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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-κB) 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.

Biomolecules 2020, 10, 936; doi:10.3390/biom10060936 www.mdpi.com/journal/biomolecules1
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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 μM 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-α 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 CCl4-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-κB 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 IC50 value of 102.3μg/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 μg/mL were 12.1 ± 2.9, 14.4 ± 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-κB 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-κB 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

Biomolecules 2020, 10, 799; doi:10.3390/biom10050799 www.mdpi.com/journal/biomolecules9
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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-yl]-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 × 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
(3 × 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 CH2Cl2/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 CH2Cl2/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
CH2Cl2/MeOH), while compound 5 (7.0 mg) yielded from fraction CP6-08 (108.5 mg) by repeated
CC (1.5:8.5 CH2Cl2/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
CH2Cl2/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/H2O) to afford compounds 3 (79.3 mg)
and 15 (55.8 mg). Fraction I (957.2 mg) was subjected to CC (1:1 CH2Cl2/n-hexane) to give fraction
CP7-2 (198.2 mg), then purified by CC (15:1:34 CH2Cl2/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
CH2Cl2/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 CH2Cl2/n-hexane) to afford compound 9 (6.8 mg). Fraction L (2.07 g) was subjected to CC (1:99
acetone/CH2Cl2) 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/CH2Cl2). 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 × 100 mm, 1.7 μm, 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 μL at 300 μg/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 μL of extracts and compounds at different
concentrations were mixed with 100 μL of 60 μM 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 (IC50), 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 μL 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 (IC50), which was calculated by plotting percent inhibition against
concentration of the sample.

2.8. Cell Culture

HaCaT keratinocyte cells with a stable transfected NF-κB 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% CO2 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 × 104 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 μL of MTT reagent (5 mg/mL) was added to each well and incubated for 4 h. Cells were lysed
with 90 μL 10 mM HCl 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 × 104

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% CO2. After incubation, the assay plates were transferred to 22 ◦C for 5 min, 100 μL of
the CytoTox-ONE™ reagent was added to all wells and incubated at 22 ◦C for 10 min. After that, 50 μL
of stop solution was added to all wells and plates were shaken at 500 rpm for 10 s. The fluorescence

12



Biomolecules 2020, 10, 799

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, Männedorf, 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 μL of lysis solution was used as maximum
LDH release control.

2.11. Luciferase Assay

NFκB-luciferase-dependent reporter assays were performed in HaCaT cells stably expressing
p(NFκB)350-luc as previously described [25]. In brief, cells were plated at a density of 105 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 μL of lysate was assayed for luciferase activity by adding 50 μL
of luciferase substrate (1 mM luciferin or luciferin salt, 3 mM ATP, and 15 mM MgSO4 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 β-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 β-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 IC50 values
(102.4 ± 1.9, 127.0 ± 1.9 μg/mL), followed by C. longa (134.9 ± 1.5, 170.8 ± 1.6 μg/mL), C. comosa

(137.7 ± 5.2, 171.9 ± 1.9 μg/mL), and C. aeruginosa (187.4 ± 22.1, 217.9 ± 1.8 μg/mL). Ascorbic acid
was used as positive control, with IC50 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 μg/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.

Sample
Antioxidant (IC50, μg/mL)

DPPH ABTS

C. aromatica 102.4 ± 1.9 127.0 ± 1.9
C. longa 134.9 ± 1.5 170.8 ± 1.6
C. comosa 137.7 ± 5.2 171.9 ± 1.9
C. aeruginosa 187.4 ± 22.1 217.9 ± 1.8
Ascorbic acid 1.80 ± 0.01 5.2 ± 0.8

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.

Figure 2. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of compounds isolated
from C. aromatica, * = concentration of 25 μg/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 μg/mL of C. aeruginosa, C. comosa, C. aromatica,
or C. longa extract inhibited the growth of cells, with relative percentages of cell viability being
12.1 ± 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 μg/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 μg/mL [38–40]. In contrast, none of the purified phytochemicals inhibit cell viability (MTT) or
cytotoxicity (CytoTox-One™) at concentrations 1–20 μM, whereas a reference cytotoxic anti-cancer
compound withaferin A [28] dose dependently kills the HaCaT cells, as shown in Figures 3b and 4b.

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-κB 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-κB
activator TNF strongly increases luciferase gene expression in HaCaT NF-κB 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-κB activity. C. aromatica showed the strongest anti-inflammatory
NF-κB 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-κB reporter gene cells. (a) Dose dependent effects of crude extracts of
Curcuma species on basal and inflammation induced NF-κB reporter gene (luciferase relative light units)
expression. (b) Dose dependent effect of pure compounds isolated from C. aromatica and the reference
NF-κB inhibitor compound (withaferin A) on basal and inflammation induced NF-κB reporter gene
(luciferase relative light units) expression. (c) Dose dependent effect of pure compounds isolated from
C. aromatica and the reference NF-κB inhibitor compound (withaferin A) on basal and inflammation
induced NF-κB reporter gene (luciferase relative light units) expression.

Next, stable phytochemicals isolated in sufficient quantities isolated from C. aromatica were further
evaluated for their NF-κB 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-κB inhibitor, although less potent the reference NF-κB 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-κB inhibition in C. comosa and C. aeruginosa

extracts. Indeed, germacrone, curdione, zederone, and curcumenol show moderate inhibition of NF-κB
reporter gene expression in TNF stimulated HaCaT keratinocytes too. In addition, zedoarondiol and
β-sitosterol show strong NF-κB 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 β-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.
WFA under 0.5 μM 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
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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 μM and >1 μM WFA, where the IC50 value for WFA in
AGS cells was 0.75 μM [14]. WFA also showed antiproliferative effects against breast cancer cells
(MDA-MB-241) and could exhibit migration inhibitory effect using the concentration of IC50 value for
WFA (12 μM) [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].
WFA 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 μM, 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 μm 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 +WFA 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–ΔΔCt) 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 μg) 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 J 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 μM of
WFA 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 μM 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.

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 (n = 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
WFA triggered 2D migration inhibition in Ca9-22 cells.

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 (n = 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
WFA 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.

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 NQO1 genes while expressions of other genes were not significantly affected. Therefore, low
concentrations of WFA triggers some antioxidant signaling in Ca9-22 cells.

Figure 6. mRNA expressions of antioxidant genes of low concentrations of WFA in oral cancer cells.
Cells were treated with or without 0.5 μM 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 (n = 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.

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 IC50,
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 μM 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 μM) 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 IC50), 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 WFA-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 (>IC50) of WFA induced
90% (+) ROS in oral cancer Ca9-22 cells. In the current study, the low concentration (>95% viability) of
WFA 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
NQO1 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 WFA-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 WFA, 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
WFA 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-κB
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. 1H NMR data
and bioactivity data from three in vitro cell-based assays, i.e., an NF-kB reporter-gene assay and two
NF-κB 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 1H 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-κB 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-κB 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 www.mdpi.com/journal/biomolecules35
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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 [5–7], 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-κB 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-κB 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 1H NMR, and (iii) the in situ structural
characterization of bioactives and inactive constituents prior to isolation by statistically correlating 1H
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 1H 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 μm, 2.1 × 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 μm, 2.1 × 100 mm).
Flash chromatography was performed on an Interchim puriFlash 4250 system (Montluçon, 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 1H
NMR was 500.13 MHz and for 13C 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 (n-hex). The flasks were shaken for three days.
The obtained n-hex extract was discarded. The remaining defatted plant material was extracted with

37



Biomolecules 2020, 10, 679

2.6 L CH2Cl2 and shaken for two days. The CH2Cl2 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 CH2Cl2 for a second time and shaken for one day. All CH2Cl2 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. CH2Cl2/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) H2O
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 μL. 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 H2O (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 μL MeOH for UHPLC analysis. To find
the ideal solvent system(s) for the micro-fractionation, the partition coefficient KD 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 KD 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 μL of each fraction was put into an Eppendorf tube
and centrifuged at 3000 rpm for 5 min. From the supernatants, 645 μL were transferred to NMR tubes.

Standard 1H 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) H2O: 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 μL. 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. 1H NMR Spectra Processing and Statistical Correlation with Bioactivity Data

For spectral alignment, all 1H 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, 1H NMR spectra of relevant fraction
packages were bucketed (covered range: δH 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 1H 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) 1H NMR
resonance intensity and (ii) percentage of NF-kB inhibition at 10 μg/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 1H NMR pseudo-spectrum
and color coded according to the respective correlation coefficients. This procedure allowed for the
straightforward identification of 1H NMR resonances which are either positively (red) or negatively
(blue) correlated with NF-κB 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 1H NMR signals from the same molecule based
on the multi-collinearity of their intensities in the selected set of 1H 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:H2O
(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
PO01_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 C18 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 × 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-κB-driven luciferase reporter gene NF-κB-luc
(293/NF-κB-luc cells, Panomics, RC0014) were stained with 2μM cell tracker green (CTG, Thermo Scientific).
After one hour, 4× 104 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 μg/mL streptomycin. After incubation at 37 ◦C, 5% CO2 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-α (Sigma) for 3.5 h to activate the NF-κB 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 μg/mL in at least three independent
experiments, if not otherwise indicated. The sesquiterpene lactone parthenolide, an effective inhibitor
of the NF-κB pathway [43], was used as a positive control at a concentration of 10 μM 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, Männedorf, 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 TNFα, which was set to
1 [44]. CTG-fluorescence values used to estimate cell viability were also normalized to the vehicle
control with TNFα. 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-1β 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 μM. Total RNA was isolated using the PeqGold Total RNA Isolation Kit (VWR International)
according to the manufacturer’s instructions. One μg 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-ΔΔCT method. Results are shown as mean fold induction of averaged Ct
values of triplicates. Cytotoxicity was judged by morphological examination.

2.11. Statistical Analysis

NF-κB 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. IC50 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 CH2Cl2 extract prepared from the roots
of P. ostruthium (both tested at 10 μg/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 CH2Cl2 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) 1H 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/H2O 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 1H 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 1H
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).

Figure 1. Stack Plot of PO01_01–PO01_31; 1H NMR data (δH 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-κB 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 μg/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 1H 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 1H 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 1H NMR signals exhibiting a positive correlation with NF-kB inhibition (red) were assigned as
“hot” features whereas, features belonging to 1H 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 δH 6.00–9.00)
with an aliphatic side chain: at δH 1.67 and 1.71 two singlets can be seen typical for methyl groups,
a triplet at δH 5.55 typically given by a vinylic proton as well as a doublet at δH 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 (tR) 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 δH 5.21 displays a
molecule with two aromatic signals (singlets at δH 6.35 and 6.05), whereas the signal at δH 5.21 is given
by a vinylic proton. Two methyl protons are further shown at δH 1.66 and 1.77 as well as a doublet at
δH 3.29. The prominent signal at δH 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 δH 8.03, 7.89, 6.96, and 6.38 as well as a singlet at δH

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 tR 7.3 min and 7.6 min
(red squares) are shown (Figure S5). The peak at tR 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 tR 7.30 min contains a m/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 tR 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 μg/mL) and the positive control parthenolide
(10μM) were tested in a cell-based in vitro NF-κB-driven luciferase reporter assay in HEK293–NF-κB-luc
cells stimulated with 2 ng/mL TNFα as indicated. The luciferase signal derived from the NF-κB reporter
was normalized to the CTG-fluorescence and expressed as fold change normalized to the vehicle control
(DMSO 0.1%) with TNFα. Bar charts represent (residual) NF-κB 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 μg/mL), the positive control TAK1-inhibitor (5 μM (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-1β (5 ng/mL, 90 min)-stimulated
HUVEC which were either untreated (DMSO) or pre-treated (30 min) with 50 μg/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 μg/mL), the positive control TAK1-inhibitor
(5 μM) and vehicle control (DMSO 0.5%) were assayed for VCAM-1 expression in primary HUVEC.
Real-time PCR of cDNA obtained from IL-1β (5 ng/mL, 90 min)-stimulated HUVEC, which were either
untreated (DMSO) or pre-treated (30 min) with 50 μg/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” showed cytotoxicity.

Figure 3. (A) HetCA plot of package I. 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 δH 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 δH 7.88; blue = signals belong to molecule(s) that do not have the
signal at δH 7.88; (C) structure of the positively correlated and identified compound 1.
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Figure 4. Package II (A) 1H NMR pseudo-spectrum showing the HetCA of 1H 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 δH 5.21 was chosen to obtain the information in which molecule(s) share this hot feature.
(C) 1H NMR spectra of the isolated active compound 2.

The microfractions PO01_22 to PO01_25 were selected for the generation of package III.
Here, the STOCSY plot (δH 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 δH 8.42,
7.81, 7.20, and 6.31 as well as a singlet at δH 7.24), two resonances in the upfield resonance area given
by aliphatic protons such as methyl groups (δH 1.67 and 1.63). Further signals are present at δH 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 tR 7.33 min from the most active
microfraction PO01_22 to PO01_24 (thereupon decreasing from PO01_24 to PO01_25). The peak at tR

6.01 min is not present in PO01_22, whereas the peak at tR 6.98 min is only present in the most active
microfraction PO01_22. A dereplication for the respective peak revealed a m/z value of 323.12 in the
positive mode. Further, an MS2 fragmentation pattern of –35 g/mol was observed for this selected peak,
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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.

Figure 5. Package III (A) HetCA plot of PO01_22–PO01_25. (B) STOCSY plot; the signal at δH 4.03 was
chosen to obtain the information which molecule(s) share this hot feature and (C) 1H 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 μg/mL (Figure S2) and (iii)
PO01_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).

Figure 6. (A) 1H NMR pseudo-spectrum showing the HetCA of 1H NMR 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 δH 6.24 was chosen to obtain the information in which molecule(s) share this hot feature. (C) 1H
NMR spectra of the isolated active compound 5 and (D) 1H 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).

Figure 7. (A) 1H NMR pseudo-spectrum showing the HetCA of 1H 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 δH 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-κB 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 IC50 value of 49.0 μM 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 IC50 value of about 20 μM), 4 was identified as potent NF-κB inhibiting
compound (p < 0.01) with an IC50 value of 8.08 μM. In line with the ELINA prediction, the negatively
correlated compounds 3, 6, and 9, showed no bioactivity, when tested in the NF-κB reporter-gene assay
at 10 μg/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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Figure 9. Residual NF-kB activity (normalized to the vehicle control with TNFα) in TNFα (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 μg/mL) and the positive control parthenolide (10 μM). 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 TNFα. Bar charts represent (residual) NF-kB
transactivation activity expressed as mean ± SD. n = 4; ∗ p < 0.05 and ∗∗ p < 0.01 as compared to the
control with TNFα.

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 μM).
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 tR 7.8, 8.3, and 9.3 min) within
PO01_11 are assumed. Several compounds seem to antagonize the activity of 1 (present at tR 7.6 min in
PO01_11-PO01_14). This conclusion is in line with the quantitative 1H 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-κB
reporter-gene assay and two NF-κB 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 UV254 (top) and UV366 (bottom).
Figure S2 Bioactivity results of PO01_11-PO01_29, the crude extract PO-E (all 50 μg/mL) and the positive control
parthenolide (10 μM) tested in a cell-based in vitro NF-kB-driven luciferase reporter assay in HEK293–NFKB-luc
cells stimulated with 2 ng/mL TNFα as indicated. The luciferase signal derived from the NF-kB reporter was
normalized to the vehicle control (0.1% DMSO) with TNFα. 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); tR
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 tR 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); tR
6.0–9.0 min. Figure S6: CAD chromatogram of package III (PO01_22-PO01_25); tR 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-κB-reporter gene assay at different concentrations. Shown are the residual NF-kB activities in TNFα
(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 TNFα signal. IC50 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 μg/mL)
and the positive control parthenolide (10 μM) in TNFα (2 ng/mL)-activated HEK293–NF-kB-luc cells; data are
normalized to vehicle control (0.1% DMSO) with TNFα. Data represent mean ± SD. n = 4. Figure S9: 1H 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-1β (IL-1β), IL-12 and
tumor necrosis factor-α (TNF-α), 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-κB) [23]. A strong inhibitor of NF-κB is sirtuin-1 (SIRT-1), and toll-like receptor 4 (TLR4) is an
activator of NF-κB [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 (lncRNA), 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].

