolic
compounds was made to prove their multiple benefic effects and endorse them as CVD remedies,
complementary to allopathic drugs. The review also highlights some aspects that still need clear
scientific explanations and draws up some new molecular approaches to validate phenolic compounds
for CVD complementary therapy in the near future.

Keywords: cardiovascular diseases; inflammation; lipid metabolism; non-coding RNA; oxidative
stress; phenolic compounds

1. Introduction

Cardiovascular diseases (CVD) continue to be the leading cause of mortality and morbidity
worldwide, despite the various therapies developed for their treatment, therapies that have an
important global economic impact [1,2]. The main cause of CVD is atherosclerosis, a multifactorial
disorder induced and augmented by risk factors such as dyslipidemia, oxidative and inflammatory
stress, diabetes mellitus, hypertension, smoking, ageing and genetic mutations [3]. Many therapies
designed to treat atherosclerosis either have failed completely or partially (cholesteryl ester transfer
protein (CETP) inhibitors, antioxidants, vitamins), or were too expensive to be applied to the entire
population at CVD risk (apoA-I Milano); others, though successful, induced considerable side-effects
(statins) [4,5]. Thus, the quest for strategies to prevent or treat CVD is of high and continued interest.
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In the last decade the scientific researchers turned their attention to phytochemicals, as effective, safe
and low-cost natural bioactive compounds for CVD treatment.

Dyslipidemia consists of increased blood concentrations of total cholesterol (TC), low
density lipoproteins—cholesterol (LDL-C) and/or triglycerides (TG), and decreased high density
lipoproteins—cholesterol (HDL-C) [6]. The lipid metabolism is complex and the candidate mechanisms
that could generate dyslipidemia include: (i) excessive dietary lipid absorption in the small intestine;
(ii) packing of exogenous lipids with cholesterol and fatty acids produced de novo in the liver and their
secretion as very low density lipoproteins (VLDL); (iii) hydrolysis of TG from VLDL by lipases and
their conversion into LDL, which are taken up by the peripheral tissues through LDL receptor (LDL-R)
and scavenger receptors; (iv) diminished production of HDL by the liver and small intestine, thereby
decreasing reverse cholesterol transport (RCT) from the peripheral tissues to the liver; (v) lowered
excess cholesterol excretion from the liver into gallbladder or to the intestinal lumen through the
ATP-binding cassette G5 and G8 transporters (ABCG5/G8) that facilitate trans-intestinal cholesterol
efflux (TICE). Dyslipidemia is associated with the accumulation of LDL in the sub-endothelium of the
artery wall. At this site, LDL undergoes oxidative modifications (oxLDL) that trigger inflammatory
responses, and is taken up by the monocyte-derived macrophages infiltrated in the sub-endothelium
which thus become lipid-loaded foam cells, the hallmark of atheroma development [7]. Until now,
the most effective lipid-lowering treatment for hyperlipidemic patients was the statin therapy. But
recent recommendations have extended it to the asymptomatic adults at low cardiovascular risk
(Systematic COronary Risk Evaluation <1%) and with lower LDL-C levels (<4.9 mmol/L), according
to their levels of predicted CVD risk [8]. This extension will be accompanied by a higher number of
subjects manifesting side effects and the need for replacement of the statin therapy with new effective
and better tolerated medication.

Under physiological conditions, reactive oxygen species (ROS) are generated in low concentrations
and serve as mediators that regulate vascular function [9,10]. Increased generation of ROS, due to
the increased production of free radicals or paucity of antioxidants, generates oxidative stress and
causes peroxidation of cellular lipids and lipoproteins that contribute to CVD progression [11].
Oxidative stress affects the bioavailability of nitric oxide (NO), an important vascular relaxing factor.
When the endothelial nitric oxide synthase (eNOS) is uncoupled, NO and the superoxide radicals
react and generate the oxidizing peroxynitrite anions, thereby inducing endothelial dysfunction [12].
Mitochondria control cell energy production and the respiratory cycle, processes closely related to
oxidative stress [13]. To counteract or prevent the detrimental effect of ROS, numerous antioxidant
systems have been developed, such as glutathione, flavonoids, superoxide dismutase (SOD), catalase,
glutathione peroxidase (GSH-Px) and hemeoxygenase-1 (HO-1) [14]. The nuclear erythroid 2-related
transcription factor (Nrf2) is redox-sensitive and plays an important role in regulating the production
of the antioxidant enzymes [15]. Under physiological conditions, the enzyme paraoxonase 1 (PON1)
accounts for HDL antioxidant properties, while the pro-oxidant enzyme myeloperoxidase (MPO)
becomes attached to HDL under hyperlipidemic conditions [16]. In the last few decades, the quality
and function of HDL became a consistent indicator of CVD risk [17,18]. Under augmented oxidative
stress, HDL becomes dysfunctional, presenting an increased number of MPO molecules that replace
the PON1 molecules [17,19]. Thus, dysfunctional HDL can no longer protect LDL from oxidation,
these alterations being the key risk factors for initiation and progression of the atherosclerotic plaques.

Exposure of endothelial cells (EC) to risk factors induces their activation which consists in the
production of pro-inflammatory molecules such as selectins (E-selectin, P-selectin, L-selectin), and of
adhesion molecules, such as intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion 1
(VCAM-1) promoting monocyte adhesion and their transmigration into the sub-endothelium [20,21].
The macrophages produce pro-inflammatory cytokines, such as interleukin-13 (IL-1p), IL-12 and
tumor necrosis factor-oc (TNF-o), or chemokines, such as monocyte chemoattractant protein-1 (MCP-1)
to attract more monocytes, thereby stimulating the inflammatory process [22]. A central role in the
stimulation of the inflammatory stress in atherosclerosis is played by the nuclear factor kappa B
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(NF-kB) [23]. A strong inhibitor of NF-«B is sirtuin-1 (SIRT-1), and toll-like receptor 4 (TLR4) is an
activator of NF-«kB [21,24]. Another important pro-inflammatory intracellular protein complex is the
nucleotide binding and domain-like receptor 3 (NLRP3) inflammasome, which stimulates the primary
pro-inflammatory response determining the activation of the secondary inflammatory mediators, such
as IL-6 or C reactive protein (CRP), thereby amplifying the inflammatory stress [25].

Since the completion of the Human Genome Project, it has become evident that several additional
mechanisms related to epigenomic, transcriptomic, epitranscriptomic, proteomic and metabolomic
regulations are crucial for determinations of the phenotypes of many human disorders, including
CVD [26]. The emerging non-coding RNAs (ncRNAs) have major regulatory roles in gene expression,
and thus could function as potential targets for personalized treatment of CVD patients [27-29].
They can be divided into small ncRNAs (<200 nt), such as microRNA (miRNAs), transfer RNAs and
small nucleolar RNAs, and longer ncRNAs (IncRNA), that include ribosomal and natural antisense
transcripts. Members of a class of small (~22 nt) ncRNA, single stranded in mature form miRNAs
have been identified as potent post-transcriptional regulators of genes, including those involved in
lipid metabolism [30]. MiRNAs control their target gene’s expression by either imperfect base pairing
to 3’ untranslated regions (3'UTR) of mRNA [31] or by binding to other regions, including 5" UTRs
or protein-coding exons [32], thereby inducing the repression of their target mRNAs. Circulating
miRNAs are found in the blood closely associated with proteins, lipoproteins and extracellular
vesicles (EVs) [33]. The levels of circulating miRNAs vary and have specific profiles in diverse
pathophysiological states [34,35], leading to the possibility of using these molecules as promising
markers for diagnosis and prognosis [36,37]. Published studies demonstrate that plasma miRNAs
may be used as markers in the diagnosis of myocardial infarction [38], while EVs and HDL-associated
miRNAs levels can discriminate between stable and vulnerable coronary artery disease patients [39—41].
It was reported that circulating and hepatic miRNAs expression could be modulated by hypolipidemic
dietary interventions, such as probiotics administration [42]. For all these reasons, miRNAs could be
very useful targets in nutritional science and could be used to test the pathways modulated by dietary
treatments in healthy and/or diseased populations [43].

Phytochemicals such as phenolic compounds have been extensively studied, and important data
exist on their use in CVD patients. In the present review we aim to focus on the molecular mechanisms
of action that prove the multiple benefic effects of the phenolic compounds and endorse them as
CVD remedies, complementary to allopathic drugs. We explore the active compounds that effectively
target dyslipidemia, and oxidative and inflammatory stress, the main risk factors in atherosclerosis
evolution. Thus, we discuss below the representative compounds for which a consistent number of
mechanisms of action have been described. They belong to the following groups: hydroxycinnamic
acids (curcumin, caffeic acid), stilbenes (resveratrol), flavonols (quercetin), flavones (apigenin, luteolin),
flavanones (naringenin, hesperetin), flavanols (catechins, gallocatechins), isoflavones (genistein),
anthocyanins/anthocyanidines and guaiacols (gingerols, shogaols).

2. Biologically Active Phenolic Compounds and Their Mechanisms of Action

Phytochemicals are biologically active compounds from plants that can regulate physiological
and pathological processes with benefic consequences for human health. Phenolic compounds are one
of the largest groups of phytochemicals. Their bioavailability is decisive to exerting beneficial effects
in vivo and is influenced by the molecular size and complexity of their chemical structure, including
conjugation with other phenols, polymerization, glycosylation, acylation or hydroxylation [44].

2.1. Hydroxycinnamic Acids Group

Curcumin (diferuloylmethane) (Figure 1) is the most important bioactive compound from Curcuma
longa, belonging to the Zingiberaceae family. The curcuminoids comprise several compounds, such as
curcumin, desmethoxycurcumin and bis-demethoxy-curcumin. The source of curcumin is turmeric,
a yellow-colored spice [45]. Pharmacokinetic studies revealed that curcumin is poorly soluble in
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water; has low absorption in the gut, rapid metabolism and systemic elimination, and consequently,
has low bioavailability after oral administration. The clinical efficacy of curcumin could be improved
by formulations that enhance its solubility and stability and diminish the first-pass metabolism.
To that end, certain strategies have been elaborated, such as the development of curcumin—piperine
complexes, curcumin nanoparticles, cyclodextrin inclusions, curcumin liposomes and curcumin
phospholipids’ complexes, part of these systems exhibiting a 100-fold increase of bioavailability relative
to unformulated curcumin [46].

Anti-inflammatory effects
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Figure 1. Chemical structure and protective effects exerted by curcumin and caffeic acid to improve
cardiovascular diseases outcomes as demonstrated by experimental and clinical evidence.

In vitro and in vivo studies demonstrate curcumin’s pleiotropic effects, due to its ability to interact
with numerous molecular targets in different cell types. The anti-atherogenic potential of curcumin
consists in its capacity to lower blood cholesterol and TG in healthy subjects (80 mg/day for 4 weeks) [47].
It is reported that turmeric inhibits LDL oxidation in atherosclerotic rabbits and increases serum
HDL-C levels in diabetic rats [48]. The hypolipidemic effect of curcumin is based on the inhibition
of the intestinal cholesterol absorption and increased activity of cholesterol-7alpha-hydroxylase
(CYP7A1), the rate-limiting enzyme in the synthesis of bile acids [48]. In addition, curcumin inhibits
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase. Administration of 0.02% w/w
curcumin for 18 weeks to 1d1r”~ mice fed a high-cholesterol diet induces an inhibition of the hepatic
TG accumulation by upregulation of peroxisome proliferator-activated receptors alpha (PPAR«) and
liver X receptor alpha (LXR«x) expression [49]. PPAR« is an important activator of fatty acid oxidation
and inhibitor of hepatic fatty acid synthase (FAS) activity. LXR« regulates the gene expression of
the key enzyme involved in cholesterol conversion to bile acid (CYP7A1), and increases expression
of liver apolipoprotein A-I (apoA-I) and ATP-binding cassette A1 (ABCA1), which facilitates the
HDL-mediated RCT [50]. It is known that an increase of 1 mg/dL in HDL-C level reduces coronary
heart disease risk by 2-3%, and CVD mortality risk by 3.7-4.7% [51].

The antioxidant action of curcumin resides in the inhibition of ROS production by repressing the
catalytic subunits p67phox, p47phox and p22phox of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase [52,53]. In parallel, curcumin reduces ROS by upregulating the expression of
endogenous antioxidant enzymes, such as SOD, catalase, GSH-Px and HO-1 [54,55]. Another interesting
mechanism by which curcumin exerts antioxidant effects is the preservation of the mitochondrial
redox potential [13] that has been evidenced in vivo in rat hearts subjected to ischemia-reperfusion.
Curcumin pretreatment increases mitochondrial SOD activity and decreases mitochondrial HyO, and
malondialdehyde (MDA) levels [13]. HO-1 is an enzyme activated by oxidative stress which reduces
inflammation by inhibiting the expression of endothelial adhesion molecules [56]. It was reported that
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curcumin can induce HO-1 in TNF-«-treated EA.hy926 cells in a dose-dependent manner and through
activation of the transcription factor Nrf2. It also decreases ICAM-1 expression in a mouse model of
lung injury [57,58]. As in EC, in vascular smooth muscle cells (SMC) curcumin activates Nrf2 which
increases aldose reductase, an important enzyme that reduces oxidative stress in phosphatidylinositol
3-kinase (PI3K)/protein kinase B (Akt) and p38 mitogen-activated protein kinase (p38 MAPK)/c-Jun
N-terminal kinase (JNK)-dependent manners [59]. These effects of curcumin on Nrf2 pathway have also
been seen in human clinical trials involving patients with type 2 diabetes mellitus who each received
an oral dose of curcumin of 500 mg/day for 15-30 days. This treatment induced an upregulation
of Nrf2 in lymphocytes that controls other proteins, such as NAD(P)H quinone dehydrogenase 1
(NQO1), reduces inflammatory markers, and reduces plasma MDA levels [60]. In addition, curcumin
supplementation of the diet increases NO bioavailability and inhibits the expression of pro-oxidative
NADPH oxidase 2 (NOX-2) enzyme in rats [61]. Curcumin inhibits NF-«B and further decreases the
expression of pro-inflammatory cytokines such as TNF-«, IL-1 and IL-6 both in vitro and in vivo [62].

There is growing interest in using curcumin to reduce vascular disease, in part due to its
demonstrated anti-inflammatory effects. Using the in vitro model of TNF-a-activated EC, it was
demonstrated that curcumin reduces the expression of VCAM-1, ICAM-1, E-selectin [63], fraktalkine
and P-selectin [64], thereby inhibiting significantly monocyte adhesion through mechanisms involving
the reduction of NADPH oxidase activation and consequently of the intracellular ROS production [64].
These results were confirmed in a recent study by Monfoulet et al., who demonstrated that curcumin
pre-exposure reduces endothelial permeability and monocyte adhesion in both static and flow
conditions [65]. In addition, most of the in vitro and in vivo studies confirm that curcumin
administration determines the lowering of MCP-1 levels by downregulation of the MAPK and
NF-«B signaling pathway [66-68]. The anti-inflammatory effects of curcumin on EC inflammatory
markers were demonstrated also in vivo in various animal models. Tsai et al. evidenced the decrease
of VCAM-1, ICAM-1 and CRP levels after curcumin supplementation to rats fed with a high-sucrose
and high fat diet. The mechanisms that determine the improvement of the vascular function in
this animal model involved an enhanced NO production and a reduction of the oxidative stress
due to the increase of antioxidant enzyme activities [69]. SMC, an important component of the
vascular wall, participates in the characteristic inflammatory process of atherosclerosis. In an in vitro
study, Han et al. demonstrated that migration of human aortic SMC isolated from spontaneously
hypertensive rats (SHR) or normal rats exposed to angiotensin II (Angll) was significantly inhibited by
curcumin through the reduction of NLRP3/NF-«B signaling pathway [70]. The results were confirmed
in vivo; it was demonstrated that administration of curcumin in SHR reduced intima-media thickness
due to the inhibition of NF-kB and NLRP3 inflammasome and matrix metallopeptidase 9 (MMP-9)
expression [70,71]. Yin et al. showed that curcumin inhibited caspase-1 activation and IL-1f secretion
through suppressing lipopolysaccharide (LPS) priming and NLRP3 inflammasome in mouse bone
marrow-derived macrophages, and confirmed these results in vivo in a model of high-fat diet-induced
insulin resistance in wild-type C57BL/6 mice [72]. Interestingly, in an in vitro study, Chen et al.
demonstrated that curcumin inhibits the M1 inflammatory phenotype of RAW264.7 macrophages as a
result of the direct activation of the inhibitor protein kB-« (IkB-«x) and polarizes the macrophages to
become anti-inflammatory M2 phenotype through the activation of PPARy [73]. Later on, the same
group reported that curcumin dramatically reduced oxLDL-induced IL-1$3, IL-6 and TNF-o cytokine
production in M1 derived from MO RAW264.7 macrophages [74].

In vivo studies demonstrated the benefic effects of curcumin to reduce the inflammatory burden
present in the ischemia/reperfusion (I/R) in different organs by modulating the expression of different
signaling pathways. In the brain tissue of rats after cerebral ischemia, curcumin decreased TNF-o and
IL-6 levels via activation of SIRT-1 [75]; reduced TNF-«, IL-1§3, IL-6, and high mobility group box 1
(HMGB1) by inhibition of the Janus kinase 2 (JAK2)/signal transducers and activator of transcription 3
(STAT3) signaling pathway [76]; and inhibited ICAM-1 and MMP-9 by downregulating NF-kB and
elevating Nrf2 [77] or reduced TNF-« and IL-1(3 by inhibiting the TLR2/4/NF-kB signaling pathway [78].
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It was reported that curcumin inhibits the activation of JNK and activator protein 1 (AP-1) transcription
factor, and also the phosphorylation and degradation of IkB-« [79].

In a recent meta-analysis that proposed to evaluate the therapeutic effect of curcumin in mouse
models of atherosclerosis, Lin et al. found that curcumin significantly decreases the aortic atherosclerotic
lesion area, and the serum lipid levels (TC, TG and LDL-C) and inflammatory markers (TNF-« and
IL-1B) [80]. In addition, Lin et al. highlighted the dose-response relation between curcumin and
its protective effect on atherosclerosis, showing that the effect on decreasing the aortic lesion area is
stronger in low and medium dosages (< 207 mg/kg BW/day) and weaker when the dose was more
than 207 mg/kg BW/day, becoming pro-atherogenic when the dose reached 347 mg/kg BW/day [80].
Clinical trials focusing on curcumin effects in atherosclerosis progression gave dissimilar results,
some of them evidencing that curcumin has no effect on risk factors of atherosclerosis [81,82], while
others reporting an atheroprotective effect of curcumin by improvement of the lipidic profile in
patients with metabolic syndrome, patients taking curcumin extract capsules (630 mg thrice daily)
for 12 weeks [83]. In a pilot study, Panahi et al. demonstrated that administration of curcuminoids
(500 mg/day, for 4 weeks) to subjects with pulmonary problems reduces the inflammatory mediators’
expression: IL-6, IL-8, TNF-¢, transforming growth factor 3 (TGF-), high sensitivity C-reactive protein
(hsCRP) and MCP-1 [84]. There are many studies supporting the anti-inflammatory properties of
curcumin; however, of great importance is the establishment of a proper treatment with regard to the
dose and time of administration.

To improve curcumin stability in vivo, different types of nanocarriers have been described
for encapsulation. Thus, lipid nanoemulsions loaded with curcumin and functionalized with
a cell-penetrating peptide were better taken up and internalized by human EC compared
to the non-functionalized lipid nanoemulsions. This formulation of curcumin demonstrated
anti-inflammatory effects by reducing the monocytes adhesion to TNF-« activated human EC [85].

In the last decade, published data evidenced that some phenolic compounds are able to perform a
fine-tuning regulation of the mechanisms underlying oxidative and inflammatory stress by modulating
the expression of epigenetic factors associated with RNA function, such as ncRNAs. Accordingly, recent
in vitro and in vivo experiments showed that specific miRNAs mediate the molecular mechanisms
affected by curcumin. Thus, treatment of murine Raw264.7 and human THP-1 macrophages with
curcumin significantly reduced miR-155 expression through the modulation of PI3K/Akt pathway [86].
In the same report, septic mice obtained by LPS intraperitoneal injection were treated orally with
curcumin, and a significant reduction of miR-155 expression and Akt phosphorylation in the liver
and kidney was observed [86]. In a recent in vivo study of Zhang et al., mice with peripheral arterial
disease (PAD) and a normal glycaemic profile were treated with curcumin [87]. They reported that
curcumin treatment improved perfusion recovery, increased capillary density and increased miR-93
expression in ischemic muscle tissue. Moreover, in cultured EC under simulated ischemia, curcumin
improved cell viability and enhanced tube formation. These data proved that curcumin may have
beneficial effects in non-diabetic PAD by improving angiogenesis, which may have been achieved
partially via the promotion of miR-93 expression [87]. In another in vivo experiment, after curcumin
administration, C57BL/6 mice were subjected to left anterior descending coronary artery occlusion [88].
Geng et al. showed that curcumin administration significantly reduced the infarct size compared with
control animals, increased miR-7a/b expression and downregulated the expression of transcription
factor specific protein 1 (SP1). In hypoxia-induced mouse cardiac myocytes (MCM), curcumin led to
the decrease of cell apoptosis. The authors suggested that curcumin pretreatment protected against
hypoxia-induced MCM apoptosis through the upregulation of miR-7a/b and the downregulation of
SP1 expression [88].

Curcumin was reported to modulate some miRNAs that are dysregulated in diabetes. In a study
conducted by Tian et al., miR-17-5p was proven to stimulate adipogenic differentiation of mouse
3T3-L1 cells [89]. This gene encodes a key Wnt signaling pathway effector, and its human homologue
transcription factor 7 like-2 (TCF7L2) is a highly diabetes risk gene. After treatment with curcumin,

62



Biomolecules 2020, 10, 641

a decrease of miR-17-5p expression was observed, together with an increase of its target gene, Tcf712,
in 3T3-L1 adipocyte cells. The authors also reported an elevation of miR-17-5p expression in mouse
epididymal fat tissue in response to high fat diet. The authors suggested that miR-17-5p is among the
central switches of adipogenic differentiation, activating adipogenesis via repressing the Wnt signaling
pathway effector Tcf712, and its own expression is nutritionally regulated by curcumin [89].

Caffeic acid (3,4-dihydroxycinnamic acid) (Figure 1) is the major dietary hydroxycinnamic acid and
is found in food, mainly as caffeic acid phenethyl ester (CAPE) or chlorogenic acid (5-O-caffeoylquinic
acid), which results from its conjugation with quinic acid. The chlorogenic acid is one of the most
widely consumed polyphenols, being present in many fruits (blueberries, apples, pears), vegetables
(lettuce, potatoes, eggplants), and beverages, including coffee (caffeinated or decaffeinated), wine
and tea. Regular consumption of coffee results in the ingestion of 0.5-1 g of chlorogenic acid and
250-500 mg of caffeic acid/day [90-92]. CAPE has poor bioavailability attributed to its low aqueous
solubility, and in the plasma undergoes rapid hydrolysis to caffeic acid as the major metabolite.
To overcome the poor bioavailability of CAPE, different formulations such as chemical modifications
or microencapsulation in cyclodextrins were developed with success, the aqueous solubility of CAPE
was notably increased [93]. The low bioavailability of caffeic acid (14.7%) is due to the low intestinal
absorption and low permeability across the intestinal cells [94]. No formulations of caffeic acid to be
used for CVD treatment have been developed at present.

CAPE has been reported to have antioxidant and anti-inflammatory properties [95]. It was
demonstrated that CAPE induces the expression of redox-sensitive HO-1 [96] through activation of the
Kelch-like ECH-associated protein 1 (Keap1)/Nrf2/antioxidant response element (ARE) pathway [97],
and consequently generates the transcription and translation of detoxifying and antioxidant phase II
cytoprotective enzymes. Nrf2 is bound to Keap1 in the cytoplasm before activation, and once inducers
react with the sulfhydryl groups of Keap1, Nrf2 is released and eventually translocated into the nucleus,
where it binds to and activates ARE, which acts as a promoter/enhancer regulating the genes of the
mentioned antioxidant enzymes [98]. The Nrf2/ARE pathway can be also activated through Nrf2
phosphorylation by PI3K/Akt, extracellular signal-regulated kinases (ERK) or MAPK [97]. In addition,
administration of CAPE to rats stimulates PON1 expression in the lung exposed to inflammatory
stimuli [99].

The benefic effect of caffeic acid on inflammatory stress is not very well documented. It was
reported that caffeic acid can reduce monocyte adhesion to TNF-a-activated human umbilical vein EC
(HUVECs) by reducing the expression of VCAM-1, ICAM-1, E-selectin and MCP-1. These beneficial
effects were attributed to the reduction of NF-kB p65 translocation from cytosol to nucleus, thereby
decreasing the formation of NF-kB-DNA complex [100]. A relatively recent in vitro study confirmed
these results and added new data, demonstrating that caffeic acid exerts anti-inflammatory effects
on HUVEC exposed to glycated LDL (gLDL) by reducing the secretion of CRP, VCAM-1 and MCP-1.
The downregulation of all these pro-inflammatory molecules is possible due to the inhibition of the
receptor for advanced glycation end products (RAGE) expression and diminution of the oxidative
stress (by reducing NOX4 and p22phox subunits of NADPH oxidase) and of the endoplasmic reticulum
stress [101].

In vivo, it was shown that the caffeic acid reduces the plasma TNF-«, IL-6 and IL-8 in rats
receiving a high-fructose diet by decreasing the oxidative stress due to restoring of the antioxidant
enzymes concentration (SOD, catalase, GSH-Px, glutathione reductase and glucose 6-phosphate
dehydrogenase) [102]. In a very interesting in silico study, the caffeic acid was identified as a potential
therapeutic agent having anti-inflammatory potential due to its interactions with cyclooxygenase-1
(COX-1) and 2 (COX-2), coagulation factor Xa (FXa) and integrin odlbf3 proteins, which are directly or
indirectly participants in the thrombosis pathways [103].

Another molecular mechanism associated with the positive effects of caffeic acid in ameliorating
the lipid metabolism and oxidative and inflammatory stress is the regulation of epigenetic factors,
in particular, miRNAs. Murase et al. showed that in vitro treatment of Hepal-6 hepatocytes
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with coffee polyphenols significantly increased cellular miR-122 expression, and reduced sterol
regulatory element-binding transcription factor 1c (SREBP-1c) expression [104]. Using high-fat
diet/streptozotocin-induced diabetic rats, Matboli et al. showed that caffeic acid intake induced
improvement in albumin excretion, blood glucose, reduced renal mesangial matrix extension with
increased vacuolation and reappearance of autophagosomes [105]. Additionally, they demonstrated
that caffeic acid treatment stimulates autophagy genes with simultaneous reduction in their epigenetic
regulators: miR-133b, miR-342 and miR-30a. These data suggest that caffeic acid can modulate the
autophagy pathway through inhibition of autophagy regulatory miRNAs that could explain its curative
properties against diabetic kidney disease [105].

2.2. Stilbenes

Resveratrol (trans-3,5,4’-trihydroxystilbene) has a C6-C2-C6 structure containing three hydroxyl
groups, which functions as a UV protectant of plants and defender against pathogenic infections
(Figure 2). The food sources of resveratrol (RSV) are red wine, grapes, peanuts, passion fruit, white tea,
plums and raspberries [106]. Oral ingestion of RSV is the most feasible route of administration, but the
compound has low water solubility (~30 mg/L); it is rapidly metabolized, and consequently has a poor
bioavailability. A slight increase in RSV solubility considerably enhances its bioavailability [107]. After
ingestion, RSV is absorbed in the small intestine and then released into the bloodstream where it can
bind to albumin and lipoproteins that further deliver RSV to the cells of the peripheral tissue. RSV is
well tolerated and its plasma concentration depends on the dose consumed, but not in a linear relation.
High oral doses (1 g/kg) may generate side effects (nausea, abdominal pain) [107]. Thus, improving RSV
bioavailability will straighten its potential as a therapeutic agent. Recently the researchers have tried to
increase RSV bioavailability by nanoencapsulation in lipid nanocarriers or liposomes, nanoemulsions,
micelles, insertion into polymeric particles, solid dispersions and nanocrystals [108]. The results are
promising, but further studies are needed to improve these methodological approaches and to compare
effects of the most valuable strategies in the same trial.
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Figure 2. Resveratrol’s chemical structure and its demonstrated effects of improving cardiovascular
disease outcomes.

The lipid-lowering action of RSV is based on its capacity to reduce the level and activity
of HMG-CoA reductase that has been demonstrated in the livers of hamsters with diet-induced
dyslipidaemia [109]. Studies conducted in humans are controversial, some of them evidencing a
reduction of LDL-C and an increase of HDL-C [110,111], and others showing no effect of RSV on
plasma lipid profile [112]. RSV has important effects on adipose tissue due to its ability to inhibit
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differentiation of preadipocytes and stimulation of lipolysis. Thus, RSV inhibits proliferation and
adipogenic differentiation of human preadipocytes by a SIRT1-dependent mechanism and in the
3T3 cells downregulate the expression of PPARy, CCAAT-enhancer-binding proteins « (C/EBPw),
SREBP-1¢, FAS and lipoprotein lipase (LPL), which are important regulators of the lipolysis [113].
RSV has protective effects in terms of CVD risk due to its capacity to improve PONI1 activity.
Experiments performed in vitro and in vivo evidenced the positive effects of quercetin/RSV on PON1
activity [95,114-116]. The mechanisms responsible for this effect might be the activation of SIRT-1,
which is known as activator of LXR, important regulator of PON1 gene [117]. The antioxidant potential
of RSV was evidenced by inhibiting macrophages-induced in vitro oxidation of LDL [118]. The ability
of RSV to exert antioxidant effects in humans is still under investigation.

Numerous studies reveal that the benefic effects of RSV are due to its potential to activate several
important anti-inflammatory targets [119], although the exact mechanisms of action have not been
clearly elucidated [120]. It was shown that the main target of RSV is SIRT-1, and its binding determines
modifications of the SIRT-1 structure that enhances the binding of SIRT-1 to its substrates [121].
An important substrate of SIRT-1 is p65 of NF-kB (RelA) [122], the key transcription factor involved in
regulation of inflammatory cytokines [123]. SIRT-1 activation by RSV determines the inhibition of RelA
acetylation, which in turn decreases NF-kB expression [124]. In addition, RSV inhibits p300 expression
and promotes the IkB-x degradation [125]. Another molecular target of RSV is AMP-activated protein
kinase (AMPK), a protein that controls the activity of SIRT-1 by regulating the available cellular
levels of NAD* [126]. Beside SIRT-1, AMPK is known to activate eNOS in EC. A recent clinical
trial involving primary hypertensive patients evidenced that addition of a micronized formulation
of RSV to standard antihypertensive therapy is sufficient to normalize the blood pressure, without
additional antihypertensive drugs [127]. Other targets of RSV were identified by different other groups:
TLR4 [128,129], miR-221/222 [130] and p38 MAPK [131,132].

RSV induces the decrease of endothelial activation and vascular inflammation, and improves
the endothelial function. It was demonstrated that RSV determines the decrease of IL-6 and TNF-«
via the TLR4/myeloid differentiation primary response gene 88 (MyD88)/NF-«B signal transduction
pathway in HUVECs exposed to LPS [128]. In addition, it was reported that pre-incubation with RSV
reduced the TNF-a-induced ICAM-1 secretion, as well as the intracellular expression of ICAM-1 and
MMP-9 in EC by inducing autophagy, mediated in part through the activation of the cAMP/protein
kinase A (PKA)/AMPK/SIRT-1 signaling pathway [133]. Liu et al. demonstrated that RSV decreases
ICAM-1 expression and monocyte adhesion to TNF-x-exposed HUVECs by stimulating miR-221/-222
production, which determines p38 MAPK/NF-«B inhibition [130].

In THP-1 human macrophages stimulated with LPS, RSV pretreatment inhibited foam cells
formation and reduced MCP-1 secretion, while increasing SIRT-1 and AMPK [134]. RSV significantly
reduced the levels of secreted IL-6, NO and TNF-o in RAW264.7 cells exposed to LPS by attenuating
HMGB-1 expression [135]. Other mechanisms of RSV action in LPS-exposed macrophages involve the
attenuation of TLR4- TNF receptor-associated factor 6 (TRAF6), MAPK and Akt pathways [136].

The anti-inflammatory properties of RSV were demonstrated also in SMC. Inanaga et al. showed
that RSV attenuates Ang II-induced IL-6 protein in the supernatant of vascular SMC in a dose-dependent
manner. These effects were attributed to the ability of RSV to reduce the activity of cAMP-response
element-binding protein (CREB) and NF-«B, two transcription factors which are critical for Ang
II-induced IL-6 gene expression [137]. In addition, Zhang et al. demonstrated that RSV reduced the
proliferation of vascular SMC exposed to Ang II by inhibiting ERK1/2 phosphorylation and NF-kB
transcriptional activity [138].

The anti-inflammatory properties of RSV were demonstrated also in vivo. Using hyperlipidemic
rats, Deng et al. demonstrated that RSV decreases the serum levels of IL-1$ and reduces MCP-1,
ICAM-1, p65 NF-kB and p38 MAPK mRNA and protein expression in the thoracic aortas samples [139].
In addition, NLRP3 inflammasome oligomerization was also decreased in the aortic tissue, in parallel
with the upregulation of SIRT-1 expression [139]. Interestingly, Chang and colleagues previously
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demonstrated that RSV reduces inflammation, such as aortic macrophage infiltration and NF-«B
expression in apoE-deficient mice fed with a high-cholesterol diet [140]. Using the model of an
I/R-injured rat, Cong et al. demonstrated that RSV reduced the myocardial infarct area, in parallel
with a reduction of serum and myocardial TNF-« levels through a mechanism dependent on NO
production [141]. Li et al. confirmed the previous in vivo study, demonstrating that RSV significantly
reduces myocardial infarct size and myocardial apoptosis, serum and myocardial TNF-« production
by a mechanism dependent on TLR4/NF-«B attenuation and NO production [142].

The results concerning anti-inflammatory potential of RSV in humans were contradictory, some
studies evidencing a positive effect in healthy people [143], others showing no effects in postmenopausal
women [144]. The contrasting results suggest that in order to obtain beneficial effects, the dose and
the way of administration have to be carefully analyzed. It was suggested that a moderate (>450 mg)
continuous intake is better than a single, higher dose administration [145].

Recent in vitro and in vivo experiments proved that RSV positively regulates the mechanisms
underlying oxidative and inflammatory stress by modulating the expression of a set of specific
miRNAs. Tili et al. showed that RSV upregulates miR-663 in human THP-1 and circulating monocytes,
this miRNA being proven as anti-inflammatory by inducing the decrease of AP-1 transcriptional
activity [146]. Moreover, they showed that RSV impairs AP-1 upregulation induced by LPS at least in
part by targeting JunB and JunD transcripts. In contrast, RSV impairs the LPS-induced upregulation
of pro-inflammatory miR-155 in a manner dependent of increasing miR-663 levels [147]. These data
suggest the potential modulation of miR-663 levels to stimulate the anti-inflammatory effects of RSV in
metabolic disorders associated with elevated levels of miR-155. Since many in vitro experiments use
high concentrations of phenolic compounds and do not reproduce their physiological in vivo plasma
levels, Bigagli et al. incubated RAW264.7 macrophages with corresponding plasma physiological
concentrations of RSV, hydroxytyrosol and oleuropein [148]. They showed that only RSV and
hydroxytyrosol (at 10 uM) decreased miR-146a, which is known to target Nrf2 responsible for inhibiting
pro-inflammatory mediators. In addition, the authors showed that Nrf2 was increased by RSV and
hydroxytyrosol after in vitro stimulation of murine macrophages with LPS [148]. Langon et al. reported
that of 26 miRNAs were increased (miR-21 and miR-27b) in prevalence by RSV in mouse C2C12 skeletal
myoblasts, while other 20 miRNAs (miR-20b and miR-133, a muscle-specific miRNA known to target
genes involved in myoblast differentiation) were downregulated [149,150]. Additionally, miR-149
was downregulated by RSV, this miRNA having potential role in the regulation of skeletal muscle
functionality. Recently, Zhang et al. demonstrated that RSV can inhibit in vitro the TGF-B1-induced
proliferation of rat cardiac fibroblasts (CF) and collagen secretion [151]. RSV also decreased miR-17,
miR-34a and miR-181a in TGF-B1-treated CF. The authors suggested that the inhibitory effect of RSV is
mediated by the downregulation of miR-17 and the regulation of Smad?7 [151].