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 ldlr-/- mice fed a high-cholesterol diet induces an inhibition of the hepatic
TG accumulation by upregulation of peroxisome proliferator-activated receptors alpha (PPARα) and
liver X receptor alpha (LXRα) expression [49]. PPARα is an important activator of fatty acid oxidation
and inhibitor of hepatic fatty acid synthase (FAS) activity. LXRα 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 H2O2 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-α-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-κB and further decreases the
expression of pro-inflammatory cytokines such as TNF-α, IL-1β 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-α-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-κB 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 (AngII) was significantly inhibited by
curcumin through the reduction of NLRP3/NF-κB 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-κB and NLRP3 inflammasome and matrix metallopeptidase 9 (MMP-9)
expression [70,71]. Yin et al. showed that curcumin inhibited caspase-1 activation and IL-1β 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 κB-α (IkB-α) and polarizes the macrophages to
become anti-inflammatory M2 phenotype through the activation of PPARγ [73]. Later on, the same
group reported that curcumin dramatically reduced oxLDL-induced IL-1β, IL-6 and TNF-α cytokine
production in M1 derived from M0 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-α and
IL-6 levels via activation of SIRT-1 [75]; reduced TNF-α, IL-1β, 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-α and IL-1β 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 IκB-α [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-α and
IL-1β) [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-α, transforming growth factor β (TGF-β), 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-α 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,
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a decrease of miR-17-5p expression was observed, together with an increase of its target gene, Tcf7l2,
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 Tcf7l2, 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-α-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-κB p65 translocation from cytosol to nucleus, thereby
decreasing the formation of NF-κB–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-α, 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 αIIbβ3 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 Hepa1-6 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.

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 PPARγ, CCAAT-enhancer-binding proteins α (C/EBPα),
SREBP-1c, 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 PON1 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-κB (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-κB expression [124]. In addition, RSV inhibits p300 expression
and promotes the IκB-α 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-α
via the TLR4/myeloid differentiation primary response gene 88 (MyD88)/NF-κB signal transduction
pathway in HUVECs exposed to LPS [128]. In addition, it was reported that pre-incubation with RSV
reduced the TNF-α-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-α-exposed HUVECs by stimulating miR-221/-222
production, which determines p38 MAPK/NF-κB 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-α 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-κB, 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-1β and reduces MCP-1,
ICAM-1, p65 NF-κB 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-κB
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-α 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-α production
by a mechanism dependent on TLR4/NF-κB 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 μM) 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]. Lançon 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-β1-induced
proliferation of rat cardiac fibroblasts (CF) and collagen secretion [151]. RSV also decreased miR-17,
miR-34a and miR-181a in TGF-β1-treated CF. The authors suggested that the inhibitory effect of RSV is
mediated by the downregulation of miR-17 and the regulation of Smad7 [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 γ-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 β-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, HbA1c 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 1α (MIP1α), CCL3, IL-1β and TNF-α—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].

Figure 3. Quercetin chemical structure and beneficial effects in the context of cardiovascular diseases.

Quercetin is efficient at stimulating cytochrome P450 and CYP7A1 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-α released by oxLDL-exposed human PBMC is reduced by quercetin through modulation
of TLR/NF-κB signaling pathway [170]. In LPS-stimulated macrophages isolated from C57BL/6 and
BALB/c mice, quercetin reduces the secretion of TNF-α 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-IκB protein, resulting in the decreased translocation of activated
NF-κB 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-α, IL-1β 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-1β levels and
attenuated TNF-α 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/6J 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].

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 CβII (PKCβII)
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-α, 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
IκBα/NF-κB or ERK pathways [188]. Apigenin inhibited NF-κB 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-α secretion in LPS-stimulated RAW 264.7 macrophages [190] and
decreased TNF-α release in the media of LPS-activated macrophages [191]. Apigenin in LPS-exposed
macrophages reduces TLR-4, MyD88 and phosphorylation of IκKB levels through nuclear NF-κB
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-κB p65 levels and lessened the macrophages and SMC number in atherosclerotic regions [192].
Apigenin inhibited the expression of VCAM-1 and IκKB 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 μmol/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-α–induced NOX4, which
generates a decrease of ROS production in human EC. The mechanism involves the inhibition of the
TNF-α–induced transcriptional activity of NF-κB, 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 μM)
of luteolin suppress TNF-α-induced expression of MCP-1, VCAM-1 and ICAM-1 [200]. In addition,
luteolin inhibited endothelial NF-κB transcriptional activity, IκB-α degradation and IκB-β expression,
and thus reduced NF-κB 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
TNF-α-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 μM) and curcumin
(1 μM) inhibits, synergistically, VCAM-1 and MCP-1, and the subsequent monocyte adhesion to EC
exposed to TNF-α 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-α by inhibiting NF-κB activity [202].
Recently, it was demonstrated that luteolin effectively suppresses IL-1β, TNF-α, 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-α 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-α, IL-1β and IL-6, and
the renal HMGB1 and NF-κB 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 α smooth-muscle-actin (α-SMA) and MAD-related protein 2 (Smad2)
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-α 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 H2O2-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 H2O2-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, Ncf1, Ncf4 and Rac2). In addition,
the authors showed that L7DG pretreatment almost reversed isoproterenol-altered expression of
miRNAs which were cross-talking with TGF-β-mediated fibrosis, including miR-29c-3p, miR-29c-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-κB
induced by TNF-α 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 PKCβII 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].

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-κB 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 H9c2 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-α 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-1β, TNF-α, 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-α
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-κB 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-κB [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-29c-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-29c-3p could
suppress the expression of collagen type I α1 (COL1A1), collagen type III α1 (COL3A1) and α-SMA
in mouse CF by a mechanism involving the repression of the pro-fibrosis genes TGFβ2 and MMP2.
Further, the authors show that naringenin could markedly reverse Ang-II-induced downregulation
of miR-29b-3p and miR-29c-3p expression. Moreover, COL1A1, COL3A1, α-SMA and p-Smad3
expression were significantly decreased in Ang-II-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].

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 H2O2 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 PON1 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 IκB from the cytosolic fraction, thereby obstructing NF-κB
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-α, 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 1α (HIF-1α) 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-1α [254], EGCG binding increases HIF-1α 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,
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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].

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 μM 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 μM), another member of the
isoflavones group, inhibited high-glucose–induced iNOS, COX-2 and NF-κB 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 PON1 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-PPARγ/NF-kB
signaling pathway [268]. Besides, it was shown that genistein inhibits TNF-α 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].

Figure 8. Anthocyanidins’ classifications, chemical structures and beneficial effects for improving
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 TNFα–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 PON1 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-κB [286]. The bilberry extract
diminishes the secretion of CRP, MCP-1 and IL-1β in lipid–loaded macrophages. These effects are driven
by the inhibition of NF-κB 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].

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 CYP7A1 levels can be due to the induction of their transcription
regulators LXRα/β and PPARγ which are stimulated by the decrease of endoplasmic reticulum
stress [294]. The upregulation of PPARγ 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 PPARγ 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-LXRα/β-PPARγ
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-κB, 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 TNFα-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, TNFα 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-κB 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-α expression by inhibiting NF-κB and PKC signaling [300]. In another study,
6-shogaol significantly inhibited the canonical NLRP3 inflammasome-mediated IL-1β 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-α,
IL-1β, 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 β-oxidation
and decreasing lipogenesis, through activation of liver PPARα and carnitine palmitoyl-transferase 1α
(CPT1α), 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 PPARα and CPT1α 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
PPARα and CPT1α 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, PPARγ, adipocyte protein 2 (aP2), as well as pro-inflammatory
cytokines (TNFα, 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-κB; 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 μmol/L, 40 μL, 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 μmol/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 μL at 10 μmol/L, with a total dose of 0.52 μg/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 (n = 14 at each group). Micro-computed
tomography (μ-CT), biomechanical analysis (n = 7 at each group), and histological study (n = 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 μCT 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 μm 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 (n = 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-μm bone sections were
hematoxylin and eosin stained for histomorphometry of the bone volume after decalcification. At a
magnification of 40×, 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 μ-CT

The images of x-ray and μ-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 μ-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 μ-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.

Figure 1. (-)-Epigallocatechin-3-gallate (EGCG) promotion of bone fracture healing in rats. The images
of X-ray and micro-computed tomography (μ-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 μ-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 μ-CT.

Week 2 Week 4

Control EGCG Control EGCG

Tissue volume (mm3) 440.87 ± 24.82 640.32 ± 58.44 * 447.03 ± 38.63 622.64 ± 40.95 **
Bone volume (mm3) 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/mm2 in the control group to 213.5 ± 8.8 N/mm2 in the EGCG group at the end of week 2
(p < 0.05) and from 171.4 ± 18.4 N/mm2 in the control group to 226.6 ± 12.9 N/mm2 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).

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 μ-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.

Figure 4. Immunohistochemistry 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, μCT
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 μmol/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
10–40 μmol/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 μmol/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 μmol/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 μmol/L
EGCG [42,43]. An oral dose of 1600 mg EGCG can achieved a serum level of 7.6 μmol/L [44].
The effective concentration of EGCG to enhance fracture healing was 10 μmol/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 μmol/L with 40 μL at a
dose of 0.52 μg/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

Biomolecules 2020, 10, 536; doi:10.3390/biom10040536 www.mdpi.com/journal/biomolecules109
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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, β-sitosterol, betulinic acid, D-mannitol,
stigmasterol, α-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, β-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 offmalaise, 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 I BPS I

12 Bacopaside II BPS II

13 Bacopaside III BPS III

14 Bacopaside IV BPS IV

15 Bacopaside V BPS V

16 Bacopaside VIII BPS VIII

17 Bacopaside XII BPS XII

18 Plantainoside B PTS B

19 Betulinic acid BTA

20 Cucurbitacin A CCB A

21 Cucurbitacin B CCB B
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Table 1. Cont.

S. No Compounds Abbreviations/Acronyms

22 Cucurbitacin C CCB C

23 Cucurbitacin D CCB D

24 Cucurbitacin E CCB E

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 OX

33 Loliolide LLD

34 Stigmasterol SGMS

35 β-sitosterol β-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
q-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 CHRNB1 P11230 17 7445061 7457707
Chrnb1 (Mus

musculus)

D-Mn TDP1 Q9NUW8 14 89954939 90044768
Tdp1 (Mus
musculus)

BCS A STAT3 P40763 17 42313324 42388568
Stat3 (Mus
musculus)

BCSN A MBNL1 Q9NR56 3 152243828 152465780
Mbnl1 (Mus
musculus)

BCSN B STAT3 P40763 17 42313324 42388568
Stat3 (Mus
musculus)

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

BCSN D PTPN1 P18031 20 50510321 50585241
Ptpn1 (Mus
musculus)

BCSN E MBNL1 Q9NR56 3 152243828 152465780
Mbnl1 (Mus
musculus)

BCSN F MBNL1 Q9NR56 3 152243828 152465780
Mbnl1 (Mus
musculus)

BCSN G MAPT P10636 17 45894382 46028334
Mapt (Mus
musculus)

BPS I FGF1 P05230 5 142592178 142698070
Fgf1 (Mus
musculus)

BPS II PTPN1 P18031 20 50510321 50585241
Ptpn1 (Mus
musculus)

BPS III FGF1 P05230 5 142592178 142698070
Fgf1 (Mus
musculus)

BPS IV MBNL1 Q9NR56 3 152243828 152465780
Mbnl1 (Mus
musculus)

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

BPS VIII MBNL1 Q9NR56 3 152243828 152465780
Mbnl1 (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
Prkcg (Mus
musculus),

BTA AKR1B10 O60218 7 134527592 134541408
Akr1b10 (Mus

musculus)

CCB A ITGAL P20701 16 30472658 30523185
Itgal (Mus
musculus)

CCB B ITGAL P20701 16 30472658 30523185
Itgal (Mus
musculus)

CCB C ITGAL P20701 16 30472658 30523185
Itgal (Mus
musculus)

CCB D ITGAL P20701 16 30472658 30523185
Itgal (Mus
musculus)

CCB E ITGAL P20701 16 30472658 30523185
Itgal (Mus
musculus)

STRA FABP3 P05413 1 31365625 31376850
Fabp3 (Mus
musculus)

RSV MMP1 P03956 11 102789920 102798160
Mmp1a (Mus

musculus)

3,4DMCA CA1 P00915 8 85327608 85379014
Car1 (Mus
musculus)

ASBA TDP1 Q9NUW8 14 89954939 90044768
Tdp1 (Mus
musculus)

ASTA AKR1B10 AKR1B10 7 134527592 134541408
Akr1b10 (Mus

musculus)

BMA AKR1B10 O60218 7 134527592 134541408
Akr1b10 (Mus

musculus)

WG PTGS1 P23219 9 122370530 122395703
Ptgs1 (Mus
musculus)

OX ADORA1 P30542 1 203090654 203167405
Adora1 (Mus

musculus)

LLD TDP1 Q9NUW8 14 89954939 90044768
Tdp1 (Mus
musculus)

SGMS AR P10275 10 67544032 67730619 Ar (Mus musculus)

β-SS TDP1 Q9NUW8 14 89954939 90044768
Tdp1 (Mus
musculus)

EBL DRD2 DRD2 11 113409615 113475691
Drd2 (Mus
musculus)

SGMSL AR P10275 10 67544032 67730619 Ar (Mus musculus)

BCSt TDP1 Q9NUW8 14 89954939 90044768
Tdp1 (Mus
musculus)

BCSn POLB P06746 8 42338454 42371808
Polb (Mus
musculus)

HCS CES2 O00748 16 66934444 66945096
Ces2c (Mus
musculus)

OCS CES2 O00748 16 66934444 66945096
Ces2c (Mus
musculus)

NCS CDC25A P30304 3 48157146 48188402
Cdc25a (Mus

musculus)

TC CES2 O00748 16 66934444 66945096
Ces2c (Mus
musculus)

HTA CES2 O00748 16 66934444 66945096
Ces2c (Mus
musculus)
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Table 2. Cont.

Compound Name Target Uniprot ID Chr. No Start End Orthologs

DOT CES2 O00748 16 66934444 66945096
Ces2c (Mus
musculus)

AG AKR1B10 O60218 7 134527592 134541408
Akr1b10 (Mus

musculus)

QR CA12 O43570 15 63321378 63382161
Car12 (Mus
musculus)

USA POLB P06746 8 42338454 42371808
Polb (Mus
musculus)

LT MMP1 P03956 11 102789920 102798160
Mmp1a (Mus

musculus)

ASTS STAT3 P40763 17 42313324 42388568
Stat3 (Mus
musculus)

BPS VI FGF1 P05230 5 142592178 142698070
Fgf1 (Mus
musculus)

BPS VII 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 Aβ – 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 lg 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

BPS I −3.13 −3.68 −3.61 −2.75 −2.9 3

BPS II −2.99 −3.6 −3.48 −2.6 −2.95 3

BPS III −1.65 −2.85 −2.47 −1.05 −1.7 3
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Table 3. Cont.