In an in vivo study, Mukhopadhyay et al. reported the cardioprotective effect of RSV and
proposed a RSV-induced miRNAs profile in a rat I/R model [152]. They reported that RSV significantly
downregulated miR-20b, which might modulate vascular endothelial growth factor (VEGF) signaling.
This downregulation of miR-20b was proposed to be linked with the potent anti-angiogenic action of
RSV in the ischemic myocardium and with the synergic effects of RSV and y-tocotrienol. An elegant
and complex study performed by Campagnolo et al. showed that RSV can induce the expression of
endothelial markers, such as CD31, VE-cadherin and eNOS in vascular resident progenitor cells and
embryonic stem cells [153]. They also demonstrated that RSV significantly reduced miR-21 expression
in these cells, which in turn diminished protein kinase B (PKB) phosphorylation. This signaling
cascade reduced the nuclear 3-catenin, inducing endothelial marker expression and increasing tube-like
formation by progenitor cells. Additionally, the authors showed that vascular progenitor cells treated
ex vivo with RSV produced better endothelialization of the decellularized vessels. Moreover, they
demonstrated that RSV-enriched diet reduces lesion formation in a mouse model of vessel graft [153].

Tomé-Carneiro et al. performed a randomized placebo-controlled study with type-2 diabetic
and hypertensive men, who received capsules containing either placebo (maltodextrin), grape extract
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(laking RSV) (GE) or grape extract with over 8 mg of RSV (GE-RES) during one year [154]. Their
results show that supplementation with GE or GE-RES did not affect body weight, blood pressure,
glucose, HbAlc or lipids, beyond the values regulated by gold standard medication in these patients.
They also found molecular changes in peripheral blood mononuclear cells (PBMC), evidenced by
the significantly reduced expression of the pro-inflammatory cytokines—macrophage inflammatory
protein 1a (MIP1x), CCL3, IL-1 and TNF-x—and increased expression of transcriptional repressor
leucine-rich repeat flightless-interacting protein 1 (LRRFIP-1) in PBMC from patients taking the
GE-RES extract for 12 months [154]. Additionally, a GE-RES treatment-associated modulation of
miRNAs involved in the inflammatory response was noticed, demonstrated by the increase of a set of
miRNAs miR-21, miR-181b, miR-663 and miR-30c2, together with a decrease of miR-155 and miR-34a
in PBMC after GE-RES treatment, as compared to the control group. These data provide evidence
for the in vivo modulation of inflammatory miRNAs in PBMC by RSV in circulating immune cells of
diabetic hypertensive medicated patients and support a beneficial immunomodulatory effect in these
patients [154].

2.3. Flavonoids Group

Flavonoids (including flavonols, flavones, flavanones, flavanols, isoflavones and anthocyanidins)
exert multiple beneficial effects. The food sources of flavonoids are berries, black tea, celery, citrus
fruits, green tea, olives, onions, oregano, purple grapes, purple grape juice, soybean, soy products,
vegetables, whole wheat and wine [155].

2.3.1. Flavonols

Quercetin (3,3’ 4’ ,5,7-pentahydroxylflavone) (Figure 3) is administered as quercetin-3-glucoside
(isoquercetin) which is hydrolyzed to quercetin in the small intestine, rapidly absorbed and then
transferred into the blood. Vegetables that are important sources of quercetin are apples, grapes, berries,
black tea, green tea, red onions, kale, leeks, broccoli, apricots, pepper, red wine and tomatoes [155].
A very recent study shows that quercetin alters the gut microbiota and reduces the atherogenic lipids,
such as cholesterol and lysophosphatidic acids, all these effects being associated with the diminution
of atherosclerotic lesions area [156]. Unlike most phenolic compounds, quercetin has a relatively high
bioavailability. It is absorbed in the small intestine, then undergoes different transformations in the
small intestine, colon, liver and kidney. Quercetin that is not intestinally absorbed is further subjected
to colon microflora metabolization. Ingested quercetin is rapidly eliminated as metabolites through
feces and urine. The bioavailability of quercetin orally administered to humans was estimated at ~45%
with 3.3-5.7% of the dose found in the urine and 0.2-4.6% in the feces [113,157].
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Figure 3. Quercetin chemical structure and beneficial effects in the context of cardiovascular diseases.

Quercetin is efficient at stimulating cytochrome P450 and CYP7AT1 levels, and the conversion
of cholesterol to bile acids in the liver of rabbits fed with a high fat diet [158]. By inhibition of
15-lipoxygenase, quercetin and its monoglucoside derivatives inhibits cholesteryl ester hydroperoxides
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formation in human LDL [158]. Antioxidant quercetin metabolites like quercetin-3-glucuronide
(Q3GA) are taken-up by the human macrophages present in the intima and convert them to methylated
derivatives, which suppress the gene expression of scavenger receptors SR-A and CD36 [159].

The data supporting the antioxidant potential of quercetin are contradictory. Thus, administration
of quercetin at 10 mg/kg bodyweight for 13 weeks was shown to downregulate NADPH oxidase and
increase eNOS activity, improving the endothelial function in hypertensive male rats [160], while
a higher dose (1.5 g quercetin/kg diet for 5-11 weeks) was not associated with a reduced risk of
developing CVD in hypertensive rats [161]. In such situation it is necessary to test the compound in
the same experimental model, but at several concentrations to determine the optimum and identify
the harmful one. In vivo, the antioxidant potential of quercetin was expressed as lower levels of
urinary isoprostane F2 and plasma MDA, that could be due to the ability of quercetin to scavenge
ROS, chelate metal ions, reduce xanthine oxidase activity and to inhibit the MAPK pathway [162,163].
The mechanism by which quercetin increases eNOS activity in a dose-dependent manner involves the
phosphorylation on Ser1179 by cAMP/PKA pathway [164]. The antioxidant potential of quercetin is
also reflected in the decrease of the oxidation levels of LDL [165]. In addition, quercetin reduces the
activities of SIRT-1 and AMPK, upregulates HO-1 and decreases the expression of oxLDL-induced
NOX2 and NOX4 in human EC [166]. Kaempferol (50 or 100 mg/kg for 4 weeks), another member of
the flavonols group, reduces atherosclerotic lesions area in apoE-deficient mice through mechanisms
involving reduction of the aortic ROS production and osteopontin downregulation [167]. Furthermore,
kaempferol diminishes oxLDL-enhanced apoptosis of EC based on the upregulation of autophagy by
inhibition of PI3K/Akt/mammalian target of rapamycin (mTOR) pathway [168].

Extensive studies using in vitro or in vivo models clearly indicate that quercetin manifests
anti-atherosclerotic effects, in part due to its anti-inflammatory properties. In vitro studies demonstrate
that quercetin reduces the expression of VCAM-1, ICAM-1, E-selectin or MCP-1 in cultured human
EC exposed to different pro-inflammatory stimuli. The molecular mechanisms involve modulation of
TLR2/4/NF-kB and AP-1 transcription factor. In addition, it was demonstrated that quercetin reduces
ICAM-1 in EC exposed to uremic media by downregulating p38 MAPK [169-172]. Anti-inflammatory
properties of quercetin were demonstrated also in monocytes/macrophages. It was demonstrated
that TNF-« released by oxLDL-exposed human PBMC is reduced by quercetin through modulation
of TLR/NF-kB signaling pathway [170]. In LPS-stimulated macrophages isolated from C57BL/6 and
BALB/c mice, quercetin reduces the secretion of TNF-« and NO produced by the inducible NO synthase
(iNOS) by a mechanism involving the inhibition of proteasome, which determines a diminished
proteolytic degradation of phospho-IkB protein, resulting in the decreased translocation of activated
NF-«kB to the nucleus [173].

The decrease of the atherosclerotic lesions was not associated with the improvement of the
lipid profile, but with the decreased inflammatory stress, measured as decreased IL-1 receptor, IKK
and STAT3 [169,174]. In the rat model of acute myocardial infarction, quercetin administration
determined the reduction of TNF-«, IL-1 expression in the myocardial tissue, in parallel with an
increase of the antioxidant SOD and catalase activities [175]. Recently, a few clinical studies regarding
the anti-inflammatory effects of quercetin in human subjects were published, but the results are
controversial. A double-blind randomized clinical trial designed to measure the anti-inflammatory
effects of quercetin (500 mg) administrated for 10 weeks to women with type 2 diabetes reported
no differences between groups [176]. Another study conducted on stable angina patients receiving
120 mg/day quercetin for two months showed a statistically significant reduction of IL-1§3 levels and
attenuated TNF-« and IL-10 levels in treated patients’ plasma, and decreased transcriptional activity of
NF-kB in PBMC [177]. Several studies were done to evaluate the safety of quercetin administration to
humans [178]. The conclusion of these studies was that up to 5000 mg/day quercetin supplementation
for four weeks does not cause adverse effects.

In addition, quercetin can exert its positive effects on the regulation of oxidative and inflammatory
stress by modulating the expression of specific miRNAs. Thus, Boesch-Saadatmandi et al. reported that
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quercetin and isorhamnetin upregulated miR-155 levels in LPS-activated macrophages, but quercetin
metabolites, such as quercetin-3-glucoronide, did not modify miR-155 expression [179]. An in vivo
study of the same group showed that addition of quercetin to high-fat diet fed C57BL/6] mice
significantly increases hepatic expression of miR-125b, a negative regulator of inflammatory genes,
and miR-122, known to be involved in lipid metabolism and pathogenesis of liver diseases [180].
These data suggest that miRNAs could represent potential targets of quercetin in the CVD prevention
or treatment.

2.3.2. Flavones

Apigenin (4',5,7-trihydroxy-flavone) is one of the major monomeric flavonoids existing in the
diet and is found in a glycosylated form, with the tricyclic core structure linked to a sugar moiety
through hydroxyl groups (O-glycosides) or directly to carbon (C-glycosides) (Figure 4). Apigenin is
present in fresh parsley, vine spinach, celery seed, green celery heart, chinese celery, dried oregano,
chamomile tea, red and white sorghum, rutabagas, oranges, kumquats, onions, wheat sprouts, tea
and cilantro [181]. Apigenin-glycosides can be hydrolyzed in vivo into apigenin or chrysin. Oral
bioavailability of apigenin is relatively low due to its poor solubility and because the main part of the
ingested apigenin is either excreted unabsorbed or is rapidly metabolized after absorption. In vivo,
after ingestion, apigenin is subjected to sulfation and glucuronidation, the absorbed apigenin being
present in tissues (mainly hepatic and small intestin) as glucuronide, sulfate conjugates or luteolin [182].
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Figure 4. Antioxidant, anti-inflammatory, lipid-lowering and epigenetic mechanisms to improve
cardiovascular diseases outcomes demonstrated by apigenin and luteolin.

Apigenin decreased the serum and hepatic levels of TC and TG in hyperlipidemic mice by
promoting liver LDL-C absorption and increasing the conversion of hepatic cholesterol into bile
acid [183]. In addition, apigenin markedly lowered the levels of hepatic enzymes involved in the
synthesis of TG and cholesterol esters in HFD-induced obese mice, thereby ameliorating hepatic
steatosis [184].

Data supporting the protective role of apigenin on the vascular wall in diabetes reveal the impeding
of the endothelial dysfunction by inhibition of high-glucose-mediated protein kinase CBII (PKCpII)
upregulation and ROS production, while stimulating NO generation [185]. The molecular mechanism
of eNOS activation by apigenin involves continuous eNOS Ser1179 phosphorylation by the PI3K/Akt
pathways [186]. In addition, apigenin inhibits oxLDL receptor 1 (LOX-1) expression after stimulation
of EC with high glucose and TNF-&, LOX-1 being an important receptor involved in the uptake of
modified lipoproteins and atherosclerotic plaque progression [187].

The anti-inflammatory properties of apigenin have been investigated in studies conducted in vitro
and in vivo. Using cultured human EC activated with di-(2-ethylhexyl) phthalate, Wang et al. showed
that apigenin suppressed the expression of ICAM-1 and inhibited THP-1 monocytic cells adhesion
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to HUVECs [188]. In addition, a dose-dependent inhibition of endothelial IL-6 and IL-8 expression
was observed, and these inhibitory effects of apigenin are mediated by the JNK pathway, but not by
IkBa/NF-«B or ERK pathways [188]. Apigenin inhibited NF-kB activation and ICAM-1 expression in
EC exposed to palmitic acid [189]. In EC exposed to uremic plasma, p38 MAPK is another molecular
target for apigenin [172]. Regarding the effect of apigenin on cytokine secretion, it has been shown
that apigenin reduced IL-6 and TNF-« secretion in LPS-stimulated RAW 264.7 macrophages [190] and
decreased TNF-« release in the media of LPS-activated macrophages [191]. Apigenin in LPS-exposed
macrophages reduces TLR-4, MyD88 and phosphorylation of IkKB levels through nuclear NF-«B
p65 signaling pathway [192]. Ren et al. confirmed these results in vivo, demonstrating that in
LPS-challenged apoE deficient mice, treatment with apigenin determined the reduction of TLR-4 and
NF-«B p65 levels and lessened the macrophages and SMC number in atherosclerotic regions [192].
Apigenin inhibited the expression of VCAM-1 and IkKB kinase and prevented the adhesion of U937
monocytes to EC exposed to high-glucose (30 mM) concentrations [193]. The beneficial effects of
intra-gastric administration of apigenin to type 2 diabetic (T2D) rats were expressed as decreases of the
blood glucose concentration and ICAM-1 levels and improved impaired glucose tolerance [189].

Luteolin (3’ 4’ ,5,7-tetrahydroxyflavone) (Figure 4) is a member of the flavones family and is found
in carrots, cabbage, artichokes, tea, celery and apples [194]. Luteolin and its glucosides are absorbed
quickly in the intestine. The time of maximum blood concentration is under one hour, and the
maximum plasma concentration is of 1-100 umol/L, depending on the dose ingested and the type of
food consumed; the purer the luteolin used, the faster the absorption [195].

Luteolin exerts lipid-lowering effects due to the interaction with HMG-CoA reductase, the SREBPs
and acyl-CoA cholesterol acyltransferase (ACAT) in the liver [3]. In all studies available, no major
side effects have been detected, confirming the good tolerability and safety of artichoke extract,
but long-term safety studies are needed [196,197]. There are no data about luteolin effects on the EC
function or atherosclerotic plaque. Luteolin was shown to impede TNF-a—induced NOX4, which
generates a decrease of ROS production in human EC. The mechanism involves the inhibition of the
TNF-a—induced transcriptional activity of NF-«kB, p38 and ERK1/2phosphorylation [198]. Recently,
it was shown that luteolin (100 mg/kg/d) reduces cardiac I/R injury by enhancing eNOS-mediated
S-nitrosylation and Nrf2 redox function in diabetic rats [199].

The effects of luteolin on monocyte adhesion to EC, a key event in triggering vascular inflammation,
were evaluated in a few studies. Jia et al. demonstrated that physiological concentrations (0.5 M)
of luteolin suppress TNF-«-induced expression of MCP-1, VCAM-1 and ICAM-1 [200]. In addition,
luteolin inhibited endothelial NF-«B transcriptional activity, IkB-a degradation and IkB-f3 expression,
and thus reduced NF-«B p65 nuclear translocation. The in vitro results were confirmed in vivo using
C57BL/6 mice fed with luteolin diet supplementation. The authors show that luteolin suppresses
TNEF-«-induced MCP-1 and soluble ICAM-1 in the plasma, as well as VCAM-1 in the aorta of mice [200].
In a recent study, Zhang et al. demonstrated that a combination of luteolin (0.5 uM) and curcumin
(1 uM) inhibits, synergistically, VCAM-1 and MCP-1, and the subsequent monocyte adhesion to EC
exposed to TNF-a by suppressing NF-kB translocation [201]. These results were confirmed in vivo
in C57BL/6 mice that received luteolin and curcumin [201]. In human monocytes exposed to high
glucose concentrations, luteolin significantly reduced IL-6 and TNF-« by inhibiting NF-«B activity [202].
Recently, it was demonstrated that luteolin effectively suppresses IL-1(3, TNF-c, IL-6 and IL-8 secretion
from PBMC from healthy donors incubated with LPS [203], confirming reports showing that luteolin
reduces IL-6 and TNF-« secretion in LPS-stimulated RAW 264.7 macrophages [190]. Hong et al.
evaluated the anti-inflammatory effects of luteolin in renal I/R injury in Sprague-Dawley rats and
demonstrated that this natural compound attenuated serum and renal TNF-«, IL-13 and IL-6, and
the renal HMGB1 and NF-«kB expression levels in I/R rats [204]. In addition, luteolin significantly
reduced the endoplasmic reticulum stress and renal cell apoptosis caused by renal I/R injury [204].
Recently, Ding et al. demonstrated that luteolin attenuates atherosclerosis in high-fat fed apoE-/- mice
by alleviating inflammation through inhibition of signal transducer and STAT3 [205].
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Recent studies evidenced that apigenin and luteolin modulate the expression of certain epigenetic
factors, in particular miRNAs, that constitute fine regulators of the oxidative and inflammatory stress.
Thus, an in vivo study by Wang et al. shows that the increased cardiac miR-15b expression observed
during myocardial I/R injury in rats correlates with the decreased expression of JAK2 and activity of
JAK2/STAT3 pathway, with augmented myocardial apoptosis and ROS production, and aggravated
heart injury [206]. Apigenin treatment of I/R rats downregulates miR-15b expression in the heart,
improves the altered mechanisms and alleviates myocardial I/R injury [206]. In an in vivo report,
Bian et al. showed that luteolin pretreatment induces anti-apoptotic effects by decreasing miR-208b-3p
expression in myocardial tissue of I/R rats [207]. Arango et al. performed a high-throughput PCR
screening of 312 miRNAs in RAW 264.7 murine macrophages and evidenced that apigenin reduces
LPS-induced miR-155 expression by transcriptional regulation [208]. They further demonstrated
that apigenin-reduced expression of miR-155 led to the increase of the anti-inflammatory mediators
forkhead box O3a (FOXO3A) and « smooth-muscle-actin (x-SMA) and MAD-related protein 2 (Smad?2)
in LPS-treated murine macrophages. Arango et al. also demonstrated that in vivo apigenin or a
celery-based apigenin-rich diet reduced LPS-induced expression of miR-155 and decreased TNF-o in
lungs from LPS-treated mice, thereby diminishing the inflammatory process [208].

Zhang et al. reported recently that low concentrations of luteolin presented protective effects
on HyO,-induced ischemic cerebrovascular disease cell viability loss, proliferation inhibition, ROS
generation, oxidative stress increase and apoptosis, together with an increase of miR-21expression
level [209]. Furthermore, they showed that luteolin alleviated HyO,-induced inactivation of PI3K/Akt
pathway and activated programmed cell death protein 4 (PDCD4)/p21 pathway in PC-12 cells
by upregulating miR-21 [209]. Ning et al. showed that pretreatment and post-treatment with
luteolin-7-diglucuronide (L7DG), a naturally occurring flavonoid glycoside found in leaves of basil
or Verbena officinalis, significantly attenuated isoproterenol-induced myocardial injury and fibrosis in
mice [210]. Furthermore, L7DG pretreatment blocked isoproterenol-stimulated expression of genes
encoding the enzymatic subunits of NADPH oxidase (Cyba, Cybb, Ncfl, Ncf4 and Rac2). In addition,
the authors showed that L7DG pretreatment almost reversed isoproterenol-altered expression of
miRNAs which were cross-talking with TGF-f-mediated fibrosis, including miR-29¢-3p, miR-29¢-5p,
miR-30c-3p, miR-30c-5p and miR-21 [210].

2.3.3. Flavanones

Naringenin (4,5,7-trihydroxy-flavanone) and hesperetin (3,5,7-trihydroxy-4’-methoxyflavanone)
(Figure 5) are the representative flavanones that are found in glycoside form in nature; that form
favors their intestinal absorption. They are present in citrus fruits, tomatoes and cherries [211],
but unfortunately have limited solubility in water. Kanaze et al. reports that oral administration of
naringenin results in a low bioavailability (5.81%) in human subjects [212]. To overcome the poor
solubility and to increase naringenin use in clinical applications, several drug delivery systems have been
developed. As a result, naringenin was formulated into liposomes, nanoparticles, self-nanoemulsifying
drug delivery systems or nano-suspensions to assure a friendly and efficient delivery system to be
used in the future [213].

It was reported that the alcoholic extracts of bergamot enriched in flavanones reduce the
intestinal absorption of cholesterol and increase cholesterol excretion based on the bile acids secretion
pathway [214]. Supplementation with naringenin (3%) of the high-fat diet in LDL-R-/- mice prevented
hepatic steatosis by diminishing the SREBP1c expression and fatty acid synthesis, stimulated hepatic
fatty acid oxidation and progression of atherosclerosis in the aortic sinus [215]. In addition, naringenin
inhibited microsomal triglyceride transfer protein (MTTP) activity in HepG2 cells, reduced TG
accumulation and decreased apoB100 secretion by 50-70% [216]. Naringenin (0.05%) and naringin
(0.1%) reduced aortic fatty streaks in rabbits fed high-cholesterol diets by a mechanism involving
reduction of hepatic ACAT activity [217]. In a clinical trial involving hypercholesterolemic patients,
administration of naringin (400 mg/day, for 8 weeks) reduced plasma LDL-C and serum apoB by more
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than 14%, without altering plasma TG or HDL-C levels [218]. Naringenin found in bergamot inhibits
LDL oxidation, initiates AMPK, modulates the activation of redox-sensitive transcription factors NF-«B
induced by TNF-« and acts as ROS scavenger [219]. There are reports showing that hesperetin-induced
eNOS expression increased NO production via phosphorylation of Src, Akt and AMPK in cultured EC,
and consequently prevented hypertension by improving endothelial dysfunction in the hypertensive
rat [220,221]. Naringenin increased the NO production diminished by the high glucose concentrations
and reduced ROS production via decreased PKCBII expression in EC [187]. Certain epidemiologic
studies evidence that the intake of drinks made from flavanone-rich citrus fruits improve endothelial
function in humans [222].
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Figure 5. Chemical structure and cardioprotective mechanisms of action demonstrated by naringenin

and hesperetin in experimental and clinical studies.

An in vitro study demonstrated that naringenin reduces ICAM-1 in palmitic acid exposed EC by
alleviating NF-«B signaling [189]. The anti-inflammatory effects of naringenin were confirmed in vivo
by the same group in a model of T2D rats [189]. It was suggested that the anti-inflammatory action of
flavanones from bergamot juice is due to the activation of SIRT-1 that further inhibits the transcription
of pro-inflammatory cytokine IL-8 induced by LPS in EC [223,224]. Interestingly, Testai et al. observed
recently that naringenin presents structural similarity with RSV, the natural SIRT-1 activator [225].
Thus, they performed an in silico study in which they detailed the binding mode of naringenin to
SIRT-1. In addition, the same group demonstrated in cultured H9¢2 cardiomyocytes and in vivo in
6-month-old mice that naringenin activates SIRT-1 [225].

Hesperetin attenuated VCAM-1 upregulation and adhesion of monocytes to cultured EC
induced by TNF-« stimulation [220]. Administration of glucosyl hesperidin (500 mg/day) to
hypertriglyceridemic patients for 24 weeks significantly reduced plasma TG and apoB levels [226].
Other human studies using capsules of hesperidin (800 mg) or naringin (500 mg) administered for 4
weeks to moderately hypercholesterolemic individuals evidenced no alterations in plasma TC, LDL-C
or TG concentrations [227]. These studies reveal that the effects of flavonoids in clinical studies depend
on the metabolite used, the dose, the patient population and the length of study [228].

Using LPS-stimulated PBMC from healthy subjects, Zaragoza et al. demonstrated that naringenin
decreases IL-13, TNF-«, IL-6 and IL-8 production [203]. Hsu et al. showed that naringenin
extracted from Nymphaea mexicana Zucc. has an important inhibitory effect on MCP-1 and TNF-«
production in LPS-activated RAW264.7 macrophages by decreasing the expression of iNOS and
ERK phosphorylation [229]. The anti-inflammatory effects of naringenin in vivo were evaluated by
Raza et al., demonstrating that naringenin treatment downregulates the NF-«B expression levels in the
brains of Wistar rats after the cerebral I/R injury [230].

Although demonstrating anti-inflammatory effects, the poor water solubility and the reduced
bioavailability of naringenin restricted its therapeutic use. To overcome this limitation, naringenin
formulations have been developed. In a recent study, Fuior et al. encapsulated naringenin into lipid
nanoemulsions (LNs), targeted to VCAM-1 exposed on the surface of activated EC [231]. They found
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that encapsulated naringenin decreased THP-1 monocytes adhesion and transmigration to/through
activated ECs by mechanisms involving the reduction of MCP-1 and diminished nuclear translocation
of NF-kB [231].

A very recent study showed that naringenin modulates the expression of miRNAs involved
in fine regulation of certain oxidative and inflammatory processes. It is known that the migration
inhibitory factor (MIF) has antioxidant properties and is markedly increased in Ang-II-infused mouse
myocardium. Starting from these data, Liang et al. showed that miR-29b-3p and miR-29¢c-3p are
decreased in the myocardium of Ang-II-infused MIF-KO mice, but upregulated in mouse CF with MIF
overexpression or by treatment with MIF protein [232]. Interestingly, miR-29b-3p and miR-29¢-3p could
suppress the expression of collagen type I ol (COL1A1), collagen type III «1 (COL3A1) and a-SMA
in mouse CF by a mechanism involving the repression of the pro-fibrosis genes TGFf32 and MMP2.
Further, the authors show that naringenin could markedly reverse Ang-Il-induced downregulation
of miR-29b-3p and miR-29¢-3p expression. Moreover, COL1A1, COL3A1, x-SMA and p-Smad3
expression were significantly decreased in Ang-lII-treated CF by pretreatment with naringenin [232].

2.3.4. Flavanols

Catechins are a family of flavonoids, subgroup flavan-3-ols (flavanol) (Figure 6). The most
abundant component of catechins is epigallocatechin gallate [155]. Epigallocatechin-3-gallate (EGCG)
is a catechin conjugated with gallic acid. The two or more aromatic rings of these polyphenols have at
least one hydroxyl group linked by a carbon bridge which is the main source for electron donor and
efficiently scavenging reactive species (singlet oxygen). Catechins are present in fresh tea leaves, red
wine, broad beans, apples, pears, black grapes, apricots, strawberries, blackberries, cherries, raspberries
and chocolate. Cocoa is the richest source of EGCG [155]. The poor bioavailability of catechins is
a consequence of their rapid degradation under physiological conditions and their low absorption
in the intestinal tract by passive diffusion. To mitigate the reduced bioavailability of EGCG and to
increase its effectiveness, the consumption of 8-16 cups of green tea daily is needed, but the excessive
consumption of green tea has been demonstrated to be toxic [233]. Thus, other methods to increase
catechins bioavailability were developed, including encapsulation into nanostructure-based drug
delivery systems, molecular modification and co-administration with some other bioactive ingredients
to produce a synergistic effect [234].
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Figure 6. Chemical structures of catechin and epigallocatechin gallate and their molecular mechanisms
of action to combat cardiovascular diseases.

Catechins present in the green tea are responsible for its cholesterol-lowering properties. It was
shown that consumption of green tea in supplement formulation has cholesterol-lowering effects due
to upregulation of liver LDL-R, thereby modulating the intracellular processing of lipids [235-237].
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Their mechanisms of action involve inhibition of lipid absorption in the intestine by interfering with
the micelle formation, emulsification, hydrolysis, solubilization and inhibition of squalene oxidase,
a key enzyme in the hepatic cholesterol biosynthesis [238,239]. EGCG was described as the most
potent inhibitor of lipid absorption in the intestine [48]. The EGCG ability to lower plasma lipids
was associated with the consequential reduction of lipid peroxides levels and aortic atherosclerotic
plaque areas in apoE-deficient mice [240]. Cocoa is a polyphenol-rich fruit that has been investigated
for its potential to regulate the lipid metabolism. A special attention was given to the raise of HDL
levels by cocoa ingestion. The results are controversial; the beneficial effects observed in vitro for
cocoa epicatechins are not all confirmed by those in humans [241]. Besides the cholesterol lowering
potential, catechins were described as having a TG lowering effect [242]. The mechanism responsible for
decreasing TG is inhibition of hepatic lipogenesis, and more specifically, the inhibition of SREBP-1 [243].

A meta-analysis study concerning green tea consumption has indicated that it decreases the risk
of CVD [244]. Many cardiovascular health benefits of flavanols have been reported, and one possible
mechanism could be the modulation of homocysteine, its elevated concentrations being associated
with increased CVD risk [245]. It was reported that in vitro EGCG reduces homocysteine-enhanced
apoptosis by modulating mitochondrial-dependent signaling and PI3K/Akt/eNOS signaling in human
EC [246]. In addition, epicatechin activates eNOS and increases NO production by inducing Ser633
and Ser1177 phosphorylation and Thr495 dephosphorylation. EGCG induces HO-1 expression in EC
exposed to HyO, through activation of Akt and Nrf2, thereby diminishing the effects of oxidative
stress [247]. Many other catechins exert antioxidant properties expressed as prevention of in vitro LDL
oxidation and in humans [248]. Studies on green tea found that its administration (2% in water) to
diabetic rats increased serum PONT1 activity [249]. These antioxidant mechanisms driven by catechins
are responsible for the significant reduction of MDA levels measured in vivo and the protective action
exerted on LDL and HDL. The molecular mechanisms by which EGCG or other catechins exert
antioxidant effects need to be further explored in vivo.

Catechins from black tea are important scavengers of peroxyl, hydroxyl and superoxide
radicals, singlet oxygen and lipid peroxides, NO and peroxynitrite radicals [250]. EGCG exerts
also anti-inflammatory effects on macrophages pre-exposed to pro-inflammatory stimuli, such as
LPS. EGCG blocks the disappearance of IkB from the cytosolic fraction, thereby obstructing NF-«B
activation, which in turn decreases the transcription of iNOS [240]. Another in vitro study evidenced
that EGCG inhibits VCAM-1 expression induced by IL-1 or TNF-«, thereby diminishing the monocytes’
adhesion to cultured human EC [250].

Catechins and their derivatives were proven to contribute to beneficial health effects by the
modulation of miRNAs. In human HepG2 hepatocytes, EGCG isolated from green tea was shown to
differentially inhibit the expression of a set of five miRNAs (miR-30b*, miR-453, miR-520-e, miR-629 and
miR-608) that are involved in inflammatory pathways, the PPAR signaling pathway, insulin signaling,
glycolysis and gluconeogenesis, oxidative phosphorylation and glutathione metabolism [251]. It was
demonstrated by using 1H NMR spectroscopy, that there was direct binding of EGCG and RSV to
miR-33a and miR-122 [252]. While RSV binds miR-33a and miR-122 through an A ring interaction
and increases their expression levels, EGCG decreases miR-33a and miR-122 expression by direct
binding through an interaction with all rings in the molecule. Wang et al. demonstrated that EGCG
binds hypoxia-inducible factor 1o (HIF-1x) protein, a known transcriptional activator of miR-210, and
interferes with Proline residues hydroxylation in the oxygen-dependent degradation domain [253].
While the hydroxylation of Proline residues is essential for the proteasome-mediated degradation of
HIF-1x [254], EGCG binding increases HIF-1x expression and enhances miR-210 levels.

2.3.5. Isoflavones

Genistein (4',5,7-trihydroxyisoflavone) (Figure 7) is an isoflavone found in high quantities in
soybeans and in many products based on soy. Genistein is also present in alfalfa and clover sprouts,
barley meal, broccoli, cauliflower and sunflowers, caraway and clover seeds [255]. In humans,

74



Biomolecules 2020, 10, 641

the plasma concentrations of genistein are dependent on the food type consumed and are highest
between 2 and 12 h after ingestion of isoflavone-rich foods. Genistein has an absorption rate around
30% of the ingested dose. A small part of the intake of isoflavone aglycones (10%) is absorbed from the
small intestine and metabolized in the liver. Most of the ingested isoflavone (90%) undergoes different
transformations under gut microbiota action in the colon [113].

Antioxidant effects Anti-inflammatory effects
4 hEC eNOS + NO production 1 J HG-induced Mon adhesion to hEC + \, MCP-1/IL-8
. soflavones Induce jon adhesion to
/M oxLDLhECSIRT1+ |, eNOS uncoupling - Diabetic rats MCP-1 + anti-inflammatory IL-10

I EC 0% production + . NOX4 expression

N EC BH4/BH2 ratio

@ HG hEC iNOS/COX-2/NF-kB+ | lipid peroxidation o
+ ., ROS production

 hEC NO production + 1 ERK1/2-+ Akt signaling O | P
~ OH O O on |

Lipid regulation / . 3
3 Genistein L oxLDL-HUVECS miR-155 > /} SOCS1 + J. NF-KB

/™ Rat cardiomyocytes miR-451 - N TIMP2
/> Mouse heart miR-451 - . myocardial hypertrophy

K J/

{ EC IL-6/ICAM-1 by . NF-kB signaling
I VSMC CRP/MMP-9 via p38/ERK1/2-PPARY/NF-kB signaling

Epigenetic effects (miRNAs)

- Mouse preadipocyte lipid accumulation
byl PI3K adipogenic activity

Figure 7. Chemical structure and protective effects of genistein in the context of cardiovascular diseases.

Genistein (80 mM) induced a 67% reduction of lipid accumulation in 3T3-L1 mouse preadipocytes,
by inhibiting the adipogenic activity of PI3K, thereby exerting an anti-adipogenic action [113].
Opinions on the potential of isoflavones to reduce CVD risk are divided. Some epidemiologic
studies highlight their protective effects on vascular EC, while other reports found no correlation
between isoflavones consumption and reduction of CVD risk [256,257]. Exposure of human EC to
1-10 uM of genistein upregulated eNOS expression and enhanced NO production [258]. In addition,
genistein prevented eNOS uncoupling by stimulating SIRT-1 pathway in human EC incubated with
oxLDL. Furthermore, genistein diminished superoxide anion production and NOX4 expression, and
improved the tetrahydrobiopterin (BH4)/dihydrobiopterin (BH2) ratio [259]. An intake of isoflavone
of 50-99 mg/day was found to increase endothelial function measured as brachial flow-mediated
dilation [260]. In another in vivo study, an intake of 80 mg of soy isoflavone decreased the aortic
pulse-wave velocity, another marker of CVD risk [261]. Daidzein (40 uM), another member of the
isoflavones group, inhibited high-glucose-induced iNOS, COX-2 and NF-«B expression in human EC,
in parallel with the reduction of lipid peroxidation and ROS production [262]. Equol is a metabolite of
daidzein produced by the intestinal microflora in the gut [263] and was described as activator of eNOS
in EC by modulating the epidermal growth factor receptor (EGFR), the G-protein—coupled receptor
GPR30 and mitochondrial ROS production [264]. Equol induced the relaxation of the rat aortic rings
and stimulated endothelial NO production by activation of ERK1/2 and Akt signaling in human fetal
EC [265]. In addition, soy isoflavones consumption by peri-menopausal women induced the increase
of serum PONT activity [95].

Studies from literature show that genistein exerts anti-inflammatory effects in vitro and in vivo
by regulating different pro-inflammatory signaling pathways. Babu et al. showed that physiological
concentrations of genistein significantly inhibit high glucose-induced adhesion of monocytes to
human aortic EC and suppress MCP-1 and IL-8 endothelial production. These effects were due
to genistein promoting PKA activity and were confirmed in diabetic db/db mice [266]. Genistein
supplementation in diabetic rats determined a statistically significant reduction of MCP-1, while
increasing the anti-inflammatory IL-10 [266]. In EC exposed to homocysteine, genistein diminished
the expression of IL-6 and ICAM-1 via NF-kB inhibition [267]. In a recent study, Xu et al. evaluated the
effect of genistein on inflammation induced by Ang II in vascular SMC [268]. This study demonstrates
that genistein decreases CRP and MMP-9 levels in SMC by regulating p38/ERK1/2-PPARY/NF-kB
signaling pathway [268]. Besides, it was shown that genistein inhibits TNF-« secretion in LPS-activated
macrophages [191].
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Recent studies show that genistein modulates the expression of miRNAs involved in inflammatory
processes. It was reported that genistein pretreatment of HUVECs reduces in a dose-dependent manner
the oxLDL-induced expressions of E-selectin, P-selectin, MCP-1, IL-8, VCAM-1 and ICAM-1. Further
analyses established that the mechanism of action consists of genistein inducing reduction of miR-155
levels and elevation of the suppressor of cytokine signaling 1 (SOCS1) expression that further induces
the inhibition of NF-kB signaling pathway in HUVECs [269]. A recent study of Gan et al. showed
that genistein can inhibit isoproterenol-induced cardiac hypertrophy by increasing miR-451 and the
tissue inhibitor of metalloproteinases 2 (TIMP2) expression (a miR-451 target gene), both in vitro in
H9C2 embryonic rat cardiomyocytes and in vivo in isoproterenol-induced myocardial hypertrophy in
mice [270].

2.3.6. Anthocyanidins

Anthocyanins and anthocyanidins are glycosylated, poly-hydroxy or poly-methoxy derivatives of
flavylium cations (2-phenylchromenylium) (Figure 8). In nature, about 702 different anthocyanins and
27 anthocyanidins are present. They are water-soluble plant pigments that give red, purple or blue
coloration to many fruits, flowers and leaves. The widely distributed anthocyanidins in human foods
are: cyanidin, delphinidin, pelargonidin, peonidin, malvidin and petunidin. They are found in many
berry fruits, eggplantss, red onion, purple cabbage and black rice [271]. Anthocyanins’ bioavailability
has quite large inter-individual variability, and is influenced by the food processing, availability of
the enzymes involved in anthocyanins metabolism and the composition of the gut microbiota that
metabolize anthocyanins [272]. After ingestion, anthocyanins appear rapidly in the circulation, reach
the maximal concentration of ~100 nM within 1.5h and disappear from the bloodstream by 6h post
consumption. The bioavailability of anthocyanins is very low (1%), but it is increased by the absorption
of their active metabolites (12.4%) that were recently identified [271].
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cardiovascular disease outcomes.

Anthocyanines/anthocyanidines and their metabolites ameliorate endothelial dysfunction and
diminish the CVD risk [273]. Anthocyanins and flavonoids from bilberry (Vaccinium myrtillus) alcoholic
extract can reduce the lipid deposits from the artery wall by inducing the cholesterol efflux from
lipid-loaded macrophages through a mechanism involving increased secretion of apoE and CETP [274].
Anthocyanins from black elderberry (Sambucus nigra) extract induce expression of apoA-I and LDL-R in
apoE-deficient mice [275]. Administration of 320 mg/day anthocyanins to diabetic patients for 24 weeks
improved their lipid profiles by significantly decreasing LDL-C and TG, and increasing HDL-C [276].

In parallel with the lipid-lowering effects, anthocyanins show antioxidant properties. Thus,
the alcoholic extract of bilberries reduces the expression of NADPH oxidase subunits (p22phox,
p47phox and NOX4) in lipid-loaded macrophages derived from THP-1 monocytes [274]. Mulberry
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(Morus alba) leaves have considerable amounts of flavonoids and anthocyanins. Treatment of human EC,
pre-exposed to pro-inflammatory stimuli, with Morus Alba extract, inhibited the intracellular ROS levels
due to reduction of NADPH oxidase activation [64]. Cyanidin-3-O-b-glucoside (C3G), a metabolite of
cyanidin, has been shown to upregulate eNOS and HO-1 expression in a dose-dependent manner in
EC, in parallel with an increase of NO production. The mechanism involves eNOS phosphorylation
at Ser1179 and dephosphorylation of Ser116 [277,278]. Thioredoxin is one of the key regulators of
intracellular redox status and it protects EC against oxidative stress. It was reported that nonaglycone
cyanidin reduces TNFx-induced apoptosis and upregulates eNOS and thioredoxin in EC [278].
Other pathways involved in EC protection by cyanidins are Akt, ERK1/2 and Src kinase positive
regulation. In vivo studies show that C3G intake (2 g/kg diet for 8 weeks) diminished the area of
atherosclerotic plaques and alleviated the endothelium-dependent relaxation in fat-fed apoE-deficient
mice. The underlying mechanisms of these benefic effects are: the decrease of superoxide and lipid
hydroperoxide generation; the increase of Ser1177 phosphorylation in eNOS protein from the aorta;
and the increase of ABCG1 expression that facilitates cholesterol efflux [279,280]. It was demonstrated
that malvidin and its metabolites reduce ROS levels by upregulating SOD and HO-1 in EC [281].
In parallel, they induce eNOS expression, increase NO production and reduce peroxynitrite-induced
NF-kB activation that further decreases the levels of pro-inflammatory mediators such as iNOS,
COX-2 and IL-6 [282]. Anthocyanins combined with gallocatechins from Hibiscus sabdariffa extract,
increase PONT1 activity in hamster sera in a dose-response manner [283]. Alcoholic extract of maqui
berry, another black fruit, decreases the levels of lipid peroxides and F2-isoprostanes in humans [284].
A study conducted in women shows that the dietary intake of anthocyanins is accompanied by a lower
carotid-femoral pulse wave velocity and carotid intima-media thickness [285].

Chen et al. demonstrated that pretreatment with delphidin determines the reduction of ICAM-1
and P-selectin expression in oxLDL-activated EC, resulting in an inhibition of monocytes adhesion
and transmigration [286]. These anti-inflammatory effects were determined by the inhibition of
oxidative stress, mitigation of p38 MAPK expression and inhibition of NF-xB [286]. The bilberry extract
diminishes the secretion of CRP, MCP-1 and IL-13 in lipid—loaded macrophages. These effects are driven
by the inhibition of NF-«B and activation of PKA signaling pathways [274]. The Morus alba extract
downregulates the pro-inflammatory molecules P-selectin and fractalkine, decreasing monocytes
adhesion to EC [64]. In a recent study, Lee et al. demonstrated that anthocyanin-rich blackcurrant
extract exerts anti-inflammatory action by repressing the pro-inflammatory M1 polarization of mouse
bone marrow-derived macrophages and human THP-1 cells [287].

The effects of anthocyanins and their metabolites on miRNAs expression are still largely unknown,
only a few studies having been published. Rodriguez-Mateos et al. performed, recently, a nutrigenomic
study to explore the mechanism of action of anthocyanins in vivo [288]. They analyzed mRNAs and
miRNAs in PBMC isolated from healthy volunteers at the beginning and the end of a 28-day period of
anthocyanins-enriched vitamin mix or blueberry consumption. The results of the microarray analysis
in PBMC showed that a daily blueberry consumption led to differential expression (>1.2-fold) of
608 genes and three miRNAs (miR-30c-5p, miR-126-5p and miR-181c-3p). The most striking finding
was a 13-fold increase of miR-181c expression evidenced in PMBC. Specific patterns of 13 metabolites
were proven as independent predictors of mRNA expression alteration, and pathway enrichment
analysis revealed significantly modulated biological processes involved in cell adhesion, migration,
immune response and cell differentiation [288].

Anthocyanins are well tolerated and have no side effects, but their bioavailability is rather low, and
they are rapidly transformed into phenolic acid derivates [289]. For this reason, additional experiments
should be performed to develop new formulation of these natural active compounds to increase their
protection, bioavailability and efficiency in vivo. Further studies are also desirable to assess the clinical
efficiency of anthocyanins in different populations and to evaluate their benefic effects exerted on
arteries affected by atherosclerosis.
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2.4. Guaiacols Group

Gingerols and shogaols are the most abundant active compounds of ginger (Zingiber officinale)
rhizomes that are used since old times in the treatment of various symptoms and as dietary supplement
in drinks and food products [290,291]. Gingerols differ in the length of their unbranched alkyl side
chains, [6]-gingerol being the most abundant type in fresh ginger root, followed by [10]-gingerol
and [8]-gingerol (Figure 9). Dehydration of these major gingerols generates the corresponding
shogaols (Shao et al., 2010). The low solubility of the orally ingested gingerols generates their low
bioavailability. These compounds are not completely free of side effects due to their interactions with
other pharmaceutical active compounds, the gingerols acting as bioenhancers of certain drugs. Possible
technological solutions for enhancing gingerols solubility and bioavailability, and preventing their
harmful interactions comprise the microemulsions and nanocarriers/nanoparticles formulations of
gingerols. Some liposomal ginger products were developed to increase their bioavailability. These
structures are not degraded in the stomach, can enter liver cells, but their benefic effects remain to be
demonstrated by in vivo studies [292].
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Figure 9. Guaiacols’ classifications, chemical structures and molecular mechanisms of action to reduce
cardiovascular diseases.

Ginger extract (GEx) exerts lipid-lowering effects, reduces stearoyl CoA desaturase 1 (SCD1)
gene expression and accumulation of lipids in the liver of rats fed a fructose diet through a pathway
mediated by hepatic carbohydrate response element-binding protein [293]. Recently, it was shown that
a GEx, with very well characterized composition in gingerols and shogaols, diminishes the fatty acid
production in hyperlipidemic conditions by reducing SCD1, ACC and non-esterified fatty acids levels
in the liver and plasma of hyperlipidemic hamster [294]. The lipid-lowering properties of gingerols and
shogaols can be also explained by the enhancement of hepatic cholesterol excretion into bile fluids, based
on the induction of ABCG5/G8 and CYP7A1 expression in the liver of hyperlipidemic hamster. Lei et al.
reported that the treatment with gingerol and shogaol-enriched GEx upregulates hepatic CYP7A1 [295].
The increase of ABCG5/G8 and CYP7AL levels can be due to the induction of their transcription
regulators LXRa/f and PPARy which are stimulated by the decrease of endoplasmic reticulum
stress [294]. The upregulation of PPARy by GEx was also detected by Misawa et al., who showed
that GEx attenuates diet-induced obesity and improves exercise endurance capacity by activation of
the PPARy pathway [296]. Gingerols and shogaols stimulate TICE through stimulation of ABCG8
gene and protein expression in the small intestine, due to the upregulation of SIRT1-LXR«/f3-PPARy
pathway [117,295]. In addition, the treatment with gingerol and shogaol-enriched GEx induces the
downregulation of Niemann-Pick C1-Like 1 (NPC1L1) and MTTP in the small intestine of hamster [295].
In parallel, GEx stimulates the small intestine to produce functional HDL by restoring ABCA1 levels
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and apoA-I quality and quantity through inhibition of the oxidative stress. It was reported that these
processes happening in the small intestine and liver are associated with the reduction of the aortic
valves lipid-deposits [117].

GEx active constituents have proven to be effective in exerting antioxidant effects on dysfunctional
EC in culture by decreasing the expression of NADPH oxidase subunits, inhibiting NF-«B, activating
the antioxidant Nrf2 and HO-1. GEx acts in vivo as antioxidant under dyslipidemic conditions by
reducing MPO and thiobarbituric acid reactive substances (TBARS) levels and increasing PON1 levels
in the liver, small intestine and plasma of hyperlipidemic hamsters [117,294].

Ginger is known since ancient times for its anti-inflammatory effects that ameliorate various
diseases [297]. Recent data evidence the GEx potential and its major components, 6-gingerol and
shogaol, to exert anti-inflammatory effects in EC by reversing TNFa-induced EC dysfunction. Their
mechanisms of action involve reduction of MCP-1, VCAM-1 and monocytes adhesion to EC, due to
the decrease of Ninjurin-1, TNFa receptor 1 and RAGE expression [298]. Wang et al. demonstrated
that 6-shogaol decreases MCP-1, E-selectin and ICAM-1 and the apoptosis of HUVECs exposed to
oxLDL by inhibiting LOX-1, oxidative stress and NF-«B signaling [299]. Beneficial effects of 6-gingerol
and 6-shogaol were demonstrated also in macrophages. In LPS-stimulated macrophages, 6-gingerol
decreased iNOS and TNF-o expression by inhibiting NF-«B and PKC signaling [300]. In another study,
6-shogaol significantly inhibited the canonical NLRP3 inflammasome-mediated IL-13 secretion in
THP-1 macrophages stimulated with LPS [301]. In a recent in vivo study, Wang et al. demonstrated that
administration of 6-gingerol to fat-fed apoE-deficient mice determines the reduction of atherosclerosis,
expressed as decreased plaque formation and reduced levels of pro-inflammatory cytokines (TNF-«,
IL-1B, and IL-6) by a mechanism mediated in part by AMPK activation [302].

Knowing the GEx pleiotropic effects, several groups investigated its potential to modulate
epigenetic factors associated with ncRNA. As the main active ingredient of ginger, 6-gingerol, was
shown to significantly improve lipid metabolism abnormalities in adult rodents. A few studies have
reported its molecular effects on age-related non-alcoholic fatty liver disease (NAFLD), as well as
on epigenetic factors. In an in vivo recent study in aged rats, Li et al. demonstrated that 6-gingerol
brought to normal the hepatic TG content, plasma insulin and HOMA-IR index of ageing rats [303].
Mechanistically, they showed that 6-gingerol modulates lipid metabolism by increasing 3-oxidation
and decreasing lipogenesis, through activation of liver PPAR« and carnitine palmitoyl-transferase 1«
(CPT1w), and inhibition of diacylglycerol O-acyltransferase 2 (DGAT-2) expression at translational
level, but not at transcriptional level, to ameliorate ageing-associated hepatosteatosis. The authors
further analyzed miRNAs targeting PPARx and CPT1a genes and reported that ageing significantly
increased hepatic miR-34a expression in rats. Interestingly, 6-gingerol showed minimal effect on hepatic
miR-34a. Additionally, 6-gingerol significantly decreased hepatic miR-107-3p level, thereby increasing
PPARo and CPT1x genes [303]. Kim et al. investigated molecular factors involved in lipid metabolism
and inflammation of the white adipose tissue (WAT), including miRNAs, modulated by GEx in
Sprague-Dawley rats fed a high-fat diet [304]. They reported that GEx reduced body weight and WAT
mass, mRNA levels of adipogenic genes, PPARy, adipocyte protein 2 (aP2), as well as pro-inflammatory
cytokines (TNFe, IL-6 and MCP-1). Obese rats expressed increased expression of miR-21 and miR-132
in WAT. Additionally, this report showed downregulated expression of miR-132 and miR-21 in WAT of
rats after GEx administration, in parallel with a greater AMPK activity. The authors assumed that the
reduced miR-21 and miR-132 levels could be associated with the post-translational regulation of genes
involved in adipogenesis and inflammation in high-fat diet fed rats [304].

It has been reported that some phenolic compounds such as curcumin, RSV, quercetin, EGCG
and genistein can interfere with assays via a number of different mechanisms (are potential pan-assay
interference compounds-PAINS) and/or are considered invalid metabolic panaceas (IMPs) [305,306].
We recommend that this “warning bell” should be very seriously taken in consideration by the
researchers that intend to extend the research in the field of phytochemicals therapeutic potential.
The present review has taken in consideration only the phenolic compounds with known molecular
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mechanisms in vitro and in vivo, precisely to support their specific actions, and does not propose them
as panacea.

3. Conclusions

This review amassed consistent knowledge concerning the mechanisms of action of the phenolic
compounds, which ascertain their therapeutic potential to prevent or treat CVD. Phenolic compounds
can regulate lipid metabolism and balance the oxidative and inflammatory stress through various
epigenetic, transcriptional and translational mechanisms that have been demonstrated in vitro and in
animal models; some of them have been confirmed in humans.

Phenolic compounds have various pharmacological properties and the present review highlighted
those having robust potential to amend dyslipidemia or to diminish the oxidative and inflammatory
stress, important risk factors for CVD. Thus, remarkable lipid-regulatory properties have the phenols
from hydroxycinnamic acid, flavanols, anthocyanidines and guaiacols groups. They inhibit the lipid
absorption in the small intestine; stimulate the cholesterol efflux from atheroma and cholesterol excretion
through gallbladder or small intestine; and imped de novo lipid synthesis in the liver. The molecular
mechanisms responsible for these effects involve activation of transcription regulators (SIRT-1, LXRs,
PPARs). Important antioxidant and anti-inflammatory effects are described for almost all presented
phenolic compounds, the main mechanisms of action being inhibition of NLRP3 inflammasome
and NF-«B; activation of Nrf2 and Akt, and the consequent stimulation of eNOS and antioxidant
enzymes, and inhibition of NADPH oxidase. All these processes are susceptible to be regulated at the
epigenetic level, an increasing number of miRNAs modulating them being depicted. Interestingly,
certain phenolic compounds, such as resveratrol and naringenin, bind directly to the genes to regulate
various proteins synthesis.

Most of these findings come from experiments performed either in vitro or in vivo (experimental
animals). Many of these outcomes have been consistently achieved from clinical studies, but some of
them still need to be proved in humans. More studies are needed to widen the knowledge concerning
the molecular actions of the phenolic compounds; some of them are not completely understood or are
still controversial. Since the results obtained until now on improving the human health are promising,
more studies in humans are needed to validate the beneficial effects of phenolic compounds in CVD.
Additional clinical trials are warranted, but with improvement and standardization of the study design,
formulations and doses to be assessed. Further investigations are necessary using larger and longer
studies to better define the therapeutic role of phenolic compounds.

Herbal medication has lower adverse effects compared to synthetic drugs and thus presents the
advantage that they can be used for a longer period of time. Many of the plant phenolic compounds
exert their effects through different mechanisms, and we might expect additive effects when taken
in combination, but this has to be scientifically proven. In many cases, it was demonstrated that the
biologically active compounds are more efficient in plant extracts compared to the purified molecular
components, the data supporting the synergistic action of plants” active compounds. Analyses
comparing intake of phenolic compounds in different formulation (powder capsules, alcoholic extracts
or encapsulation in nanocarriers) have produced conflicting results. Thus, greater attention should
be given to combinations of phenolic compounds, their doses and formulations for administration.
Further studies are needed to develop new forms of delivery for such natural bioactive compounds to
improve compliance of patients at risk for CVD, and ensure their increased bioavailability, thereby
creating more efficient products than the commercially available ones at present.

In the present review we have focused on the molecular mechanisms of action of the phenolic
compounds that target dyslipidemia, oxidative and inflammatory stress, the main risk factors in the
atherosclerotic process. We hope that we convinced the reader that their multiple benefic effects
warrant their use as CVD remedies, complementarily to allopathic drugs. Consumption of foods
containing natural phenolic compounds should be encouraged for people with low to moderate CVD
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risks; those who are preventive, and those who are at the same time on the prescription drugs to lower
the incidence of fatal cardiovascular events.
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Abstract: Green tea drinking can ameliorate postmenopausal osteoporosis by increasing the bone
mineral density. (-)-Epigallocatechin-3-gallate (EGCG), the abundant and active compound of tea
catechin, was proven to be able to reduce bone loss and ameliorate microarchitecture in female
ovariectomized rats. EGCG can also enhance the osteogenic differentiation of murine bone marrow
mesenchymal stem cells and inhibit the osteoclastogenesis in RAW264.7 cells by modulation of
the receptor activator of Nuclear factor-kB (RANK)/RANK ligand (RANKL)/osteoprotegrin (OPG)
(RANK/RANKL/OPG) pathway. Our previous study also found that EGCG can promote bone defect
healing in the distal femur partially via bone morphogenetic protein-2 (BMP-2). Considering the
osteoinduction property of BMP-2, we hypothesized that EGCG could accelerate the bone healing
process with an increased expression of BMP-2. In this manuscript, we studied whether the local use
of EGCG can facilitate tibial fracture healing. Fifty-six 4-month-old rats were randomly assigned to
two groups after being weight-matched: a control group with vehicle treatment (Ctrl) and a study
group with 10 umol/L, 40 uL, EGCG treatment (EGCG). Two days after the operation, the rats were
treated daily with EGCG or vehicle by percutaneous local injection for 2 weeks. The application
of EGCG enhanced callus formation by increasing the bone volume and subsequently improved
the mechanical properties of the tibial bone, including the maximal load, break load, stiffness, and
Young’s modulus. The results of the histology and BMP-2 immunohistochemistry staining showed
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that EGCG treatment accelerated the bone matrix formation and produced a stronger expression of
BMP-2. Taken together, this study for the first time demonstrated that local treatment of EGCG can
accelerate the fracture healing process at least partly via BMP-2.

Keywords: (-)-epigallocatechin-3-gallate (EGCG); bone morphogenetic protein-2 (BMP-2); catethin;
fracture healing; local use

1. Introduction

Long-bone fracture is a common musculoskeletal trauma representing a considerable burden
of disease. Bone fracture healing is a long process usually requiring several months. The delayed
union or Nonunion rate is approximately 5%-10% [1]. Acceleration the fracture healing process
and shortening the recovery time is important. As a result, different types of Nourishment and
medications have been intensively investigated in order to identify the optimal strategies to promote
fracture healing.

The beneficial effects of green tea on bone health have been widely reported. Numerous clinical
studies indicated a positive effect between tea consumption and bone health [2]. Those who drink
tea habitually have better bone mineral density (BMD) and a lower hip fracture rate [3,4]. Hegarty’s
study reported approximately 5% higher lumbar spine BMD in frequent tea drinkers than in those who
did Not drink tea [5]. A cross-sectional analysis from a 5-year prospective trial related to oral calcium
supplements and osteoporotic fractures also demonstrated that tea drinkers had a lower rate of BMD
loss compared to Non-tea drinkers (1.6% vs. 4% in 4 years) [6]. (-)-Epigallocatechin-3-gallate (EGCG) is
widely studied because of its potent antioxidant effects [7]. Previous animal studies found that green
tea polyphenol extracts improved several bone loss models related to aging, estrogen-deficiency, and
chronic inflammation [8-14]. Although Numerous clinical and animal studies indicated that tea can
increase bone volume and diminish osteoporotic fractures, the relationship between tea consumption
and fracture healing remained unclear.

The fracture healing process is a specialized healing process that depends on the coordination
of different growth factors to stimulate bone formation. Bone morphogenetic protein-2 (BMP-2) is a
powerful osteogenic factor that induces osteoblast differentiation and promotes bone formation [15].
Enhanced BMP-2 expression is known to play an essential role in the initiation of fracture healing [16].
We found that EGCG enhanced BMP-2 mRNA expression in human bone marrow derived mesenchymal
stem cells (BMSCs) [17]. EGCG can facilitate osteogenic differentiation of both murine and
human BMSCs and eventually increase mineralization in vitro [17,18]. We previously reported
that intraperitoneal injection of EGCG for 3 months in ovariectomized rats could increase bone volume
and microarchitecture at a dosage of 3.4 mg/kg/day, which achieved 10 pmol/L in serum. The effect of
EGCG may rely on BMP-2 [19]. We also found that local treatment of EGCG could improve the healing
of femoral bone defects and that this effect might be mediated at least in part by BMP-2 [20]. In this
study, we hypothesized that local percutaneous injection of EGCG could promote fracture healing by
enhancing BMP-2 expression.

2. Materials and Methods

2.1. Chemicals

High purity (>99%) grade EGCG (No. E4143) was purchased from Sigma-Aldrich (St. Louis, MO,
USA) and was dissolved in dimethylsulfoxide (DMSO).
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2.2. Experiment Animals

This animal study was approved by the Institutional Animal Care and Use Committee. Male
Sprague-Dawley (SD) rats at 12 weeks of age were obtained from the National Laboratory Center
(Taipei, Taiwan) with a mean body weight of 350 + 25 g, and were provided with free food and water in
a temperature-controlled room (25 + 1 °C) and kept on a 12:12 light-dark cycle during the experiment.
Fifty-six 4-month-old rats were randomly divided into two groups after being weight-matched: fracture
with vehicle treatment as control group (Ctrl) (n = 28) and fracture with treatment of EGCG (EGCG)
(n = 28). We used EGCG, 40 uL at 10 pmol/L, with a total dose of 0.52 pg/kg/time [20]. Isolated right
tibia fractures were made with a saw. Percutaneous local injection of either vehicle or EGCG were given
locally and daily 2 days after the fracture creation for 2 weeks (1 = 14 at each group). Micro-computed
tomography (u-CT), biomechanical analysis (1 = 7 at each group), and histological study (1 = 7 at each
group) were done 2 and 4 weeks after treatment [19-21].

2.3. Tibial Fracture Model

An isolated right tibia fracture with intramedullary Needle fixation was selected as the bone
fracture healing model. Each animal was anesthetized with ketamine (60 mg/kg) administered via
intraperitoneal injection. The right hind limb was prepped and draped in a sterile manner. A 1 cm
longitudinal skin incision was made over the antero-medial aspect of the lower limb. The tibia
was exposed without elevating the periosteum, and osteotomized using an oscillating saw under
continuous irrigation. After open osteotomy, a 23-gauge syringe Needle was inserted into the bone
marrow cavity of the tibia to stabilize the fracture. The surgical wound was sutured and covered with
sterile dressings for two days. The proper alignment after fixation was radiographically confirmed.

2.4. Radiographic and uCT Analyses

During radiologic examination and micro-CT image scanning, the animals were sedated.
For investigation of the fracture repair process in living animals, small animal micro-CT (Skyscan 1076,
Bruker, Belgium) and image software (CTAn) were used and calculated at the indicated time point
(n = 14 in each time point). For scanning, the scan settings were an aluminum filter of 0.5 mm,
9 pum scanning resolution, X-ray voltage of 50 kV, X-ray current of 200 mA, and exposure time of
600 ms. The analysis began from the proximal tibia and through the whole fracture site until the distal
tibia [19,21-26].

2.5. Histological Study

Rats were sacrificed at 2 weeks and 4 weeks for histological analysis after surgery (1 = 7 in each
time point). The bone samples were harvested after sacrifice and fixed with 10% Neutral buffered
formaldehyde for 2 days, decalcified in 14% ethylenediaminetetraacetic acid (EDTA)/phosphate
buffered saline (PBS) for 14 days and then embedded in paraffin. The 5-um bone sections were
hematoxylin and eosin stained for histomorphometry of the bone volume after decalcification. At a
magnification of 40X, we defined the counted callus area as the 1-mm regions proximal and distal to the
bone graft ends. The area of callus formation and the intact tibia bone was measured using Image-Pro
Plus 5.0 software (Media Cybernetics, Inc., Rockville, MD, USA). We calculated the percentage of bone
matrix of the callus and the intact tibia and compared with the results from the control group [27-30].

2.6. Immunohistochemistry (IHC) of BMP-2

The samples were prepared for indirect immune detection using a rabbit polyclonal
anti-BMP-2 (Abcam, Cambridge, MA, USA) and mouse and rabbit specific horseradish peroxidase/
diaminobenzidine detection IHC kit (Abcam, Cambridge, MA, USA) by protocols provided by
manufacture. The sections were then counterstained with hematoxylin to visualize cell Nuclei. BMP-2
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were stained brown [20]. Under high power magnification, the BMP-2 stain in the callus area was
measured and quantified [20,29].

2.7. Three Point Bending for Biomechanical Testing

Instron 4466 (model 4465; Instron, Canton, Massachusetts) was used for the mechanical property
of the repaired fracture in the tibia bone samples after the soft tissues were removed (n = 7 in each
time point). For three-point bending, the tibia bone was placed between two metal supports, and a
single-pronged loading device was applied to the opposite surface at a point precisely in the middle
between the two supports. The distance between the two supports was 4 cm. The loading force was
1 N at a rate of 1 mm/min and directed to the mid-diaphyseal region [21]. We measured the deflection
of the bone at the point of load application and the simultaneous measurement of the load, yielding a
force—deflection graph. The biomechanical parameters, including yield point, maximal load, fracture
load, and whole-bone stiffness (defined as the slope of the early, linear portion of the load-deflection
curve) were recorded. The Young’s modulus of the material was also measured by the geometry of the
loading device and the stiffness of the bone.

2.8. Statistical Analysis

All data were expressed as mean + standard error by at least three independent experiments.
Comparisons of the data were analyzed by one-way ANOVA, and the Scheffe post hoc test using SPSS
(version 22 for Windows, SPSS Inc, Chicago, IL, USA). Statistical significance was defined as p < 0.05.

3. Results

3.1. X-ray and Microarchitecture Assessment by u-CT

The images of x-ray and p-CT are revealed in Figure 1. The results of the radiographic analysis
showed that the administration of EGCG enhanced bone callus formation. With EGCG treatment,
the fracture gap decreased at the end of weeks 2 and 4 after treatment both in the X-ray images
(Figure 1A) and in the p-CT images (Figure 1B). Compared to the control group, the fracture gap
decreased gradually in the EGCG treated group at weeks 2 and 4. The quantification results of the
callus in p-CT are shown in Table 1. Furthermore, there was No fracture gap visible at week 4 in the
EGCG treated group, confirming the beneficial role of EGCG on the fracture healing process.

4 weeks

EGCG

Figure 1. (-)-Epigallocatechin-3-gallate (EGCG) promotion of bone fracture healing in rats. The images
of X-ray and micro-computed tomography (u-CT). (A) The X-ray radiographic analysis showed a clear
fracture gap at weeks 0, 2, and 4 in the control group, and this fracture was gradually blurred at weeks
2 and 4 in the EGCG treated group. Arrows indicate the fracture site. (B) The results of p-CT analysis
also showed a gradual union of fracture gap at the end of weeks 2 and 4 after treatment. Compared to
the control group, the fracture was united at the end of week 4 after the EGCG treatment, suggesting
that fracture healing process was accelerated by EGCG.
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Table 1. The quantification results of callus in p-CT.

Week 2 Week 4

Control EGCG Control EGCG

Tissue volume (mm®) ~ 440.87 +24.82  640.32 +58.44*  447.03 + 38.63 622.64 + 40.95 **
Bone volume (mm?) 58.30 + 11.65 70.28 + 4.81 57.29 +12.13 66.35 + 11.20

*p < 0.05 versus control group after treatment. ** p < 0.01 versus control after treatment.

3.2. Three-Point Bending Test for the Mechanical Properties of the Bone

After harvesting the tibia, the three-point bending test was used for the mechanical strength
of fracture healing. The results of the biomechanical testing showed that the treatment with EGCG
enhanced the bone mechanical strength (Figure 2A-D). The maximal load increased from 42.3 + 5.5 N
in the control group to 75.2 + 9.9 N in the EGCG group at the end of week 2 (p < 0.05) and from
68.1 + 12.0 N in the control group to 99.1 + 0.7 N in the EGCG group at the end of week 4 (p < 0.05)
(Figure 2A). The break point improved from 31.2 + 4.0 N in the control group to 72.2 + 11.4 N in the
EGCG group at the end of week 2 (p < 0.05) and from 62.1 + 11.2 N in the control group to 91.5 + 1.1 N
in the EGCG group at the end of week 4 (p < 0.05) (Figure 2B). The stiffness also improved from
149.1 + 23.9 N/mm? in the control group to 213.5 + 8.8 N/mm? in the EGCG group at the end of week 2
(p < 0.05) and from 171.4 + 18.4 N/mm? in the control group to 226.6 + 12.9 N/mm? in the EGCG group
at the end of week 4 (p < 0.05) (Figure 2C). Young’s modulus improved from 1.4 + 0.06 GPa in the
control group to 2.5 + 0.25 GPa in the EGCG group at the end of week 2 (p < 0.001) and 2.2 + 0.5 GPa in
the control group to 3.4 + 0.18 GPa in the EGCG group at the end of week 4 (p < 0.05) (Figure 2D).
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Figure 2. EGCG increased the bone mechanical properties of the fractured tibia. The results of
mechanical testing showed that the maximal load (A), break load (B), stiffness (C), and Young's
modulus (D) (at weeks 2 and 4) were significantly increased after the treatment of EGCG. All data are
expressed as mean + standard error. * p < 0.05 versus control group after treatment. *** p < 0.001 versus
control after treatment.

3.3. Histological Study

Histological analysis showed that fracture healing was accelerated by EGCG treatment. More New
matrix formation in EGCG groups was Noted than that in the control group at the end of both weeks
2 and 4 (Figure 3A). The bone matrix ratio increased from 44.0% + 0.9% to 70.6% + 4.7% at the end
of week 2 (p < 0.01) and 58.6% =+ 3.4% to 82.6% + 7.1% at the end of week 4 (p < 0.01) (Figure 3B).
The histological study further approved the X-ray and p-CT results.
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Figure 3. (A) Histological analysis. There was significantly more New matrix formation in the EGCG
groups than in the control groups. (B) The New bone matrix formation in callus tissues was significantly
enhanced by EGCG treatment at weeks 2 and 4. ** p < 0.01 versus control after treatment.

3.4. IHC Analysis

In the IHC study, immunolocalized BMP-2 in New form matrices were quantified (Figure 4A).
The brown stained ratio in the callus tissue increased from 0.20 + 0.04 to 0.36 + 0.02 and from 0.24 + 0.03
to 0.51 + 0.02 at the end of weeks 2 and 4, respectively, with the treatment of EGCG (p < 0.01)
(Figure 4B). Our findings indicated that EGCG can facilitate bone fracture healing by increasing the
BMP-2 expression.
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Figure 4. Inmunohistochemistry study. (A) Immunolocalized bone morphogenetic protein-2 (BMP-2)
in New form matrices were stained brown. The arrows indicate positive BMP-2 stains. (B) Quantification
of immunolocalized BMP-2. EGCG facilitated bone fracture healing by increasing the BMP-2 expression
in callus tissue. ** p < 0.01 versus control after treatment.

4. Discussion

EGCG, one of the most bioactive catechins derived from green tea, can stimulate bone formation
both in vitro and in vivo [17,19,20,31]. The effects of EGCG on the promotion of the fracture healing
process, however, remain unclear. This is the first study to indicate the beneficial effects of local
percutaneous EGCG treatment in facilitating the fracture healing of tibia established by X-ray, uCT
images, and eventually mechanical property tests. The study results provided supportive evidence
that the local EGCG improved callus formation and increased the bone mechanical strength in the
fractured tibia. Significantly, the current study results also indicated that the effect on accelerating
fracture healing may be partially related to EGCG'’s role in the upregulation of BMP-2.