Compound GPCR lg Ki Ncr Pi Ei Nvio

BPS IV −1.04 −1.99 −1.52 −0.76 −1.04 3

BPS V −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

PTS B 0.21 −0.04 0.1 0.13 0.36 2

BTA 0.31 −0.5 0.93 0.14 0.55 1

CCB A 0.45 −0.42 0.79 0.1 0.52 1

CCB B 0.52 −0.4 0.88 0.1 0.56 1

CCB C 0.42 −0.36 0.8 0.12 0.61 1

CCB D 0.54 −0.33 0.91 0.06 0.65 1

CCB E 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

OX 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

β-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

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

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 lg 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 GPCR lg Ki Ncr Pi Ei nvio

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

CCB B 0.52 −0.4 0.88 0.1 0.56 1

CCB C 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 lg Ki Ncr Pi Ei nvio

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 lg Ki Ncr 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 lg Ki Ncr Pi Ei Nvio

SGMS 0.12 −0.48 0.74 −0.02 0.53 1

β-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, β-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, CHRNB1 (acetylcholine
ion-channel activation receptor), indicated for the activation of the cholinergic receptor nicotinic β1
subunit, has shown that myasthenic syndrome is usually the result of the prolonged activation of
CHRNB1, 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 (MAPKs), 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
Rap1A, 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% CO2 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 μM 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 μM) 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 μM) of
luteolin-7-O-glucoside for 24 h, and the cell viability was determined by MTT assay. As observed
in Figure 1a–c, the treatment with 20 and 40 μM 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.

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 μM) 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 μM) 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, (c,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 3c,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 μM) 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 5c,d). However, the phosphorylation of JNK increased significantly after the treatment.
Moreover, the phosphorylation of ERK reduced significantly only after the treatment with 40 μM of
luteolin-7-O-glucoside (Figure 5c,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 μM 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 μM) on oral cancer cells, as well as to compare the findings with untreated controls. Of these
doses, 20 and 40 μM 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 TNFα 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 PI3K-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 S19 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 S100A7, Src, and
STAT3 [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, λmax = 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-β-d-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 (320–400 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 (UCGT) [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 × 28 cm × 10 cm) and used for this study. All containers (n = 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 (λmax = 313 nm, 30 W, lamp-leaf distance
= 60 cm, 40 min·day−1). The UV-B irradiation intensity (33.5 μW/cm2) 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 J 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
H2O2 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 μm 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 μL 2-chloro-L-phenylalanine (0.3 mg/mL, internal standard) in 360 μL 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 μL methoxyamine pyridine solution (15 mg/mL) and incubated at 37 ◦C (90 min).
Subsequently, an 80 μL aliquot of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) (including 1%
trimethyl-cholorosilane), and 20 μL 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−1

to 125 ◦C, 4 ◦C·min−1 increments to 210 ◦C, 5 ◦C·min−1 to 270 ◦C, and 10 ◦C·min−1 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−1 [30].

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

Plant samples were pulverized to 5 μm 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 μm-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 μm, 2.1 mm × 50 mm) with
a VanGuard precolumn (BEH C18, 1.7 μm, 2.1 × 5 mm; Waters, Shang-Hai, China) and maintained at
30 ◦C. The volume injected was 2 μL. Gradient elution was performed at a flow rate of 0.25 mL·min−1

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 t-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′)

CHS
Forward CCTTCTTTGGATGCTAGACAAGACA
Reverse CGAAGACCCAAGAGTTTGGTTAGTT

PAL
Forward CATCAAATCTCTCTGGCAGTAGGAA
Reverse AGTTCACATCTTGGTTATGCTGCTC

C4H
Forward AACAAAGTGAGGGATGAAATTGACA
Reverse GGATTGCCATTCTTAGCCTTAGTGT

4CL
Forward TGTCCCTCCTATTGTTTTGGCTATT
Reverse CTTTGGGGAATTTAGCTCTGACAGT

CHR
Forward AAACAAGGTTACAGGCATTTTGACA
Reverse GGAAGAACGAGATGAGGATGATTTT
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Table 1. Cont.

Gene Name Primer Sequence (5′ to 3′)

CHI
Forward ATCGAGTTTTTCCACCAGGATCTAC
Reverse ATCATAGTCTCCAACACAGCCTCAG

IFS
Forward CCTTCACCTATTGGACAAACCTCTT
Reverse CCTGGTATTAAAGGAAGAAGCCTCA

IOMT
Forward GCACAAAACACAAGATCAAACTTC
Reverse GCATTACGGCCATTGATTG

I3′H
Forward GGATGTTAAAGAAGCGAAGCAATTT
Reverse ATCAAACAATCTCAACAAAGGCAAA

UCGT
Forward AGGTTTTGAAGATTTATGCACCA
Reverse TCCTTTCTGAGTTCCAGGACA

18S
Forward TGCAGAATCCCGTGAACCATC
Reverse 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 18S 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 H2O2 increased under UV-B radiation.

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

Height
(cm)

Root/Whole
Fresh Weight (FW) (%)

Leaf Area
(cm2)

Chlorophyll
(mg·g−1)

Control 24.2 ± 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
(U·g−1

·min−1, FW)
POD

(U·g−1
·min−1, FW)

APX
(U·g−1

·min−1, FW)
H2O2

(μmoL·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; H2O2: 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; c, 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; l, 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, d-glucopyranoside; x, 2-O-glycerol-d-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-α-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 d-glucose and
myo-inositol increased in roots and stems but decreased in leaves and petioles under UV-B treatment.
The d-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 d-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, α-d-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.

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 H2O2 (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 CCl4-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)-1β and transforming growth factor (TGF)-β1. 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 CCl4-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 μm, 2.1 × 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)

RUE
(Rheum undulatum Linne)

Sennoside A C42H38O20 145.85 ± 7.080
Emodin C15H10O5 1.20 ± 0.012

Chrysophanol C15H10O4 0.064 ± 0.001
Aloe-emodin C15H10O5 2.11 ± 0.616

Rhein C15H8O6 29.47 ± 0.447

GUE
(Glycyrriza uralensis)

Glycyrrhizin acid C42H62O16 325.91 ± 6.8
Liquiritigenin C15H12O4 124.25 ± 3.7

Isoliquiritigenin C15H12O4 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), ‘CCl4’ (n = 8), and ‘CCl4 + 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 CCl4 + RG) or water (for
vehicle-treated control and CCl4) three times per week for 4 weeks. To induce liver damage in groups
CCl4 and CCl4 + RG, CCl4 (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, CCl4 and CCl4 + RG) were
fixed in 10% neutral buffered formalin, then embedded in paraffin by tissue processor and embedding
center. Tissue blocks were sectioned in 4 μm 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-μm-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-μm-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 μg) 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-qPCR 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-β1), and
interleukin 1β (IL-1β) were compared by calculating the crossing point (Cp) value and were normalized
by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) using LightCycler 96 relative quantification
software (Roche, München, 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-1β 5′-CAGGATGAGGACATGAGC-3′ 5′-CTCTGCAGACTCAAACTCCA-3′

TGF- β1 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 CCl4-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 CCl4 was
associated with depressive-like symptoms (Figure 3A). Compared with the level of resting activities of
the vehicle group, the group with CCl4-induced hepatic damage (CCl4 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 CCl4 group compared to the level in the vehicle group (Figure 3A,B). Furthermore, the
CCl4 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 CCl4 group (Figure 3). Furthermore, the group
treated with CCl4 plus RG (CCl4 + RG group) exhibited significantly more activity and greater distance
travelled than those in the CCl4 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 CCl4-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 CCl4.

3.3. RG Ameliorates CCl4-Induced Histopathological Changes of Brain

We investigated histopathological changes in the cerebral cortex by examining H&E-stained
samples (Figure 4). The CCl4 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 CCl4 treatment (Figure 4A).
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Figure 4. RG ameliorates CCl4-induced histological changes in cerebral cortex. Mice were given with
repeated injections of CCl4 (5 mg/kg, 2 times/week, 4 weeks), whereas vehicle mice instead received
saline (n = 4). The CCl4 + RG group was treated with RG (10 mg/kg of R plus 100 mg/kg of G) with
CCl4. After four weeks of CCl4 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: 400×.

Astrogliosis was examined by quantifying GFAP-immunoreactive cells in the area of the cerebral
cortex (Figure 4B). CCl4 seemed to induce intensive GFAP staining and to increase process complexity.
However, the number of GFAP-positive cells in the CCl4 + RG group was reduced when compared to
that in the CCl4 group (Figure 4B). Overall, it appears that CCl4 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 CCl4-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 CCl4 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 CCl4 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 CCl4 + RG group than in the CCl4 group (Figure 5B), indicating that RG has a
protective function in preventing BBB disruption.

Figure 5. RG suppresses BBB disruption and inflammation in mice with CCl4-induced HE. Mice were
treated with CCl4, and RG as described in Figure 3. RT-qPCR analysis of the mRNA expression levels
of (A) MMP-9, (C) TGF-β1, and (D) IL-1β. (B) The protein levels of claudin-5 were assessed by western
blot, in which β-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-1β and
TGF-β1 in the cerebral cortex. Real-time RT-qPCR analysis showed that the presence of RG effectively
inhibited the CCl4-induced expressions of IL-1β and TGF-β1 (Figure 5C).
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3.5. RG Ameliorates CCl4-Induced Liver Injury

To examine the hepatic protective effects of RG, we established a chronic hepatic cirrhosis mouse
model by using injections of CCl4. Repeated injections of CCl4 (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
CCl4 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 CCl4 with RG treatment provide further evidence that RG can mitigate live injury caused
by CCl4 (Figure 6B).

Figure 6. RG protects CCl4-induced liver toxicity in mice. Mice were given with repeated injections
of CCl4 (5 mg/kg, 2 times/week, 4 weeks), whereas vehicle mice instead received saline (n = 4). The
CCl4 + RG group was treated with RG (10 mg/kg of R plus 100 mg/kg of G) with CCl4. After four
weeks of CCl4 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, CCl4, and CCl4 + RG. Scale bars = 80 μm.

In addition, we observed histopathological differences between groups in livers that had been
stained with H&E and Masson’s trichrome (Figure 6B). CCl4 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 CCl4-induced liver damage (Figure 6C).
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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 CCl4-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 CCl4 in mice. Administration of CCl4 to mice induces chronic liver failure, which can lead to
CNS changes similar to those seen in HE. CCl4 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].
CCl4 is often used to create rat HE models [27]. In a previous study, it was reported that rats treated
with CCl4 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 CCl4 [29]. As predicted, we observed that CCl4 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 CCl4-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 (VCAM1). 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 CCl4 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 CCl4-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 CCl4-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-1β, IL-6, and TNF-α [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-1β, TNFα, 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 CCl4 markedly increased the levels of IL-1β and
TGF-β1 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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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

Biomolecules 2020, 10, 378; doi:10.3390/biom10030378 www.mdpi.com/journal/biomolecules183
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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 (Hep2) 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
H2O, 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.

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).

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
β-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 (m/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).

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-β-d-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 (m/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-β-d-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-yl)-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 IC50 values of 19.5 and 20.6 μM,
respectively. Compounds 2, 4, and 5 exhibited cytotoxicity against the SKOV3 cell line with IC50 values
of 23.8, 24.7 and 23.2 μM, respectively. Compound 1 exhibited cytotoxicity against HEP2 cells with an
IC50 value of 18.3 μM, while compound 2 showed cytotoxicity against the PC3 cell line with an IC50

value of 19.3 μM.

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

Compound
IC50 (μM) 1

A549 SKOV3 PC3 HEP2

1 19.5 63.3 27.8 18.3
2 67.9 23.8 19.3 >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 4.14
1 The results are IC50 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

1H 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 μm, 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 F254 (Art. 5715,
Merck, Darmstadt, land Hessen, Germany) and an RP-C18 F254 (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 μm C18 (250 × 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 H2O (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-H2O (0:1, 2:3, 1:1, 3:2 and 1:0) to yield five fractions
(B1: 2.9 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-H2O (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-H2O (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-H2O 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-H2O 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, [α]D − 36◦ (c = 0.43, CHCl3); HR-MS m/z: 387.1480 [M−H]− (calcd for C21H23O7,

387.1444); 1H NMR (600 MHz, CDCl3) δH: 2.51 (m, 1H, H-8), 2.54 (m, 1H, H-7), 2.93 (d, J = 5.0 Hz, 1H,
H-7), 2.96 (m, 1H, H-7′), 3.11 (d, J = 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, J = 2.0 Hz, H-2), 6.63 (d, 1H, J = 1.1 Hz, H-6′), 6.67 (dd, J = 8.1,
1.9 Hz, 1H, H-6), 6.71 (d, J = 1.9 Hz, 1H, H-2′), 6.79 (d, 1H, J = 8.1 Hz, H-5), 6.84 (d, 1H, J = 8.0 Hz, H-5′).

3.3.2. Tracheloside (2)

Amorphous powder, [α]27
D − 12.6◦ (c = 1.6, MeOH); HR-MS m/z: 549.1970 [M−H]− (calcd for

C27H33O12, 549.1972); 1H NMR (600 MHz, pyridine-d5) δH: 2.77 (ddd, J = 17.3, 9.5, 5.0 Hz, 1H, H-8),
2.96 (dd, J = 13.8, 10.0 Hz, 1H, H-7), 3.26 (dd, J = 13.8, 4.8 Hz, 1H, H-7), 3.34 (d, J = 13.6 Hz, 1H, H-7′),
3.66 (d, J = 13.6 Hz, 1H, H-7′), 3.76, 3.77, 3.82 (s, 3H each, -OMe), 4.19 (t, J = 8.0 Hz, 1H, H-9), 4.36 (m,
1H, H-9), 5.67 (d, J = 6.2 Hz, 1H, Hglc-1), 6.89 (dd, J = 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, J = 8.3, 1.7 Hz, 1H, H-6′), 7.17 (d, J = 1.7 Hz, 1H, H-2′), 7.60 (d, J = 8.3 Hz,
1H, H-5′).

3.3.3. Trachelogenin β-Gentionbioside (3)

Amorphous powder, [α]28
D − 70.0◦ (c = 2.0, MeOH); HR-MS m/z: 711.2489 [M−H]− (calcd for

C33H43O17, 711.2500); 1H NMR (600 MHz, pyridine-d5) δH: 2.76 (ddd, J = 17.3, 9.4, 5.1 Hz, 1H, H-8),
2.93 (dd, J = 13.8, 10.1 Hz, 1H, H-7), 3.22 (dd, J = 13.9, 7.0 Hz, 1H, H-7), 3.30 (d, J = 13.6 Hz, 1H, H-7′),
3.61 (d, J = 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, J = 8.0 Hz,
1H, H-9), 4.49 (dd, J = 11.8, 2.2 Hz, 1H, H-9), 5.06 (d, J = 7.8 Hz, 1H, Hglc-1′), 5.58 (d, J = 7.3 Hz, 1H,
Hglc-1), 6.88 (dd, J = 8.1, 1.6 Hz, 1H, H-6), 6.92 (d, J = 1.6 Hz, 1H, H-2), 6.94 (d, J = 8.1 Hz, 1H, H-5), 7.14
(d, J = 1.7 Hz, 1H, H-2′), 7.19 (d, J = 1.6 Hz, 1H, H-6′), 7.70 (d, J = 8.3 Hz, 1H, H-5′).

3.3.4. Nortrachelogenin (4)

Yellow resin, [α]D + 15.4◦ (c = 0.52, CHCl3); HR-MS m/z: 373.1307 [M−H]− (calcd for C20H21O7,
373.1287); 1H NMR (600 MHz, CDCl3) δH: 2.49 (m, 1H, H-8), 2.53 (m, 1H, H-7), 2.92 (d, J = 4.1 Hz, 1H,
H-7), 2.93 (d, J = 7.1 Hz, 1H, H-7′), 3.12 (d, J = 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, J = 1.3 Hz, 1H, H-2), 6.82 (s, 1H, H-6′), 6.83 (d, J = 3.7 Hz, 1H, H-6).

3.3.5. Nortracheloside (5)

White powder, [α]19
D − 47.9◦ (c = 1.02, EtOH); HR-MS m/z: 534.1850 [M−H]− (calcd for C26H31O12,

535.1816); 1H NMR (600 MHz, DMSO-d6) δH: 2.38 (m, 1H, H-8), 2.45 (dd, J = 13.6, 9.9 Hz, 1H, H-7),
2.69 (dd, J = 14.7, 4.4 Hz, 1H, H-7), 2.91 (d, J = 13.5 Hz, 1H, H-7′), 3.09 (d, J = 13.5 Hz, 1H, H-7′), 3.71,
3.73 (s, 3H each, -OMe), 3.97 (d, J = 7.7 Hz, 2H, H-9), 4.93 (d, J = 7.3 Hz, 1H, Hglc-1′), 6.56 (dd, J = 8.0,
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1.6 Hz, 1H, H-5′), 6.69 (d, J = 1.7 Hz, 1H, H-6′), 6.72 (d, J = 8.0 Hz, 1H, H-2′), 6.75 (dd, J = 8.4, 1.5 Hz,
1H, H-5), 6.81 (d, J = 1.6 Hz, 1H, H-6), 7.05 (d, J = 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 H2O, were acquired by performing UPLC-MS/MS. The mobile phases involved
a mixture with H2O (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 μL/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 × 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 μM). After 48 h
of incubation in a 37 ◦C incubator, cell viability was evaluated at 490 nm. IC50 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 H2O) 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–S5: 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 (Th1)
(IL-2), Th2 (IL-5), pro-inflammatory (TNF-α) 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-α/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)-α and interleukin (IL)-1, etc.), inflammatory mediators (prostaglandin E2 (PGE2) 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-10 is 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-γ 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 α-asarone and β-asarone, monoterpene
hydrocarbons, sesquiterpenes, sesquiterpenoids, monoterpene alcohols, sesquiterpene alcohols and
monoterpenes (including α- and β-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 α- and β-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 β-pinene, α-pinene and β-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 (ZJP), 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-1β and TNF-α 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 μm 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% Na2CO3 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 × 250 mm; film thickness 0.25 μm); 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 μL 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 CO2 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 10× HBSS (Hyclone,
SH30015.02, South Logan, UT, USA), 2.5 mL of penicillin–streptomycin–amphotericin solution (PSA,
100×, 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 Na2HPO4, 1.5 mM KH2PO4, pH 7.4, 0.22 μm filtered), 2.0 mL of 7.5%
NaHCO3 (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 400× 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 (100× 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 × 106 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 400× 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, 0.22μm 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 400× 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 × 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 μL/well splenocytes (1 × 107 cells/mL) were pipetted into a 96-well
plate. Aliquots of 50 μL/well SDEO at different concentrations or lipopolysaccharide (LPS, as a positive
control, final concentration in the medium was 2.5 μg/mL) were added to the well and mixed thoroughly.
The plate was incubated in an incubator with 5% CO2 and 95% air at 37 ◦C for 72 h. After incubation,
aliquots of 10 μL 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% CO2 and 95% air at 37 ◦C for another 4 h.
The plate was centrifuged at 400× g for 10 min. The supernatant was decanted to remove excess MTT.
Aliquots of 100 μL/well PBS buffer were added to each well to rinse the cells three times. Aliquots of
100 μL/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)] × 100.
Asample: cells added with SDEO samples; Ablank: TCM medium alone; Acontrol: 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 × 107 cells/mL, 500 μL/well) were cultured with SDEO (500 μL/well) samples at different optimal
concentrations in a 24-well plate. The plate was incubated at 37 ◦C in a humidified incubator with
5% CO2 and 95% air for 48 h. Lipopolysaccharide (LPS, Sigma-Aldrich Co., L-2654, St. Louis, MO,
USA) at a final concentration of 2.5 μg/mL was selected as a positive control in each experiment. After
incubation, the plate was centrifuged at 400× g 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 SDEO 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 × 106 cells/mL, 500 μL/well) were cultured with SDEO samples (500 μL/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% CO2 and 95% air for 48 h. In each experiment, endotoxin LPS
with a final concentration of 2.5 μg/mL in the culture was selected as a positive control or control,
respectively. After incubation, the supernatant in the cell culture was collected and stored at −80 ◦C
for pro-/anti-inflammatory cytokine assays. Based on changes in pro-/anti-inflammatory cytokine
secretions, the anti-inflammatory potential of AG and ER SDEO were evaluated [30].

2.9. Th1/Th2 and pro-/anti-Inflammatory Cytokine Levels Secreted by Immune Cells Measured Using an
Enzyme-Linked Immunosorbent Assay (ELISA)

Th1 (IL-2)/Th2 (IL-5) cytokines secreted by splenocytes and pro- (TNF-α)/anti-inflammatory
(IL-10) cytokines secreted by macrophages were respectively measured using sandwich ELISA kits,
and assayed according to the cytokine ELISA protocol from the manufacturer’s instructions (mouse
DuoSet ELISA Development system, R&D Systems, Minneapolis, MN, USA). Briefly, aliquots of 100 μL
of anti-mouse captured antibodies (1:180 diluted with PBS) were added to 96-well plate and incubated
overnight at 4 ◦C. After incubation, the plate was washed with ELISA wash buffer (0.05% Tween
20 in PBS, pH 7.4) three times. Aliquots of 200 μL of block buffer (1% bovine serum albumin (BSA,
Sigma-Aldrich Corp., S-2002, St. Louis, MO, USA) and 0.05% NaN3 in PBS) were added to each well to
block non-specific binding. The plate was incubated at room temperature for 1 h. After incubation,
the plate was washed with ELISA wash buffer three times. Aliquots of 100 μL of the cytokine test
sample or standard in reagent diluent (0.1% BSA in Tris-buffered saline (TBS, 20 mM Trizma base,
150 mM NaCl, pH 7.4, 0.22 μm filtered)) were added to the wells and the plate was incubated for 2 h
at room temperature. A seven-point (in duplicate) standard curve (1000–15.6 pg/mL) using 2-fold
serial dilutions in reagent diluent was performed. After incubation, the plate was washed with ELISA
wash buffer three times. Aliquots of 100 μL of the detection antibody (biotinylated goat anti-mouse
monoclonal antibody at 1:180 dilution in reagent diluent) were added to each well. The plate was
incubated at room temperature for 2 h. After incubation, the plate was washed with ELISA wash
buffer three times. Aliquots of 100 μL of working streptavidin–horseradish peroxidase (HRP) dilution
were added to each well. Then, the plate was incubated at room temperature for 20 min. After
incubation, the plate was washed with ELISA wash buffer three times. Aliquots of 100 μL of substrate
solution (tetramethylbenzidine, TMB, Clinical Science Products Inc., 01016-1-500, Mansfield, MA,
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USA) were pipetted into each well. To develop color, the plate was incubated at room temperature for
20 min. Finally, aliquots of 50 μL of stop solution (2N H2SO4) were added to each well to cease the
reaction. The plate was measured for absorbance at 450 nm using an ELISA reader (Microplate Reader
FLUOstar-Omega, 415-1103, Ortenberg, Germany). The cytokine levels were calculated using the
seven-point standard curves. The inter/intra coefficient of variability (CV, %) of the DuoSet ELISA kits
used in this study were calculated based on the average absorbance from duplicate standards and/or
plates. With the inter CV (%) assays, CV (%) of IL-2, IL-5, TNF-α, and IL-10 were 1.94 (1.14–2.81), 4.33
(2.07–8.67), 1.75 (0.90–3.26), and 2.25 (0.95–3.67), respectively. With the intra CV (%) assays, CV (%) of
IL-2, IL-5, TNF-α, and IL-10 were 2.11 (0.00–3.08), 3.10 (1.64–4.00), 1.87 (0.95–4.53), and 2.30 (0.21–4.63),
respectively. The detection sensitivity of the ELISA kits used in this study was <15.6 pg/mL.

2.10. Statistical Analysis

Values are expressed as mean ± standard deviation (SD) and statistically analyzed using repeated
ANOVA measurements, if analyzed by statistical probability (p < 0.05), followed by Duncan’s new
multi-range test. Statistical analyses were performed using IBM SPSS statistics 20. The relationship
between phytochemicals (total phenolic, total flavonoid and total saponin) contents in 2 selected
SDEOs and cytokine secretion profiles by correspondent immune cells was described as the Spearman
correlation coefficient (rho). The difference was considered statistically significant if p < 0.05.

3. Results and Discussion

3.1. Total Flavonoid, Phenolic and Saponin Contents in AG and ER Selected SDEO

As shown in Table 1, ER SDEO contained much higher total flavonoid, polyphenol and saponin
contents than those of AG SDEO. In comparison with these three phytochemicals, total saponins had
the greatest amounts in either AG or ER SDEO. We hypothesized that all three detected phytochemicals
might contribute to anti-inflammatory effects. The potential phytochemical contents in different SDEOs
varied dramatically, possibly reflecting their immunomodulatory functions. If merely depending on
the quantity, total saponins in ER SDEO seemed to have the most contribution to modulate Th1/Th2 and
pro-/anti-inflammatory cytokines secretions. However, the composition of ER SDEO is so complicated
that other constituents could not be excluded the role to partake in the immunomodulatory effects.
Chemical components of ER SDEO assayed with GC-MS were found to contain at least 51 compounds,
including 2 alkenes, 22 alcohols, 2 ketones, 1 acid, 2 esters as well as other compounds (Table 2). Other
compounds in ER SDEO such as phenolic compounds and alkaloids may also contribute their effects.
Individual active compounds in ER SDEO should be further assayed and clarified in the future.

Table 1. Total flavonoid, polyphenol and saponin contents in AG and ER steam distilled essential oils
(SDEO).

Samples
Total Flavonoids
(mg Quercetin

Equivalent/g Sample)

Total Polyphenols
(mg Gallic Acid

Equivalent/g Sample)

Total Saponins
(mg Oleanolic Acid

Equivalent/g Sample)

AG 0.1 ± 0.0 C,b 17.3 ± 2.3 B,b 161 ± 32 A,b

ER 20.3 ± 1.6 B,a 33.3 ± 0.7 B,a 601 ± 13 A,a

Value are means ± SD (n = 3 replications). AG, Acorus gramineus SDEO; ER, Euodia ruticarpa SDEO. Values within
same row not sharing a common superscript capital letter are significantly different (p < 0.05) from each other.
Values within same column not sharing a common superscript small letter are significantly different (p < 0.05) from
one another analyzed using one-way ANOVA, followed by Duncan’s multiple range test.
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Table 2. Chemical components of ER SDEO assayed with Gas Chromatography-Mass Spectrometry
(GC-MS).

NO. RT RI Compounds M.W.
Chemical
Formula

CAS NO.

1 18.619 1092.33 Linalool 154.14 C10H18O 000078-70-6
2 19.54 1118 4-Isopropyl-1-methyl-2-cyclohexen-1-ol 154.14 C10H18O 029803-81-4
3 20.136 1135.1 Terpenene-1-ol 154.14 C10H18O 000586-82-3
4 21.321 1167.66 4-Isopropyl-1-methyl-2-cyclohexen-1-ol 138.10 C9H14O 000500-02-7
5 21.539 1173.45 p-Cymen-8-ol 150.10 C10H14O 001197-01-9
6 21.975 1184.86 β-Fenchyl alcohol 154.14 C10H18O 000470-08-6
7 22.344 1194.35 4-Methyl-1,4-heptadiene 110.11 C8H14 013857-55-1
8 22.967 1212.25 Trans-(+)-carveol 152.12 C10H16O 001197-07-5
9 23.328 1223.12 Carveol 152.12 C10H16O 000000-00-0

10 23.471 1227.38 Cyclobutanol 150.1 C10H14O 091531-61-2
11 24.201 1248.73 3-Ethyl-2-pentanone 114.10 C7H14O 006137-03-7
12 24.349 1252.98 2,5-Dimethyl-1,5-hexadiene-3,4-diol 142.10 C8H14O2 004723-10-8
13 24.648 1261.49 3,3,5-Trimethyl-heptane 142.17 C10H22 007154-80-5
14 25.22 1277.48 3,3,6-Trimethyl-4,5-heptadien-2-one 152.12 C10H16O 081250-41-1
15 25.325 1280.38 Methyl (2E)-2,5-dimethylhexa-2,4-dienoate 154.10 C9H14O2 000000-00-0
16 25.421 1283.01 Cuminic alcohol 150.10 C10H14O 000536-60-7
17 25.664 1289.65 Dill ether 152.12 C10H16O 000000-00-0
18 25.846 1294.57 Perilla alcohol 152.12 C10H16O 000536-59-4
19 25.986 1298.34 4-Methyl-2-(3-methyl-2-butenyl)-furan 150.10 C10H14O 000000-00-0
20 26.787 1323.45 Methyl anthranilate 151.06 C8H9NO2 000134-20-3
21 27.423 1343.13 Eugenol 164.08 C10H12O2 000097-53-0
22 27.825 1355.33 (±)-Eldanolide 168.12 C10H16O2 092843-42-0
23 29.064 1391.85 (±)-Eldanolide 168.12 C10H16O2 092843-42-0
24 29.863 1417.23 (E)-1-Cyclohexyl-3,3-dimethyl-1-butene 166.17 C12H22 109660-16-4
25 29.945 1419.95 1-(2-Hydroxy-4-methoxyphenyl)-ethanone 166.06 C9H10O3 000552-41-0

26 32.435 1499.08 (E)-3,4-Epoxy-1-(1’,2’-epoxy-3’,3’-epoxymethano-2’,6’,6’-
trimethyl-1’-cyclohexyl)-3-methyl-1-butene 250.16 C15H22O3 091186-32-2

27 32.997 1518.69 β-myrcene 136.13 C10H16 000127-91-3
28 33.962 1551.85 cis-5-Dodecenoic acid 198.16 C12H22O2 002430-94-6
29 34.239 1561.19 3,7,11-Trimethyl-, (Z,E)-1,3,6,10-Dodecatetraene 204.19 C15H24 026560-14-5
30 35.051 1588.15 (+)-Spathulenol 220.18 C15H24O 077171-55-2
31 35.153 1591.49 4-Hydroxy-β-ionone 208.15 C13H20O2 015401-34-0

32 35.474 1602.23 Methyl 4-(4-methyl-3-pentenyl)-3-cyclohexen-1-yl
ketone 206.17 C14H22O 038758-04-2

33 35.864 1616.64 6-Isopropenyl-4,8a-dimethyl-1,2,3,5,6,7,8,8a-octahydro-
2-naphthalenol 220.18 C15H24O 000000-00-0

34 36.293 1632.31 (-)-Spathulenol 220.18 C15H24O 077171-55-2
35 36.636 1644.7 Caryophylla-4(12),8(13)-dien-5β-ol 220.18 C15H24O 000000-00-0
36 37.131 1662.39 (+)-β-Costol 220.18 C15H24O 065018-15-7
37 37.604 1679.07 Patchulane 206.20 C15H26 019078-35-4
38 37.943 1690.9 2-Pentadecanone 226.23 C15H30O 002345-28-0
39 38.502 1711.51 Cedr-8-en-13-ol 220.18 C15H24O 018319-35-2

40 38.819 1723.74 (E)-2-Methyl-4-(2’,6’,6’-trimethyl-3’-methyliden-1’,2’-
epoxy-1’-cyclohexyl)-1,3-butadiene 218.17 C15H22O 077822-46-9

41 38.965 1729.33 Valerenol 220.18 C15H24O 084249-42-3
42 39.203 1738.41 (+)-Valencene 220.18 C15H24O 004630-07-3

43 39.462 1748.23 7-Isopropenyl-1,4a-dimethyl-4,4a,5,6,7,8-hexahydro-3H-
naphthalen-2-one 218.17 C15H22O 000473-08-5

44 40.416 1783.85 6-Phenyl(deuterate)-2,3,4,5-tetrahydro-3-pyridazinone 179.11 C10H5D5N2O 055999-93-4
45 41.356 1820.32 cis-Z-α-Bisabolene epoxide 220.18 C15H24O 000000-00-0

46 42.828 1878.73 1-Isopropyl-4,8,12-trimethylcyclotetrtadeca-
2,4,7,11-tetraene 272.25 C20H32 000000-00-0

47 42.917 1882.19 4,4,8-Trimethyltricyclo[6.3.1.0(1,5)]dodecane-2,9-diol 238.19 C15H26O2 000000-00-0
48 43.43 1902.27 7,11-Dimethyl-3-methylene-(Z)-1,6,10-dodecatriene 204.19 C15H24 028973-97-9
49 44.732 1957.07 2,6,11,15-Tetramethyl-hexadeca-2,6,8,10,14-pentaene 272.25 C20H32 038259-79-9

50 45.437 1986.09 2,4a,5,6,7,8,9,9a-Octahydro-3,5,5-trimethyl-9-methylene-
1H-Benzocycloheptene 204.19 C15H24 080923-88-2

51 45.544 1990.45 2,6,11,15-Tetramethyl-hexadeca-2,6,8,10,14-pentaene 272.25 C20H32 038259-79-9

RT: Retention time (min); RI: Retention indices.