The healing process of fractured bone is regulated by the differentiation of osteoblasts and BMSCs.
In our previous study, we indicated that EGCG can facilitate the osteogenic differentiation of murine
and human BMSCs especially at 10 umol/L [17]. At the same concentration, EGCG can also decrease
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osteoclastogenesis via the regulation of osteoprotegrin (OPG) and the receptor activator of Nuclear
factor-kB (RANK) ligand (RANKL) in pre-osteoclast feeder cells, ST2 [32]. Qiu’s study also showed that
1040 pmol/L of EGCG significantly inhibited hypoxia-induced apoptosis in BMSCs and increased the
level of runt-related transcription factor 2 (Runx2), BMP-2, type I procollagen, and alkaline phosphatase
activity [33]. We found No published data regarding the effect dose of EGCG on fracture healing. As a
result, we chose 10 pmol/L of EGCG in this study. We inferred that EGCG may increase the osteogenic
differentiation of BMSCs around the fracture site at this concentration. Moreover, the callus size may
be further increased due to decreased osteoclastogenesis.

BMPs are crucial regulators of both chondrocyte and osteoblast differentiation and thus can
promote bone formation by improving both intramembranous and endochondral ossification [34].
BMP-2 can strongly induce New bone formation and is one of the most powerful osteoinductive
biofactors. BMP-2 can be applied for delayed union, Non-union, and bone defects [35]. The role
of BMP-2 in fracture healing has been investigated using BMP2 limb bud mesenchyme conditional
knockout mice. Researchers demonstrated that the fracture healing process was slower in the
heterozygotes compared to the wild-type mice and No fracture healing was Noted in the knockout
mice [34].

The direct application of BMP-2 was also proven to accelerate the healing process in small animal,
large animal, and even human clinical trials [36-38]. Our previously reported intraperitoneal EGCG
use mitigated the BMD decline and ameliorated the bone architecture. Moreover, EGCG treatment
also increased the immunolocalized BMP-2 in the bone matrix [19]. In another in vivo study, we
locally applied EGCG on femoral bone defects and found that the local use of EGCG at femoral defects
could facilitate New bone formation by enhancing the bone volume and subsequently recovered the
mechanical strength of the bone. The expression of the immunolocalized BMP-2 was shown to increase
up to 3-fold in EGCG treated rats [20]. With this concept, we used EGCG to facilitate tibia fracture
healing. Our results revealed that treatment with EGCG, at 10 pmol/L, significantly accelerated the
fracture healing and thus improved the mechanical strength of the fractured tibia.

The modulation of osteoclast activity may be another function of EGCG to increase the callus
size. Chen et al. reported that EGCG can inhibit osteoclastogenesis in RAW264.7 cell and ST2
cell co-cultures by modulation of the RANK/RANKL/OPG pathway [32]. Similar results were also
reported in Xu’s study, where EGCG and its oxidation product were both found to effectively inhibit
RANKL-induced osteoclastogenesis in RAW 264.7 cells [39]. A study by Song et al. also found that
EGCG supplementation at a dose of 10 mg/kg/day for 12 weeks markedly increased both BMD and
total bone volume and also improved the microarchitecture of the trabecular bone in the femur.

In an IHC study, researchers reported that EGCG diminished semaphorin 4D expression [40].
Semaphorin 4D is highly expressed in osteoclasts and may potently inhibit bone formation by binding
to Plexin-B1 receptors, which are highly expressed by osteoblasts [41]. Semaphorin 4D specific antibody
increased osteoblastic bone formation but did Not disturb osteoclastic bone resorption and eventually
diminished bone loss after ovariectomies [41]. As a result, EGCG could regulate the RANKL-induced
osteoclastogenesis and possibly reduce the resorption of woven bones and increase the callus size,
which may be another possible mechanism for increased tibia fracture healing.

Previous studies indicated that taking one cup of green tea can achieve a serum level of 1 umol/L
EGCG [42,43]. An oral dose of 1600 mg EGCG can achieved a serum level of 7.6 pmol/L [44].
The effective concentration of EGCG to enhance fracture healing was 10 pmol/L in this study, which
can be reached by daily tea consumption. Adequate oral EGCG was used in the study for fracture
healing. The molecular mechanisms of EGCG on fracture healing are likely due, at least in part, to the
increased BMP-2 expression. Further studies are required to find more molecular mechanisms.
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5. Conclusions

In conclusion, we found that locally administered EGCG, to a level of 10 umol/L with 40 uL at a
dose of 0.52 pg/kg/time, at a tibia fracture could enhance the fracture healing by improving the callus
size and then aid in recovering the mechanical strength of the bone, including the max load, modulus,
stiffness, and break load. The promotion effect of EGCG on fracture healing might be in part due to the
effects on BMP-2.
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Abstract: Neurological diseases (NDs), especially Alzheimer’s and Spinocerebellar ataxia (SCA), can
severely cause biochemical abnormalities in the brain, spinal cord and other nerves of human beings.
Their ever-increasing prevalence has led to a demand for new drug development. Indian traditional
and Ayurvedic medicine used to combat the complex diseases from a holistic and integrative point
of view has shown efficiency and effectiveness in the treatment of NDs. Bacopa monnieri is a potent
Indian medicinal herb used for multiple ailments, but is significantly known as a nootropic or
brain tonic and memory enhancer. This annual herb has various active compounds and acts as an
alternative and complementary medicine in various countries. However, system-level insights of the
molecular mechanism of a multiscale treatment strategy for NDs is still a bottleneck. Considering
its prominence, we used cheminformatics and system pharmacological approaches, with the aim to
unravel the various molecular mechanisms represented by Bacopa-derived compounds in identifying
the active human targets when treating NDs. First, using cheminformatics analysis combined with
the drug target mining process, 52 active compounds and their corresponding 780 direct receptors
were retrieved and computationally validated. Based on the molecular properties, bioactive scores
and comparative analysis with commercially available drugs, novel and active compounds such as
asiatic acid (ASTA) and loliolide (LLD) to treat the Alzheimer’s and SCA were identified. According
to the interactions among the active compounds, the targets and diseases were further analyzed
to decipher the deeper pharmacological actions of the drug. NDs consist of complex regulatory
modules that are integrated to dissect the therapeutic effects of compounds derived from Bacopa in
various pathological features and their encoding biological processes. All these revealed that Bacopa
compounds have several curative activities in regulating the various biological processes of NDs and
also pave the way for the treatment of various diseases in modern medicine.

Keywords: Alzheimer’s disease; Bacopa monnieri; bioactive compounds; cheminformatics;
neurological diseases; spinocerebellar ataxia; system pharmacology

1. Introduction

Medicinal plants are a pivotal reservoir of plenty of pharmacologically active compounds, and
have been used as a therapeutic medicine for several diseases since the ancient period. Medicinal plants
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are the essential backbone of traditional medicine; around 3.3 billion people in the least-developed
countries are still utilizing them on a regular basis [1]. Medicinal plants offer rich resources of
pharmacological ingredients that can be used in drug development. Above and beyond that, these
plants play a significant role in the development of human cultures around the globe. According to the
International Union for Conservation of Nature (IUCN) report, worldwide, almost 80,000 flowering
plant species are used for pharmaceutical purposes.

Bacopa monnieri (L.) is an important medicinal plant in Indian traditional Ayurvedic medicines.
It is a small perennial herbaceous plant commonly known as ‘Brahmi’, belonging to the family
Scrophulariaceae. It is a renowned Indian medicinal plant that has been used as a memory booster
in the Ayurvedic medicinal system for more than 3000 years [2,3]. It is used in traditional medicine
to treat various nervous disorders, digestive aid, improve learning, memory, and concentration and
to provide relief to patients with anxiety, and skin disorders; specific uses include the treatment
of asthma, insanity and epilepsy [4-6]. The Bacopa herb, also called nootropic herb, helps in the
repair of damaged neurons, neuronal synthesis, and the restoration of synaptic activity, and improves
brain function. B. monnieri contains alkaloid brahmine, nicotinine, herpestine, bacosides A and B,
saponins A, B and C, triterpenoid saponins, stigmastanol, 3-sitosterol, betulinic acid, D-mannitol,
stigmasterol, x-alanine, aspartic acid, glutamic acid, and serine and pseudojujubogenin glycoside [7].
The plant possesses a wide variety of pharmacologically active principles including memory
enhancing, tranquillizing, sedative, antidepressant, antioxidant, cognitive, anticancer, antianxiety,
adaptogenic, antiepileptic, gastrointestinal effects, endocrine, gastrointestinal, smooth muscle relaxant
effects, cardiovascular, analgesic, antipyretic, antidiabetic, antiarthritic, anticancer, antihypertensive,
antimicrobial, antilipidemia, anti-inflammatory, neuroprotective, and hepatoprotective activities [8-10].

It has a very important role in Ayurvedic therapies for the treatment of cognitive disorders
of aging [8,11]. Diverse mechanisms of action for its cognitive effects have been proposed,
including acetylcholinesterase (AChE) inhibition, antioxidant neuroprotection, 3-amyloid reduction,
neurotransmitter modulation (acetylcholine [ACh], 5-hydroxytryptamine [5-HT], dopamine [DA]),
choline acetyltransferase activation, and increased cerebral blood flow [12]. Theoretically, paring
B. monnieri with a stimulant would ward off malaise, but this combination has not been tested [10].
Metabolites or active compounds from B. monnieri interact with the dopamine and serotonergic
systems, but its main molecular mechanism concerns promoting neuron communication. It does this
by increasing the growth of nerve endings, also called dendrites. Characteristics of saponins called
“bacosides”, particularly bacoside A, have been considered to be the major bioactive constituents
responsible for the cognitive effects of B. monnieri [13-15]. In addition, herbal medicine contains a
plethora of active chemical compounds/molecules evolved through a long-term evolutionary process
for safeguarding B. monnieri from various environmental stresses such as physio-chemical changes,
the attack of pathogens, climatic changes, etc. The drug activity of herbal medicine may be due to
the individual and synergistic action of phytomolecules. To the best of our knowledge, the molecular
mechanism of such actions and the identification of the novel lead molecules against neurological
diseases (NDs) are more difficult to study.

In light of this, and despite the significance of traditional Indian medicine, how the
metabolites/compounds work and what their active human targets are are still vague. The present
study aimed to explore the holistic molecular mechanism and the biological properties/pharmacological
activity of phytomolecules derived from B. monnieri against NDs. The following issues need to be
solved immediately: (i) Which active phytomolecules are involved in the regulatory processes for the
treatment NDs? (ii) Which human targets are linked and modulated by the phytochemicals to achieve
the biological activity and the purpose of curing NDs? With the emerging prosperity of pharmacological
systems and powerful analytical tools such as cheminformatics, network pharmacology investigation
allows us to understand the holistic mechanisms of Indian traditional medicine in treating complex NDs.
The current study reveals deeper insights into the molecular mechanisms of active phytomolecules in
treating NDs. The cheminformatics analysis was used to filter out the active and novel phytomolecules
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with potent pharmacological activity; also, the reliability of compound/drug-human target interactions
was evaluated. The obtained potential human targets were then inputted into specific repositories to
figure out their encoding NDs, pathways and holistic mechanisms of active phytomolecules. We hope
that with the help of systems pharmacology and the exploration of molecular cross-talks of Indian
traditional medicine, we will positively promote the development of new therapies for a mixture of
neurological and other diseases in the near future.

2. Materials and Methods

An integrated cheminformatics and system pharmacology approach has been applied for the first
time, to unveil the curative effects of Bacopa-derived, pharmacologically active compounds—consisting
of: (1) target fishing and functional analysis to identify the compounds—direct target network;
(2) network construction and analysis to illustrate the molecular mechanisms of Bacopa-derived
compounds in treating NDs, particularly Alzheimer’s and SCA; (3) gene ontology enrichment for
targets will pave the way for pathway integration analysis to reveal the regulatory mode of target
players in multiple functional nodes from a signaling pathway level.

2.1. Collection of Phytomolecules

Detailed information on 52 phytochemicals from B. monnieri was collected from the literature and
other web sources [16]. A list of biologically phytomolecules is depicted in Table 1.

Table 1. List of Phytomolecuels.

S.No Compounds Abbreviations/Acronyms
1 Nicotine Nt
2 D-Mannitol D-Mn
3 Bacoside A BCS A
4 Bacopasaponin A BCSN A
5 Bacopasaponin B BCSN B
6 Bacopasaponin C BCSN C
7 Bacopasaponin D BCSN D
8 Bacopasaponin E BCSN E
9 Bacopasaponin F BCSN F
10 Bacopasaponin G BCSN G
11 Bacopaside 1 BPS1
12 Bacopaside I1 BPS II
13 Bacopaside 111 BPS III
14 Bacopaside IV BPS IV
15 Bacopaside V BPSV
16 Bacopaside VIII BPS VIII
17 Bacopaside XII BPS XII
18 Plantainoside B PTS B
19 Betulinic acid BTA
20 Cucurbitacin A CCBA
21 Cucurbitacin B CCBB
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Table 1. Cont.

S.No Compounds Abbreviations/Acronyms
22 Cucurbitacin C CCBC
23 Cucurbitacin D CCBD
24 Cucurbitacin E CCBE
25 Stearic acid STRA
26 Rosavin RSV
27 3,4Dimethoxycinnamic acid 3,4DMCA
28 Ascorbic acid ASBA
29 Asiatic acid ASTA
30 Brahmic acid BMA
31 Wogonin WG
32 Oroxindin (0):¢
33 Loliolide LLD
34 Stigmasterol SGMS
35 B-sitosterol B-SS
36 Ebelin lactone EBL
37 Stigmastanol SGMSL
38 Bacosterol BCSt
39 Bacosine BCSn
40 Heptacosane HCS
41 Octacosane OCS
42 Nonacosane NCS
43 Triacontane TC
44 Hentriacontane HTA
45 Dotriacontane DOT
46 Apigenin AG
47 Quercetin QR
48 Ursolic acid USA
49 Luteolin LT
50 Asiaticoside ASTS
51 Bacopaside VI BPS VI
52 Bacopaside VII BPS VII

2.2. Phytochemical Information Retrieval

In total, 52 biologically active plant-derived molecules from B. monnieri were procured from the
PubChem database [17]. The 3D structures and Canonical SMILIES were collected from Molinspiration
tool [18] and the PubChem database [17].

2.3. Human Target Imputations

The identified compounds with their canonical SMILIES were searched against human
in Swiss TargetPrediction tool to retrieve the compounds in combating human targets (www.
swisstargetprediction.ch/).
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2.4. Mining of Human Targets and Its Features

Identified potential human targets were subjected onto the Expression Atlas database for retrieving
human targets and their features, such as corresponding genomic transcripts, chromosome numbers,
the start and end positions of the targets, and UniProt IDs [19].

2.5. Gene Ontology (GO) Analysis

Identified targets and their corresponding official gene symbols were subjected to the GOnet
database (https://tools.dice-database.org/GOnet/) [20], to obtain GO against humans with a significant
g-value threshold level of <0.05. Targets were also categorized as per GO molecular function, cellular
component, and biological process according to the GOnet functional enrichment classification.

2.6. Network Construction

2.6.1. Compound-Target-Network (C-T-N)

A C-T-N was constructed to combat NDs by expounding the multi-target therapeutic feature of
the pharmacologically active compounds. In this interaction, a possible target protein and a candidate
compound were linked if the protein was targeted by the phyto-compound.

2.6.2. Target-Disease-Network (T-D-N)

The specific targets correlated with NDs were sorted out to explore a detailed interrelationship
between potential targets and diseases, and those corresponding diseases with their potential targets
were obtained from Expression Atlas database. Finally, T-D-N were built by linking all the target
proteins with their relevant diseases using the previously obtained target associated disease information.

Visualization of all networks was accomplished by Cytoscape 3.7.2 [21]. In the obtained result
network, nodes represent compounds, diseases and targets, whereas edges indicate the interactions
between them.

2.6.3. Identification of Properties of Active Compounds

Phytochemicals with their corresponding canonical SMILIES were uploaded on to the
Molinspiration tool to extract the significant calculation on phytomolecules with their molecular
properties, and also to predict a bioactive score for the vital targets such as GPCR ligand activity
(GPCR), Kinase inhibitor activity (Ki), protease inhibitor activity (Pi), enzymes and nuclear receptors
(Ncr), and the number of violations (nvio) (http://www.molinspiration.com) [18].

2.6.4. Compound Comparison

Identified potential compounds with their significant molecular and bioactive properties were
compared with commercially available drugs which are responsible for two different neurological
diseases. The comparison revealed the pharmacologically active compounds with the help of GPCR,
nvio, Ki, Pi, Ei, and Ncr properties.

3. Results

3.1. Compound Information Retrieval

Fifty-two numbers of phytomolecules were used as a query in the PubChem database and the
Molinspiration tool to retrieve the Canonical SMILIES (Table S1) and 3D structure of the compounds
(Figure 1). This collected information was used for further analyses.
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Figure 1. Phytomolecules and their 3D structures.

3.2. Identification Compounds Combating Human Targets

Phytomolecules targeting human receptors were identified using the Swiss TargetPrediction tool.
The study identified 52 phytomolecules targeting 780 human direct receptors. A list of compound and
human target information was given in Table S2. These human receptors/targets involved in various
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functions, especially on the signal transducer and activator, neuronal acetylcholine receptor, apoptosis
regulator Bcl-2, transcription factor activities, controling the microtubule associated protein functions,
and so forth. In addition, a functional description of the target proteins is given in Table S3.

3.3. Properties of Human Targets

Fifty-two numbers of potential compounds and 52 active human targets with their corresponding
information of UniProt ID, chromosome number, start and end position and ortholog information were
retrieved, and are given in Table 2. These attributes will pave the way for deciphering their detailed
molecular function.

Table 2. Features of human active targets.

Compound Name Target Uniprot ID Chr. No Start End Orthologs

Nt CHRNBI ~ P11230 17 7445061 7457707 Chrnbl (Mus
musculus)

D-Mn TDP1 QINUWS 14 89954939 90044768 TdpT (Mus
musculus)

BCS A STAT3 P40763 17 0313324 42388568 Stat3 (Mus
musculus)

BCSN A MBNL1 QINRS56 3 152243828 152465780 Mbnll (Mus
musculus)

BCSN B STAT3 P40763 17 0313324 42388568 Stat3 (Mus
musculus)

BCSN C PTPN2 P17706 18 12785478 12929643 Ptpn2 (Mus
musculus)

BCSN D PTPN1 P18031 20 50510321 50585241 Ptpnl (Mus
musculus)

BCSNE MBNLI QINR56 3 152243828 152465780 Mbnll (Mus
musculus)

BCSNF MBNL1 QINR56 3 152243828 152465780 Mbnll (Mus
musculus)

BCSN G MAPT P10636 17 45894382 46028334 Mapt (Mus
musculus)
BPS I FGF1 P05230 5 142502178 142698070 Fgfl (Mus
musculus)

BPS I PTPN1 P18031 20 50510321 50585241 Ptpn (Mus
musculus)
BPS 11l FGFI P05230 5 142592178 142698070 Fefl (Mus
musculus)

BPS IV MBNLI  QINRS6 3 152243828 152465780 Mimll (Mus
musculus)

BPS V STAT3 P40763 17 42313324 42388568 Stat3 (Mus
musculus)

BPS VIII MBNL1 QINRS56 3 152243828 152465780 Mbnll (Mus
musculus)

BPS XII STAT3 P40763 17 42313324 42388568 Stat3 (Mus
musculus)
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Table 2. Cont.

Compound Name Target Uniprot ID Chr. No Start End Orthologs
PTS B PRKCG P05129 19 53879190 53907652 Prkeg (Mus
musculus),
BTA AKRIB10 060218 7 134527592 134541408 Akr1b10 (Mus
musculus)
CCBA ITGAL P20701 16 30472658 30523185 ligal (Mus
musculus)
CCBB ITGAL P20701 16 30472658 30523185 ligal (Mus
musculus)
ccBC ITGAL P20701 16 30472658 30523185 ligal (Mus
musculus)
CCBD ITGAL P20701 16 30472658 30523185 ltgal (Mus
musculus)
CCBE ITGAL P20701 16 30472658 30523185 tgal (Mus
musculus)
STRA FABP3 P05413 1 31365625 31376850 Fabp3 (Mus
musculus)
RSV MMP1 P03956 11 102789920 102798160 Mompla (Mus
musculus)
3,4DMCA CAl P00915 8 85327608 85379014 Carl (Mus
musculus)
ASBA TDP1 QINUWS 14 89954939 90044768 Tdp1 (Mus
musculus)
ASTA AKRIBI0  AKRIB10 7 134527592 134541408 Akr1b10 (Mus
musculus)
BMA AKRIBIO 060218 7 134527592 134541408 ~ AK1b10 (Mus
musculus)
WG PTGS1 P23219 9 122370530 122395703 Prgst (Mus
musculus)
0x ADORA1 P30542 1 203090654 203167405 Adoral (Mus
musculus)
LLD TDP1 QINUWS 14 89954939 90044768 Tdp1 (Mus
musculus)
SGMS AR P10275 10 67544032 67730619 Ar (Mus musculus)
B-SS TDP1 QINUWS 14 89954939 90044768 Tdp1 (Mus
musculus)
EBL DRD2 DRD? 11 113409615 113475691 Drd2 (Mus
musculus)
SGMSL AR P10275 10 67544032 67730619 Ar (Mus musculus)
BCSt TDP1 QINUWS 14 89954939 90044768 Tdp1 (Mus
musculus)
BCSn POLB P06746 8 42338454 42371808 Polb (Mus
musculus)
HCS CES2 000748 16 66934444 66945096 Ces2c (Mus
musculus)
ocs CES2 000748 16 66934444 66945096 Ces2c (Mus
musculus)
NCS CDC25A P30304 3 48157146 48188402 Cdc25a (Mus
musculus)
TC CES2 000748 16 66934444 66945096 Ces2c (Mus
musculus)
HTA CES2 000748 16 66934444 66945096 Ces2c (Mus
musculus)

116



Biomolecules 2020, 10, 536

Table 2. Cont.

Compound Name Target Uniprot ID Chr. No Start End Orthologs
DOT CES2 000748 16 66934444 66945096 Ces2c (Mus
musculus)

AG AKRIBI0O 060218 7 134527592 134541408 k1010 (Mus
musculus)
OR CA12 043570 15 63321378 63382161 Car12 (Mus
musculus)
usA POLB P06746 8 42338454 42371808 Polb (Mus
musculus)

LT MMP1 P03956 11 102789920 102798160 Mmpla (Mus
musculus)
ASTS STAT3 P40763 17 42313324 42388568 Stat3 (Mus
musculus)
BPS VI FGF1 P05230 5 142592178 142698070 Feft (Mus
musculus)
BPS VI MAPT P10636 17 45894382 46028334 Mapt (Mus
musculus)

3.4. GO Annotation

Human targets with their characteristic features were analyzed by official gene symbols using the
GOnet database, and showed a significant involvement of these proteins in diverse molecular functions,
cellular components and biological processes. The target gene-encoding proteins were predicted
to be involved in biological regulation, including in synaptic regulation, immune system processes,
cell—cell signaling, responses to stimuli, and developmental growth (Figure 2). In cellular components,
targets were present in the synapse, organelle, membrane, and protein-containing complex (Figure 3).
The inherent molecular functions of these proteins corresponded to different types of catalytic activity,
binding activity and transcription regulator activity (Figure 4). The activation effect of these compounds
on their encoding human targets would definitely reduce the risk of NDs and their associated diseases.
For example, these active compounds serve as an inhibitor of A3 — peptide accumulation in the brain
in the development of Alzheimer’s disease.
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Figure 2. Classification human targets with their biological processes. Orange color encodes human
targets; green color represents biological processes.
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Figure 3. Classification human targets with corresponding cellular component. Orange color encodes
human targets; green color represents cellular components.
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Figure 4. Classification human targets with encoding molecular functions. Orange color encodes
human targets; green color represents various molecular functions.

3.5. C-T-N Analysis

The C-T-N result was displayed in Figure 5, consisting of 52 compounds and 780 human targets
Network interaction between the compounds and targets revealed the multi-target properties of
elements, which is the essence of the plausible action mode of herbal drugs. As for the human targets,
52 compounds (Table 2) had a high probability, which showed the potential therapeutic effect of each

compound present in Bacopa for combatting NDs, particularly Alzheimer’s and SCAby—modulating,
inhibiting and or transducing the signals of these possible proteins.
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Figure 5. Compound target network (C-T-N). The red color represents compounds and the green color
indicates targets.

3.6. T-D-N Analysis

T-D-N analysis illustrated the particular mechanisms of the potential drug case by case, which
were most relevant to NDs (especially Alzheimer’s and SCA) and their associated targets, and were
constructed into T-D interaction (Figure 6). The results showed that the treatment of NDs has the
multi-target therapeutic efficacy present in Bacopa-derived compounds. These compounds may alter
the targets (yet to be characterized), and their disease-associated pathways deserve more attention in
continuous therapy.
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Figure 6. Target disease network (T-D-N). The dark color represents targets and the light color
indicates diseases.

3.7. Features of Active Molecules and Novel Compounds

The significant calculated properties of GPCR, Ki, Pi, Ei, Ncr, and nVio were retrieved and are
given in Table 3. Based on the number of violations, enzyme inhibitor activity feature scores above
0.5 were considered to be of a significant level. According to this, commercially available drugs
(responsible for Alzheimer’s and SCA) and compounds were compared, and novel compounds were
identified and are listed in Table 4.

Table 3. Active Compounds and its Features.

Compound GPCR Ig Ki Ncr Pi Ei Nvio

Nt -0.32 -0.79 -1.57 -0.8 -0.31 0
D-Mn —0.64 -0.88 -0.88 -0.72 -0.01 1
BCS A -1.05 -2 —-1.64 -0.74 -1.14 3
BCSN A -0.77 -1.61 -1.13 —0.48 —0.68 3
BCSN B -0.57 -1.51 -1.21 -0.36 -0.58 3
BCSN C —-2.69 -3.53 -3.34 -2.21 -2.67 3
BCSN D -0.89 -1.87 -1.54 —-0.59 -0.97 3
BCSN E -3.6 -3.79 -3.73 -3.53 -3.51 3
BCSN F -3.65 -3.82 -3.77 -3.6 -3.57 3
BCSN G -0.62 -1.61 -1.24 —0.46 -0.52 3
BPSI -3.13 -3.68 -3.61 -2.75 -2.9 3
BPS 11 —-2.99 -3.6 -3.48 -2.6 -2.95 3
BPS 11T —-1.65 -2.85 -2.47 -1.05 -1.7 3
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Table 3. Cont.

Compound GPCR Ig Ki Ncr Pi Ei Nvio
BPS 1V -1.04 -1.99 -1.52 -0.76 -1.04 3
BPSV -1.04 -1.99 -1.52 —-0.76 -1.04 3

BPS VIII -3.65 -3.82 -3.77 -3.6 -3.57 3
BPS XII -3.65 -3.8 -3.77 -3.58 -3.59 3
PTSB 0.21 -0.04 0.1 0.13 0.36 2
BTA 0.31 -0.5 0.93 0.14 0.55 1
CCBA 0.45 -0.42 0.79 0.1 0.52 1
CCBB 0.52 —0.4 0.88 0.1 0.56 1
CCBC 0.42 -0.36 0.8 0.12 0.61 1
CCBD 0.54 -0.33 0.91 0.06 0.65 1
CCBE 0.47 -0.38 0.69 0.04 0.47 1
STRA 0.11 -0.2 0.17 0.06 0.2 1
RSV 0.14 -0.08 -0.08 0.02 0.34 1

3,4DMCA -0.42 —-0.66 -0.15 —-0.68 -0.13 0
ASBA -0.53 -1.09 —0.01 -0.81 0.2 0
ASTA 0.2 -0.46 0.91 0.28 0.66 0

BMA 0.25 -0.45 0.93 0.29 0.75 1
WG -0.14 0.12 0.13 -0.31 0.23 0
(0):¢ 0.02 -0.06 0.24 —-0.06 0.39 1
LLD —-0.45 -0.91 -0.04 -0.33 0.56 0

SGMS 0.12 —0.48 0.74 -0.02 0.53 1
B-SS 0.14 -0.51 0.73 0.07 0.51 1
EBL 0.33 -0.12 0.92 0.13 0.68 1

SGMSL 0.21 -0.35 0.65 0.24 0.48 1

BCSt 0.21 -0.37 0.56 0.15 0.47 1

BCSn 0.29 -0.49 0.91 0.19 0.56 1
HCS 0.04 —0.04 0.04 0.04 0.03 1
0ocCs 0.04 —0.04 0.04 0.04 0.03 1
NCS 0.04 —0.04 0.04 0.03 0.02 1
TC 0.04 -0.04 0.04 0.03 0.02 1
HTA 0.03 -0.03 0.04 0.03 0.02 1
DOT 0.03 -0.03 0.03 0.03 0.02 1
AG -0.07 0.18 0.34 —-0.25 0.26 0
QR —0.06 0.28 0.36 —-0.25 0.28 0
USA 0.28 -0.5 0.89 0.23 0.69 1

LT -0.02 0.26 0.39 -0.22 0.28 0
ASTS -3.38 -3.7 -3.55 -2.96 -3.26 3
BPS VI -1.65 -2.85 -2.47 -1.05 -1.7 3
BPS VII -2.73 -3.56 -3.37 -2.28 -2.62 3
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Table 4. Comparison of Drug and Novel Compounds.

Drug GPCR Ig Ki Ncr Pi Ei Nvio
Alzheimer’s Disease

Tacrine -0.11 -0.37 -0.93 -0.59 0.43 0
Edrophonium —0.64 -1.59 -1.42 —-0.87 0.69 0
Neostigmine -0.22 -0.82 -0.35 -0.07 -0.66 0
Donepezil 0.22 -0.16 0.03 0.03 0.25 0
Pyriostigmine -0.19 —-0.86 -2.19 —-0.46 0.59 0

Compound GPCRIg Ki Ner Pi Ei novio
WG -0.14 0.12 0.13 -0.31 0.23 0
ASTA 0.2 —-0.46 0.91 0.28 0.66 0
AG -0.07 0.18 0.34 —-0.25 0.26 0
QR -0.06 0.28 0.36 -0.25 0.28 0
LLD —0.45 —-0.91 -0.04 -0.33 0.56 0
CCB A 0.45 —-0.42 0.79 0.1 0.52 1
CCBB 0.52 -0.4 0.88 0.1 0.56 1
CCBC 0.42 -0.36 0.8 0.12 0.61 1
BMA 0.25 —0.45 0.93 0.29 0.75 1
OX 0.02 —0.06 0.24 —0.06 0.39 1
USA 0.28 -0.5 0.89 0.23 0.69 1
BCSn 0.29 —-0.49 0.91 0.19 0.56 1
BTA 0.31 -0.5 0.93 0.14 0.55 1

Spinocerebellar Ataxia

Drug GPCR Ig Ki Ner Pi Ei novio
Phenytoin 0.07 -0.47 -0.32 0.01 -0.02 0
Primidone -0.06 -0.58 -0.64 -0.38 -0.06 0
Valporic Acid -0.83 -1.55 -0.78 —-0.74 -0.39 0
Trimethadione -0.59 -1.44 -1.53 —-0.54 0.6 0
Mephenytoin —-0.65 -1.25 -1.68 —-0.76 —-0.51 0
Lamotrigine -0.16 0.36 -1.12 —0.84 0.08 0
Ethosuximide -0.76 -2.1 -1.7 -1.1 -0.38 0
Ethotoin -0.22 -0.98 -1.32 —-0.43 -0.16 0
Oxcarbazepine -0.02 0.1 -0.35 —-0.26 -0.2 0

Compound GPCR Ig Ki Ner Pi Ei nvio
ASTA 0.2 —0.46 0.91 0.28 0.66 0
WG -0.14 0.12 0.13 -0.31 0.23 0
LLD -0.45 -0.91 -0.04 -0.33 0.56 0
OX 0.02 —0.06 0.24 —0.06 0.39 1
BCSn 0.29 —0.49 0.91 0.19 0.56 1
BTA 0.31 -0.5 0.93 0.14 0.55 1
D-Mn —-0.64 —-0.88 —-0.88 -0.72 —-0.01 1
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Table 4. Cont.

Drug GPCR Ig Ki Ncr Pi Ei Nvio
SGMS 0.12 —0.48 0.74 -0.02 0.53 1
B-SS 0.14 -0.51 0.73 0.07 0.51 1
BCSt 0.21 —-0.37 0.56 0.15 0.47 1
HCS 0.04 —-0.04 0.04 0.04 0.03 1
ocs 0.04 —0.04 0.04 0.04 0.03 1
NCS 0.04 —0.04 0.04 0.03 0.02 1
TC 0.04 —0.04 0.04 0.03 0.02 1
HTA 0.03 -0.03 0.04 0.03 0.02 1
DOT 0.03 —-0.03 0.03 0.03 0.02 1

4. Discussion

The prevalence of NDs and the ineffectiveness of allopathic medicine in dealing with multiple trait
disorders mean it is crucial that we research and develop successful curative systems. The significant
efficacy of Indian traditional medicine has been well established over 1000 years of practice. Though
the pharmaceutical components of drugs have been extracted and purified for new drug development,
this method always ends in failure due to the violation of functional drug regulation. Traditional
Indian medicine treating multiple complex diseases can be also seen as a complexity fronting another
complexity, which primarily speculates through the equilibrium of the entire human body system by
controlling the molecular interactions between all the elements within the species. Nevertheless, the
exact mode of action on the target protein and pathway stage of traditional or herbal drug mechanisms
remains a roadblock to us. Therefore, in the present study, we applied a cheminformatics and integrated
pharmacology approach to human systems to unravel the pharmacological role of Bacopa-derived
phytomolecules in the treatment of NDs at a molecular system level. This finding also described the
novel compounds for treating Alzheimer’s and SCA by inhibiting AChE, 3-amyloid accumulation in
the brain and degenerative changes in the cerebellum and spinal cord, respectively.

In this study, with the help of cheminformatics and the PubChem database, 52 active
compounds [16] were identified. All 52 compounds strongly interact with 780 direct human targets by
drug targeting. Interestingly, it was predicted to be involved in diverse biological activities against
NDs (Table S3) that have not been previously reported, demonstrating the reliability of the Swiss
TargetPrediction, UniProtKB and GOnet evaluation methods. A Cytoscape v3.7.2 was then executed to
get the molecular interaction straight to C-T-N. The analytical results revealed the various biological
processes and modes of action used by drug compounds to achieve their curative effects. Finally, in
further analyses to decipher their therapeutic potential of Bacopa, a T-D-N and an NDs-associated
pathway (especially for Alzheimer’s and SCA/long-term depression) were constructed (Figures S1
and S2).

Previous reports have detailed that even though the “unique/single target” compounds utilize their
utmost suppressive effects on their direct human targets, they may not always produce appropriate
results [22]. To the best of our knowledge, various compounds acting on multiple or the same targets
hit by the same compounds gain more efficacy on binding opportunities with each other and gain more
chances of affecting the entire interaction equilibrium, making the Indian traditional medicine therapy
more efficacious and fruitful to society. The C-T-N analytical results showed that there are multi-target
functional modules in a single active compound. Of the 52 compounds with corresponding human
targets, all of them were able to act on more than 15 active targets. For example, CHRNBI (acetylcholine
ion-channel activation receptor), indicated for the activation of the cholinergic receptor nicotinic 31
subunit, has shown that myasthenic syndrome is usually the result of the prolonged activation of
CHRNBI1, which is mechanistically correlated with the development of NDs. Accordingly, active
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compounds can exert their various biological effects in this complex human system with numerous
compound-target-disease interactions by controlling the associated goals and pathways and achieving
curative outcomes for NDs.