3.2. Optimal AG and ER SDEO Concentrations using Murine Splenocytes

To achieve optimal concentrations for use, the possible cytotoxicity of AG or ER SDEO to murine
splenocytes was assessed, respectively. The results showed that there are significant (p < 0.05)
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cytotoxic effects on splenocytes at the higher concentrations of these two selected SDEO (Figure 1).
Based on changes in cell viabilities, the optimal non-cytotoxic concentrations of AG and ER SDEO
were 0.125–5 μg/mL and 0.25–25 μg/mL, respectively (Figure 1). In comparison, ER SDEO had less
cytotoxicity than that of AG SDEO. The stronger cytotoxic effects of AG SDEO result possibly from its
sesquiterpene composition such as the most notable component β-asarone [33]. To avoid cytotoxic
effects on immune cells, non-cytotoxic optimal concentrations of these two selected SDEOs were
adopted for the following immunomodulatory evaluation.

Figure 1. Acorus gramineus (AG) (a) and Euodia ruticarpa (ER) (b) SDEO treatment effects on splenocyte
cell growth from female BALB/c mice. Values are means ± SD (n = 6 biological determination). Data
are assayed using one-way ANOVA, followed by Duncan’s multiple range test. Bars in the same plot
not sharing a common small letter are significantly different (p < 0.05) from each other. The original cell
density was 5 × 106 cells/mL. Lipopolysaccharides (LPS) at 2.5 μg/mL in each experiment was selected
as a positive control.

3.3. AG and ER SDEO Effects on Th1/Th2 Cytokine Secretions by Mouse Primary Splenocytes

To evaluate the effects of different SDEOs on Th1/Th2 cytokine secretions, AG and ER SDEO at the
indicated non-cytotoxic concentrations were administered to splenocyte cultures for 48 h, respectively.
The results showed that AG SDEO significantly (p < 0.05) decreased IL-2 (Th1) secretions, but increased
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IL-5 (Th2) secretions (Table 3). Importantly, IL-5/IL-2 (Th2/Th1) cytokine secretion ratios by splenocytes
were significantly (p < 0.05) increased by AG SDEO in a dose-dependent manner, suggesting that AG
SDEO has a Th2-inclination property even though both Th1 and Th2 secretion amounts were still low
(Table 3).

In addition, ER SDEO significantly (p< 0.05) and dose-dependently decreased IL-2 (Th1) secretions,
but markedly increased IL-5 secretions (Table 3). Importantly, IL-5/IL-2 (Th2/Th1) cytokine secretion
ratios by splenocytes were significantly (p < 0.05) increased by ER SDEO (Table 3). Our results
evidenced that ER SDEO had a Th2- inclination property (Table 3).

Taken together, these two selected SDEOs exhibited an obvious Th2-inclination property (Table 3),
suggesting that AG and ER SDEO, particularly ER SDEO, have anti-inflammatory potential via
their Th2-polarization property that inhibits pro-inflammatory Th1 immune balance. However, we
caution that excess Th2-inclination in the adaptive immune system may cause adverse effects such as
allergic diseases.

Table 3. AG and ER SDEO treatment effects on Th1/Th2 cytokine secretions using primary splenocytes
from female BALB/c mice.

Th1 Th2
Cytokines (pg/mL)

Th2/Th1 Cytokines Ratio (pg/pg)

Samples Treatments (μg/mL) IL-2 IL-5 IL-5/IL-2

AG control 23.9 ± 4.5 B 0.0 ± 0.0 B 0.00 ± 0.00 E

0.125 21.3 ± 3.3 B 15.3 ± 4.9 A 0.73 ± 0.26 C,D

0.25 16.8 ± 2.4 C 13.4 ± 3.4 A 0.82 ± 0.26 B,C

1 9.7 ± 2.5 D 12.0 ± 4.0 A 1.28 ± 0.42 A

5 11.1 ± 2.6 D 11.8 ± 4.6 A 1.13 ± 0.59 A,B

LPS 35.3 ± 5.1 A 13.4 ± 3.1 A 0.39 ± 0.12 D

ER control 23.9 ± 4.5 b 0.0 ± 0.0 d 0.00 ± 0.00 c

0.25 9.8 ± 1.6 c 50.9 ± 6.1 a 5.50 ± 1.13 b

1 10.3 ± 2.3 c 49.0 ± 2.5 a,b 4.90 ± 0.97 b

5 9.4 ± 2.1 c 50.8 ± 8.3 a 5.43 ± 1.10 b

25 3.0 ± 1.1 d 45.3 ± 2.5 b 16.8 ± 6.72 a

LPS 35.3 ± 5.1 a 13.4 ± 3.1 c 0.39 ± 0.12 c

Values are means ± SD (n = 6 biological determinations). Values within same column in the same item (AG or ER)
not sharing a common superscript letter are significantly different (p < 0.05) from each other assayed using one-way
ANOVA, followed by Duncan′s multiple range test. The detection sensitivity of cytokine ELISA kits used in this
study was <15.6 pg/mL.

3.4. AG and ER SDEO Effects on pro-/anti-Inflammatory Cytokine Secretions by Mouse Peritoneal
Macrophages in the Absence or Presence of LPS

To examine anti-inflammatory potential, AG and ER SDEO at the indicated non-cytotoxic optimal
concentrations were administered to peritoneal macrophages in the absence or presence of LPS
(2.5 μg/mL) for 48 h. The results showed that TNF-α secretions by macrophages in the absence of LPS
were slightly but not significantly (p > 0.05) inhibited by AG SDEO (0.125–5 μg/mL), while IL-10 levels
slightly but not significantly (p > 0.05) increased (Table 4). Importantly, TNF-α/IL-10 cytokine secretion
ratios by macrophages in the absence of LPS were significantly (p < 0.05) decreased by AG SDEO,
suggesting that AG SDEO has anti-inflammatory potential. In addition, ER SDEO markedly inhibited
TNF-α secretions, but increased IL-10 secretions (Table 4). Importantly, TNF-α/IL-10 cytokine secretion
ratios by macrophages in the absence of LPS were significantly (p < 0.05) and dose-dependently
decreased by ER SDEO, suggesting that ER SDEO has strong anti-inflammatory potential. Our results
suggest that these two selected SDEOs, particularly ER SDEO, have the potential to inhibit spontaneous
inflammation in macrophages.

AG SDEO administration more or less increased pro-inflammatory cytokines TNF-α, and
anti-inflammatory cytokine IL-10 by peritoneal macrophages in the presence of LPS (Table 5).
However, AG SDEO administration dose-dependently, but not significantly (p > 0.05), decreased
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TNF-α/IL-10 secretion ratios by LPS-stimulated macrophages. Our results suggest that AG SDEO
enhances cytokine secretions but has mild anti-inflammatory potential. As to ER SDEO, ER SDEO
administration at appropriate concentrations significantly (p < 0.05) decreased pro-inflammatory
cytokine TNF-α, as well as anti-inflammatory cytokine IL-10 by LPS-stimulated macrophages (Table 5).
However, ER SDEO administrations significantly (p < 0.05) decreased TNF-α/IL-10 secretion ratios by
LPS-stimulated macrophages, suggesting that ER SDEO has anti-inflammatory potential via inhibiting
both pro- and anti-inflammatory cytokine secretions and decreasing TNF-α/IL-10 secretion ratios by
LPS-stimulated macrophages.

In comparison with AG and ER SDEO, we concluded that both AG and ER SDEO have the
potential to inhibit spontaneous (Table 4) and LPS-stimulated inflammation (Table 5) in macrophages.
However, the anti-inflammatory properties of these two selected SDEO in LPS-induced inflammation
were quite different from each other (Table 5). ER SDEO seems to have a mild inhibitory property to
IL-10 secretions by LPS-stimulated macrophages that are similar to glucocorticoid functions but it can
regulate pro-/anti-inflammatory cytokine secretion ratio. In contrast, AG SDEO has the potential to
inhibit spontaneous and LPS-induced inflammation through its potent immunomodulatory but not
inhibitory property to immune cells.

Table 4. AG and ER SDEO treatment effects on pro- and anti-inflammatory cytokine secretions using
mouse peritoneal macrophages in the absence of LPS.

Pro-Inflammatory Anti-Inflammatory Pro-/Anti-Inflammatory
Cytokines Secretion Ratios (pg/pg)Cytokines (pg/mL)

Treatments
(μg/mL)

TNF-α IL-10 TNF-α/IL-10

AG control 45 ± 20 B 78 ± 19 B 0.63 ± 0.34 A

0.125 26 ± 5 B 91 ± 31 B 0.31 ± 0.07 B

0.25 28 ± 7 B 84 ± 27 B 0.35 ± 0.16 A,B

1 33 ± 5 B 88 ± 27 B 0.40 ± 0.04 A,B

5 26 ± 4 B 102 ± 24 B 0.26 ± 0.04 B

LPS 248 ± 152 A 735 ± 148 A 0.33 ± 0.19 A,B

ER control 45 ± 20 b 78 ± 19 c 0.63 ± 0.34 a

0.25 26 ± 18 b 108 ± 14 c 0.25 ± 0.20 b

1 25 ± 14 b 104 ± 9 c 0.24 ± 0.13 b

5 23 ± 11 b 120 ± 7 c 0.19 ± 0.08 b

25 28 ± 14 b 339 ± 34 b 0.08 ± 0.04 b

LPS 248 ± 152 a 735 ± 148 a 0.33 ± 0.19 b

Values are means ± SD (n = 4 biological determinations). Values within same column in the same item (AG or ER)
not sharing a common superscript letter are significantly different (p < 0.05) from each other assayed using one-way
ANOVA, followed by Duncan′s multiple range test. The detection sensitivity of cytokine ELISA kits used in this
study was <15.6 pg/mL.

Table 5. AG and ER SDEO treatment effects on pro- and anti-inflammatory cytokine secretions using
LPS-stimulated peritoneal macrophages from female BALB/c mice.

Pro-Inflammatory Anti-Inflammatory Pro-/Anti-Inflammatory
Cytokines Secretion Ratios (pg/pg)Cytokines (pg/mL)

Treatments
(μg/mL)

TNF-α IL-10 TNF-α/IL-10

VC 144 ± 30 C 190 ± 63 B 0.81 ± 0.26 A

control
(LPS alone) 499 ± 81 B 1005 ± 282 A 0.52 ± 0.14 B

AG 0.125 592 ± 53 A 1292 ± 405A 0.50 ± 0.16 B

0.25 580 ± 74 A,B 1274 ± 371 A 0.48 ± 0.10 B

1 546 ± 68 A,B 1234 ± 389 A 0.47 ± 0.14 B

5 557 ± 69 A,B 1308 ± 405 A 0.46 ± 0.15 B
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Table 5. Cont.

Pro-Inflammatory Anti-Inflammatory Pro-/Anti-Inflammatory
Cytokines Secretion Ratios (pg/pg)Cytokines (pg/mL)

Treatments
(μg/mL)

TNF-α IL-10 TNF-α/IL-10

VC 144 ± 30 d 190 ± 63 c 0.81 ± 0.26 a

control
(LPS alone) 499 ± 81 a 1005 ± 282 a 0.52 ± 0.14 b

ER 0.25 239 ± 39 c 726 ± 193 b 0.34 ± 0.05 c

1 222 ± 39 c 712 ± 120 b 0.31 ± 0.02 c

5 235 ± 49 c 817 ± 149 a,b 0.29 ± 0.02 c

25 396 ± 47 b 922 ± 146 a,b 0.43 ± 0.03 b,c

Values are means ± SD (n = 6 biological determinations). Values within same column in the same item (AG or ER)
not sharing a common superscript letter are significantly different (p < 0.05) from each other assayed using one-way
ANOVA, followed by Duncan′s multiple range test. The sensitivity of cytokine ELISA kits used in this study was
<15.6 pg/mL.

3.5. The Correlation between Th1/Th2 Cytokine Secretion Levels in Mouse Primary Splenocyte Cultures and
Total Flavonoid, Phenol or Saponin Contents in AG and ER SDEO

Correlations between Th1/Th2 cytokine secretion levels and potent phytochemicals, including
total flavonoid, total phenol and total saponin contents in AG and ER SDEO, were determined using
the Spearman correlation coefficient. The results showed that there are significant (p < 0.05) positive
correlations between IL-5/IL-2 (Th2/Th1) cytokine secretion ratios by mouse splenocytes and total
polyphenol, flavonoid or saponin contents in a linear manner (Figure 2). Our results further suggest that
potent anti-inflammatory phytochemicals including polyphenols (Figure 2A), flavonoids (Figure 2B)
and saponins (Figure 2C) may exert their anti-inflammatory ability via decreasing Th2/Th1 cytokine
secretions in a linear manner.

Figure 2. Cont.
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Figure 2. The correlation between total polyphenol (a), flavonoid (b) and saponin (c) contents in AG
and ER SDEO used in the media and IL-5/IL-2 cytokine secretion ratios using mouse splenocytes. The
correlation was expressed using the Spearman correlation coefficient. The correlation is considered
statistically different if p < 0.05. **, p < 0.01.

3.6. The Correlation between pro-/anti-Inflammatory Cytokine Secretion Levels in Mouse Primary Peritoneal
Macrophage Cultures in the Absence or Presence of LPS and Total Flavonoid, Phenol or Saponin Contents in
AG and ER SDEO

The correlations between cytokine secretion levels and potent phytochemicals, including total
flavonoid, phenol or saponin contents in AG and ER SDEO, were determined using the Spearman
correlation coefficient. We found that there are significant (p < 0.05) positive correlations between
anti-inflammatory IL-10 cytokine secretions by mouse peritoneal macrophages in the absence of
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LPS and total polyphenol, flavonoid or saponin contents in a linear manner (Figure 3). Our results
further suggest that potent anti-inflammatory phytochemicals including polyphenols (Figure 3A),
flavonoids (Figure 3B) and saponins (Figure 3C) may exert their anti-inflammatory ability via increasing
spontaneously anti-inflammatory cytokine secretions in a linear manner. In addition, there are
significantly (p < 0.05) but non-linearly negative correlations between TNF-α/IL-10 secretions by
peritoneal macrophages in the absence of LPS and total polyphenol, flavonoid or saponin contents
(Figure 4). Our results suggest that potent anti-inflammatory phytochemicals including polyphenols
(Figure 4A), flavonoids (Figure 4B) and saponins (Figure 4C) may exert their anti-inflammatory
ability via decreasing spontaneous pro-/anti-inflammatory cytokine secretion ratios by macrophages
in a non-linearly pharmacological manner. In the presence of LPS, there was a significant negative
correlation between TNF-α/IL-10 cytokine secretion ratios in the LPS-stimulated peritoneal macrophage
cultures and total flavonoid, polyphenol and saponin contents in the two selected SDEOs in a biphasic
manner (Figure 5). Interestingly, higher doses of active anti-inflammatory ingredients might enhance
LPS-induced inflammation status. Our results suggest that lower-dose daily supplements of active
anti-inflammatory ingredients such as flavonoids, polyphenols and saponins, etc. may provide
anti-inflammatory protections but avoid their adverse side effects.

Figure 3. Cont.
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Figure 3. The correlation between total polyphenol (a), flavonoid (b) and saponin (c) contents in AG
and ER SDEO used in the media and IL-10 cytokine secretion using mouse macrophages in the absence
of LPS. The correlation was expressed using the Spearman correlation coefficient. The correlation is
considered statistically different if p < 0.05. **, p < 0.01.
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Figure 4. Cont.
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Figure 4. The correlation between total polyphenol (a), flavonoid (b) and saponin (c) contents in AG
and ER SDEO used in the media and TNF-α/IL-10 cytokine secretion ratios using mouse macrophages
in the absence of LPS. The correlation was expressed using the Spearman correlation coefficient. The
correlation is considered statistically different if p < 0.05. **, p < 0.01.

Figure 5. Cont.
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Figure 5. The correlation between total polyphenol (a), flavonoid (b) and saponin (c) contents in AG
and ER SDEO used in the media and TNF-α/IL-10 cytokine secretion ratios using mouse macrophages
in the presence of LPS. The correlation was expressed using the Spearman correlation coefficient. The
correlation is considered statistically different if p < 0.05. **, p < 0.01.

In the present study, we reported on the immunomodulatory effects of AG and ER SDEO on
Th1/Th2 and pro-/anti-inflammatory immune responses using mouse splenocytes and peritoneal
macrophages, respectively. We evidenced that these two selected SDEOs demonstrate potent
anti-inflammatory potential through their Th2-inclination property to splenocytes (Table 3) and
decreasing pro-/anti-inflammatory cytokine secretion ratios by macrophages either in the absence
(Table 4) or presence (Table 5) of LPS. Undoubtedly, essential oils have the potential to regulate cytokine
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secretions by immune cells. We hypothesized that SDEO is safer than traditional essential oils because
of water steam distillation in place of traditional toxic solvents for essential oil extraction. Therefore,
functional SDEOs including AG and ER SDEO may be used for the development of functional foods
and pharmaceuticals including aromatherapy. The highest dose of ER SDEO used in this study was
25 μg/mL (versus 5 × 106 splenocytes/mL or 1 × 106 macrophages/mL) (Tables 3 and 5). It is still a
low concentration, nevertheless, the dose is an effective concentration with little cytotoxicity. We
supposed that there are 20 folds of the same tested cells in a 20 g mouse. Therefore, an aliquot of 0.5 mg
(25 μg × 20 = 500 μg) is suggested to furnish a 20 g mouse daily. Moreover, dose conversion between
animals and humans is based on body surface area. There is a conversion factor of 387.9 between a
70 kg person and a 20 g mouse based on body surface area ratio for pharmacological application. Thus,
daily supplementation with 193.95 mg ER SDEO (0.5 mg × 387.9 = 193.95 mg) or 38.79 mg AG SDEO for
a 70 kg person may achieve a therapeutic effect. The recommendatory doses may be useful for practical
applicability. However, our suggestion still can’t entirely and appropriately calculate the effective
dose necessary for mouse/human body. Our assumption is just based on a simple multiplication of
the cell numbers used in our experiment in proportion to the expected mass of mouse/human body.
This assumption could not respect any continuous metabolic elimination by organs such as the liver
or kidneys, as well as distribution volume for these active chemicals in the living body. Particularly,
these chemicals could affect not only immune cells but also any other cell/tissue of the host organism.
It is so complicated that it is difficult to propose a simple and perfect model to predict the effective
dose in vivo. Nevertheless, we postulate a hypothesis which can be easily proved/disproved with the
known chemical composition of these distilled essential oils in the future.

AG and ER SDEO regulated the secretion of cytokines by immune cells, but it was still unclear which
active components in SDEO are responsible. To clarify this puzzle, potential phytochemicals, including
total polyphenols, flavonoids and saponins, in the two selected SDEOs were measured and correlated
with cytokine secretions by correspondent immune cells. Total polyphenols, flavonoids or saponins
contents in the two selected SDEOs are significantly (p < 0.05) correlated with Th1/Th2 immune balance
and anti-inflammatory ability in linear, non-linear or biphasic manners, respectively (Figures 2–5). We
presumed that other phytochemicals such as plant alkaloids in addition to polyphenols, flavonoids
or saponins may exist in these two selected SDEOs. Individual active phytochemicals in selected
SDEOs may mutually interact with each other with synergism or antagonism effects, resulting in the
linear, non-linear or biphasic manners. It has been reported that plant essential oils with biologically
active functions either extracted with water distillation or organic solvents are usually attributed
to the ability of low molecular weight molecules penetrating into cellular membranes (including
mitochondrial membranes), to scavenge free radicals and inhibit the expression of pro-inflammatory
IL-1β and TNF-α cytokine genes [34]. Essential oils (EOs) can be complex mixtures of low molecular
weight molecules (less than 500 Da) with very variable concentrations extracted from plants by
steam distillation, hydro-distillation or other various solvents [15,34]. These low molecular weight
compounds are not practically soluble in water [35]. Monoterpenes, sesquiterpenes, oxygenated
monoterpenes, oxygenated sesquiterpenes, phenolics and others [17,36] are the major constituents that
provide the characteristic aroma and biological properties to EOs. To avoid the toxic effects of residual
organic solvents, relatively less toxic SDEOs such as AG and ER SDEO (Tables 3–5) are a new and
potential therapy to regulate Th1/Th2 immune balance and inhibit an inflammatory response without
compromising an immune defense. A study on active components in AG and ER SDEOs is being
performed to clarify their immunomodulatory mechanisms.

There is growing evidence that chronic inflammatory responses are important for cancer
development involved in the cell differentiation of monocytes/macrophages [37]. The pro-inflammatory
cytokine TNF-α stimulates macrophages to release nitric oxide (NO) when they make pinocytosis [38].
However, excess TNF-α can induce macrophages to secrete amounts of NO, causing damage to tissue
cells and eventually leading to apoptosis [38,39]. In the present study, ER SDEO demonstrated potent
anti-inflammatory capacity through decreasing TNF-α/IL10 cytokine secretion ratios by macrophages

211



Biomolecules 2020, 10, 338

in the absence or presence of LPS (Tables 4 and 5). ER SDEO may be used for cancer immunotherapy
via its potent anti-inflammatory potential. In comparison with phytochemical composition, Th1/Th2
immune balance property and anti-inflammatory potential, ER SDEO has better potential than AR
SDEO in developing future functional foods and pharmaceuticals.

4. Conclusions

In the present study, our results evidenced ER SDEO was rich in phytochemicals including total
flavonoids, polyphenols and saponins. 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. There are significant correlations
between the total polyphenols, flavonoids or saponins content in AG and ER SDEO and Th1/Th2
immune balance or anti-inflammatory ability in linear, non-linear or biphasic manners.
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Abstract: Licochalcone D (LCD), a flavonoid isolated from a Chinese medicinal plant Glycyrrhiza inflata,
has a variety of pharmacological activities. However, the anti-cancer effects of LCD on non-small
cell lung cancer (NSCLC) have not been investigated yet. The amplification of MET (hepatocyte
growth factor receptor) compensates for the inhibition of epidermal growth factor receptor (EGFR)
activity due to tyrosine kinase inhibitor (TKI), leading to TKI resistance. Therefore, EGFR and MET
can be attractive targets for lung cancer. We investigated the anti-proliferative and apoptotic effects of
LCD in lung cancer cells HCC827 (gefitinib-sensitive) and HCC827GR (gefitinib-resistant) through
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, pull-down/kinase assay,
cell cycle analysis, Annexin-V/7-ADD staining, reactive oxygen species (ROS) assay, mitochondrial
membrane potential (MMP) assay, multi-caspase assay, and Western blot analysis. The results
showed that LCD inhibited phosphorylation and the kinase activity of EGFR and MET. In addition,
the predicted pose of LCD was competitively located at the ATP binding site. LCD suppressed
lung cancer cells growth by blocking cell cycle progression at the G2/M transition and inducing
apoptosis. LCD also induced caspases activation and poly (ADP-ribose) polymerase (PARP) cleavage,
thus displaying features of apoptotic signals. These results provide evidence that LCD has anti-tumor
effects by inhibiting EGFR and MET activities and inducing ROS-dependent apoptosis in NSCLC,
suggesting that LCD has the potential to treat lung cancer.

Keywords: licochalcone D; non-small cell lung cancer; reactive oxygen species; apoptosis

1. Introduction

Flavonoids are the most effective and variable biologically active compounds in plants.
Licochalcone D (LCD) is an active flavonoid isolated from the Chinese medicinal herb Glycyrrhiza

inflata [1]. LCD is present in the roots and rhizomes of G. inflata. The chemical name of LCD is

Biomolecules 2020, 10, 297; doi:10.3390/biom10020297 www.mdpi.com/journal/biomolecules215



Biomolecules 2020, 10, 297

(E)-3-(3,4-dihydroxy-2-methoxyphenyl)-1-[4-hydroxy-3-(3-methylbut-2-enyl)phenyl]prop-2-en-1-one.
Various pharmacological actions, including anti-oxidant, anti-biotic, anti-ulcer, and anti-carcinogenic
effects, have been described for LCD [2]. Previous studies have demonstrated that LCD can induce cell
apoptosis and suppress migration and invasion in skin cancer [3]. In addition, LCD can suppress the
proliferation in oral cancer cells [4]. However, the mechanism by which LCD exerts its effects on lung
cancer has not been fully determined yet.

Non-small cell lung cancer (NSCLC) is the major cause of death from cancer in the world. NSCLC
accounts for approximately 85% of lung cancer cases [5]. Chemotherapy remains marginally effective
for NSCLC. Chemotherapy can slightly prolong the survival of patients with advanced lung cancer.
However, it has clinically significant adverse effects [6]. The current treatment approach includes
surgical resection, radiation therapy, and chemotherapy alone or in combination [6]. Despite these
therapies, lung cancer is rarely curable, with an overall 5-year survival rate of only 15% [7]. As a result
of the low cure rate of NSCLC, it is important to find effective treatment, with a focus on new molecular
and targeted therapies.

Epidermal growth factor receptor (EGFR) mutations lead to the outstanding activation of EGFR
signaling and carcinogenicity transformation both in vitro and in vivo [8]. Cancers with EGFR
mutations (EGFR-mutated cancers) rely on EGFR signaling for growth. They are often sensitive
to medical treatment with EGFR tyrosine kinase inhibitors (TKIs) [8,9]. Most patients with lung
cancer have tumor-activating EGFR mutations. Treatment with EGFR-TKIs causes tumor reduction;
however, the progression of cancer occurs at 6 to 12 months after treatment [10]. Various mechanisms
of resistance to EGFR-TKIs (such as erlotinib and gefitinib) have been identified. The comprehension
of these mechanisms is critical to evolving treatment strategies in the setting of resistance development.
One of the resistance mechanisms is EGFR T790M point mutation within exon 20 [9]. hepatocyte
growth factor receptor (MET) and human epidermal growth factor receptor (HER)2 overexpression
with an upregulation of parallel signaling pathways have also been reported [9]. A gefitinib-resistant
HCC827GR (MET-amplified) cell has been generated by exposing these cells to gefitinib for six
months [11]. Their results showed that lung cancer cell growth was inhibited by simultaneous
treatment with gefitinib and MET inhibitor. Thus, the dual inhibition of EGFR and MET might be a
means to overcome lung cancer resistance.

The objective of this study was to investigate whether LCD could inhibit cell proliferation through
EGFR and MET dual targets in NSCLC using human gefitinib-sensitive or resistant NSCLC cells.
We found that LCD could induce the apoptosis of HCC827 and HCC827GR cells by inhibiting both
EGFR and the MET signaling pathway. To confirm whether LCD induced apoptosis, we carried out
cell proliferation, cell cycle distribution, reactive oxygen species (ROS) production, mitochondrial
membrane potential (MMP) depolarization, and multi-caspase activation assays. The results of this
study might shed light on the mechanism involved in the effect of LCD on lung cancer. We expect that
LCD for cancer treatment might give improved results.

2. Materials and Methods

2.1. Reagents and Antibodies

LCD was prepared by Professor Goo Yoon according to previous reports [1]. Roswell Park
Memorial Institute (RPMI)-1640 medium, phosphate-buffered saline (PBS), fetal bovine serum
(FBS), penicillin/streptomycin, and trypsin were purchased from Hyclone (Logan, UT, USA).
Dimethyl-sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
and Basal Medium Eagle (BME) were purchased from Sigma Chemical Company (St. Louis, MO,
USA). Gefitinib was purchased from Cayman Chemical (Ann Abor, MI, USA). Savolitinib was obtained
from Selleckchem (Houston, TX, USA). Primary antibodies against cyclin B1, cdc2, p21, p27, β-actin,
Bid, Bcl-xl, Mcl-1, Bad, cytochrome c (cyto c), α-tubulin, COX4, apoptotic protease activating factor-1
(Apaf-1), cleaved poly (ADP-Ribose) polymerase (C-PARP), and ERBB3 (HER3) were obtained from
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Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against phosphorylated (p)-EGFR
(Tyr1068), EGFR, p-MET (Tyr1234/1235), MET, p-ERBB3 (Tyr1289), p-AKT (Ser473), and AKT were
purchased from Cell Signaling Biotechnology (Beverly, MA, USA).

2.2. Cell Culture

The EGFR mutant (del E746_A750) NSCLC cell line HCC827 was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). MET-amplified HCC827GR (gefitinib-resistant
HCC827) cells were kindly contributed by professor Pasi A. Jänne (Department of Medical Oncology,
Dana-Farber Cancer Institute, Boston, MA, USA). HCC827 and HCC827GR cells were cultured in
RPMI-1640 medium supplemented with 10% FBS and 100 U/ml penicillin/streptomycin at 37 ◦C in a
humidified atmosphere of 5% CO2.

2.3. Pull-Down Assay

To confirm the interaction between LCD and EGFR or MET, HCC827 and HCC827GR cell lysates
were mixed with Sepharose 4B or LCD-Sepharose 4B beads. The protein extract was incubated
with LCD-Sepharose 4B beads or Sepharose 4B beads in reaction buffer [50 mM Tris (pH 7.5), 5 mM
EDTA, 150 mM NaCl, 1 mM/L dithiothreitol, 0.01% Nonidet P-40, 2 μg/mL bovine serum albumin,
0.02 mM phenylmethylsulfonyl fluoride, and 1X proteinase inhibitor] at 4 ◦C for 12 h. The mixture
containing beads was washed six times with a washing buffer [50 mM Tris (pH 7.5), 5 mM EDTA,
150 mM NaCl, 1 mM dithiothreitol, 0.01% Nonidet P-40, and 0.02 mM phenylmethylsulfonyl fluoride].
Then, bound proteins were eluted with sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer and subjected to Western blot analysis.