NDs are not caused by a single factor, affecting different types of NDs and aggravating one
another. Some stressors involved in the development of NDs are complex, but at the same time
drugs have not yet emerged specifically for those conditions. Therefore, the multi-level curative
effects of Bacopa phytomolecules include controlling various physiological functional regulation,
transcriptional reprogramming—particularly on cerebral blood flow, and their important effectiveness
in the battle against NDs from a panoramic perspective. Since modern medicine is incapable of
making a breakthrough so far in the treatment of NDs, why should we not transfer our focus to Indian
traditional medicine, which is well documented as confronting complex NDs?

5. Conclusions

B. monnieri showed various potential actions in the amelioration of cognitive disorders and
cognitive enhancement in healthy people. Biomedical research on B. monnieri is still at a roadblock.
Notably, our results on novel compounds—with their encoding properties, active targets, biological
processes, and interactions—have opened the research floodgates with the integration of Ayurveda to
the modern medicine era. This study also hypothesizes that Bacopa compounds and their combination
with other substances—as is recommended by the Ayurvedic and modern medicine system—may result
in synergistic effects and need to be studied further. The ethical implications of drugs which enhance
cognition are vital, but should be appropriately mitigated with social and ethical considerations as
field researchers enter the brave, advancing world of neural enhancement.
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Abstract: Oral squamous cell carcinoma is the sixth most common type of cancer globally, which is
associated with high rates of cancer-related deaths. Metastasis to distant organs is the main reason
behind worst prognostic outcome of oral cancer. In the present study, we aimed at evaluating the effects
of a natural plant flavonoid, luteolin-7-O-glucoside, on oral cancer cell migration and invasion. The
study findings showed that in addition to preventing cell proliferation, luteolin-7-O-glucoside caused a
significant reduction in oral cancer cell migration and invasion. Mechanistically, luteolin-7-O-glucoside
caused a reduction in cancer metastasis by reducing p38 phosphorylation and downregulating
matrix metalloproteinase (MMP)-2 expression. Using a p38 inhibitor, SB203580, we proved that
luteolin-7-O-glucoside exerts anti-migratory effects by suppressing p38-mediated increased expression
of MMP-2. This is the first study to demonstrate the luteolin-7-O-glucoside inhibits cell migration
and invasion by regulating MMP-2 expression and extracellular signal-regulated kinase pathway
in human oral cancer cell. The study identifies luteolin-7-O-glucoside as a potential anti-cancer
candidate that can be utilized clinically for improving oral cancer prognosis.

Keywords: luteolin-7-O-glucoside; oral cancer; migration; invasion; MMP-2

1. Introduction

Oral squamous cell carcinoma that primarily affects the lips, oral cavity, and tongue represents
about 90% of all head and neck cancers. Together with pharyngeal cancer, oral carcinoma has become
the sixth most common type of cancer globally [1]. Despite advancement in diagnostic processes and
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therapeutic interventions, oral cancer is associated with a high rate of morbidity and mortality [2]. As
a result of the initial asymptomatic nature, oral cancer is often diagnosed in the later stage, resulting in
distant metastasis and poor prognosis [3-6].

Metastasis that occurs in the advanced stage of cancer is the leading cause of cancer-related
deaths [5]. The extra cellular matrix degradation by proteases, including matrix metalloproteinase
(MMPs), is a vital phenomenon associated with cancer cell migration [7]. An overexpression or
increased activity of MMPs is associated with higher cancer aggressiveness and poor survival rate [8].
MMPs are a target for developing treatment strategies against cancer. In this context, several studies
have shown that selective inhibition of MMP can be associated with better cancer management [9-11].

Mitogen-activated protein kinases (MAPKSs), including p38 MAP kinase, Jun N-terminal kinase
1/2/3 (JNK1/2/3), and extracellular signal-regulated kinase 1/2 (ERK1/2), are the primary regulators
of proliferation, differentiation, apoptosis, migration, and invasion of cancer cells [12]. Introducing
a gap between MAPK signaling pathway and MMP activity, it is known that the stimulation of p38
causes increased metastasis of neoplastic squamous epithelial cells by regulating the expression of
MMPs [13]. In prostate cancer, p38 MAPK is known to trigger invasion by increasing MMP-2 expression
and activity [14]. Moreover, breast cancer cells lacking p38 MAPK expression have been shown to
have reduced MMP-9 activity and significantly lower rate of bone metastasis [15]. Interestingly,
ERK1/2 and p38 MAPK maintains an inverse relationship wherein a high ERK activity and a low
P38 activity result in increased cell growth and survival [16]. Regarding cancer metastasis, it has
been found that stimulation of ERK phosphorylation leads to increased cancer metastasis [17-20].
Moreover, previous studies have shown that human lung cancer cell migration and invasion can be
suppressed by pharmacologically downregulated ERK/p38 signaling pathway and inhibited MMP-2
and MMP-9 activities [21]. Similarly, in ovarian cancer, increased cell growth and migration by
RaplA, a Ras-associated protein, has been shown to be associated with elevated ERK/p38 and notch
signaling [22]. Taken together, it is well-evidenced that the complex crosstalk between MAPK signaling
pathway components and MMPs plays an immensely important role in regulating cancer metastasis
and progression. Thus, selective targeting of any of these components through pharmacological
interventions can be an effective strategy to ameliorate cancer-related burdens, especially metastasis.

Luteolin (3’,4,5,7-hydroxyl-flavone) is a naturally occurring plant flavonoid that has been
used extensively in Chinese traditional medicine because of several health benefits, including
anti-inflammatory, antioxidative, and anti-cancer effects [23,24]. Mostly, luteolin is present in plants as
a glycosylated component (glucoside), which is hydrolyzed in the gut to produce free luteolin during
absorption [25]. Several studies evaluating the therapeutic properties of luteolin have potentiated
its anti-cancer effects, which are primarily associated with increased cancer cell death, reduced
proliferation, and angiogenesis, and increased cancer cell sensitization to chemotherapies [23,24,26].
Moreover, luteolin has been shown to have preventive effects against cytotoxicity produced by
chemotherapeutic agents, such as cisplatin [27].

Despite having a large number of evidences on chemopreventive and anti-proliferative properties
of luteolin, its effect on cancer metastasis has not been studied extensively. In the present study, we
aimed at evaluating the effects of luteolin-7-O-glucoside on oral cancer cell migration and invasion. A
detailed mechanism of action of luteolin-7-O-glucoside was also studied.
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2. Materials and Methods

2.1. Cell Culture

Human oral squamous carcinoma cell lines (FaDu and HSC-3) were received from ATCC
(Manas, VA, USA). In addition, Ca9-22 cell line was obtained from Japanese Collection of Research
Bioresources Cell Bank (JCRB, Shinjuku, Japan) and cultured in the in Dulbecco’s Modified Eagle
Medium (DMEM; Life Technologies, Grand Island, NY, USA): Ham’s F12 Nutrient Mixture (Life
Technologies, Grand Island, NY, USA) supplemented with 10% FBS (Invitrogen, Waltham, MA,
USA) [28]. The cells were cultured in 5% CO, at 37 °C.

2.2. Luteolin-7-O-Glucoside Treatments

Luteolin-7-O-glucoside (>97% purity) was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Luteolin-7-O-glucoside stock solution (100 mM) was prepared using dimethyl sulfoxide (DMSO)
and stored at =20 °C. The DMSO concentration was less than 0.2% for each experiment. For
luteolin-7-O-glucoside treatments, appropriate amounts of stock solution were administered to the
medium to get the final experimental doses.

2.3. MTT Assay

To study the effects of luteolin-7-O-glucoside on cell viability, MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay was conducted using HSC-3, FaDu, and CA9-22 cells. The
cells were seeded onto 24-well plates and treated with 0 to 40 uM of luteolin-7-O-glucoside solutions at
37 °C for 24 h. Cell viability was determined following methods described previously [29].

2.4. Wound Healing Assay

Oral cancer cells FaDu, CA9-22, and HSC-3 were seeded into 12-well plates and cultured to 90%
confluence. A cell monolayer was scratched with a 1-mL micropipette tip in each well, and treated
luteolin-7-O-glucoside (0, 10, 20, and 40 uM) at 37 °C for 0, 2, 4, 6, 24 h. The cells were photographed
under a microscope for its migration ability and its mean crawling distance of cells was measured.

2.5. Cell Migration and Invasion Assay

Migration and invasion assays were performed as described previously [28,30]. Oral cancer
cells were mixed in serum free medium and seeded into the upper chambers of the inserts (Greiner
Bio-One, Monroe, NC, USA). The inserts were placed in 24-well plates containing complete medium
with various concentration of luteolin-7-O-glucoside in lower wells. Migration and invasion ability
was observed and captured under light microscope.

2.6. Western Blot Assay

Western blot analysis was performed as previously described [31]. The membranes were blocked
with 5% non-fat milk in TBST (Tris-Buffered Saline, 0.1% Tween 20 Detergent) for 1 h and incubated
with indicated primary antibodies for 24 h at 4 °C. After washing, the blots were incubated with
peroxidase-conjugated secondary antibodies for 1 h. Finally, bands were monitored using were
visualized through an ECL detection system.

2.7. Statistical Analysis

All experiments were repeated at least 3 times. All statistical analysis was performed by Student’s
t-test (Sigma Plot, version 10.0). p < 0.05 is considered as statistically significant.
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3. Results

3.1. Luteolin-7-O-Glucoside Exerts Cytotoxic Effects on Human Oral Cancer Cells

To investigate whether luteolin-7-O-glucoside can alter cell proliferation, three oral cancer cell
lines, FaDu, HSC-3, and CA9-22, were treated with various concentrations (0, 10, 20, and 40 uM) of
luteolin-7-O-glucoside for 24 h, and the cell viability was determined by MTT assay. As observed
in Figure la—c, the treatment with 20 and 40 puM of luteolin-7-O-glucoside significantly reduced
the viability of oral cancer cells as compared to untreated controls, indicating the growth inhibition
potential of the compound.
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Figure 1. Cytotoxicity of Luteolin-7-O-glucosidein human oral cancer cells. (a) FaDu, (b) HSC-3,
and (c¢) CA9-22 cell lines were treated with various concentrations (0, 10, 20, and 40 uM) of
luteolin-7-O-glucoside for 24 h, and the cell viability was determined by MTT assay. The values
are represented as mean + SD of at least three independent experiments. *p < 0.05, compared with the
control group.

3.2. Luteolin-7-O-Glucoside Inhibits Motility of Human Oral Cancer Cells

In addition to cell proliferation, we investigated the effects of luteolin-7-O-glucoside on cell motility.
As mentioned previously, FaDu, HSC-3, and CA9-22 cells were treated with various concentrations (0,
10, 20, and 40 uM) of luteolin-7-O-glucoside for 3, 6, and 24 h. The analysis of cell motility using wound
closer assay revealed that luteolin-7-O-glucoside significantly reduced the cancer cell migration in a
dose-dependent manner (Figure 2a—f). These findings indicate that luteolin-7-O-glucoside possesses
anti-migratory activity.
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Figure 2. Luteolin-7-O-glucoside inhibits cell motility inhuman oral cancer cells. The effect of
luteolin-7-O-glucoside treatment on cell motility was analyzed in (a,b) FaDu, (¢, d) HSC-3, and
(e,f) CA9-22 cells. The values are represented as mean =+ SD of at least three independent experiments.
*p < 0.05, compared with the control group.

3.3. Luteolin-7-O-Glucoside Inhibits Migration and Invasion of Human Oral Cancer Cells

To investigate whether luteolin-7-O-glucoside can inhibit both migration and invasion, FaDu,
HSC-3, and CA9-22 cells were treated similarly as the previous experiments. As observed in
Figure 3a,b, luteolin-7-O-glucoside significantly reduced the migration of all three oral cancer cells
in a dose-dependent manner. Similarly, a significant reduction in invasion was observed after 24 h
treatment with luteolin-7-O-glucoside (Figure 3¢c,d). Taken together, all these findings clearly indicate
that luteolin-7-O-glucoside is capable of significantly ameliorating the metastatic profile of oral
cancer cells.
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Figure 3. Luteolin-7-O-glucoside inhibits cell migration and invasion inhuman oral cancer cells. The
effect of luteolin-7-O-glucoside treatment on cell migration (a) and invasion (c) was measured using
trans-well assay in FaDu, HSC-3, and CA9-22 cells. The percentages of cells in migration and invasion
assays are shown in (b) and (d), respectively. The values are represented as mean =+ SD of at least three
independent experiments. *p < 0.05, compared with the control group.

3.4. Luteolin-7-O-Glucoside Reduces the Protein Expression of MMP-2 in Human Oral Cancer Cells

Next, we investigated the molecular mechanism responsible for the luteolin-7-O-glucoside activity.
Given the significant involvement of MMPs in cancer cell migration and invasion, we checked the
protein expression of MMP-2 in FaDu and HSC-3 cells after the treatment with various concentrations
(0,10, 20, and 40 uM) of luteolin-7-O-glucoside for 24 h. As observed in Western blot analysis, all the
doses of luteolin-7-O-glucoside significantly reduced the expression of MMP-2 in both the cell lines
(Figure 4a—d). These findings indicate that luteolin-7-O-glucoside reduces oral cancer cell migration
and invasion by decreasing the cellular level of MMP-2.
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Figure 4. Luteolin-7-O-glucoside reduces the protein expression of matrix metalloproteinase (MMP)-2
in human oral cancer cells. The protein expression of MMP-2 was determined using Western blot
in (a) HSC-3 and (c) FaDu cells. The quantitative results are shown in (b) and (d). The values are
represented as mean+ SD of at least three independent experiments. *p < 0.05, compared with the

control group.
3.5. Luteolin-7-O-Glucoside Inhibits the p38 Pathway in Human Oral Cancer Cells

Since the expressions and activities of MMPs are tightly regulated by MAPK pathway components,
we next investigated the protein phosphorylation status of ERK, p38, and JNK in FaDu and HSC-3
cells after employing similar treatment as before. As observed in Figure 5a,b, luteolin-7-O-glucoside
treatment caused a significantly reduction in p38 and JNK phosphorylation in HSC-3 cells. In
contrast, the phosphorylation of ERK increased significantly after the treatment. In case of FaDu
cells, the treatment caused similar reduction in p38 phosphorylation as observed in HSC-3 cells
(Figure 5¢,d). However, the phosphorylation of JNK increased significantly after the treatment.
Moreover, the phosphorylation of ERK reduced significantly only after the treatment with 40 uM of
luteolin-7-O-glucoside (Figure 5¢,d).

3.6. Effect of SB203580 and Luteolin-7-O-Glucoside Co-Treatment on MMP-2 Protein Expression in Human
Oral Cancer Cells

Since we observed a consistent change in p38 phosphorylation status in all the oral cancer
cells, we next thought of using a p38 inhibitor, SB203580, to further evaluate the mechanistic
details of luteolin-7-O-glucoside action. Both FaDu and HSC-3 cells were pretreated with SB203580
for 1 h, followed by treatment with 40 uM of luteolin-7-O-glucoside for 24 h. As observed in
Figure 6a—d, the collective effects of SB203580 and luteolin-7-O-glucoside caused a further reduction in
MMP-2 expression, indicating that luteolin-7-O-glucoside mediates anti-migratory effects by altering
p38-induced activation of MMP-2.
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Figure 5. Luteolin-7-O-glucoside inhibits p38 pathway in human oral cancer cells. The phosphorylation
as well as the total protein expressions of extracellular signal-regulated kinase 1/2 (ERK1/2), Jun
N-terminal kinase 1/2 (JNK1/2), and p38 were measured after luteolin-7-O-glucoside treatment for 24 h
in (a,b) HSC-3 and (c,d) FaDu cell lines. The values are represented as mean + SD of at least three
independent experiments. *p < 0.05, compared with the control group.
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Figure 6. Effect of SB203580 and luteolin-7-O-glucoside co-treatment on MMP-2 protein expression in
HSC-3 and FaDu cell lines. (a,b) HSC-3 and (c,d) FaDu cell lines were pre-treated with SB203580 for 1h,
followed by treatment with Luteolin-7-O-glucoside for 24 h. Next, the culture medium was subjected
to western blot assay to determine the MMP-2 expression. The values are represented as mean + SD of
at least three independent experiments. *p < 0.05, compared to the control group; #p < 0.05, compared
to the luteolin-7-O-glucoside treated group.

3.7. Effect of SB203580 and Luteolin-7-O-Glucoside Co-Treatment on Cell Motility in Human Oral
Cancer Cells

To check the effects of SB203580 and luteolin-7-O-glucoside co-treatment on cell motility, we
performed wound closer assay in FaDu and HSC-3 cells using the similar treatment as mentioned before.
As observed in Figure 7a—d, the co-treatment caused further reduction in cell motility as compared to
the luteolin-7-O-glucoside treatment alone. These findings further confirm the involvement of p38
pathway in mediating the effects of luteolin-7-O-glucoside in oral cancer cells.
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Figure 7. Effect of SB203580 and luteolin-7-O-glucoside co-treatment on cell motility in HSC-3 and
FaDu cell lines. The cell motility was measured using wound healing assay after the co-treatment
with SB203580 and luteolin-7-O-glucosidein (a,b) HSC-3 and (c,d) FaDu cell lines. The values are
represented as mean + SD of at least three independent experiments. *p < 0.05, compared to the control
group; #p < 0.05, compared to the luteolin-7-O-glucoside treated group.

3.8. Effect of SB203580 and Luteolin-7-O-Glucoside Co-Treatment on Cell Migration in Human Oral
Cancer Cells

Given the significant effect of SB203580 and luteolin-7-O-glucoside co-treatment on cell motility,
we performed trans-well migration assay to finally prove the involvement of p38 pathway and
MMP-2 in mediating luteolin-7-O-glucoside-induced reduction in oral cancer cell migration. As clearly
observed in Figure 8a—c, the co-treatment resulted in a significantly higher reduction in cell migration
as compared to the luteolin-7-O-glucoside treatment alone. Taken together, all these findings clearly
indicate that luteolin-7-O-glucoside-induced inhibition of oral cancer cell metastasis is mediated by the
combined action of p38 and MMP-2.
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Figure 8. Effect of SB203580 and luteolin-7-O-glucoside co-treatment on cell migration in HSC-3 and
FaDu cell lines. The cell migration (a) was measured using trans-well assay after the co-treatment with
SB203580 and luteolin-7-O-glucosidein HSC-3 and FaDu cell lines. The quantitative results are shown
for (b) HSC-3 and (c) FaDu cells. The values are represented as mean + SD of at least three independent
experiments. *p < 0.05, compared to the control group; #p < 0.05, compared to the luteolin-7-O-glucoside
treated group.

4. Discussion

In this study, we evaluated the anti-migratory and anti-invasive effects of luteolin-7-O-glucoside,
a natural flavonoid, on oral cancer cells. To the best of our knowledge, this is the first study describing
the potential role of luteolin-7-O-glucoside as an anti-metastatic agent. The findings of the study can
open up a new path toward developing novel therapeutic candidates for preventing distant metastasis
of oral cancer, which is known to be responsible for higher rates of cancer-related deaths worldwide.

The study was designed to evaluate the effects of different doses of luteolin-7-O-glucoside (10, 20,
and 40 pM) on oral cancer cells, as well as to compare the findings with untreated controls. Of these
doses, 20 and 40 uM have shown that luteolin-7-O-glucoside significant anti-proliferative or cytotoxic
effects (Figure 1). These findings are in line with previous studies showing the pro-apoptotic effects of
luteolin-7-O-glucoside on cancer cells [27,32,33]. A study using human liver cancer cells has shown
thatluteolin-7-O-glucoside causes cancer cell death by inducing cell cycle arrest at G2/M phase, and the
effect is mediated by increased production of free radical and phosphorylation of JNK [34]. Moreover,
a recent study has shown that luteolin-7-O-glucoside extracted from Cuminum cyminum has cytotoxic
effects against breast cancer cells, which makes luteolin-7-O-glucoside a potential chemotherapeutic
agent [35]. In contrast, it has been found that luteolin-7-O-glucoside exerts anti-apoptotic effects
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on cardiomyocytes that are treated with angiotensin II to develop cardiac hypertrophy [36]. The
cardio-protective effects of luteolin-7-O-glucoside has been found to be associated with reduced free
radical level, improved antioxidative capacity, and decreased hypoxia/reperfusion-induced cell death.
Luteolin-7-O-glucoside has been found to mediate all these effects by modulating the MAPK signaling
pathway. These findings clearly suggest that luteolin-7-O-glucosideexerts cytoprotective effects on
normal, non-cancerous cells, such as cardiomyocytes.

Regarding the impact of luteolin-7-O-glucoside on cancer cell motility, we found that the compound
is capable of significantly reducing the migration and invasion of oral cancer cells in a dose-dependent
manner (Figures 2 and 3). Although there is no direct evidence on the anti-migratory activity of
luteolin-7-O-glucoside, luteolin has been shown to reduce migration by inhibiting the production and
secretion of pro-inflammatory cytokines, such as TNFo and IL-6 [37], which are known to induce
cell migration by increasing the expression of migration-promoting proteins, including MMPs [38].
Moreover, luteolin has been found to inhibit the migration and invasion of pancreatic cancer cells by
trans-inactivating EGFR activity and suppressing the phosphorylation of focal adhesion kinase (FAK)
and MMP secretion [39]. In case of liver cancer cells, luteolin has been found to inhibit cell migration
and invasion by reducing the phosphorylation of c-Met (hepatocyte growth factor receptor), as well
as modulating the MAPK and PIBK-AKT pathways [40]. A recent study using human squamous
carcinoma cell lines has shown that luteolin ameliorates cancer metastasis by reducing the expression
and activity of ribosomal protein 519 and inhibiting the AKT/mTOR/c-Myc signaling pathway [41].
Luteolin suppress vascular endothelial growth factor receptor (VEGF) 2 and mediated human prostate
tumor growth and angiogenesis [42]. In addition, the migration of squamous carcinoma cells has been
found to be modulated by luteolin-induced reduction in expressions and activities of SI00A7, Src, and
STATS3 [43].

In addition, we also investigated the mode of action of luteolin-7-O-glucoside. According to
the results in Figure 5, luteolin-7-O-glucoside treatment caused a significantly reduction in p38 and
JNK phosphorylation in HSC-3 cells. In case of FaDu cells, the treatment caused similar reduction
in p38 phosphorylation as observed in HSC-3 cells (Figure 5c,d). The study findings demonstrated
that luteolin-7-O-glucoside mediates anti-metastatic effects by reducing MMP-2 expression and
p38 phosphorylation (Figures 4 and 5). Using a p38 inhibitor, SB203580, we confirmed that
luteolin-7-O-glucoside reduces oral cancer cell migration by altering p38-induced activation of
MMP-2 (Figures 6-8). The anti-migratory effects of natural flavonoids such as luteolin has been
well-documented in the literature [44-47]. Moreover, previous studies have shown that anti-metastatic
effects of natural bioactive compounds are primarily mediated by modulation of MAPK pathways and
MMP expression [48-50].

Several MMPs such as MT1-MMP, MMP-2, and MMP-9 were found correlated to the stages of
cancer cell invasion progression. Specifically, our study findings are in line with a recent study showing
that two bioactive compounds of pomegranate namely ellagic acid and luteolin prevent proliferation
and migration of ovarian cancer cells by reducing the expression of MMP-2 and MMP-9 [51]. Similarly,
luteolin has been found to reduce the proliferation, migration, and invasion of human melanoma
cells by suppressing the expression of MMP-2 and MMP-9 and altering the PI3K/AKT signaling
pathway [52]. Regarding the effect of luteolin on the p38 signaling pathway, a recent study using gastric
cancer cells has shown that luteolin exerts anti-proliferative and anti-migratory effects by inhibiting
the phosphorylation of PI3K, AKT, mTOR, ERK, and p38, as well as reducing the expression of MMP-2
and MMP-9 [53].

5. Conclusions

In conclusion, the present study clearly demonstrates that luteolin-7-O-glucoside can significantly
reduce the oral cancer metastasis by mitigating p38-induced increased expression of MMP-2. The study
identifies luteolin-7-O-glucoside as a potential anti-cancer candidate that can be utilized clinically for
improving oral cancer prognosis.
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Abstract: Ultraviolet-B (UV-B) radiation (280-320 nm) may induce photobiological stress in plants,
activate the plant defense system, and induce changes of metabolites. In our previous work,
we found that between the two Astragalus varieties prescribed by the Chinese Pharmacopoeia,
Astragalus mongholicus has better tolerance to UV-B. Thus, it is necessary to study the metabolic
strategy of Astragalus under UV-B radiation further. In the present study, we used untargeted gas
chromatography-mass spectrometry (GC-MS) and targeted liquid chromatography-mass spectrometry
(LC-MS techniques) to investigate the profiles of primary and secondary metabolic. The profiles
revealed the metabolic response of Astragalus to UV-B radiation. We then used real-time polymerase
chain reaction (RT-PCR) to obtain the transcription level of relevant genes under UV-B radiation
(UV-B supplemented in the field, Amax = 313 nm, 30 W, lamp-leaf distance = 60 cm, 40 min~day‘1),
which annotated the responsive mechanism of phenolic metabolism in roots. Our results indicated
that supplemental UV-B radiation induced a stronger shift from carbon assimilation to carbon
accumulation. The flux through the phenylpropanoids pathway increased due to the mobilization of
carbon reserves. The response of metabolism was observed to be significantly tissue-specific upon the
UV-B radiation treatment. Among phenolic compounds, C6C1 carbon compounds (phenolic acids in
leaves) and C6C3C6 carbon compounds (flavones in leaves and isoflavones in roots) increased at the
expense of C6C3 carbon compounds. Verification experiments show that the response of phenolics
in roots to UV-B is activated by upregulation of relevant genes rather than phenylalanine. Overall,
this study reveals the tissues-specific alteration and mechanism of primary and secondary metabolic
strategy in response to UV-B radiation.

Keywords:  Astragalus mongholicus; ultraviolet-B radiation; phenolics; untargeted gas
chromatography-mass spectrometry; targeted liquid chromatography-mass spectrometry

1. Introduction

Astragalus mongholicus (A. mongholicus) is an important perennial herb of the Legumes family [1,2].
Its dried roots (Radix astragali) are one of the most popular Chinese herbal medicines in East Asia
and are considered as healthy food in Western countries [3,4]. Radix astragali is often used as an
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antiperspirant, a vimmuno-stimulant, and a supplementary medicine during cancer therapy [5-7].
Calycosin-7-O-3-p-glucoside (CAG) can potentially be used as a “marker compound” for the chemical
evaluation or product standardization of Radix astragali [8-10].

The need for A. mongholicus to capture sunlight for photosynthesis inevitably exposes the plant to
ultraviolet (UV) radiation. Ultraviolet radiation is the general term for three radiation wavelengths:
UV-C (200-280 nm), UV-B (280-320 nm), and UV-A (320400 nm). Ultraviolet-C is completely absorbed
by atmospheric gases. Ultraviolet-Ais barely absorbed by atmospheric ozone, but UV-A impact on
plants is small. Ultraviolet-B is potentially harmful to plants but is partially absorbed by ozone [11-13].
It was reported that the influx of UV-B radiation will likely increase as a result of the depletion of
stratospheric ozone [14]. Increased amounts of UV-B radiation affect plant development, morphology,
and physiology [15]. The sessile lifestyle of plants forces them to adapt to dynamic environmental
conditions. To counteract these problems, plants use a range of strategies, including increases in leaf
thickness, UV-B reflective properties, and the accumulation of UV-B-absorbing secondary metabolites.
The most common protective mechanism against potentially damaging irradiation is the biosynthesis
of UV-absorbing compounds [16]. These secondary metabolites mostly consist of phenolic compounds,
flavonoids, and hydroxycinnamate esters, which accumulate in the vacuoles of epidermal cells in
response to UV-B radiation and attenuate the penetration of the UV-B portion of the solar spectrum into
deeper cell layers with little effect on the visible region. These responses to UV-B radiation may result
in the reprogramming of metabolites in A. mongholicus and even altered accumulation of bioactive
compounds. Given this fact, it is essential to better understand the adaptive responses of metabolites
in A. mongholicus to increased UV-B radiation.

Phenolic compounds play diverse roles in plants. These compounds provide structural support
of the cell wall or protect plants against pathogens, herbivores, and UV radiation [17]. Of all classes of
secondary metabolites, phenolics, specifically flavonoids, are the most relevant for UV protection. Plant
phenolics are compounds having at least one aromatic ring substituted with at least one hydroxyl group.
The hydroxyl group can be free or engaged in another function as an ether, ester, or glycoside [18-20].
Phenolics exhibit a large variety of structures in nature and can be divided into three groups according
to their chemical structure: (1) compounds having a C6C1 carbon skeleton, such as 4-hydroxybenzoic
acid, vanillic acid, and salicylic acid; (2) compounds having a C6C3 carbon skeleton, such as caffeic acid,
p-coumaric acid, and ferulic acid; and (3) compounds having a C6C3C6 carbon skeleton (flavonoids
are typical C6C3C6 phenolic compounds) [21,22]. Phenolic compounds are generally synthesized via
the shikimate pathway. The shikimate pathway is a major biosynthetic route for both primary and
secondary metabolism. This pathway begins with phosphoenolpyruvate and erythrose-4-phosphate
and ends with chorismate [23,24]. Phenylalanine, a key metabolite, is synthesized by chorismate [25].
Phenylalanine is considered the general precursor of C6C1-, C6C3-, and C6C3C6 compounds and their
polymers in plant metabolism [26]. Many investigations have closely focused on the accumulation of
phenolic compounds, which is regulated by biotic and abiotic stress [27]. Astragalus mongholicus is
considered a rich source of natural phenolic compounds [28,29].

Regarding the complex primary and secondary metabolites fluctuations of higher plants,
metabolomics plays a vital role as a suitable tool [15,30]. Metabolomics approaches are becoming
more widely used in modern biology [28,31,32]. In plant metabolomics studies, common analytical
technologies include liquid chromatography-mass spectrometry (LC-MS), gas chromatography-mass
spectrometry (GC-MS), and nuclear magnetic resonance spectroscopy (NMR), among others [33-35].
Gas chromatography-mass spectrometry is widely used in metabolomic studies due to its high
quality and reproducibility, wide dynamic range, universal mass spectral library and ability to detect
hydrophilic metabolites after derivatization [36]. A reference pool of GC-MS for many primary
metabolites, such as sugars, organic acids, fatty acids, and amino acids, has been established [37-39].
The short run time and relatively low running cost are strong advantages of GC-MS [40]. In contrast,
LC-MS can potentially analyze a wide variety of large hydrophobic metabolites predominant in
secondary compounds in plants; these compounds include phenolic compounds, terpenoids and
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alkaloids [41-43]. Moreover, the development of the ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS) methods leads to more powerful analyses of metabolites because of its
higher throughput and shorter run time than those of conventional HPLC-MS [44,45]. Accordingly,
the combination of GC-MS and LC-MS could clearly enhance the coverage of metabolites, allowing
both a comprehensive overview and detailed analysis of metabolic changes in plants [46]. Recently,
these two methods have been jointly adopted for many botanical studies [30,47-49].

Many of the biosynthetic enzymes of phenolics, such as phenylalanine ammonia lyase (PAL,
E.C. 4.3.1.25) and chalcone synthase (CHS, E.C. 2.3.1.74), are activated by UV-B [1,50]. Flavonoid
biosynthesis and their regulation have been thoroughly investigated. As the major bioactive compound,
the calycosin 7-O-glucoside (CAG) biosynthesis pathway has been completely elucidated based on its
presence in other legumes [10,51-53]. Calycosin 7-O-glucoside is synthesized from L-phenylalanine
via the isoflavonoid branch of phenylpropanoid metabolism. PAL, cinnamate 4-hydroxylase (C4H,
E.C.1.14.13.11) and 4-coumarate-coenzyme A ligase (4CL, E.C. 6.2.1.12) are enzymes involved in the
upstream general phenylalanine pathway. Isoliquiritigenin, an isoflavonoid skeleton, is synthesized
via CHS and chalcone reductase (CHR), co-catalyzed by the condensation of 4-coumaroyl-CoA and
three molecules of malonyl-CoA. Afterward, a series of chemical reactions is performed under the
catalysis of chalcone isomerase (CHI, E.C. 5.5.1.6), isoflavone synthase (IFS, E.C. 1.14.13.86), isoflavone
O-methyltransferase (IOMT) and isoflavone 3’-hydroxylase (I3’H). At the last step, the formation
of CAG from calycosin (CA) is catalyzed by uridine diphosphate glucose (UDP)-glucose: calycosin
7-O-glucosyltransferase (UCGT). For the last step, the formation of CAG from CAis catalyzed by
uridine diphosphate glucose (UDP)-glucose: calycosin 7-O-glucosyltransferase (ICGT) [54,55].

Due to the release of anthropogenic pollutants such as chlorofluorocarbons, a larger proportion
of the UV-B spectrum reaches the surface of the earth and affects all living organisms [56,57].
In general, the most common protective mechanism against potentially damaging irradiation in
plants is the biosynthesis of UV-absorbing compounds, such as phenolic compounds, flavonoids, and
hydroxycinnamate esters [16]. The use of UV-B radiation is expected to induce the accumulation
of CAG in A. mongholicus [55,58]. This could satisfy consumer demand for these naturally derived
health-promoting products. Our goal is to understand the response of the metabolites in A. mongholicus
to UV-B radiation. To the best of our knowledge, no information on the metabolites response mechanism
of A. mongholicus to UV-B radiation is currently available. To deeply explore the response and mechanism
explaining how metabolic reprogramming can achieve a new steady state under increased UV-B
radiation, we investigated the influence on the specific tissue accumulation of primary and phenolic
metabolites using untargeted (GC-MS) and targeted (LC-MS) metabolomics in A. mongholicus under
increased UV-B radiation.

2. Materials and Methods

2.1. Plant Materials, Growth Conditions and Treatments

Seeds of A. mongholicus were sown in Botanical Garden of the Key Laboratory of Plant Ecology,
Northeast Forestry University, Harbin, northeastern of China (natural environment at east longitude
126°38’, north latitude 45°43’). All plants grew under standard field conditions, with an average
temperature of 16 °C during the day (14 h) and 4 °C at night (10 h), and water was applied every two
days. After three months, plants of uniform height and stem thickness were transferred to containers
(37 cm x 28 cm X 10 cm) and used for this study. All containers (1 = 6) contained equal bulk density of
potting mix and 12 plants, half of the containers for UV-B treated plants and the other for controlled
plants. Plants were treated in the field with UV irradiation (Amax = 313 nm, 30 W, lamp-leaf distance
= 60 cm, 40 min-day™!). The UV-B irradiation intensity (33.5 tW/cm?) was monitored by a UV light
meter (UV340B, Xin Bao Technologies, ShenZhen, China). That is, the irradiation doses of UV-B treated
group was 804 ] m~2, the dose chosen was based on our previous study [57]. Control plants were
maintained in the previous environment. Sampling was performed for both plants treated with UV
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and controlled plants at 10 days after treatment. Morphological indicators (plant height, fresh weight
of root and whole plant, leaf area) were recorded for 20 biologic repetitions, firstly. Then, these plants
were sampled. Collected plants were rinsed briefly in deionized water and separated into roots, stems,
leaves and petioles. The samples were then immediately frozen in liquid nitrogen and stored at —80 °C
for biochemical analysis. Six biological replicates were prepared for each sample. The analysis of
H,0; and antioxidant enzymes was performed based on the methods of Liu et al. [59-61]. Chlorophyll
analysis was performed in accordance with the methods of Arnon [62,63].