2.4. Western Blotting

Whole cells were lysed with Radio-Immunoprecipitation Assay (RIPA) buffer (iNtRON
Biotechnology, Korea). Protein concentrations were determined using a Bio-Rad DC Protein Assay
kit (Bio-Rad, Hercules, CA, USA). An equal amount of protein was loaded on 8%–15% SDS-PAGE
gels. After separation, proteins were transferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA, USA), blocked with 3% or 5% skim milk in PBS containing 0.1% Tween-20 (PBST) at room
temperature (RT) for 1 h or 2 h, and incubated with each primary antibody against its specific protein
at 4 ◦C overnight. After washing six times, membranes were incubated with secondary antibodies
for 2 h. Blots were scanned with an Image Quant LAS 500 (GE Healthcare, Uppsala, Sweden) using
Western blotting luminol reagent (Santa Cruz, CA, USA).

2.5. ATP-Competitive Binding Assay

To determine whether LCD might compete with ATP, 100 ng of recombinant active EGFR
or MET and ATP were pre-incubated at RT for 2 h. Subsequently, Sepharose 4B beads or LCD
conjugated-Sepharose 4B beads were incubated at 4◦C overnight and then washed with washing buffer.
Bound proteins were subjected to Western blot analysis.

2.6. Kinase Assay

To determine the kinase activity of EGFR or MET in response to ATP, kinase reactions were
incubated with EGFR (1.8 ng/μL; #3831), or MET (7 ng/μL; #3361), ATP (5 μM or 10 μM), substrates
(0.2 μg/μL), LCD, gefitinib (1 μM), or savolitinib (5 nM) in a kinase reaction buffer containing 40 mM
Tris (pH 7.5), 20 mM MgCl2, 0.1 mg/ml BSA, 50 μM dithiothreitol, 2 mM MnCl2, and 100 μM sodium
vanadate using kinase enzyme systems (Promega, Madison, WI, USA). Before the plate was incubated
at RT (22–25 ◦C) for 1 h, all kinase reactions were performed in 384-well plates with a volume of 5 μL.
For the purpose of depleting the remaining ATP, 5 μL of ADP-Glo reagent (ADP-Glo kinase assay kit;
Promega) was added to each well at RT for 40 min. Finally, 10 μL of kinase detection solution was
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added into each well of the 384-well plate. Luminescence reaction was proceeded and measured with
a Centro LB 960 microplate luminometer (Berthold Technologies, Germany) for 0.5 s.

2.7. Molecular Modeling and Simulation

To predict the binding pose of the receptor tyrosine kinase, we performed a molecular docking
simulation and a molecular dynamic (MD)s simulation. To perform the docking simulation,
three-dimensional (3D) ligand and receptor structures were needed such as input files of the docking
software, Vina. Receptor structures were downloaded from the protein database bank (PDB), including
EGFR kinase in complex with gefitinib (PDB entry 2ITO) and MET kinase in complex with MK-2461 (PDB
entry 3Q6W). LCD such as a ligand was made with Marvin sketch software. To run efficient searching,
the assignment of the binding site was important for the docking simulation. Based on the binding
interactions of the complex, the important ATP binding site was predicted to be Lys745 and Asp855 in
EGFR and Lys1110 and Asp1222 in MET. Motifs of tyrosine kinase commonly included a glycine-rich
nucleotide phosphate-binding loop, a G-loop (EGFR: Gly721-Gly724, MET: Gly1087-Gly1090), a hinge
(EGFR: Leu792-Pro794, MET: Tyr1159-Lys1161), a Asp-Phe-Gly (DFG) motif (EGFR: Asp855-Gly857,
MET: Asp1222-Gly1224), and an A-loop (EGFR: Asp855-Val876, MET: Asp1222-Leu1245). These binding
poses were efficiently investigated for all important motifs. According to the result of the docking
simulation, the top three binding poses were chosen based on the score of binding affinity. To confirm
thermal stability in aqua solvent environment, MD simulation was performed using Gromacs software,
which could overcome the lack of a rigid docking simulation. Complexes were solvated by a TIP3P
water model and neutralized by adding ions. The Amber14SB force field (ff14SB) and general amber
force field (GAFF) were applied for the protein and the ligand, respectively. Collected structures from
the docking simulation were run in a physiological condition (310 K and 1 atm). After running for
500 ps in isothermal–isobaric (NPT) condition, canonical (NVT) ensemble was equilibrated for 30 ns.
The stable structure was averaged in the converged state of MD simulation.

2.8. MTT Assay

HCC827 and HCC827GR cells were seeded into 96-well plates and incubated for 24 h.
Then, these cells were treated with various concentrations of LCD for 24 h or 48 h. After incubation,
MTT reagent was added to each well and incubated at 37 ◦C for 1 h. The culture medium and MTT
were removed from each well, and the formazan in each well was dissolved with 100 μL of DMSO.
The absorbance was measured at 570 nm using a Multiskan GO spectrophotometer (Thermo Scientific,
Vantaa, Finland).

2.9. Anchorage-Independent Cell Growth Assay

Cells were seeded into 0.3% top agar over a layer of 0.6% bottom agar in a 6-well plate at a density
of 8000 cells/well. Various concentrations of LCD and DMSO were added to the top and bottom layers
containing culture medium (BME, 10% FBS, 2 mM L-glutamine and 5 μg/mL gentamicin). Plates were
incubated at 37 ◦C for two weeks. The number of colonies was counted under a light microscope (Leica
Microsystems, Wetzlar, Germany).

2.10. Annexin V/7-Minoactinomycin D (7-AAD) Staining

To evaluate NSCLC cell death with LCD treatment, Annexin V/7-AAD staining was performed
using a Muse™ Annexin V and Dead Cell kit (MCH100105, Merck Millipore, Billerica, MA, USA).
The HCC827 (1.95 × 105) and HCC827GR (1.8 × 105) cells were seeded onto a 6-well plate and
treated with DMSO or LCD at different concentrations for 48 h. Cells were collected and subjected to
Annexin V/7-AAD staining using 100 μL of Muse™ Annexin V and Dead Cell reagent according to the
manufacturer’s protocol. Apoptotic cells were detected with a Muse™ Cell Analyzer (Merck Millipore).
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2.11. Cell Cycle Analysis

A Muse™ Cell Cycle kit (MCH100106, Merck Millipore) was used to perform cell cycle analysis.
Briefly, HCC827 and HCC827GR cells were collected by centrifugation at 4000 rpm for 5 min at 4 ◦C,
washed three times with 1X PBS, and fixed with 70% cold ethanol at −20 ◦C for 24 h. These cells were
collected by centrifugation at 4000 rpm for 10 min at 4 ◦C and washed once with PBS. Subsequently,
Muse™ Cell Cycle Reagent was added to cell pellet followed by incubation at RT for 30 min in the
dark. A Muse™ Cell Analyzer was used to obtain cell cycle data.

2.12. ROS Measurement

Intracellular ROS was measured with a Muse™Oxidative Stress Kit (MCH100111, Merck Millipore).
First, cells were grown in 6-well plates and treated with 5, 10, or 20 μM LCD for 48 h. Cells were
washed with 1X assay buffer and incubated with a Muse™ Oxidative Stress Reagent working solution
at 37 ◦C for 30 min. The level of fluorescence was determined with a Muse™ Cell Analyzer.

2.13. MMP Assay

MMP was measured using a Muse™MitoPotential Kit (MCH100110, Merck Millipore). In brief,
cells were exposed to 5, 10, or 20 μM of LCD for 48 h at 37 ◦C in a CO2 incubator. Cells were washed with
1× assay buffer, and fluorescence was then measured using Muse™MitoPotential working solution.
After incubation with 7-AAD for 5 min, the MMP was determined with a Muse™ Cell Analyzer.

2.14. Isolation of Cytosol and Mitochondrial Fractionation

Whole-cell extracts were obtained from LCD untreated or treated HCC827 and HCC827GR
cells. Cells were resuspended in a plasma membrane extraction buffer containing 250 mM sucrose,
10 mM HEPES (pH 8.0), 10 mM KCl, 1.5 mM MgCl2·6H2O, 1 mM EDTA, 1 mM EGTA, 0.1 mM
phenylmethylsulfonyl fluoride, 0.01 mg/mL aprotinin, and 0.01 mg/mL leupeptin. Then, these cells
were homogenized using 0.1% of digitonin and centrifuged at 13,000 rpm for 5 min. Supernatants
were centrifuged at 13,000 rpm for 30 min to separate the cytosol fraction. The pellet was rinsed
with plasma membrane extraction buffer and resuspended with 0.5 % of Triton X-100 in plasma
membrane extraction buffer. Lysates were centrifuged at 13,000 rpm for 30 min to obtain supernatants
as mitochondria fractions.

2.15. Multi-Caspase Assay

Multi-caspase (caspase-1, -3, -4, -5, -6, -7, -8, and -9) activity was analyzed with a Muse™
Multi-Caspase Kit (MCH100109, Merck Millipore). Briefly, HCC827 (1.95 × 105 cells/well) and
HCC827GR (1.8 × 105 cells/well) cells were allowed to adhere for 24 h on 6-well plates. After treatment
with LCD for 48 h, cells were harvested and washed with 1X caspase buffer. Then, these cells were
incubated with Muse™Multi-Caspase Reagent working solution at 37 ◦C for 30 min. After Muse™
Caspase 7-AAD working solution was added, flow cytometry analysis was carried out with a Muse™
Cell Analyzer.

2.16. Statistical Analysis

Statistical significance was evaluated using the software GraphPad Prism statistics (v5, GraphPad
Software, USA, RRID: SCR_002798). Differences among multiple groups were tested using one-way or
two-way ANOVA followed by Dunnett’s post hoc test. All data are expressed as mean ± standard
deviation (SD). Differences were considered significant at p < 0.05.
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3. Results

3.1. LCD Targets EGFR or MET

To understand the direct binding of LCD with EGFR or MET, we performed ex vivo pull-down
assays (Sepharose 4B or LCD-Sepharose 4B beads) and in vitro ATP competitive binding assays.
We used the gefitinib-sensitive NSCLC cell line HCC827 and gefitinib-resistant NSCLC cell line
HCC827GR. As shown in Figure 1B, the pull-down assay and Western blotting results revealed that
LCD bound to EGFR or MET in HCC827 and HCC827GR cells. However, there was no interaction
between LCD and AKT. The results showed that the interaction between LCD and EGFR or MET
was offset in the presence of 10 or 100 μM of ATP (Figure 1C). To further determine the interaction
between LCD and EGFR or MET, we conducted kinase assay using gefitinib (EGFR inhibitor) and
savolitinib (MET inhibitor) as positive controls. Compared to the untreated control group, EGFR and
MET kinase activity were inhibited by treatment with LCD (Figure 1D). The inhibition levels of EGFR
and MET kinase activity by LCD were similar to those by positive controls. These results suggest that
LCD can suppress the kinase activity of EGFR or MET as an ATP competitive inhibitor. Figure 1E
shows the predicted binding poses of LCD in EGFR and MET. In the complex of EGFR (Figure 1E
left panel), LCD had two hydrogen bonds formed by the backbone of Met793 in the hinge and the
sidechain of Asp855 in the DFG loop. The 4-hydroxy-3-(3-methylbut-2-enyl) phenyl group (A ring) and
3,4-dihydroxy-2-methoxyphenyl group (B ring) lay on the same plane and became jammed between
the hydrophobic cores such as Leu718, Val726, and Ala743 of the P-loop and Leu844. In the complex of
MET (Figure 1E right panel), the ketone group of LCD formed a hydrogen bond with the backbone
of Met1160 in the hinge. The phenol ring (A ring) of LCD was surrounded by a hydrophobic pocket.
Tyr1159 of the hinge and Ile1084, Val1092, Ala1108, and Lys1110 of the P-loop were covered similar to
a lid. In addition, LCD was deeply supported by the hydrophobic sidechains of Met1160 of the hinge
and Leu1140, Met1211, and Ala1221 of the ATP pocket downwards. The binding pose of EGFR was
totally similar to that of MET driven by forming hydrogen bonds, and the hydrophobic interaction and
exactly LCD was located at the ATP binding region of EGFR and MET. Notably, the stabilization of
the complex would be enhanced by the hydrophobic interaction. Therefore, the predicted result was
consistent with the experimental data, showing that LCD inhibited EGFR and MET competitively.
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Figure 1. Licochalcone D (LCD) and epidermal growth factor receptor (EGFR) or hepatocyte growth
factor receptor (MET) protein interaction. (A) Structure of LCD. (B) Pull-down assay. Whole cell
lysates and Sepharose 4B or LCD-Sepharose 4B beads were incubated together. After washing, proteins
bound to bead were released with SDS-PAGE loading buffer (lane 1, control; lane 2, Sepharose 4B
beads; and lane 3, LCD-Sepharose 4B beads). (C) LCD binds to EGFR or MET competitively with
ATP. Active EGFR (100 ng) or MET (100 ng) was incubated with ATP at different concentrations (0,
10, or 100 μM). Proteins were subjected to Western blotting. (D) EGFR or MET kinase activity of
LCD by ADP-Glo kinase assay: percent inhibition rate shown at 5, 10, and 20 μM of LCD treatment.
Data represent the mean value ± SD (n = 3). **, p < 0.01 compared with the control. (E) Predicted
binding poses for EGFR (left) and MET (right). The dash line represented a hydrogen bond. LCD was
tightly sandwiched between the hydrophobic sidechains (sphere). LCD was stabilized by hydrogen
bonds and the hydrophobic interactions.

3.2. LCD Regulates Cellular Signaling Pathways Associated with EGFR or MET

To elucidate whether LCD could regulate EGFR and MET signaling cascades, Western blot
analysis was used to evaluate the effects of LCD on expression and activation levels of proteins in RTK
signaling pathways, including EGFR, MET, and their downstream signaling molecules. As displayed
in Figure 2A, with an increasing concentration of LCD, the expression levels of p-EGFR, p-MET,
and p-AKT showed a tendency to decrease in HCC827 and HCC827GR cells. These results indicate
that LCD is involved in the down-regulation of the EGFR and MET signaling pathways.

221



Biomolecules 2020, 10, 297

Figure 2. Comparison of EGFR or MET-related protein expression in HCC827 and HCC827GR
cells. HCC827 and HCC827GR cells were treated with 5, 10, and 20 μM of LCD for 48 h. Levels of
phosphorylated (p)-EGFR (Tyr1068), EGFR, p-MET (Tyr1234/1235), MET, p-ERBB3 (Tyr1289), ERBB3,
p-AKT (Ser473), and AKT were analyzed by Western blotting. β-actin was used as a loading control.
Band intensities were quantified using Image J.