2.2. Primary Metabolite Extraction and Gas Chromatography-Mass Spectrometry Analysis

Plant samples were pulverized to 5 um using a grinding instrument (MM 400, Retsch GmbH, Haan,
Germany), and 90 mg aliquots of roots, stems, leaves, and petioles were extracted. A mixed solution
of 40 uL 2-chloro-L-phenylalanine (0.3 mg/mL, internal standard) in 360 uL. methanol (pre-cooled at
—20 °C) was prepared for metabolite extraction. Metabolites were extracted with the mixed solution by
sonication for 30 min, after which they were sonicated again with a chloroform and water solution.
Subsequently, the solution was centrifuged at 14,000 rpm (revolutions per minute). The supernatant
was collected in a derivatized glass bottle, evaporated to dryness. A derivatization method oximation
reaction was then performed to increase the volatility of the metabolites [30]. The dried residue was
redissolved in 80 pL methoxyamine pyridine solution (15 mg/mL) and incubated at 37 °C (90 min).
Subsequently, an 80 uL aliquot of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (including 1%
trimethyl-cholorosilane), and 20 pL were added to the mixture, vortexing for 2 min, which were then
derivatized for 60 min in 70 °C. After pretreatment, the solution was centrifuged (12,000 rpm at 4 °C
for 10 min), after which the supernatant was transferred to a glass vial for GC-MS analysis.

The GC-MS analysis was performed using a 7890A-5975C system (Agilent, Santa Clara, CA, USA).
An Agilent HP-5 (5%-phenyl) -methyl polysiloxane non-polar column was used for GC-MS. The GC
process was as follows: an initial temperature of 60 °C; oven temperature increments of 8 °C-min~!
to 125 °C, 4 °C-min ! increments to 210 °C, 5 °C-min? to 270 °C, and 10 °C-min~? to 305 °C; and a
final holding temperature of 305 °C for 3 min. Mass spectra acquisition parameters were as follows:
ion source temperature, 260 °C; filament bias, —70 V; mass range, m/z of 50-600; and acquisition rate,
20 spectra-sec™! [30].

2.3. Phenolic Metabolite Extraction and Liquid Chromatography-Mass Spectrometry Targeted Analysis

Plant samples were pulverized to 5 um using a grinding instrument (MM 400, Retsch GmbH), and
500 mg aliquots of roots, stems, leaves, and petioles were extracted. Samples were extracted with 80%
ethanol in water (10 mL) containing 0.1 mg/L lidocaine (internal standard) by sonication twice, each
for 45 min. The sample extractions were filtered, and the filtrates were merged. The filtrates were then
dried under low pressure using a vacuum cavitation instrument. The resultant extracted material was
dissolved in the mobile phase (1 mL) and filtered through 0.22 um-diameter micropores. The purified
solution was analyzed by ultra-performance liquid chromatography quadrupole time-of-flight mass
spectrometry (UPLC/Q-TOF-MS).

Separation was performed on an Acquity UPLC BEH C18 column (1.7 um, 2.1 mm X 50 mm) with
a VanGuard precolumn (BEH C18, 1.7 um, 2.1 X 5 mm; Waters, Shang-Hai, China) and maintained at
30 °C. The volume injected was 2 uL. Gradient elution was performed at a flow rate of 0.25 mL-min !
using the following solvent system: 0.05% acetic acid-water (A), 0.05% acetic acid-acetonitrile (B);
5% B-95% B from 0-23 min; 95% B-5% B from 23-25 min; and 5% B from 25-31 min. Analyses were
performed using a UPLC/Q-TOF-MS system (Waters). The MS conditions were set as follows: positive
ion mode, capillary voltage of 3.0 kV, cone voltage of 45 V, source temperature of 400 °C, desolvation
temperature of 500 °C, cone gas flow of 50 L/h, and desolvation gas flow of 800 L/h. Detection was
performed in positive ion mode in the m/z range of 50-1000.
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2.4. Multivariate Analysis

The GC-MS raw data were transformed into NetCDF format by data analysis software (Agilent
GC-MS 5975) and were later processed using the software R. Each compound was displayed as the
peak area normalized to that of the internal standard. For further analysis, the treated R output
data were exported to Microsoft Excel. National Institute of Standards and Technology (NIST) 14
library was searched to compare the structures of the compounds with that of the NIST database.
Compounds were then identified based on the retention index and mass spectra with already known
compounds in the NIST library. Peak detection, retention time alignment, and library matching
were performed using the TargetSearch package from Bioconductor (Solvusoft Corporation, Los
Angeles, CA, USA) [64], after which the normalized data were imported into SIMCA-P version 11.0
software (Umetrics, Umea, Sweden) for multivariate statistical analysis. The supervised method of
partial least-squares discriminant analysis (PLS-DA) was used to compare tissue-specific differences
between control and UV-B treatment regarding the identification of significant metabolites, and #-test
combinatory approaches were used to screen for important metabolites (p < 0.05). The LC-MS data
were analyzed using the software MassLynx version 4.1. This software detected peaks and listed the
detected and matched peaks with the retention time and m/z pair and their corresponding intensities.
The relative signal intensities of compounds were standardized by dividing them by the intensities of
internal standard. The relationships between 15 primary metabolites and phenolic compounds were
used for hierarchical clustering analysis (HCA) by R (www.r-project.org/) for both species. Pearson’s
correlation coefficients were calculated for these metabolites, and the Tukey test was performed using
Statistical Product and Service Solutions (SPSS) version 17.0. Metabolic pathways were analyzed using
the Metaboanalyst web portal (www.metaboanalyst.ca) and MBRole (http://csbg.cnb.csic.es/mbrole).
The pathways of metabolites were analyzed using database sources including the Kyoto Encyclopedia of
Genomes and Genomes (KEGG) (http://www.genome.jp/kegg/) to identify the most affected metabolic
pathways and facilitate further metabolite interpretation. The metabolites and corresponding pathways
were imported into Cytoscape software version 3.1.0 to visualize the network models. A metabolic
correlation distribution network was created from the 144 primary metabolite data using the WGCNA
package (Solvusoft Corporation, Los Angeles, CA, USA) [65,66].

2.5. RNA Extraction and Real-Time Polymerase Chain Reaction Analysis

The extraction and derivatization of RNA from roots, leaves, stems and petioles were performed
as described previously by Liu et al. [67]. Amplification, detection, and data analysis were performed
using a Rotor-Gene 6000 real-time rotary analyzer (Corbett Life Science, Sydney, Australia). Primer
sequences for PCR were as follows (Table 1):

Table 1. Primer sequences for polymerase chain reaction (PCR).

Gene Name Primer Sequence (5’ to 3')
Forward CCTTCTTTGGATGCTAGACAAGACA
CHS Reverse CGAAGACCCAAGAGTTTGGTTAGTT
Forward CATCAAATCTCTCTGGCAGTAGGAA
PAL Reverse AGTTCACATCTTGGTTATGCTGCTC
Forward AACAAAGTGAGGGATGAAATTGACA
C4H Reverse GGATTGCCATTCTTAGCCTTAGTGT
Forward TGTCCCTCCTATTGTTTTGGCTATT
4CL Reverse CTTTGGGGAATTTAGCTCTGACAGT
Forward AAACAAGGTTACAGGCATTTTGACA
CHR Reverse GGAAGAACGAGATGAGGATGATTTT
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Table 1.

Cont.

Gene Name

Primer Sequence (5’ to 3’)

CHI

IFS

IOMT

I3’H

UCGT

18S

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

ATCGAGTTTTTCCACCAGGATCTAC
ATCATAGTCTCCAACACAGCCTCAG
CCTTCACCTATTGGACAAACCTCTT
CCTGGTATTAAAGGAAGAAGCCTCA
GCACAAAACACAAGATCAAACTTC
GCATTACGGCCATTGATTG
GGATGTTAAAGAAGCGAAGCAATTT
ATCAAACAATCTCAACAAAGGCAAA
AGGTTTTGAAGATTTATGCACCA
TCCTTTCTGAGTTCCAGGACA
TGCAGAATCCCGTGAACCATC
AGGCATCGGGCAACGATATG

To determine relative fold differences in template abundance for each sample, the cycle threshold

(Ct) values for each of the gene-specific primers were normalized to the Ct value for 185 RNA.

3. Results

3.1. Morphological and Physiological Changes Induced by Ultraviolet-B Radiation

The effect of UV-B radiation on morphology can be seen in Figure 1 and Table 2. Compared with
the control group, stem growth was relatively short and the leaf more compact under UV-B radiation.
Both plant height and leaf area decreased under UV irradiation. The whole-plant proportion of roots
(n = 10) was 19.07% for the control group and 20.70% for the UV-B treatment group. In contrast to the
control group, the chlorophyll content decreased in the UV-B treated group. The activity of antioxidant

enzymes and content of H,O; increased under UV-B radiation.

Table 2. Morphological and physiological indices of control and Ultraviolet treatments (1 = 20).

Height Root/Whole Leaf Area Chlorophyll
(cm) Fresh Weight (FW) (%) (cm?) (mg-g~1)
Control 242+ 0.6 19.07 £ 0.31 0.292 + 0.004 1.242 +0.008
UV-treated 23.4+0.6 20.7 +0.67 0.230 + 0.006 0.799 £ 0.011
CAT POD APX H;0,
(U-g~l-min~1, FW) (U-g~l-min~1, FW) (U-g~-min~", FW) (umoL-g~1)
Control 26.25 +0.01 1800 + 1 0.06 + 0.001 3.59 +0.01
UV-treated 36.75 + 0.01 7050 + 1 0.15 + 0.003 3.79 £ 0.01

Abbreviations: CAT: catalase; POD: peroxidase; APX: ascorbate peroxidase; H,O,: hydrogen peroxide.
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Figure 1. Metabolic analysis of specific tissues of A. mongholicus under control and UV-B treatments
analyzed by GC-MS. (A) Partial least-squares discriminant analysis (PLS-DA); (B) The expression
pattern of potential differences. a, mannose; b, 3-mannobiose; ¢, fructose; d, talose; e, glucose;
f, psicose; g, sorbofuranose; h, myo-inositol; i, 2,3,4-trihydroxybutyric acid; j, 4-aminobutyric
acid; k, citric acid; 1, hexonic acid; m, isothiocyanic acid; n, malic acid; o, oxalic acid;
p, phosphonic acid; q, palmitic acid; r, propanedioic acid; s, stearic acid; t, pinitol; u, erythritol;
w, p-glucopyranoside; x, 2-O-glycerol-p-galactopyranoside; y, methyl galactoside; z, glycerol;
ab, dotriacontane; ac, 1-monopalmitin.
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3.2. Primary Metabolism Reprogramming between the below- and Aboveground Organs in Response to
Ultraviolet-B Radiation

In the present study, approximately 184 metabolites comprising sugars, acids, alcohols, and other
compounds were identified using a GC-MS platform in four tissues of A. mongholicus under control
and UV-B treatments (Supplementary Table S1).

To identify the metabolites that contributed to these variances, 27 significantly differential
compounds were identified by their variables of importance in the projection (VIP) values >1, and their
p-values < 0.05 (Figure 1B). There were eight significant differences regarding sugars; most of the sugars
were monosaccharides. The 3-a-mannobiose was the only disaccharide that significantly changed
under UV-B, and its monosaccharide (mannose) constituents have a common tendency to decrease
in aboveground tissue (stems and petioles). In contrast to the control, the levels of p-glucose and
myo-inositol increased in roots and stems but decreased in leaves and petioles under UV-B treatment.
The p-talose was significantly reduced by UV-B radiation in belowground tissues (roots) but did not
significantly change in aboveground tissues. Regarding acids, including eight organic acids, one
inorganic acid and two fatty acids, diverse trends were observed. Phosphonic acid level decreased
under UV-B radiation in all organs. Propanedioic acid increased only in roots, and there was no
significant difference in aboveground tissue under control or UV-B treatments. Palmitic acid decreased
in belowground tissue (roots) but increased in aboveground tissues (stems) under UV-B radiation.
Oxalic acid increased in leaves and stems while hexonic acid increased in leaves and petioles under
UV-B radiation. Significant increases in alcoholic compounds in belowground tissues (roots) were
observed for p-pinitol, whereas significant increases in aboveground tissues (leaves) were observed for
erythritol. In addition, the levels of six other compounds significantly differed from those of the control
group under UV-B radiation. Among these compounds, x-p-glucopyranoside levels significantly
differed only in belowground tissues (roots).

The PLS-DA was used to profile these metabolites. In the PLS-DA score plot, separation of the
two treatments and their different tissues was obtained. The samples were clustered into separate
groups (Figure 1A). A PLS-DA model was created with two principal components: PLS1 (47.9%) and
PLS2 (64.7%). A clear classification trend was observed among roots, stems, leaves, and petioles for all
samples in the score plot. The control and UV-B treatment groups of the aboveground organs (stems,
leaves and petioles) were better separated than those of the belowground organs (roots).

3.3. Phenolic Compounds Were Concentrated in Leaves Compared to Roots under Ultraviolet-B Radiation

To understand the effects of increased UV-B radiation on the level of phenolic metabolites, the
targeted phenolic compounds content of the collected samples was analyzed via LC-MS. A total of 29
standard reference compounds were used, all provided by Shanghai yuanye Bio-Technology Co. Ltd
(ShangHai, China), with a purity of >98%. The targeted compounds in the samples were identified
in accordance with the mass spectral information and retention time of the corresponding standard
reference compounds. The mass spectral information has been added as Supplementary Table S2; the
retention time and corresponding standard reference compounds were shown in the chromatogram of
Figure 2. In total, 29 phenolic metabolites were analyzed.
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Figure 2. Chromatogram of the target compounds from ultra-performance liquid chromatography
quadrupole time-of-flight mass spectrometry (UPLC-TOF-MS). Targeted compounds in samples were

determined in accordance with the mass spectral information and retention time of the corresponding
standard reference compounds. QR: Quercetin-3-O-rhamnoside.

To further clarify phenolic accumulation patterns in different tissues under the control and
UV-B treatments, the roots, stems, leaves, and petioles of A. mongholicus were determined separately.
Visualization of the phenolic profile was performed using HCA (Figure 3). The accumulation of
phenolics displayed a clear phenotypic variation in terms of phenolic abundance in the different tissues
and treatments. Roots contained the highest levels of the majority of tested phenolics, followed by the
leaves, petioles and stems. Based on their tissue- and UV-B specific accumulation patterns, phenolics
clearly grouped into two clusters.
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Figure 3. Distribution of potential biomarkers in specific tissues from the control and UV-B treatment
groups. Heat map visualization of the relative differences of potential biomarkers in the different
samples. The data of the content value of each compound were normalized to complete the linkage
hierarchical clustering. Each tissue type is visualized in a single column, and each metabolite is
represented by a single row: CK-R, CK-S, CK-L, and CK-P correspond to roots, stems, leaves, and
petioles of the control group; UV-R, UV-S, UV-L, and UV-P correspond to roots, stems, leaves, and
petioles from the UV-B-treated group. Red indicates high abundance of compounds, whereas green
indicates low abundance (color key scale above heat map).

Phenolics in cluster I showed higher levels in the roots of the UV-B treatment group than in those of
the control group and mostly consisted of calycosin-7-glucoside, ononin, formononetin, isoliquiritigenin,
and liquiritigenin. Phenolics in cluster II consisted of 4-hydroxybenzoic acid, L-phenylalanine, luteolin
and myricitrin; higher levels of these compounds were detected in the leaves of the UV-B radiation
group than in those of the control group. In addition, UV-B radiation altered the distribution of
phenolic compounds between above- and belowground tissues (Figure 4). The ordinate of Figure 4 is
set to the ratio of compound contents in leaves and roots.
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Figure 4. Distribution of phenolics that have various carbon skeletons in above- and belowground
tissues under UV-B radiation. The ordinate is set to the ratio of compound contents in leaves and
roots. (A) Phenolics with C6C1 carbon skeletons; (B) phenolics with C6C3 carbon skeletons; (C) and
(D) phenolics with C6C3C6 carbon skeletons.

According to Figure 4, the majority of the ratios of phenolic levels in leaves/roots under UV-B
treatment were higher than those of the control. In other words, compared with those of the control,
phenolic compounds were more concentrated in leaves under UV-B radiation. Moreover, all the C6C3
carbon skeleton phenolics were translocated from the roots to the leaves.

3.4. Construction of an Integrative View of the Primary and Phenolic Metabolite Network for Specific Tissues
and Growth Conditions

To provide better overview of these data, a simplified primary and phenolic metabolites pathway
was used to show the metabolic responses to UV-B radiation among different tissues. As shown in
Figure 5A,B, for primary metabolites, the accumulation of soluble sugars, such as glucose, fructose,
and mannose, decreased in response to UV-B radiation in both roots and leaves. In difference with
leaves the level of erythrytiol and sorbitol increased in the roots. Some amino acids including valine
and aspartate increased in response to UV-B radiation in both leaves and roots. The levels of acids
involved in the tricarboxylic acid (TCA) cycle, including fumarate in roots, malate, and succinate
in leaves, increased in the UV-B treatment group. For phenolic metabolites, most of the isoflavones
in roots were upregulated by UV-B induction. Unlike roots, the upregulated phenolic metabolites
in leaves mainly belong to phenolic acids and flavones. We only observed that the C6C3 phenolics
decreased both in roots and leaves. In addition, phenylalanine, which is the key node in the synthesis
of phenolic compounds from the shikimate pathway, may be responsible for the increase in the majority
of phenolic compounds under UV-B radiation.
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3.5. Expression of Genes Involved in Isoflavonoids Pathway in Leaves and Roots

To further explore the metabolic mechanisms of CAG in the enhanced UV-B environment, the
CAG biosynthesis pathway and the expression levels of relevant genes were visualized, as shown in
Figure 6. The expression of the genes encoding enzymes that directly participate in the formation of
CAG in samples collected from different treatments and different tissues was analyzed using RT-PCR.
Gene expression levels were normalized using the 18S RNA reference gene as an internal standard.
The transcription level of the synthetase genes involved in the CAG pathway, including CHI, IFS,
IOMT, I3’H, and UCGT, were upregulated in roots but downregulated in aboveground tissues in
response to UV-B induction. This variation is strikingly similar to the accumulation pattern of their
corresponding compounds. The CHS and CHR co-catalyze the condensation of p-coumaryl-CoA with
three malonyl-CoA molecules toward the formation of the isoliquiritigenin, an isoflavonoid skeleton.
The increased expression of CHS was induced by UV-B in the roots. Compared with CHR, CHS is
clearly more responsive to UV-B.
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Figure 6. Visualization of isoflavonoid metabolites and relative gene dynamics on a biochemical
pathway map. The levels of isoflavonoid metabolites and relative genes were both averaged over three
biological replicates after normalization. Within each box, each column is a specific tissue (from left to
right: root, R; stem, S; leaf, L; petiole, P), as shown in the upper-right corner. The intensity of the ratio of
the UV-B group to the control (CK) group is indicated by the color scale key in the upper-right corner.
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4. Discussion

Increased UV-B radiation affects plant development, morphology, physiology and metabolism.
At the same time, environmental vicissitude will greatly impact A. mongholicus in the field. Therefore,
the metabolic response of A. mongholicus to UV-B strongly influences the quality of Radix astragali that
is provided to the market. In this study, we used untargeted GC-MS and targeted LC-MS techniques at
primary and secondary compound levels to investigate the abundance and identity of compounds,
revealing different metabolic profiles for specific tissues under different conditions. To explore the
reprogramming of primary and secondary metabolic responses to UV-B and the formation of adaptive
stable metabolism in above- and under- ground tissues. We also evaluated the level of isoflavones and
their related genes to explore the mechanism of CAG accumulation under UV-B.

Based on the observation of morphological indicators and the detection of physiological indicators
(Figure 1 and Table 1), leaves were more compact and plant height, leaf area, and chlorophyll content
were reduced. These results indicate that growth was inhibited and that energy might be transferred to
the accumulation of more functional metabolites to adapt to the changing environment [68]. The relative
root biomass increased slightly, suggesting that energy was transferred to the roots in response to the
UV-B radiation. Moreover, an increase antioxidant enzymes and H,O, (Table 1) indicated that the
stress response of plants to UV-B was actively operating [69,70].

We based our study on GC-MS-metabolomics to analyze tissue-specific changes under UV-B
radiation and control conditions of A. mongholicus. Sugars, which are energy sources for growth,
decreased in aboveground tissues but increased in belowground tissues. This explains the decrease in
plant height and leaf area and the increase in root specific gravity. Additionally, the reduction in glucose
in the leaves could indicate that a stronger shift from carbon assimilation to carbon accumulation
occurred after UV-B radiation. Moreover, increased levels of sugar alcohols (e.g., erythritol) derived
from the pentose phosphate pathway (PPP) were also observed in the UV-B treatment group, likely
reflecting the higher respiratory rate of the PPP pathway in these plants. In addition, PLS-DA plots
of the primary metabolites for four tissues under different conditions were generated (Figure 1A).
The analysis of the score plots revealed a clear clustering of biological replicates for each sample.

The dynamic patterns of targeted phenolic compounds in four tissues of control and UV-B
treatment plants was detected by UPLC-q/TOF-MS. Interestingly, the content of flavanones and
flavonols increased in the leaves in response to UV-B radiation, whereas the isoflavonoids increased in
the roots. Several early physiological experiments provided circumstantial evidence that phenolics
are involved in UV-B protection [71]. Among these phenolics, flavones and flavonols protect cells
because these compounds accumulate in the epidermal layers of leaves and stems, acting as filters
and absorbing radiation in the UV-B portion of the spectrum [72,73]. Ryan et al. reported that UV
radiation induces the synthesis of flavonols that have higher hydroxylation levels in Petunia and
Arabidopsis. Those authors suggested that flavonols may play as yet uncharacterized roles in the UV
stress response because flavonols have UV-absorbing properties, and the hydroxylation of flavonols
might positively affect antioxidant capacity [74,75]. Regarding compounds involved in UV-B protection,
the structures of flavones and flavonols are the most advantageous [15]. Thus, the most significant
changes occurred regarding the levels of flavone and flavonol compounds (such as luteolin and
myricitrin) under UV-B radiation were in leaves. At the same time, the accumulation of isoflavonoids
(such as calycosin-7-glucoside, ononin, and formononetin) in roots constitutes a reserve of active
phenolics that can easily be mobilized at any given time, especially under UV-B stress conditions.
Furthermore, a common feature of the changes in phenolic compounds under UV-B exposure in roots
and leaves was observed. The C6C3C6 carbon compounds increasingly accumulated at the expense
of C6C3 carbon compounds such as chlorogenic acids, ferulic acid, and cinnamic acid. In view of
this phenomenon, the increase in C6C3C6 carbon compounds (flavone and flavonol in the leaves
and isoflavonoid in the roots) at the cost of C6C3 carbon compounds may be due to the stronger
UV-B absorptive and antioxidant capacity of C6C3C6 carbon compounds than that of C6C3 ones
in A. mongholicus. Under UV-B radiation, the phenolic compounds of various carbon skeletons are
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concentrated in the leaves (Figure 4), probably because the leaves are most directly affected by UV-B
radiation. The decreasing of sugars and enrichment of phenolics in leaves could also result in reduced
energy for growth and reduced leaf area.

To obtain a more detailed overview regarding the tissue-specific differences of the identified
metabolites between the UV-B and control treatments, we built a primary and phenolic metabolites
network (Figure 5A,B). The TCA cycle intermediates such as succinate and fumarate, which are major
regulators of carbon and nitrogen interactions, increased under UV-B radiation. At the same time,
this increase also occurred for shikimate and L-phenylalanine. It seems highly likely that shikimate
would be elevated following the mobilization of carbon reserves stored in plants to increase the flux
through the phenylpropanoid pathway under UV-B radiation [76]. In plants, phenylalanine is thought
to be the general precursor of C6C1-, C6C3-, and C6C3C6 compounds and their polymers such as
tannins and lignins [77]. As such, when considered together, these data suggest that in response to
UV-B the plant cell is “primed” at the level of primary metabolism by a mechanism that involves the
reprogramming of metabolism to efficiently divert carbon toward the aromatic amino acid precursors
of the phenylpropanoid pathway [78]. Tryptophan and phenylalanine compete for chorismate to
synthesize alkaloids and phenols, respectively. The results showed more accumulation of phenylalanine
under UV-B radiation. This suggests that the increase in phenolic compounds under UV-B radiation is
caused by the transfer of carbon from primary metabolism and involves metabolic reprogramming.
For phenylpropanoid pathway under UV-B radiation, a significant difference appears between the
above- and the underground tissues. Flavones were significantly increased in leaves, probably because
of the roles of flavones accumulation in the epidermal layers of leaves acting as filters and absorbing
radiation in the UV-B portion of the spectrum [79]. The phenolic acids enhanced accumulation in
leaves might be acting as antioxidant supplements. Different from the metabolic response in leaves,
enhanced accumulation of isoflavones were observed in roots. These isoflavones might constitute
a reserve of active phenolics that can easily be mobilized at any given time, especially under UV-B
stress conditions. Phenylalanine, as a key node in phenolic metabolism, showed a significant increase
only in leaves under UV-B radiation. A bold and reasonable assumption is that the upregulation of
the relevant genes rather than the synthetic precursor (phenylalanine) might be the most important
contributor for the activation of phenolic metabolism in the roots.

In order to verify the possibility of this assumption for further, and due to the therapeutic potential
of these isoflavones (especially CAG), the metabolic mechanisms of these compounds in the enhanced
UV-B environment need to be further explored. The CAG biosynthesis pathway and relevant genes
are visualized in Figure 6. The promoters of a series of genes involved in the flavonoid biosynthetic
pathway contain a specific recognized domain that can interact with the MYB family of transcription
factors via light-responsive elements [80]. In the present study, targeted isoflavonoid biosynthetic
genes have transcriptional activation; as suggested, these transcription factors could be activated by
UV-B radiation and could affect the investigated genes (Figure 6). In general, PAL genes have been
proposed as a dominant control point of phenylpropanoids, flavonoids, and isoflavonoids biosynthesis
in response to various biotic and abiotic stresses inclusive of pathogen attack, UV radiation, and
mechanical wounding [81,82]. The no-significant of phenylalanine and increased transcription levels
of PAL indicates that the response of phenolics in roots to UV-B is activated by relevant genes rather
than phenylalanine. The increased transcription levels of PAL in roots, stems, and leaves indicated
that the response of phenolics to UV-B is stimulated in different tissues. CHS and CHR co-catalyze
the condensation of p-coumaryl-CoA with three malonyl-CoA molecules toward the formation of the
Isoliquiritigenin, an isoflavonoid skeleton. The increased expression of CHS was induced by UV-B
in the roots. Compared with CHR, CHS is clearly more responsive to UV-B, which suggests that
the increased accumulation of isoflavonoids might be due to the elevated levels of CHS in the UV-B
environment. The transcription level of the synthetase genes involved the CAG pathway, including
CHI, IFS, IOMT, I3’H, and UCGT, were upregulated in the roots in response to UV-B induction but
downregulated in aboveground tissues. This variation is strikingly similar to the accumulation pattern
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of the corresponding compounds of these enzymes. These results suggest that in the enhanced UV-B
environment, tissue-specific increases in the levels of active isoflavones such as CAG are due to the
regulation of the elevated levels of synthesis genes in the roots.

5. Conclusions

A metabolic profile was revealed using untargeted GC-MS and targeted LC-MS combined
techniques to investigate the tissue-specific metabolic mechanism of A. mongholicus in an enhanced
UV-B environment. We found that in response to UV-B the plant cell is “primed” at the level of primary
metabolism by a mechanism that involves the reprogramming of metabolism to efficiently divert
carbon toward the aromatic amino acid precursors of the phenylpropanoid pathway. A stronger shift
from carbon assimilation to carbon accumulation has occurred. Among the accumulation of phenolics,
C6C1 carbon compounds (phenolic acids in leaves) and C6C3C6 carbon compounds (flavones and
flavonols in leaves and isoflavones in roots) increased at the expense of C6C3 carbon compounds in
order to obtain the stronger UV-B absorptive and antioxidant capacity. Compared with the control
treatment, the response of phenolics has a significant tissue-specific in the UV-B radiation treatment.
Notably, the response of phenolics in roots to UV-B is activated by upregulation of relevant genes
rather than phenylalanine.
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Abstract: Rheum undulatum and Glycyrrhiza uralensis have been used as supplementary ingredients in
various herbal medicines. They have been reported to have anti-inflammatory and antioxidant effects
and, therefore, have potential in the treatment and prevention of various liver diseases. Considering
that hepatic encephalopathy (HE) is often associated with chronic liver failure, we investigated whether
an R. undulatum and G. uralensis extract mixture (RG) could reduce HE. We applied systems-based
pharmacological tools to identify the active ingredients in RG and the pharmacological targets of RG
by examining mechanism-of-action profiles. A CCly-induced HE mouse model was used to investigate
the therapeutic mechanisms of RG on HE. We successfully identified seven bioactive ingredients in
RG with 40 potential targets. Based on an integrated target—disease network, RG was predicted to be
effective in treating neurological diseases. In animal models, RG consistently relieved HE symptoms
by protecting blood-brain barrier permeability via downregulation of matrix metalloproteinase-9
(MMP-9) and upregulation of claudin-5. In addition, RG inhibited mRNA expression levels of both
interleukin (IL)-13 and transforming growth factor (TGF)-f1. Based on our results, RG is expected to
function various biochemical processes involving neuroinflammation, suggesting that RG may be
considered a therapeutic agent for treating not only chronic liver disease but also HE.

Keywords:  Rheum undulatum; Glycyrriza uralensis; hepatic encephalopathy;, MMP-9;
neuroinflammation

1. Introduction

Hepatic encephalopathy (HE) is a decline in neuropsychiatric function observed in patients with
acute or chronic liver diseases [1,2]. The clinical symptoms are so diverse that it may appear as a subtle
impairment in mental state, but it can lead to coma [1]. There are numerous explanations of why liver
dysfunction can lead to encephalopathy; however, the most common clinical mechanism through
which HE develops is an increase in the level of blood ammonia, which could be removed by sodium
benzoate [1-4]. In a healthy body, the nitrogen-containing compounds that remain following the food
digestion process are transported through the portal vein to the liver, where most such compounds are
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metabolized. If the liver cells or the metabolism processes are impaired, nitrogen wastes containing a
large amount of ammonia can accumulate in systemic circulation. Small nitrogen-containing molecules,
such as ammonia, can pass through the blood-brain barrier (BBB), and astrocytes in the cerebral cortex
can absorb ammonia to convert glutamate into glutamine [3,5]. An excessively high glutamine level in
astrocytes may increase osmotic pressure and the activity of the inhibitory GABA system, leading to a
shortage in the energy supply to the brain [3,5].

Commonly utilized pharmacologic HE treatments tend to focus on lowering the blood ammonia
level [3,4]. Clinically, two classes of medications—non-absorbed disaccharides, including lactulose and
lactitol; and nonabsorbable antibiotics, including neomycin and rifaximin—are normally used [2—4].
However, both these two classes are known to show negative side-effects, such as diarrhea, electrolyte
disturbances and resistances, which can limit long-term effectiveness and patient compliance [4,6].
Therefore, it is necessary to be simultaneously considered for effective treatment, including the presence
of oxidative stress or neurotoxins, as well as changes in neurotransmission, GABA-ergic pathways and
energy metabolism. During such consideration, it is wise to consider the potential of herbal medicine
treatments, which have been widely applied in a variety of medical fields due to their high efficiency
and stability [6,7].

Rhubarb (Rheum undulatum) is a perennial plant belonging to the Polygonaceae family, and
the components of dried roots of R. undulatum are reported to have therapeutic efficacy in oriental
traditional medicine against various diseases [8,9]. Herbal preparations of R. undulatum are used as a
stimulant laxative with excellent efficacy in reducing inflammation in the liver, large intestine, and
kidney. Previous studies have reported that its components have potent antitumor, antithrombotic,
and antioxidant properties [10-12]. A review argued that rhubarb, alone or combined with other
herbs, can be used to treat HE and to improve treatment efficacy, which was promising but not
based on solid empirical evidence [8]. Ning Z. et al. (2017) reported that the rhubarb-based Chinese
herbal formulae (RCHF) might be effective at treating hepatic encephalopathy using meta-analysis
in China. Their data showed that the rhubarb-based Chinese herbal formulae (RCHF) patients had
significant improvements in their ammonia and alanine aminotransferase levels in their blood when
compared to the other groups of patients that received other treatments [13]. Moreover, a few studies
demonstrated that rhubarb contained multiple biological activities probably associated with BBB
function, including anti-oxidation, anti-inflammation, and inhibition of aquaporin expression [14,15].
However, no research has yet been reported on which molecular mechanisms rhubarb treats HE.

A previous our study showed a significant protective effect of an R. undulatum and
Glycyrrhiza uralensis extract mixture (hereafter RG) against hepatic oxidative injury in two model
systems: hepatocytes treated with arachidonic acid (AA) plus iron and mice with CCl-induced
liver injury [16]. We found the best ratio of RG (1:10) in vitro and applied at mice model of acute
hepatitis [16]. Glycyrrhiza glabra Fisch have been used to treat a wide array of illnesses in herbal
and traditional medicines for thousands of years [16,17]. Triterpene saponins, such as glycyrrhizin,
uralsaponin, liquorice saponins, and glycyrrhetinic acid; as well as flavonoids, such as liquiritin,
liquiritigenin, Isoliquiritin, isoliquiritigenin, and isolicoflavonol, are reported to be responsible for
the pharmacological properties of licorice [17]. In the present study, we analyzed RG to elucidate
the mechanism-of-action of each component, to identify the components that are thought to have
a key role and, ultimately, to predict the therapeutic effects of these components by constructing a
drug-target-disease network model. We performed in vivo and in vitro experiments to determine
whether RG has an effect on HE, and if so, by what molecular mechanisms. Our results are expected to
provide theoretical and in vivo empirical evidence that RG may be used as an effective drug in the
treatment of HE.
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2. Materials and Methods

2.1. Reagents

Anti-claudin 5 was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish
peroxidase conjugated goat anti-rabbit and goat anti-mouse IgGs were purchased from Novus Biological
(Centennial, CO, USA). Trizol was obtained from Invitrogen (Invitrogen, Carlsbad, CA, USA) and
reverse transcriptional polymerase chain reaction (RT-PCR) kit was obtained from Promega (Promega,
Madison WI, USA). Sennoside A, emodin, chrysophanol, aloe-emodin, rhein, glycyrrhizin acid,
liquiritigenin, isoliquiritigenin, and other reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The reagents for ultra-performance liquid chromatography (UPLC) analysis were methanol
(Junsei for the high-performance liquid chromatography (HPLC), acetonitrile (JT BAKER for the HPLC),
and then Water (Tertiary distilled water).

2.2. Preparation of RG Extracts

Rheum undulatum (200 g) and Glycyrriza uralensis (200 g), which are warranted as a standard
herb for medicine by Korea Food and Drug Administration, were purchased from Sejong pharmacy
(Daegu, South Korea) and were boiled in 1500 mL of distilled water for 3 h. This aqueous mixture was
passed through a 0.2 mm filter (Nalgene, New York, NY, USA). The filtrate was concentrated under
reduced pressure at 50 °C and lyophilized into powder. The extraction yields of R. undulatum and
Glycyrriza uralensis were 11.33% and 15.61%, respectively.

2.3. Profiling the Chemical Contents of RUE and GUE by Ultra-Performance Liquid Chromatography

Ultra-performance liquid chromatography) analysis was performed using an ACQUITY
ultraperformance LC system equipped with ACQUITY photodiode array (PDA) detector (Waters
Corporation, Milford, CT, USA) based on the methods described in a previous study [18]. ACQUITY
BEH C18 column (Waters Corporation; 1.7 um, 2.1 X 100 mm) was used to elute the compounds off and
Empower software was applied to tract and compare the peak data. The standard compounds were
melted by methanol and DMSO. Next, they were prepared based on a standard undiluted solution
containing 1 mg/mL. The PDA analysis wavelengths were sennoside A (340 nm), emodin (254 nm),
chrysophanol (254 nm), aloe-emodin (254 nm), rhein (254 nm), glycyrrhizin acid (254 nm), liquiritigenin
(280 nm), and isoliquiritigenin (280 nm), respectively. Samples were 2 mL, and the flow rate was
0.4 mL/min. Five and three potential ingredients were collected from R. undulatum and G. uralensis,
respectively (Figure 1 and Table 1).

Table 1. Chemical formula and mass accuracy of potential ingredients.

Sample Identity Chemical Formula Mass Accuracy (ppm)
Sennoside A CypH38090 145.85 + 7.080
RUE Emodin C15H1905 1.20 + 0.012
. Chrysophanol C15H1904 0.064 + 0.001
(Rheum undulatum Linne) Aloe-emodin Cy5H,00s 211+ 0616
Rhein C15HgOg 29.47 + 0.447
CUE Glycyrrhizin acid CypHgrO1¢ 32591 +6.8
(Glycyrriza uralensis) Liquiritigenin C15H1204 12425 £ 3.7
Isoliquiritigenin C15H1204 6.08 £0.7
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Figure 1. Characterization of RUE (Rheum undulatum Linne) (A) and GUE (Glycyrriza uralensis) (B)
by UPLC chromatogram. (A) UPLC chromatogram of five commercial standards (left) and marker
compounds in GUE (right). Each peak represents sennoside A (340 nm), emodin (254 nm), chrysophanol
(254 nm), aloe-emodin (254 nm), and rhein (254 nm), respectively. (B) UPLC chromatogram of theww
commercial standards (left) and marker compounds in RUE (right). Each peak represents glycyrrhizin
acid (254 nm), liquiritigenin (280 nm), and isoliquiritigenin (280 nm), respectively.

2.4. Systems Pharmacology-Based Analysis

Molecules with oral bioavailability (>30%) and drug-likeness indices (>0.18) were considered to
select the target compounds that could be used for our study [19,20]. Oral bioavailability (OB), the
capable of being delivered to systemic circulation after oral administration, is one of the most important
pharmacokinetic parameters in drug screening [20]. The drug-likeness index was used to examine the
herbal ingredients under consideration whether they are suitable as medicaments by quantifying the
structural similarities to all drugs registered in the DrugBank database (http://www.drugbank.ca/) [19].
The potential targets and diseases of the candidate compounds were predicted by Traditional Chinese
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Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (http://lsp.nwsuaf.edu.
cn/) [21]. The protein targets predicted were examined for their functional annotation based on
the sequence similarities to the proteins registered in UniProt (http://www.uniprot.org/). Finally,
the potential targets were imported to the DAVID (http://david.abcc.ncifcrf.gov) for gene ontology
(GO) enrichment analysis. The GO terms with p-values of less than 0.05 were filtered out, and
functional annotation clustering analysis was implemented for the remaining terms to identify the
pharmacological and biological processes. The likelihood networks connecting candidate compounds,
potential targets and their related diseases were constructed by Cytoscape 3.2.1 (Bethesda, MD, USA).
The topological properties of the networks generated were analyzed using the Plugins (Network
Analysis, Analyze Network) of this software.

2.5. Animals

Balb/c male mice (6 weeks old) purchased from Charles River Orient Bio (Seongnam, Korea) were
maintained under standard condition (23 + 1 °C; 50 + 5% humidity; 12-h light/dark cycle). All animal
experimental procedures were approved by the Institutional Animal Care and Use Committee of Daegu
Haany University and were conducted in accordance with the guidelines of the National Institutes of
Health (Protocol # DHU2016-047). The mice were allocated randomly into three treatment groups:
‘vehicle-treated control” (n = 8), “CCly" (n = 8), and ‘CCly + RG’ (n = 8). Mice were orally administered
by either RG (10 mg/kg of RUE plus 100 mg/kg of GUE, dissolved in water; for CCly + RG) or water (for
vehicle-treated control and CCly) three times per week for 4 weeks. To induce liver damage in groups
CCly and CCly + RG, CCly (0.5 mL/kg of body weight and 1:9 diluted in corn oil) was intraperitoneally
injected into mice twice a week for 4 weeks. All the mice were sacrificed on day 28 using carbon
dioxide chamber.

2.6. Behavioral Tests

An open-field test was designed to evaluate our animals” basal activity and its change across
time in response to our pharmacological treatments in accordance with the procedure described in a
previous study [22]. Video tracking with recording was conducted under dim lighting condition to
examine the movement pattern within the peripheral and central zones in an open field for 30 min.
Movement patterns were quantified based on the distance traveled and time spent in each zone using
a video tracking system (SMART V3.0; Panlab, Barcelona, Spain).

2.7. Brain Immunohistochemistry

The brain sections from three groups of mice (vehicle-treated control, CCly and CCly + RG) were
fixed in 10% neutral buffered formalin, then embedded in paraffin by tissue processor and embedding
center. Tissue blocks were sectioned in 4 pm thick ribbons and applied on slide glass. Two slides
were randomly selected for each group, and hematoxylin and eosin (H&E) staining was performed on
selected slides according to the standard protocol. After deparaffinization in xylene, tissue sections
were hydrated in EtOH and stained in hematoxylin for 5 min. After bluing, tissue sections were stained
with eosin for 10 s. Followed by eosin, tissue sections were dehydrated and cleared before mounting.

These slides were used for immunohistochemical detection of glial fibrillary acidic protein (GFAP),
which was carried out according to the protocol described below. A BenchMark XT autostainer
(Ventana Medical Systems, Tucson, AZ, USA) was used in immunohistochemistry (IHC). Coated
glass slides were loaded with 4-um-thick liver tissue sections and heated at 60 °C for 2 h. EZ prep.
solution (Ventana Medical Systems) was used to deparaffinize followed by cell conditioning 1 solution.
Cell conditioning 1 solution (Ventana Medical Systems) was used as heat-induced antigen retrieval
agent. Anti-GFAP antibody (Abcam, Cambridge, UK) was diluted to 1:100 and applied on slides for
60 min. Universal DAB detection kit (Ventana Medical Systems) was used to detect specific reaction
and nucleus was stained with hematoxylin followed by bluing reagent.
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2.8. Blood Analysis

Collected whole blood was incubated at room temperature for 2 h and centrifuged for 5 min at
5000 rpm to isolate plasma. Plasma ALT was analyzed by using an automated blood analyzer (Fuji
Dri-Chem NX500i, Fuji Medical System Co., Ltd., Tokyo, Japan).

2.9. Liver Histopathology

The largest lobe of each liver removed was fixed in 10% neutral buffered formalin, then embedded
in paraffin by tissue processor and embedding center. Tissue block was sectioned in 4-pm-thick ribbon
and applied on slide glass. After deparaffinization in xylene, tissue sections were hydrated in EtOH
and stained with either H&E or with Masson'’s trichrome for collagen fibers. Following staining, tissue
sections were dehydrated and cleared before mounting. The histological changes were observed under
a light microscope (Nikon, Tokyo, Japan).

2.10. Western Blot Analysis

Western blot analysis was performed as previously described [18]. Briefly, the brain tissues were
lysed with radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific, Rockford, IL, USA) at
4 °C and each protein sample (30-50 p1g) was separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, Bedford, MA, USA). The protein bands were detected with WesternBright ECL (Amersham
Biosciences, Piscataway, NJ, USA) and a gel-doc image analyzer (Vilber Lourmat, France). The band
intensity was quantified using Image J 1.42 software (NIH; Bethesda, MD, USA).

2.11. Real-Time RT-gPCR Analysis

Total RNA was extracted from the brain tissues using Trizol (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions [18], and primer sets were shown in Table 2. The mRNA
levels of matrix metalloproteinase-9 (MMP-9), transforming growth factor beta 1 (TGF-$1), and
interleukin 13 (IL-1) were compared by calculating the crossing point (C) value and were normalized
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using LightCycler 96 relative quantification
software (Roche, Miinchen, Germany). A melting curve analysis was performed following the
amplification to verify the accuracy of the amplicons.

Table 2. Primers used in real-time PCR analysis in this study.

Genes Sense Antisense
MMP-9 5-TCCCTCTGAATAAAGTCGACA-3"  5-AGGTGACAAGGTGGACCATG-3’
IL-1B 5-CAGGATGAGGACATGAGC-3’ 5-CTCTGCAGACTCAAACTCCA-3’
TGF- p1 5-GAGGTTTGCTGGGGTGAG-3' 5-CAGCACGAGGAGGAGCAG-3
GAPDH 5-AACGACCCCTTCATTGAC-3’ 5-TCCACGACATACTCAGCAC-3’

2.12. Statistics

Mean + standard deviation (SD) was provided for all quantitative data. All comparisons were
examined based on either one-way ANOVA followed by Bonferroni’s post hoc test or a two-tailed
Student’s t-test. The criterion for statistical significance was set at p < 0.05, but an indication was added
when p was less than 0.05, 0.01, or 0.001.
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3. Results

3.1. Systems Pharmacology-Based Approach

Based on our ultra-performance liquid chromatography (UPLC) results, five (sennoside A, emodin,
aloe-emodin, chrysophanol, and rhein) and three (glycyrrhizin acid, liquiritigenin, and isoliquiritigenin)
representative components were identified from the R. undulatum and G. uralensis extracts, respectively
(Figure 1 and Table 1). We compared between two peaks of the commercial standards and of
corresponding herbal component. All but sennoside A were considered target compounds to be
tested in this study because they exceeded our oral bioavailability (OB) and drug-likeness evaluation
criteria. Sennoside A was excluded as it had a very low OB value (less than 0.1). In addition, given
that the absorption rate is very low in the small intestine when a component enters via the oral
cavity and can be easily converted to rhein anthrone by various enzymes associated with intestinal
microorganisms [23,24], it was not necessary to consider sennoside A as a target component.

To understand the mechanism associated with the RG components” HE-related medicinal action
at a systems level, a compound-target network was constructed to uncover the underlying interactions
(Figure 2). The compound-target network with colour-coded nodes to indicate components (green)
and candidate targets (yellow) comprised 141 interactions connecting the 7 selected RG components
to 40 targets (Figure 2A). Two components, emodin (degree = 34) and isoliquiritigenin (degree = 30),
appeared to exhibit the most versatile functions, with many of their functions associated with the
pharmacological regulation of HE (Figure 2A). As the network indicates, the RG components and
their targets are intertwined; thus, it is better to interpret a component as having a complex function
rather than having a specific function. In an effort to illuminate the therapeutic mechanism of the
40 selected targets, we applied ClueGO, a Cytoscape (https://cytoscape.org/) plugin, to perform a
biologically relevant interpretation of the potential targets. The majority of targets were associated
with oxidoreductase, nucleocytoplasmic transport and inflammatory response (Figure 2B).

All 40 of the targets were entered into pharmacology database platforms including DrugBank,
Therapeutic Target, and PharmGkb to obtain a list of potentially related diseases. A total of
135 diseases, belonging to 18 groups suggested by the MeSH Browser (2017 MeSH), were identified. The
target-disease interactions were visualized by using a network format (Figure 2C). Of the 135 diseases
identified, 38 were found to be related to neoplasms, 17 to nervous system diseases, and 18 to
cardiovascular diseases. These three disease groups are all reported to have the potential to be
improved by the administration of RG.

3.2. RG Improves CCly-Induced Behavioral Damage

Because it had been reported that RG protects against liver damage, we focused on nervous system
related diseases among the three key disease groups. To determine the effects of hepatic damage
on behavior, we performed open-field tests on mice. Based on the methods described in a previous
study [25], locomotion activities were quantified by measuring distance travelled and time spent in
the centre or periphery of the open field for 30 min. The results showed that exposure to CCly was
associated with depressive-like symptoms (Figure 3A). Compared with the level of resting activities of
the vehicle group, the group with CCly-induced hepatic damage (CCly group) showed a significant
increase in the amount of time spent resting (Figure 3B). In addition, the level of slow activities was
decreased in the CCly group compared to the level in the vehicle group (Figure 3A,B). Furthermore, the
CCly group travelled a shorter distance than the vehicle group (Figure 3A,C). In contrast, depression
did not appear in the RG-treated group, and behavioral symptoms of that group were similar to
those of the vehicle group that did nothing more than CCly group (Figure 3). Furthermore, the group
treated with CCly plus RG (CCly + RG group) exhibited significantly more activity and greater distance
travelled than those in the CCly group (Figure 3). Furthermore, in the RG treatment group, there was a
greater distance travelled than that in the control group (Figure 3A).
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Figure 2. Systems pharmacology-based approach. (A) Compound-target network (C-T network).
The C-T network was constructed by connecting the candidate compounds (green rectangles) of
R. undulatum (red circle) and G. uralensis (blue circle) with their potential targets (yellow rectangles).
The C-T network was composed of 141 compound-target links generated from the connection of
the 7 candidate compounds to 40 targets. (B) ClueGO analysis of the predicted targets. The pie
chart represents the molecular function, immune system processes and reactome pathways of the
targets identified in the network analysis. (C) Target—disease network (T-D network). In the T-D
network, candidate targets were connected to the related diseases. Target proteins (40, yellow ellipses)
were connected to 135 diseases (green circles), which could be assigned into 18 separated groups
(orange squares).
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Figure 3. RG ameliorates neurobehavioral changes in CCly-induced hepatic damage model.
Neurobehavioral changes observed in the open field tests (OFTs) in CCl4-induced hepatic damage
model. (A) Representative traces of mouse movement in the experimental field. (B) % action categories
(resting, slow, and fast) in both center and periphery zones by mice. (C) Distance travelled in both
center and periphery zones by mice. Data were analyzed for statistical significance using ANOVA with
Tukey’s test for ad hoc multiple comparison implemented in GraphPad Prism. Data were presented as
mean =+ SD for three independent experiments. *p < 0.05, **p < 0.01, **p < 0.001 when compared with
vehicle group; *p < 0.05, #p < 0.01, ##p < 0.001 when compared with group CCly.

3.3. RG Ameliorates CCly-Induced Histopathological Changes of Brain

We investigated histopathological changes in the cerebral cortex by examining H&E-stained
samples (Figure 4). The CCly treatment produced lesions in the cerebral cortex that exhibited swollen
astrocytes with large vesicular nuclei and prominent nucleoli (Figure 4). However, the RG combination
treatment (10 mg/kg of R plus 100 mg/kg of G) protected astrocytes in the cerebral cortex from exhibiting
the lesional damages that are observed following CCl, treatment (Figure 4A).
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A)H&E B) GFAP-THC

Figure 4. RG ameliorates CCly-induced histological changes in cerebral cortex. Mice were given with
repeated injections of CCly (5 mg/kg, 2 times/week, 4 weeks), whereas vehicle mice instead received
saline (n = 4). The CCly + RG group was treated with RG (10 mg/kg of R plus 100 mg/kg of G) with
CCly. After four weeks of CCly injection, mice were sacrificed. (A) Histopathological change (when
stained with hematoxylin and eosin; H&E) and (B) astrogliosis (glial fibrillary acidic protein, GFAP) in
cerebral cortex. Magnification: 400X.

Astrogliosis was examined by quantifying GFAP-immunoreactive cells in the area of the cerebral
cortex (Figure 4B). CCly seemed to induce intensive GFAP staining and to increase process complexity.
However, the number of GFAP-positive cells in the CCly + RG group was reduced when compared to
that in the CCly group (Figure 4B). Overall, it appears that CCl; administration increases the number
of activated astrocytes and RG treatment can significantly reduce that effect.

3.4. RG Inhibits the BBB Disruption and Neuroinflammation

The effect of RG on the CCly-induced increase in brain endothelial cell permeability was determined
by analysing MMP9 mRNA in mouse brain tissue samples. The mRNA expression of MMP9 was
significantly upregulated in brain tissues of the CCly group, but that upregulation could be blocked by
pre-treatment with RG (Figure 5A). To verify the effectiveness of RG in preventing BBB disruption,
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the expression of claudin-5, a tight junction protein, was assessed by undertaking an immunoblotting
analysis. The level of claudin-5 was significantly decreased in the CCly group, compared to that in
the control group (Figure 5B). However, the presence of RG led to a greater increase in the level of
claudin-5 protein in the CCly + RG group than in the CCly group (Figure 5B), indicating that RG has a
protective function in preventing BBB disruption.
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Figure 5. RG suppresses BBB disruption and inflammation in mice with CCl4-induced HE. Mice were
treated with CCly, and RG as described in Figure 3. RT-qPCR analysis of the mRNA expression levels
of (A) MMP-9, (C) TGF-f1, and (D) IL-1f. (B) The protein levels of claudin-5 were assessed by western
blot, in which B-actin served as a loading control. Protein levels were presented as relative band
intensities to control (vehicle treated) group. Data were represented by mean =+ SD.

Neuroinflammation is a fundamental immune response in the central nervous system (CNS)
through which the brain reacts to diverse pathogens passing through the damaged BBB. Therefore, we
examined the mRNA expression levels of the representative pro-inflammatory cytokines IL-13 and
TGF-fB1 in the cerebral cortex. Real-time RT-qPCR analysis showed that the presence of RG effectively
inhibited the CCly-induced expressions of IL-1f3 and TGF-31 (Figure 5C).
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3.5. RG Ameliorates CCly-Induced Liver Injury

To examine the hepatic protective effects of RG, we established a chronic hepatic cirrhosis mouse
model by using injections of CCly. Repeated injections of CCly (5 mg/kg twice per week for 4 weeks)
significantly elevated the serum ALT level, indicating that liver damage had occurred (Figure 6A).
However, RG pre-treatment markedly inhibited the elevation of the serum ALT level caused by the
CCly injections (Figure 6A). It is known that the increase of ammonia in serum is a representative
indicator of hepatic encephalopathy as well as liver disease. Our results of reducing ammonia in serum
increased by CCly with RG treatment provide further evidence that RG can mitigate live injury caused
by CCly (Figure 6B).
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Figure 6. RG protects CCly-induced liver toxicity in mice. Mice were given with repeated injections
of CCly (5 mg/kg, 2 times/week, 4 weeks), whereas vehicle mice instead received saline (1 = 4). The
CCly + RG group was treated with RG (10 mg/kg of R plus 100 mg/kg of G) with CCly. After four
weeks of CCly injection, mice were sacrificed. (A) The activities ALT and (B) ammonia were assayed by
using semi-automated blood chemistry analyzer after 4 weeks of treatment. Data were represented by
the mean + SD. (C) Representative photomicrographs of liver sections processed for H&E (upper row)
and Masson'’s trichrome (lower row) staining with vehicle, CCly, and CCly + RG. Scale bars = 80 pum.

In addition, we observed histopathological differences between groups in livers that had been
stained with H&E and Masson'’s trichrome (Figure 6B). CCly treatment can produce degenerative
damages to liver tissue, typically, centrilobular necroses such as ballooning and vacuolation (deposition
of lipid droplets) of hepatocytes and the infiltration of inflammatory cells (Figure 6C). However,
pre-treatment with RG markedly minimized the CCly-induced liver damage (Figure 6C).

178



Biomolecules 2020, 10, 437

4. Discussion

There are many reports indicating that a mixture of various medicines can be used to obtain a
better effect than that when the medicines are used separately. Based on a previous report, extracts from
R. undulatum and G. uralensis were able to provide synergistic antioxidant and hepatic protective effects
against AA and iron-induced oxidative stress as well as against CCly-induced acute liver injury [16].
Considering that HE is a frequent disease associated with chronic liver failure [2], in this study, we
investigated whether RG could directly reduce HE or its symptoms. The study consisted of several
experimental and analytic steps.

First, we constructed a systems-based pharmacological model that integrated OB predictions,
target predictions and interaction networks in order to provide insights into the effects and mechanisms
of RG on HE. After identifying the components of RG and choosing among those components those
that were deemed worth prescribing, we examined how these candidate ingredients interact with
certain targets in human physiology. Based on our target-disease network results, it can be assumed
that some of the components identified in RG could be used for the treatment of several diseases in
addition to HE. This multi-target potential is a benefit of many herbal medicines, and it appears that
RG is likely to treat HE in a manner that can interact with other important targets in the overall human
physiology rather than concentrating its effects only on one disease. In addition, the discovery of a
close relationship in the target-disease network with neoplasms and cardiovascular disease indicates
another asset of RG as a therapeutic agent.

Second, we examined whether RG had sufficient efficacy to reduce symptoms in HE induced
by CCly in mice. Administration of CCly to mice induces chronic liver failure, which can lead to
CNS changes similar to those seen in HE. CCly is one of the most widely used chemicals that cause
liver injury. It is activated in liver microsomes by several functional enzymes dependent on the
cytochrome P450 family, and that activation generates an abundance of free radicals, which leads to
lipid peroxidation within the cells. In addition, CCl4 can covalently bind to cellular lipids and proteins,
which may lead to dissociation of cell membrane structure and increase membrane permeability [26].
CCly is often used to create rat HE models [27]. In a previous study, it was reported that rats treated
with CCly or alcohol had very similar symptoms to those of HE [28]. It was also reported that BALB/c
nude mice showed rapid and obvious liver injury and brain dysfunction following intraperitoneal
injection of CCly [29]. As predicted, we observed that CCl; administration resulted in a severely
impaired neurological score, decreased activity, and diminished cognitive function. However, RG
treatment recovered those effects to a considerable level, though not to the level in the control subjects.
Likewise, astrocyte swelling in the brains of CCly-treated mice was remarkably moderated by RG
treatment. Such results show that RG has a protective effect on the brain against the development
of HE.

The major ingredients of RG and their potential targets shown in our results indicate that RG
could ameliorate disruption of the BBB by regulating the molecules involved in forming tight junctions,
such as MMP and vascular cell adhesion molecule 1 (VCAM1I). MMP-9 can digest major proteins in the
capillary endothelial BBB and in tight junctions. MMP-9 is known to degrade occludin and claudin-5
in focal cerebral ischemia [30], and it has been reported that it affects the expression of occludin,
claudin-5, and ZO-1 and ZO-2 levels in early diabetic retinopathy [27,31,32]. MMP-9 upregulation was
previously reported to open the BBB during the later stages of HE [31]. During ammonia-induced HE,
for example, the upregulation of MMP-9 disrupted the expression of major tight junction proteins,
and when MMP-9 was pharmacologically inhibited, their expressions were restored to near control
level [33]. In our results, an increased level of MMP-9 mRNA expression in the cerebral cortex was
observed following CCly administration. However, RG treatment resulted in inhibition of MMP-9 gene
expression. In addition, the inhibition of claudin-5 expression observed in the brains of CCly-treated
mice was completely moderated by RG treatment. These results affirm the results of previous studies
that showed that rhubarb could maintain BBB integrity in traumatic brain injury treatment [14] or
intracerebral haemorrhage [15]. Our data suggest that RG can effectively attenuate CCly-induced BBB
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damage in mice, raising the possibility that RG or its active components may be considered as potential
neuroprotective drugs useful in relieving the severe symptoms of HE.

If the BBB is breached and circulating neurotoxic agents and inflammatory mediators penetrate
into the brain, astrocytes absorb them and, simultaneously, secrete a variety of pro-inflammatory
cytokines including IL-13, IL-6, and TNF-« [34]. Cytokines may directly induce astrocytes to diffuse
into brain parenchyma and activate transcription factors in astrocytes in order to increase the production
of cytokines. In a recent study, increased brain efflux of IL-13, TNF«, and IL-6 was identified in
patients with uncontrolled intracranial hypertension due to acute liver failure [35,36]. Intracerebral
synthesis of cytokines may be a primary cause for the characteristic astrocyte swelling often seen in
this kind of condition. In this study, we show that that CCly markedly increased the levels of IL-1f3 and
TGF-B1 in mouse cerebral cortex, and that increase was effectively inhibited by the presence of RG.

Sometimes, the general consumers expect that the some hepatoprotective agents could reduce the
severity of extra-hepatic manifestation of liver failure (e.g., hepatic encephalopathy). Like this, it is
inferred that reduced encehphalopathy after RG could be off-label uses, not a direct effect of RG on
brain mechanism. It might be partly explained by a reduction in severity of liver failure.

5. Conclusions

Our results demonstrate the therapeutic effects on chronic HE models of a mixture of extracts
from R. undulatum and G. uralensis. We applied theoretical and computational approaches to determine
the active ingredients of those extracts and to identify their pharmacological targets by exploring their
mechanism-of-action profiles. In the animal models, RG consistently relieved the symptoms of HE by
protecting BBB permeability via downregulation of MMP-9 and upregulation of claudin-5. The effects
of RG are mediated by a variety of biochemical processes involving neuroinflammation. In this regard,
the use of RG appears to be advantageous as it can provide more effective and rapid treatment effect
than other medicines that are involved in only one or two processes. Thus, RG may be considered as a
therapeutic agent for treating not only chronic liver disease but also HE.
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Abbreviations

ALT alanine aminotransferase

BBB blood-brain barrier

CCl4 carbon tetrachloride

C-T network compound-target network

H&E harri’s hematoxylin and eosin

HPLC High-performance liquid chromatography
GABA Y-Aminobutyric acid

IHC immunohistochemistry

1IL-1p Interleukin 1 beta

MMP-9 matrix metallopeptidase 9

OB Oral bioavailability

TGF-B1 Transforming growth factor beta 1

UPLC ultra-performance liquid chromatography
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Abstract: High-resolution-mass-spectrometry (HR-MS) methods rapidly provide extensive structural
information for the isolation of metabolites in natural products. However, they may occasionally
provide more information than required and interfere with the targeted analysis of natural products.
In this study, we aimed to selectively isolate lignans from Trachelospermum asiaticum by applying the
Global Natural Product Social Molecular Networking (GNPS) platform and hierarchical clustering
analysis (HCA). T. asiaticum, which contains lignans, triterpenoids and flavonoids that possess various
biological activities, was analyzed in a data-dependent acquisition (DDA) analysis mode using
HR-MS. The preprocessed MS spectra were applied not only to GNPS for molecular networking but
also to HCA based on similarity patterns between two nodes. The combination of these two methods
reliably helped in the targeted isolation of lignan-type metabolites, which are expected to possess
potent anti-cancer or anti-inflammatory activities.

Keywords: lignans; Trachelospermum asiaticum; GNPS; targeted isolation

1. Introduction

Trachelospermum asiaticum (Korean name: “Nagseogdeung”, Apocynaceae), which is regionally
distributed in East Asian countries such as Korea, China, and Japan, has been reported to contain
lignans [1], triterpenoids [2] and flavonoids [3]. As such, it has been used in traditional medicine for
treating hypertension and neuralgia. T. asiaticum has been reported to exert tuberculosis and bronchitis
effects, and has also been used for the treatment of rheumatism [4].

High-resolution-mass-spectrometry (HR-MS), which employs various instruments such as a
quadrupole time-of-flight (qTOF) mass spectrometer and Orbitrap, has become one of the most powerful
techniques to obtain information on metabolites in natural products. HR-MS is most helpful for the
identification, over many decades, of compounds from natural products [5-7]. The data-dependent
analysis (DDA) mode of the tandem MS technique using HR-MS detects ions in two stages. It detects
two or three ions of the most intense ions in the first stage (MS) and their fragmented ions (MS/MS)
in the second stage. The two layers of MS data consisting of the parent ions and their fragmented
ions are very useful for annotating unidentified peaks. Recently, the Global Natural Product Social
(GNPS) platform has received increasing attention among natural product chemists [8]. GNPS helps to
process numerous m/z and intensity values from raw MS spectral data acquired in the DDA mode.
The GNPS also helps generate molecular networks (MNs) based on the similarity between processed
MS spectra of single compounds. Nevertheless, MN only focuses on the structural similarity between
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two nodes. In the present study, we applied hierarchical clustering analysis (HCA) to obtain insights
into the targeted isolation of lignans from nodes that are not directly connected by an MN but have the
same chemical scaffolds. The combination of molecular networking and HCA was more reliable than
the application of each method alone for the targeted isolation of five lignans (1-5) from T. asiaticum
roots (Figure 1). We could isolate compounds 1-5 which have cytotoxic activities against four cell
lines, namely, human lung cancer (A549), ovarian cancer (SKOV3), prostate cancer (PC3) and laryngeal
carcinoma (Hep?2) cells.

Figure 1. Chemical structures of compounds 1-5.

2. Results and Discussion

2.1. Molecular Networking and Hierarchical Clustering Analysis of Mass Spectral Data from T. asiaticum

In the present study, we compared the HCA results between the structural similarities of the
processed MS spectral data derived from single compounds with the molecular networking results
obtained through GNPS (Figure 2). The molecular networking results showed connections between
two nodes with similar spectral patterns (cosine similarity threshold >0.7). The molecular type of
the cluster was identified by comparison with MS databases [8]. We attempted to selectively isolate
specific types of compounds using the information on the nodes annotated by the MN. Although
these nodes were derived from the same backbone, the different strong fragmented ions lowered the
similarity score and hindered the connection between them. We applied HCA to improve the results of
molecular networking. The matrix profile generated using similarity scores provided clear evidence on
the nodes that were absent in the MN and the results were presented as a dendrogram [9]. The nodes
with similar score profiles were more closely located in the smaller clusters.

Trachelospermum species contains dibenzylbutylrolactone-type lignans as a bioactive component.
These lignans possess potent anti-estrogenic [10], antitumor [11] and anti-cancer activities [12].
In the present study, we focused on the isolation of dibenzylbutylrolactone-type lignans from the
methanolic extract of T. asiaticum using two approaches, GNPS and HCA (Figure 3). The MN from
the total methanolic extract and the four sub-fractions of T. asiaticucm, n-hexane, EtOAc, n-BuOH and
H,O, comprised 489 nodes, with 144 paired nodes and 345 non-cluster nodes. Based on the node
information provided by the network annotation propagation (NAP) tool, an in silico node annotation
tool, we could annotate the nodes from the total extract and four sub-fractions for the discovery
of dibenzylbutylrolactone-type lignans using the MN (Figure 3a) (See Figure S6 in Supplementary
Materials). In the MN, the nodes annotated as dibenzylbutylrolactone-type lignans mainly existed in
the E6 sub-fraction from the EtOAc and the B3 sub-fraction from the n-BuOH sub-fractions, respectively
(See Figures S7 and S8 in Supplementary Materials). Next, we found that the HCA results showed that
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the nodes for lignans and triterpenoids, which were not grouped together in the sub-cluster of the
MN, were closely gathered together by the same backbones and distinctly separated by different ones
(Figure 3b). Based on these two in silico results, we aimed for targeted isolation using the information
on the nodes annotated as dibenzylbutylrolactone-type lignans. Consequently, we successfully isolated
five dibenzylbutylrolactone-type lignans from T. asiaticum roots.

(a) GNPS (Global Natural Product Social Molecular Networking)
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Tandem MS spectra Molecular Networking
target
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processed MS spectra /
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Figure 2. Workflow of molecular networking and hierarchical clustering analysis (HCA). MS spectral
data from Trachelospermum asiaticum were acquired by high-resolution mass spectrometry (See Materials
and Methods section) and preprocessed by the MZmine software (Version. 2.34). The molecular
network was constructed using the Global Natural Product Social Molecular Networking (GNPS)
platform. The processed MS spectra with similar patterns (cosine similarity >0.7) were grouped into
clusters (a). The matrix profile was generated using similarity scores between the processed MS spectra
which were calculated by the Pearson correlation coefficient and visualized in a dendrogram (b).
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Figure 3. Molecular networking of Trachelospermum asiaticum using the GNPS platform (a) and
Dendrogram of HCA results (b).

2.2. Targeted Isolation of Compounds 1-5 Using Molecular Networking and HCA Results

The five lignans were identified as trachelogenin (1) [13], tracheloside (2) [14], trachelogenin
B-gentionbioside (3) [15], nortrachelogenin (4) [16] and nortracheloside (5) [17] by comparing them
with previously reported spectroscopic data. Nodes from compounds 1-5 were easily displayed in the
molecular networking and HCA results (Figure 4). Notably, in the MN, nodes 2 (/z 387.14 [M-H]"™),
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1 (m/z 595.20 [M+Glc+2Na]~) and 28 (m/z 711.24 [M+2Glc]~) for compounds 1-3, which have the same
backbone except for the sequential attachment of glucose moieties, were not present in one cluster but
they were closely located in the HCA results (Figure 4).

(a) Dendrogram of T. asiaticum
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Figure 4. Compounds 1-5 identified based on molecular networking and HCA results.

Compound 5 had an additional glucose unit compared to compound 4; however, compounds 4
(node 15) and 5 (node 3) were not clustered in the same sub-group in the MN. Contrastingly, nodes 3 and
15 in the HCA results were closely located together in the low-level cluster. It was confirmed that node
114 possesses an additional glucose compared to compound 5 and was identified as nortrachelogenin
4,4’-di-O-B-p-glucopyranoside [18,19]. Node 114, which was not clustered in GNPS, was found near
compounds 4 and 5 in the HCA (See Figure S8 in Supplementary Materials).

In the present study, we found that some nodes (e.g., 15, 114, and 141) that were not connected
in GNPS could be located in close clusters in the dendrogram. This approach helped to predict the
structures corresponding to unknown nodes. Nodes 21 and 69, which were included in the same cluster
in the MN and closely located in the dendrogram, were predicted as dibenzylbutylrolactone-type
lignans. Node 21 with an m/z value of 519.19 [M+Glc]™ was proposed as the matairescinoside [20].
The MS spectral pattern corresponding to node 69 (1m/z 682.24 [M+2Glc]") showed one more glucose
moiety attached to the compound at node 21, and the compound was suggested as matairesinol
4,40-di-O-g-p-glucopyranoside [2] (See Figure S9 in Supplementary Materials).

Recently, the GNPS platform has become one of the best choices for natural product chemists to
discover novel chemicals from natural products and to determine their metabolic changes. Molecular
networking using a GNPS platform can help to visualize the connectivity between similar structures.
Because the connectivity of nodes in the MN can only be decided by similarity scoring between
every two MS spectra, the MN occasionally failed to identify the clustering of the same types of
backbone. In the present study, we found that HCA, which compares a single node against all
the nodes, provided clearer results for the annotation of backbones than molecular networking.
By combining the results of molecular networking and HCA, we could easily identify and selectively
isolate dibenzylbutylrolactone-type lignans from the extract of T. asiaticum roots.
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2.3. Cytotoxic Activity of Isolated Compounds 1-5

The cytotoxic activities of compounds 1-5 were tested against four cell lines (A549, SKOV3, PC3
and hep2) using a 3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) assay (Table 1).
Compounds 1-5 exhibited different cytotoxic activities against different cell lines. Compounds 1 and
4 showed cytotoxic activities against the A549 cancer cell line with ICs, values of 19.5 and 20.6 uM,
respectively. Compounds 2, 4, and 5 exhibited cytotoxicity against the SKOV3 cell line with ICs, values
of 23.8, 24.7 and 23.2 uM, respectively. Compound 1 exhibited cytotoxicity against HEP2 cells with an
ICsp value of 18.3 uM, while compound 2 showed cytotoxicity against the PC3 cell line with an ICs
value of 19.3 uM.

Table 1. Cytotoxicity data of compounds 1-5 from Trachelospermum asiaticum.

Compound ICs0 (uM) !
A549  SKOV3 PC3  HEP2
1 19.5 63.3 27.8 183
2 67.9 23.8 193 >100
3 33.7 72.7 48.7 46.7
4 20.6 24.7 55.6 43.1
5 46.9 23.2 40.8 47.2
Etoposide 2 6.56 6.57 7.78 414

1 The results are ICs, values of compounds against each cancer cell line; 2 Etoposide was used as the positive control.

3. Materials and Methods

3.1. Plant Material

The roots of T. asiaticum were collected from Jinju, Korea in May 2018 and deposited in the
Herbarium at the College of Pharmacy, Kangwon National University (KNUTA-01).

3.2. Apparatus and Reagents

TH NMR data were recorded at 600 MHz on a Bruker Avance Neo 600 (Brucker, Billerica, MA, USA)
spectrometer in the Central Laboratory of Kangwon National University (Chuncheon, Korea). The Mass
experiements were performed on a Waters Xevo G2 qTOF mass spectrometer (Waters MS Technologies,
Manchester, UK) with the UPLC system through an electrospray ionization (ESI) interface for the MN
study, as well as the exact mass analysis. Silica gel Kieselgel 60 (40-60 um, 230-400 mesh, Art. 9385,
Merck, Darmstadt, Land Hessen, Germany) and Diaion HP-20 (Mitsubishi Chemical Industries Ltd.,
Chiyoda-ku, Tokyo, Japan) were used for column chromatography. Thin layer chromatography (TLC)
was performed to monitor the different fractions of T. asiaticum using a Kieselgel 60 Fps4 (Art. 5715,
Merck, Darmstadt, land Hessen, Germany) and an RP-C;g Fys4 (Art. 15389, Merck, Darmstadt, Land
Hessen, Germany). Semipreparative HPLC was performed on an Agilent 1260 Infinity Quaternary LC
(Agilent, Santa, CA, USA) with an InspireTM 5 um Cyg (250 x 21.2 mm, Dikima, Foothill Ranch, CA,
USA). Methanol (MeOH), n-hexane, ethyl acetate (EtOAc) and n-butanol (n-BuOH) were purchased
from Daejung (Si-heung, Korea). The other reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

3.3. Extraction and Isolation

The dried roots of T. asiaticum (696.8 g) were extracted with 100% MeOH (each for 3 days) at
room temperature. The methanol extract (71.7 g) was fractionated with n-hexane (3.0 g), EtOAc (6.5 g),
n-BuOH (24.8 g) and H,O (33.4 g), successively. The n-BuOH (24.8 g) fraction of T. asiaticum was
applied to a HP-20 resin column, eluted with MeOH-H,O (0:1, 2:3, 1:1, 3:2 and 1:0) to yield five fractions
(B1: 29 g,B2: 1.6 g, B3: 5.7 g, B4: 2.6 g, B5: 3.5 g). The fraction B3 (5.7 g) was re-chromatographed by
reversed-phase medium-pressure liquid chromatography (MPLC) silica gel with MeOH-H,O (1:4, 1:3,
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1:2,1:1, 2:1, and 1:0) to yield seven fractions (B3-1 to 7), which were collected and monitored by TLC
analysis. Fraction B3-5 was applied to reversed-phase MPLC silica gel eluted with MeOH-H,O (1:4,
1:3,1:2, 1:1, 2:1, and 1:0) to afford six fractions. Fraction B3-5-4 (374.2 mg) was applied to a preparative
HPLC [mobile phase MeCN-H,O with 0.1% formic acid (60:40)] to produce compounds 3 (18 mg) and
5 (128.2 mg).

The EtOAc (6.5 g) fraction of T. asiaticum was separated by MPLC silica gel with n-hexane and
ethyl acetate (HE) (5:1, 1:1, 1:5), chloroform and methanol (CM) (5:1, 3:2, 2:3, 1:5), and MeOH 100% to
yield compound 2 (1.8 g) and 12 fractions (E1 ~ 12). These fractions were monitored by TLC analysis.
E6 (357.1 mg) was subjected to preparative HPLC [mobile phase MeCN-H,O with 0.1% formic acid
(50:50)] to produce compounds 1 (94.6 mg) and 4 (25 mg).

3.3.1. Trachelogenin (1)

Yellow gum, [a]D - 36° (c = 0.43, CHCl3); HR-MS my/z: 387.1480 [M—H]~ (calcd for C»1Hp307,
387.1444); 'H NMR (600 MHz, CDCl3) 65: 2.51 (m, 1H, H-8), 2.54 (m, 1H, H-7), 2.93 (d, ] = 5.0 Hz, 1H,
H-7), 2.96 (m, 1H, H-7"), 3.11 (d, | = 13.7 Hz, 1H, H-7"), 3.84, 3.85, 3.86 (s, 3H each, -OMe), 4.00 (m, 1H,
H-9), 4.04 (m, 1H, H-9), 6.62 (d, 1H, ] = 2.0 Hz, H-2), 6.63 (d, 1H, ] = 1.1 Hz, H-¢’), 6.67 (dd, ] = 8.1,
1.9 Hz, 1H, H-6), 6.71 (d, ] = 1.9 Hz, 1H, H-2), 6.79 (d, 1H, ] = 8.1 Hz, H-5), 6.84 (d, 1H, ] = 8.0 Hz, H-5').

3.3.2. Tracheloside (2)

Amorphous powder, [cx]zD7 —12.6° (¢ = 1.6, MeOH); HR-MS m/z: 549.1970 [M—H]~ (calcd for
C7H3301,, 549.1972); 'H NMR (600 MHz, pyridine-ds) oy5: 2.77 (ddd, ] = 17.3, 9.5, 5.0 Hz, 1H, H-8),
2.96 (dd, ] = 13.8, 10.0 Hz, 1H, H-7), 3.26 (dd, ] = 13.8, 4.8 Hz, 1H, H-7), 3.34 (d, ] = 13.6 Hz, 1H, H-7"),
3.66 (d, ] = 13.6 Hz, 1H, H-7"), 3.76, 3.77, 3.82 (s, 3H each, -OMe), 4.19 (t, | = 8.0 Hz, 1H, H-9), 4.36 (m,
1H, H-9), 5.67 (d, ] = 6.2 Hz, 1H, Hg-1), 6.89 (dd, ] = 8.1, 1.6 Hz, 1H, H-6), 6.93 (s, 1H, H-2), 6.94 (d,
J =7.6 Hz, 1H, H-5), 7.06 (dd, ] = 8.3, 1.7 Hz, 1H, H-¢'), 7.17 (d, ] = 1.7 Hz, 1H, H-2"), 7.60 (d, ] = 8.3 Hz,
1H, H-5).

3.3.3. Trachelogenin 3-Gentionbioside (3)

Amorphous powder, [cx]ZDS — 70.0° (c = 2.0, MeOH); HR-MS m/z: 711.2489 [M—H]~ (calcd for
Ca3Hy3017, 711.2500); "H NMR (600 MHz, pyridine-ds) 5y3: 2.76 (ddd, ] = 17.3, 9.4, 5.1 Hz, 1H, H-8),
2.93(dd, ] =13.8,10.1 Hz, 1H, H-7), 3.22 (dd, ] = 13.9, 7.0 Hz, 1H, H-7), 3.30 (d, ] = 13.6 Hz, 1H, H-7"),
3.61(d, ] =13.9 Hz, 1H, H-7"), 3.75, 3.76, 3.81 (s, 3H each, -OMe), 3.85 (m, 1H, H-8), 4.04 (t, ] = 8.0 Hz,
1H, H-9), 449 (dd, ] = 11.8, 2.2 Hz, 1H, H-9), 5.06 (d, | = 7.8 Hz, 1H, Hy,-1"), 5.58 (d, ] = 7.3 Hz, 1H,
Hgie-1), 6.88 (dd, ] = 8.1, 1.6 Hz, 1H, H-6), 6.92 (d, ] = 1.6 Hz, 1H, H-2), 6.94 (d, ] = 8.1 Hz, 1H, H-5), 7.14
(d,] =17 Hz, 1H, H-2'), 7.19 (d, ] = 1.6 Hz, 1H, H-6'), 7.70 (d, ] = 8.3 Hz, 1H, H-5").

3.3.4. Nortrachelogenin (4)

Yellow resin, [a]D + 15.4° (¢ = 0.52, CHCl3); HR-MS my/z: 373.1307 [M—H]~ (calcd for CyoH1 Oy,
373.1287); 'TH NMR (600 MHz, CDCl3) 65: 2.49 (m, 1H, H-8), 2.53 (m, 1H, H-7), 2.92 (d, ] = 4.1 Hz, 1H,
H-7),2.93 (d, ] = 7.1 Hz, 1H, H-7"), 3.12 (d, ] = 13.7 Hz, 1H, H-7"), 3.84, 3.82 (s, 3H each, -OMe), 3.98
(dd, J = 15.6, 6.8 Hz, 1H, H-9), 4.03 (m, 1H, H-9), 6.60 (s, 1H, H-5"), 6.61 (s, 1H, H-2’), 6.63 (m, 1H, H-5),
6.70 (d, ] = 1.3 Hz, 1H, H-2), 6.82 (s, 1H, H-6"), 6.83 (d, ] = 3.7 Hz, 1H, H-6).

3.3.5. Nortracheloside (5)

White powder, [oc]]lD9 —47.9° (c = 1.02, EtOH); HR-MS m/z: 534.1850 [M—H]" (caled for CocHz1 019,
535.1816); 'H NMR (600 MHz, DMSO-dg) 6y: 2.38 (m, 1H, H-8), 2.45 (dd, | = 13.6, 9.9 Hz, 1H, H-7),
2.69 (dd, | = 14.7, 44 Hz, 1H, H-7), 291 (d, ] = 13.5 Hz, 1H, H-7"), 3.09 (d, | = 13.5 Hz, 1H, H-7"), 3.71,
3.73 (s, 3H each, -OMe), 3.97 (d, | = 7.7 Hz, 2H, H-9), 493 (d, ] = 7.3 Hz, 1H, Hg-1"), 6.56 (dd, ] = 8.0,
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1.6 Hz, 1H, H-5'), 6.69 (d, ] = 1.7 Hz, 1H, H-6'), 6.72 (d, ] = 8.0 Hz, 1H, H-2’), 6.75 (dd, ] = 8.4, 1.5 Hz,
1H, H-5), 6.81 (d, ] = 1.6 Hz, 1H, H-6), 7.05 (d, | = 8.4 Hz, 1H, H-2).

3.4. GNPS Analysis

The raw data of total methanolic extract and four sub-fractions from T. asiaticum, n-hexane,
EtOAc, n-BuOH and H,0, were acquired by performing UPLC-MS/MS. The mobile phases involved
a mixture with H,O (A) buffered with 0.1% formic acid and acetonitrile (B). 5%-95% B (0-13 min),
95% B (13-14.5 min), 95%—-5% B (14.5-14.7 min) and 5% B (14.7-15 min). The flow rate was set at
300 puL/min. The temperatures in the autosampler and in the column oven were set at 10 and 45 °C,
respectively. The ESI conditions for MS analyses were set as follows: negative ion mode, capillary
voltage of 2.5 kV, cone voltage of 20 V, source temperature of 120 °C, desolvation temperature of
350 °C and a desolvation gas flow of 800 L/h. The ion acquisition rate was 0.3 s with a resolution
in excess of 20,000 FWHM. The energy for the collision-induced dissociation (CID) was set to 4 V
for the precursor ions in the MS1 scan, and MS/MS scans were acquired in negative ion automated
data-dependent acquisition (DDA) mode, in which MS/MS scans for the three most intense ion were
produced (scan time 100 ms). The MS/MS acquisition was set to be activated when the Total Ion Current
(TIC) of the MS1 survey scan rose and switched back to survey scanning after two scans of MS/MS.
The MS1 and MS/MS data were converted to XML format by MZmine software (Ver. 2.3.4). The MN
was constructed using the website GNPS (https://gnps.ucsd.edu/ProteoSAFe/static/gnps-splash.jsp).
The parent mass tolerance was 0.05 Da and the MS/MS fragment ion tolerance was set to 0.05 Da.
Subsequently, consensus spectra containing less than three spectra were eliminated. The MN was
created using a cosine score above 0.7 and more than three matched peaks. The mass spectral data in
the MN were explored by comparing with the GNPS spectral libraries. The MN was visualized with
Cytoscape 3.7.0 (http://www.cytoscape.org/) and the information on the nodes and edges in the MN
were found at a GNPS repository (GNPS project ID: a81b6ca055a64428b42ca7971bac677b).

3.5. Dendrogram Analysis

HCA was created with R program version (3.6.1) using “dendextend” and “qplots” packages,
which indicate the hierarchical similarity between mass data.

3.6. Cytotoxicity Assay

Compounds 1-5 were tested for their cytotoxic activity against A549, SKOV3, PC3 and Hep2 cells
using an MTT assay. Etoposide was used as a positive control. A549, SKOV3, PC3, and Hep2 cells were
seeded at a density of 5 X 103 cells/well in a 96-well plate. After overnight incubation, compounds 1-5
were dissolved in dimethyl sulfoxide and treated with different concentrations (10-100 pM). After 48 h
of incubation in a 37 °C incubator, cell viability was evaluated at 490 nm. ICsy values were calculated
as the mean of three-times treatment tests.

4. Conclusions

We constructed an MN of total methanolic extract fraction and sub-fractions (n-hexane, EtOAc,
n-BuOH and H,O) from T. asiaticum using the GNPS platform. In our study, some clusters in the
MN included nodes annotated as lignans and triterpenoids, but many other nodes that were not
connected in the cluster were not annotated. To overcome the general limitation of GNPS, we used the
similarity score profiles of the MS spectral data of every single node against the similarity score profiles
corresponding to all of the nodes. The nodes that had more similar backbones were closely located
together in the lower branches. Using this proof of concept, we could identify the nodes for lignans
and triterpenoids in the dendrogram. Some nodes that were not grouped in the MN were located in
the lower branches of the dendrogram and were successfully utilized for the targeted isolation of five
dibenzylbutylrolactone-type lignans (1-5). Thus, the combination of molecular networking and HCA
improved the experimental efficiency of the targeted isolation of compounds possessing cytotoxic
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activities against four cancer cell lines. In the next study, we will try to automatically compare the MN
and HCA results for the simple and rapid annotation of nodes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/3/378/s1:
Figures S1-55: are NMR data of compounds (1-5); Figure S6: presents the NAP data of T. asiaticum; Figure S7:
presents the GNPS of B1-B5 fractions; Figure S8: presents the GNPS of E1-E12 fractions; Figures S9 and S10:
are GNPS and HCA data of prediction nodes.
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Abstract: To clarify the effects of steam distilled essential oils (SDEO) from herbs used in traditional
Chinese medicine on immune functions, two potential herbs, Acorus gramineusand (AG) and Euodia
ruticarpa (ER) cultivated in Taiwan, were selected to assess their immunomodulatory effects using
mouse primary splenocytes and peritoneal macrophages. T helper type 1 lymphocytes (Thl)
(IL-2), Th2 (IL-5), pro-inflammatory (TNF-«) and anti-inflammatory (IL-10) cytokines secreted by
correspondent immune cells treated with SDEO samples were determined using enzyme-linked
immunosorbent assay. The total amounts of potential phytochemicals, including total flavonoids,
polyphenols and saponins, in these two selected SDEOs were measured and correlated with cytokine
levels secreted by immune cells. Our results evidenced that ER SDEO is rich in total flavonoids,
polyphenols and saponins. Treatments with AG and ER SDEO significantly (p < 0.05) increased
IL-5/IL-2 (Th2/Th1) cytokine secretion ratios by splenocytes, suggesting that both AG and ER SDEO
have the Th2-polarization property and anti-inflammatory potential. In addition, AG and ER SDEO,
particularly ER SDEO, markedly decreased TNF-«/IL-10 secretion ratios by macrophages in the absence
or presence of lipopolysaccharide (LPS), exhibiting substantial effects on spontaneous and LPS-induced
inflammation. Significant correlations were found between the total polyphenols, flavonoids or
saponins content in the two selected SDEOs and Th1/Th2 immune balance or anti-inflammatory
ability in linear, non-linear or biphasic manners, respectively. In conclusion, our results suggest
that AG and ER, particularly ER, SDEO have immunomodulatory potential in shifting the Th1/Th2
balance toward Th2 polarization in splenocytes and inhibiting inflammation in macrophages in the
absence or presence of LPS.

Keywords: Acorus gramineusand; Euodia ruticarpa; pro-/anti-inflammatory cytokines; steam distillation
essential oil; Th1/Th2 cytokines

1. Introduction

When a host is stimulated by microorganisms or other harmful substances, inflammation occurs
immediately. Typically, acute inflammation will result in redness, swelling, warmth and pain
reactions [1]. This occurs because leukocytes are recruited and penetrate blood vessels to the infection
site to clear pathogens. Inflammatory cells, mainly macrophages and neutrophils, produce a large
number of soluble inflammatory mediators, including pro-inflammatory cytokines (tumor necrosis
factor (TNF)-o and interleukin (IL)-1, etc.), inflammatory mediators (prostaglandin E2 (PGE;) and nitric
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oxide (NO), etc.), contributing to the inflammatory reactions [2]. Cytokines are small proteins secreted
by particular immune cells like macrophages, dendritic cells, B lymphocytes, T lymphocytes and mast
cells, as well as other non-immune cells like endothelial cells, fibroblasts and various stromal cells.
Cytokines are similar to hormones that act on cells having the corresponding cytokine receptors on the
cell membrane in autocrine, paracrine and endocrine manners. Among the cytokines, IL-10is a cytokine
synthesis inhibitor that inhibits the synthesis of pro-inflammatory cytokines secreted in the late stage
of inflammation to effectively control the inflammation process [3]. Inflammation is the fixed mode of
the body’s defense against foreign harmful substances. However, chronic inflammation is recognized
as a potential risk factor [4], resulting in continuous and repeated inflammatory reactions that can
cause other diseases such as cancer, cardiovascular disease, obesity and rheumatoid arthritis [5,6]. One
strategy includes natural or synthetic products that are non-toxic to normal cells that can suppress or
prevent initial carcinogenesis or the progression of premalignant cells in invasive diseases [7-9].

Homeostasis between T helper type 1 (Th1) lymphocytes and T helper type 2 (Th2) lymphocytes
is very important to human health and immunity [10,11]. Th1 cells that dominantly express IL-2 and
IFN-y are designated to fight viruses, intracellular pathogens, and cancerous cells, as well as induce
delayed-type hypersensitivity skin reactions [10,12]. In contrast, Th2 cells uniquely secrete IL-4, IL-5
and IL-13 that fight extracellular organisms [10]. Overactivation of either Th1 or Th2 immune balance
may cause diseases. Moreover, Th1/Th2 balance is also involved in many immune deficient diseases.
Th1 polarization may induce autoimmune diseases including multiple sclerosis, inflammatory bowel
disease, rheumatoid arthritis, etc., but Th2-inclination may result in allergic diseases and susceptibility
to infection [10,13]. T lymphocyte subsets can be detected by changes in cytokine expression, unique
surface markers and nuclear transcription factors [13,14]. The Th1/Th2 balance was found influenced
by nutrients, hormones, omega-3 fatty acids, plant sterols/sterolins, particular minerals, probiotics,
progesterone and melatonin, suggesting that Th1/Th2-based immunotherapies are promising to
date [10].

Traditional Chinese medicine (TCM) is widely used for food supplements and plant-based
medicine to treat chronic diseases. Some TCMs are rich in essential oils (EOs) that are complex mixtures
of volatile compounds extracted from plants by steam distillation or various solvents [15]. Most EOs
exude a special aroma that may be useful for aromatherapy. Increasingly more in vitro and in vivo
studies have demonstrated EO bioactivities, including antioxidant, antimicrobial, anti-inflammatory
and anti-cancer effects [15-17]. EOs plays multiple roles in immune-regulation, including immune
activation, inhibition or regulation [18]. In general, EO components are plant secondary metabolites,
consisting mostly of a mixture of terpenoids and phenylpropanoids, few aromatics, flavonoids as well
as phenolic constituents [15]. The components in EOs are suggested to have antitumor, cytotoxic and
chemopreventive properties; therefore, attention has been given to EOs over the last decade.

Among TCMs, Acorus gramineus (AG), which belongs to the Acoraceae family, has been reported
for its chemical composition and bioactivity [18]. The major active components of Acorus calamus
steam distillation essential oil (SDEO) have been found to be «-asarone and 3-asarone, monoterpene
hydrocarbons, sesquiterpenes, sesquiterpenoids, monoterpene alcohols, sesquiterpene alcohols and
monoterpenes (including «- and f-pinenes) [19]. It is observed that AG EOs increase superoxide
dismutase (SOD) and glutathione peroxidase (GSH-Px) activities, and block the peroxidatic injury
induced by free radicals [20]. Both - and (-asarone in different EOs have been reported to have
numerous pharmacological activities such as acting as sedative, anti-Alzheimer’s, anticonvulsant,
antispasmodic, immunosuppressive, anti-inflammatory and anticancer agents [21-23].

To date, more than 100 kinds of active ingredients have been isolated and identified from Tetradium
ruticarpum (synonym: Euodia ruticarpa (ER)), including alkaloids, terpenoids and phenols [24]. The main
essential oil ingredients of E. rutaecarpa (Juss.) Benth are 3-pinene, a-pinene and B-myrcene [24]. The
study of Evodia extracts suggests that volatile compounds in these extracts possess anti-inflammatory
properties [24,25]. Saponins, such as limonin from Tetradium ruticarpum, exhibit potency in antitumor
and anti-inflammatory activities [26]. Herbal Zuojin Pill (Z]P), a traditional Chinese medicine formula,
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is composed of Coptis chinensis French. and Evodia rutaecarpa (Juss.) Benth. at a ratio of 6:1 (w/w), was
found to attenuate the release of inflammatory factors including IL-6, IL-13 and TNF-« by regulating
the NF- B signaling pathway in a gastric ulceration ICR mouse model [27].

Undoubtedly, particular EOs possess some bioactivities, however their regulatory functions in
Th1/Th2 balance and inflammation are not fully understood, yet. To unravel this puzzle, two steam
distillation essential oils (SDEO) from AG and ER herbs widely used in TCM in Taiwan were selected for
this study. We hypothesized that potent SDEO may be rich in active phytochemicals such as polyphenols,
flavonoids and saponins that are potentially valuable to regulate Th1/Th2 balance and decrease
spontaneous inflammation status in the body through long-term daily low-dose supplementation. In the
present study, we investigated the possible regulatory functions of these two selected SDEOs on Th1/Th2
balance and inflammation using murine splenocytes and peritoneal macrophages. Cytokine secretions,
including Th1/Th2 and pro-/anti-inflammatory cytokines, were measured using the enzyme-linked
immunosorbent assay (ELISA). Total amounts of potential phytochemicals, including total flavonoids,
polyphenols and saponins, in these two selected SDEOs were measured and correlated with cytokine
levels secreted by immune cells.

2. Materials and Methods

2.1. Isolation of Steam Distillation Essential Oils (SDEO) from Two Selected Herbs

Two herbs, Acorus gramineusand (AG) and Euodia ruticarpa (ER) cultivated in Taiwan and widely
used in TCM, were purchased from a Chinese herbal medicine shop in Taichung, Taiwan. The dried
herb, which has moisture content lower than 13%, was ground into a powder and then passed through
a 40-mesh sieve for use to extract steam distillation essential oil. Briefly, an aliquot of 100 g sample
powder was extracted with 10 volume deionized water, performed using a rotary evaporator at 90 °C
for 8 h. The steam mixture was condensed and collected with a cooler. The collected steam mixture
was further extracted with 400 mL ethyl acetate three times. The solvent in the steam mixture was
removed by evaporation using a rotary evaporator at reduced pressure. Finally, AG and ER steam
distillation essential oil (SDEO) was obtained. The extract experiment was performed in triplicate. The
extract yield was expressed as the mean + standard deviation (SD). AG and ER SDEO extract yields
were 1.40 + 0.10 and 0.05 + 0.00 (%, w/w), respectively. These 2 selected SDEOs were stored at =80 °C
until use. Before use, SDEO was dissolved in dimethyl sulfoxide (DMSO) to prepare a 50 mM stock
solution and sterilized using a 0.22 pm pore size filter (Millipore).

2.2. Potential Phytochemicals Determination including Total Phenolic, Flavonoid and Saponin Contents in AG
and ER SDEO

2.2.1. Total Phenolic Content

The total SDEO phenolic content was determined using the Folin—Ciocalteu reagent method
with a slight modification [28]. Briefly, an aliquot of 0.1 mL sample solution was pipetted into a test
tube. An aliquot of 2 mL of 2% Na,COj3 solution was added, mixed and allowed to stand for 2 min.
An aliquot of 0.1 mL 50% Folin—Ciocalteu reagent solution was added to the reaction mixture. The
resultant solution was mixed and allowed to stand at room temperature for 30 min. The resultant
solution absorbance at 750 nm wavelength was measured using a UV-visible spectrophotometer
(Hitachi-U2900 UV-vis spectrophotometer, Tokyo, Japan). Gallic acid with a serial dilution was chosen
as a standard for phenolics. Total phenolic content in the sample was calculated using a standard gallic
acid curve.

2.2.2. Total Flavonoid Content

Total flavonoid content in SDEO was determined as described by Shen et al. [28] with a slight
modification. Briefly, an aliquot of 0.5 mL of the sample solution was pipetted into a test tube; 1.5 mL of
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95% ethanol was added and mixed thoroughly. To the mixture was sequentially added 0.1 mL of 10%
aluminum chloride solution, 0.1 mL of 1 M potassium acetate solution and 2.8 mL of deionized water.
The resultant mixture was mixed thoroughly and allowed to stand at room temperature for 30 min.
Finally, the resultant mixture absorbance at 415 nm wavelength was measured using a UV-visible
spectrophotometer (Hitachi-U2900 UV-vis spectrophotometer, Tokyo, Japan). Quercetin with a serial
dilution was chosen as a standard for flavonoids. Total flavonoid content in the sample was calculated
using a quercetin standard curve.

2.2.3. Total Saponin Content

The total SDEO saponin content was measured using the method described by Yu et al. [29] with a
slight modification. Briefly, an aliquot of 1 mL of the sample solution was pipetted into a test tube, with
0.2 mL of 5% vanillin-glacial acetic acid added, and 0.8 mL of perchloric acid. After mixing thoroughly,
the reaction was carried out at 60 °C for 20 min in a water bath. After cooled on ice, an aliquot of
4 mL of glacial acetic acid was added to the reaction mixture. The resultant mixture absorbance at
550 nm wavelength was measured using a UV-visible spectrophotometer (Hitachi-U2900 UV-vis
spectrophotometer, Tokyo, Japan). Oleanolic acid with a serial dilution was chosen as a standard for
saponins. Total saponin content in the sample was calculated using an oleanolic acid standard curve.

2.3. Determination of Chemical Components of ER SDEO using Gas Chromatography-Mass Spectrometry
(GC-MS)

Since ER SDEO had the higher amount of potential phytochemicals, it was subjected to GC-MS
analysis. Chemical components of ER SDEO were analyzed using GC-MS (Agilent GC/Mass Selective
Detector (MSD) 5973Network, Agilent Technologies, Inc., Santa Clara, CA, USA) connected a series
with a DB-1 column (60 m x 250 mm; film thickness 0.25 pm); carrier gas (helium at a flow rate of
1 mL/min); injector temperature, 250 °C; sample injection, split; the operational temperature was kept
at 50 °C for 1 min initially. The detector and injector temperature was set at 250 and 300 °C respectively,
and the column temperature was raised from 50 to 270 °C at a rate of 4 °C/min; ionization voltage,
70 eV. An aliquot of 1.0 uL of steam essential oil sample (diluted in methane dichloride) was injected
into the GC-MSD instrument for analysis. The chemical components of essential oil were identified by
comparing their retention indices (RI) and mass fragmentation patterns with those stored on the Wiley
and National Institute of Standards and Technology (NIST) Library.

2.4. Experimental Animals

Female BALB/c ByJNarl mice at 6-8 weeks of age were purchased from the National Laboratory
Animal Center, National Applied Research Laboratory, Ministry of Science and Technology in Taipei,
Taiwan. Groups of five mice were housed in a standard cage (25 + 2 °C, 50%-75% ambient humidity)
and maintained on a chow diet (laboratory standard pellet diet, Diet MF 18, Oriental Yeast Co., Ltd.,
Osaka, Japan) with free access to food and water under a 12-h light/dark cycle. At 11-12 weeks of age,
the mice were weighed and anesthetized with 2% isoflurane (cat. no., 4900-1605, Panion & BF Biotech
Inc., Taipei, Taiwan) using a vaporizer (CAS-01, Northern Vaporiser Limited, Cheshire, England,
UK). Blood was taken from the experimental mice through retro-orbital venous plexus puncture.
Animals were sacrificed with CO, inhalation immediately after the blood collection. The primary
mice peritoneal macrophages and splenocytes were isolated aseptically. The experimental animal use
protocol was examined and verified by the Institutional Animal Care and Use Committee (IACUC No:
103-119), National Chung Hsing University, Taiwan.
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2.5. Isolation of Mouse Primary Peritoneal Macrophages and Splenocytes

2.5.1. Isolation of Primary Peritoneal Macrophages

Mouse primary peritoneal macrophages were isolated using the method as described [30]. Briefly,
peritoneal macrophages were isolated by lavaging the peritoneal cavity of experimental mice with
2 aliquots of 5 mL sterile Hank’s balanced salts solution (HBSS) (50 mL of 10x HBSS (Hyclone,
SH30015.02, South Logan, UT, USA), 2.5 mL of penicillin—streptomycin—amphotericin solution (PSA,
100x%, Biological Industries, 03-033-1B, Kibbutz Beit Haemek, Israel), 20 mL of 3% bovine serum albumin
(BSA, Sigma-Aldrich Co., A9418, St. Louis, MO, USA) in phosphate-buffered saline (PBS, 137 mM
NaCl, 2.7 mM KCl, 8.1 mM Na,HPOy, 1.5 mM KH,POy, pH 7.4, 0.22 pm filtered), 2.0 mL of 7.5%
NaHCOj3; (Wako, 191-01305, Osaka, Japan) and 425.5 mL sterile water) for a total of 10 mL through
peritoneum. The peritoneal lavage fluid was collected and centrifuged at 400x g for 10 min. The
cell pellet was isolated and resuspended in tissue culture medium (TCM, a serum substitute, Celox
Laboratories, Lake Zurich, IL, USA). TCM medium consisted of 10 mL TCM, 500 mL Roswell Park
Memorial Institute (RPMI) 1640 medium (Atlanta Biologicals Inc., Norcross, GA, USA) and 2.5 mL of
antibiotic-antimycotic solution (100x PSA). Isolated peritoneal cells are macrophages that can serve as
a cell culture model for assessing inflammation status in vitro. The viable cell number was counted
under a microscope with a hemocytometer using the trypan blue exclusion method. The macrophages
cell density was adjusted to 2 x 10° cells/mL TCM medium for use.

2.5.2. Primary Splenocytes Isolation

After peritoneal macrophages were collected, the mouse spleen was cut aseptically, immersed in
TCM medium and ground to isolate splenocytes [31]. Splenocytes were then collected and centrifuged
at 400x g for 7 min. Next, the splenocytes were resuspended in an aliquot of 10 mL of red blood
cell (RBC) lysis buffer (pH 7.4, 0.22 um filtered) consisting of 0.017 M Trizma Base (Sigma-Aldrich
Co., St. Louis, MO, USA) and 0.144 M NH4Cl (Sigma-Aldrich Co., St. Louis, MO, USA) in sterile
water. After standing for 3 min, the cell solution was centrifuged at 400x g for 7 min. The splenocyte
pellet was carefully washed with HBSS three times. Isolated splenocytes were resuspended in a 3 mL
TCM medium. The splenocytes were computed using the trypan blue dye exclusion method using a
hemocytometer. Finally, the splenocytes cell density was adjusted to 1 x 107 cells/mL. TCM medium
for use. Isolated splenocytes are approximately composed of 41.54% of B lymphocytes and 47.11% of
T lymphocytes, as well as trace antigen-presenting cells that are suitable cell cultures for evaluating
Th1/Th2 immune responses in vitro [32].

2.6. Determination of Optimal AG and ER SDEO Concentrations

To obtain non-cytotoxic optimal concentrations for treating immune cells, AG and ER SDEO
at different concentrations were used to treat splenocytes, respectively. The cell viabilities were
evaluated using the 3-(4,5-dimethylthiazol-2-diphenyl)-2,5-tetrazolium bromide (MTT) assay. Briefly,
each individual SDEO stock solution was aseptically diluted into working solutions using TCM
medium before use. Aliquots of 50 uL/well splenocytes (1 x 107 cells/mL) were pipetted into a 96-well
plate. Aliquots of 50 uL/well SDEO at different concentrations or lipopolysaccharide (LPS, as a positive
control, final concentration in the medium was 2.5 ug/mL) were added to the well and mixed thoroughly.
The plate was incubated in an incubator with 5% CO, and 95% air at 37 °C for 72 h. After incubation,
aliquots of 10 uL of MTT (Sigma M5655, St. Louis, MO), 5 mg/mL in PBS were added to each well
in the 96-well plate and incubated in an incubator with 5% CO, and 95% air at 37 °C for another 4 h.
The plate was centrifuged at 400x g for 10 min. The supernatant was decanted to remove excess MTT.
Aliquots of 100 uL/well PBS buffer were added to each well to rinse the cells three times. Aliquots of
100 uL/well DMSO were added to each well. The plate was gently oscillated for 30 min to lyse the cells.
The absorbance (A) at 550 nm was measured using an ELISA reader. The cell viability was expressed
as the survival rate (%) compared to the control mean absorbance. The following equation was used
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to calculate the cell viability: cell viability (% of control) = [(Asample - Ablank)/(Acontrol = Ablank)] X 100.
Asample: cells added with SDEO samples; Apjank: TCM medium alone; Acontror: cells alone. Based
on changes in cell viabilities, optimal non-cytotoxic concentrations of these 2 selected SDEOs were
achieved and adopted for the following immune cell cultures.

2.7. Mouse Splenocytes Cultures with AR and ER SDEO at Different Optimal Concentrations

To assess the effects of the selected SDEOs on Th1/Th2 immune balance, isolated splenocytes
(1 x 107 cells/mL, 500 uL/well) were cultured with SDEO (500 uL/well) samples at different optimal
concentrations in a 24-well plate. The plate was incubated at 37 °C in a humidified incubator with
5% CO; and 95% air for 48 h. Lipopolysaccharide (LPS, Sigma-Aldrich Co., L-2654, St. Louis, MO,
USA) at a final concentration of 2.5 ug/mL was selected as a positive control in each experiment. After
incubation, the plate was centrifuged at 400X ¢ for 10 min. The supernatant in the cell culture was
collected and stored at —80 °C for Th1/Th2 cytokine assays. Based on changes in Th1/Th2 cytokine
secretions, AG and ER SDEO exhibited the potential to regulate Th1/Th2 balance [31]. Thus, AG and
ER SDEO were further selected to evaluate their anti-inflammatory potential.

2.8. Mouse Peritoneal Macrophages Cultures with AG and ER SDEOQ at Different Optimal Concentrations in
the Absence or Presence of LPS

To assess the anti-inflammatory potential of AG and ER SDEO, peritoneal macrophages
(2 x 10° cells/mL, 500 uL/well) were cultured with SDEO samples (500 puL/well) at different optimal
concentrations in a 24-well plate in the absence or presence of LPS. The plate was incubated at 37
°C in a humidified incubator with 5% CO, and 95% 