3.3. LCD Inhibits the Growth of HCC827 and HCC827GR Cells

To analyze the effect of LCD on the viability of lung cancer cells, we used MTT to confirm the
change in viability of HCC827 and HCC827GR cells. These two cell lines showed different gefitinib
sensitivities. HCC827 cells were more sensitive to gefitinib than HCC827GR cells (Figure 3A). As shown
in Figure 3A, LCD significantly decreased the viability of HCC827 cells. The same phenomenon was
observed in HCC827GR cells (Figure 3A). The IC50 values of LCD for the viability of HCC827 and
HCC827GR cells were 17.9 ± 0.97 μM and 19.1 ± 0.5 μM, respectively. To determine whether LCD
could inhibit anchorage-independent growth, we carried out soft agar assays to measure the effects of
LCD on HCC827 and HCC827GR cells. The number of colonies was decreased by treatment with LCD
in a concentration-dependent manner (Figure 3B). These results show that LCD decreases the viability
of NSCLC cell lines HCC827 and HCC827GR.
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Figure 3. Effects of LCD on cell viability and colony formation. (A) HCC827 and HCC827GR
cells were incubated in 96-well plates for 48 h in culture medium supplemented with LCD at an
increasing concentration from 5 μM to 20 μM, and control cells. Cell viability was measured by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay based on absorbance at
570 nm. Values shown in the graph represent mean ± SD (n = 6). (B) Anchorage-independent soft agar
assay was performed with HCC827 and HCC827GR cell lines. Data are representative of triplicate
experiments. *, p < 0.05 and **, p < 0.01 compared with the control.

3.4. Cell Cycle Accumulation at G2/M Phase after Treatment with LCD

To assess the cause of the inhibited cell viability by LCD, we determined cell cycle distribution
using a flow cytometric assay. The results indicated that the G2/M arrest of the cell cycle was increased
in HCC827 cells and HCC827GR cells treated with LCD (5, 10, and 15 μM) for 48 h (Figure 4A).
As shown in Figure 4B, the treatment of HCC827 and HCC827GR cells with LCD for 48 h resulted
in a prominent increase in the expression of the Sub-G1 population in a dose-dependent manner.
To confirm the underlying biochemical mechanisms related to the regulation of G2/M cell cycle arrest,
we tested the effect of LCD on protein levels of cyclins and cyclin-dependent kinase (cdk)s during
the G2/M cell cycle arrest progression. Treatment with LCD dramatically decreased the expression
levels of cyclin B1 and cdc2 but increased p21 and p27 expression in HCC827 and HCC827GR cells
(Figure 4C). The increased sub-G1 population of the cell cycle might suggest induced cell apoptosis.
Thus, we performed flow cytometry analysis to confirm the level of apoptosis. HCC827 cells treated
with LCD at concentrations of 5, 10, and 20 μM showed 16.1 ± 0.6%, 36.2 ± 0.3%, and 45.2 ± 0.6%
of total apoptotic cells, respectively (Figure 4D). HCC827GR cells treated with LCD at the same
concentrations of 5, 10, and 20 μM resulted in 12.7 ± 1.7%, 26.1 ± 0.7%, and 43.5 ± 0.4% of total
apoptotic cells, respectively (Figure 4D). These results suggest that LCD can induce G2/M cell cycle
arrest and apoptosis.
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Figure 4. Cell cycle regulation and apoptosis induction of LCD. HCC827 and HCC827GR cells were
exposed to LCD for 48 h. (A,B) Flow cytometry assay. LCD induced the arrest of non-small cell lung
cancer (NSCLC) cells at the G2/M phase of cell cycle. In the G0/G1, S, G2/M, and sub-G1 phases,
each value represents the mean ± SD (n = 3). (C) Expression levels of cell cycle-related proteins in
HCC827 and HCC827GR cells were determined by Western blot. Relative protein levels of cyclin
B1, cdc2, p21 and p27 were quantified using Image J software. (D) Apoptosis was determined using
Annexin V/7-Aminoactinomycin D (7-ADD) staining. Annexin V/7-AAD double-stained cells were
detected with a Muse™ Cell Analyzer. United Annexin V/7-ADD reactivity allowed the classification of
cells into four groups: early apoptotic cells [Annexin V (+) and 7-AAD (−)], late apoptotic or dead cells
[Annexin V (+) and 7-AAD (+)], dead cells [Annexin V (−) and 7-AAD (+)], and live cells [Annexin V
(−) and 7-AAD (−)]. Data are presented as the mean ± SD of three independent experiments. *, p < 0.05
and **, p < 0.01.

3.5. LCD Induces ROS-Dependent Apoptosis

To understand the mechanism of LCD-induced apoptosis, we tested the effects of LCD on
intracellular ROS generation. Levels of ROS in HCC827 and HCC827GR cells were measured at 48 h
after cells were treated with LCD. ROS values of HCC827 cells treated with LCD at concentrations
of 5, 10, and 20 μM were 12.2 ± 1.2%, 21.5 ± 0.7%, and 34.3 ± 0.5%, respectively. ROS values of
HCC827GR cells treated with LCD at concentrations of 5, 10, and 20 μM were 9.5 ± 0.3%, 18 ± 0.4%,
and 31.3 ± 2.9%, respectively (Figure 5A). To further examine the significance of ROS in LCD-induced
apoptosis, HCC827 and HCC827GR cells were pretreated with N-acetylcysteine (NAC), an ROS
inhibitor, for 3 h and then treated with 20 μM of LCD for 48 h. NAC treatment resulted in similar ROS
fluorescence levels compared to controls. However, ROS produced after treatment with LCD was
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markedly blocked by co-treatment with NAC (Figure 5B). As shown in Figure 5C, NAC significantly
suppressed LCD-induced NSCLC cell growth inhibition. In addition, protein expression levels after
co-treatment with LCD and NAC were determined by Western blot analysis using corresponding
antibodies. Interestingly, the co-treatment of NAC and LCD did not restore the expression of p-EGFR
and p-MET to control levels (Figure 5D). On the other hand, the expression of PARP was increased
and the expression of C-PARP was decreased compared to LCD treatment (Figure 5D). These results
indicate that LCD can induce ROS-dependent apoptosis in both NSCLC cells.

Figure 5. LCD treatment leads to intracellular reactive oxygen species (ROS) generation. (A) HCC827
and HCC827GR cells were treated with LCD (5, 10, and 20 μM) for 48 h, and intracellular ROS levels
were determined using a Muse™ Cell Analyzer. (B) NSCLC cells were pretreated with 4 mM of
N-acetylcysteine (NAC; an ROS inhibitor) for 3 h and then treated with 20 μM of LCD for 48 h. Values
are expressed as means± SD (n= 3). (C) MTT assay was performed to detect the viability of NSCLC cells
treated with increasing concentrations of LCD and NAC. Values shown in the graph represent mean ±
SD (n = 6). (D) After NAC pretreatment and LCD treatment, whole cell lysates were then subjected
to Western blotting with antibodies against phosphorylated (p)-EGFR, p-MET, poly (ADP-ribose)
polymerase (PARP), and β-actin. The intensity of the p-EGFR, p-MET, PARP, and C-PARP bands was
quantified using Image J. *, p < 0.05 and **, p < 0.01 compared with the control. ##, p < 0.01 significantly
different from LCD-treated cells.
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3.6. LCD Induces Apoptosis through the Mitochondrial Pathway

MMP is an important index to estimate the permeability of the mitochondrial membrane.
To determine whether LCD can induce apoptosis by disrupting the mitochondrial membrane, NSCLC
cells were stained with MitoPotential dye, a cationic and lipophilic dye, to monitor MMP. Results
showed that the loss of MMP was increased drastically after treatment with LCD (Figure 6A).
Western blot analysis was performed to check the levels of proteins associated with the mitochondria.
As shown in Figure 6B, Bid was cleaved as the concentration of LCD increased. LCD increased the
expression of a pro-apoptotic protein Bad (Figure 6B). In contrast, the expression levels of anti-apoptotic
proteins Mcl-1 and Bcl-xl were decreased following LCD treatment (Figure 6B). During apoptotic cell
death, early events that occur include mitochondrial depolarization and the loss of cyto c from the
mitochondrial intermembrane space. Cyto c was increased in the cytosol fraction but decreased in the
mitochondrial fraction of NSCLC cells after LCD treatment (Figure 6B). The expression of Apaf-1 known
to form apoptosome with cyto c was also increased by LCD. Furthermore, the expression level of a
DNA repair enzyme PARP was reduced by LCD in a dose-dependent manner (Figure 6B). To determine
whether LCD-induced apoptosis was associated with caspase activation, levels of multi-caspase in
NSCLC cells were assessed with a Muse™ Cell Analyzer. As shown in Figure 6C, LCD induced
activities of multi-caspases dose-dependently (25%, 40%, and 46% for HCC827 cells and 28%, 35%,
and 48% for HCC827GR cells by LCD at concentrations of 5, 10, and 20 μM, respectively). These results
demonstrate that LCD sensitizes NSCLC cells to apoptosis via the mitochondrial pathway and the
activation of caspases.
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Figure 6. Effect of LCD on mitochondrial membrane potential (MMP) and activities of caspases in
NSCLC cells. (A) Cells were exposed to LCD (5, 10, and 20 M) or DMSO for 48 h and MMP was
analyzed by using a Muse™ Cell Analyzer. The fluorescence from right to left means the depolarization
of MMP. Data are expressed as means ± SD of three independent experiments performed in triplicate.
(B) After treatment of LCD, both cell lysates were subjected to Western blotting. Expression levels of
Bid, Bcl-xl, Mcl-1, Bad, cyto c, α-tubulin, COX4, Apaf-1, and PARP were normalized to that of β-actin.
Band intensities were quantified using Image J software. (C) HCC827 and HCC827GR cells were treated
with an increasing concentration of LCD for 48 h. Multi-caspase (caspase-1, -3, -4, -5, -6, -7, -8, and -9)
activity was determined using a Muse™ Cell Analyzer. Values are means (caspase-positive) ± SD.
**, p < 0.01.

4. Discussion

Chemotherapy drugs generally include cisplatin and taxanes in the treatment of lung cancer.
Unfortunately, many patients acquire resistance to the drug either intrinsically or after medication [6].
The occurrence of gefitinib resistance is a barrier to have effective clinical therapies for a number
of solid tumors, including lung cancer. Various gefitinib resistance mechanisms, including EGFR
mutations and MET amplification, have been reported in several studies [9,10]. More than 90% of
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EGFR mutations occur in exons 19–21, with exon 19 mutations being the most frequent [9]. The deletion
of exon 19 and EGFR mutation of L858R of exon 21 have higher sensitivities than the TKI response in
those with wild-type EGFR [12]. Conversely, resistance to TKI can be induced through the acquisition
of secondary mutations of EGFR (T790M, L747S, D761Y, and T854A) or the activation of other signaling
bypass pathways [9]. Resistance obtained after TKI treatment is almost unavoidable, and the success
rate of treatment is low. Overcoming these resistances requires a strategy to target molecules related to
resistance or in combination with other compounds.

Some clinical studies of EGFR- or MET-targeted inhibitors have been discontinued. However,
others have shown encouraging results [10]. The overexpression of EGFR and MET has been reported
in NSCLC, which can activate various downstream signaling molecules involved in cell growth and
survival [8,13]. Blocking EGFR or MET alone for tumor suppression can lead to cell survival by
activating other alternative pathways. Previous reports have shown that treatment with a single
inhibitor of EGFR and MET, respectively, has no effect on cell proliferation, although cell survival
is suppressed when EGFR and MET inhibitors are combined [11,14]. A dual blockade of EGFR
and MET can significantly inhibit the proliferation several carcinoma cells, including lung cancer
cells [14,15], head and neck cancer cells [16], and colon cancer cells [17]. Similarly, our data showed that
treatment with EGFR and MET alone did not affect cell viability. However, they inhibited cell survival
upon combination treatment. LCD inhibited lung cancer cell proliferation through ATP competitive
inhibition of EGFR and MET as a single drug. Other studies have reported that inhibitors of EGFR and
MET alone could inhibit cell survival, whereas a combination treatment of EGFR and MET inhibitors
can significantly inhibit cell survival, showing synergistic effects on the induction of apoptosis [13].

In lung cancer cells, a signaling network exists between the same RTK family: EGFR, MET,
and ERBB3. The results of the present study revealed that the levels of phosphorylated proteins of
EGFR, MET, and ERBB3 decreased with an increasing concentration of LCD. Since the amplification of
MET can induce gefitinib resistance by inducing ERBB3-dependent activation [11], it is thought that
LCD targeting MET can also inhibit the expression of ERBB3. EGFR and MET can activate and share
important downstream molecules involved in biological activities such as cell growth and survival [18].
The activation of AKT in lung cancer cells is involved in imparting resistance to TKI as well as cell
growth and proliferation [10]. The reduction of p-AKT caused by the dual targeting of EGFR and MET
might be a pathway to overcome resistance by preventing the conversion of compensation pathways.
Thus, the dual targeting of EGFR and MET might be a promising therapeutic strategy to overcome
lung cancer that is sensitive or resistant to TKI.

One of the meaningful findings in our study was that the mechanism underlying the apoptosis
induced by LCD involved the inhibition of EGFR and MET. Apoptotic cell death is induced through
two pathways: the extrinsic pathway and the intrinsic pathway. Apoptosis is caused by a variety
of extrinsic and intrinsic factors such as ROS, DNA damage, and heat shock [19]. ROS can regulate
physiological functions such as cell proliferation and cell cycle progression. However, excessive ROS
levels can cause cell damage and lead to apoptotic cell death [19]. The exposure of NSCLC cells to LCD
significantly increased ROS production, whereas ROS levels were restored to control levels by NAC.
The expression of p-EGFR and p-MET, which were inhibited by LCD treatment, showed no significant
difference by NAC. These results indicate that ROS is downstream of EGFR and MET, suggesting that
ROS might be closely involved in the cell proliferation inhibition of LCD. ROS are known to affect
EGFR signaling. ROS can induce TKI resistance by activating the EGFR signaling pathway [20,21].
High levels of ROS play an opposite role in tumor progression and drug resistance, leading to cell cycle
arrest, apoptosis induction, and toxic effects on cancer cells [21]. This indicates that an appropriate
level of ROS can mediate drug resistance, whereas excessive ROS production can lead to cell death.
LCD can induce the apoptosis of lung cancer cells through the accumulation of ROS. ROS is closely
associated with the mitochondrial pathway. In fact, the location of most intracellular ROS production
is mitochondria [19]. LCD increased MMP loss and up- or down-regulated mitochondrial-related
proteins, leading to apoptotic cell death through mitochondrial (intrinsic) pathways. Apoptosis
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molecular cascade by LCD led to the release of cyto c into the cytoplasm, the activation of Apaf-1 and
caspase, and the cleavage of PARP. It is interesting to note that ROS plays an important role in the
apoptosis-inducing mechanism of LCD because PARP, which was reduced by LCD, increased PARP
expression by co-treatment with NAC.

ROS is also known to be involved in cell cycle progression, which is regulated by cyclin and
cdk [20]. The link between cell cycle and apoptosis has been demonstrated in many studies [22].
It regulates cell proliferation. The cyclin B1/cdc2 complex is involved in the G2/M phase transition,
and cdk activity is mediated by cdk inhibitors (CKI) such as p21 and p27 [22,23]. LCD decreased cyclin
B1/cdc2 protein expression but increased CKI, causing G2/M cell cycle arrest. LCA and LCB of the
same licorice family as LCD can also block G2/M cell cycle progression and induce the apoptosis of
lung cancer cells [14,24]. Some agents that can induce apoptosis may also increase cytotoxicity in
association with G2/M checkpoint arrest [23].

Importantly, LCD shows anti-tumor activity without causing weight loss in vivo using a xenograft
model of oral cancer cells [4]. In addition, LCD (1 μg/ml) shows myocardial protective effects in the
cardiac tissues of injured rats [25]. These findings indicate that LCD is low in toxicity. In addition,
while common flavonoids generally have low bioavailability in humans, LCs have been shown to be
well absorbed through passive diffusion through the Caco-2 cell monolayer, which is a human intestinal
cell line [26]. Since intestinal permeability is an important factor influencing the bioavailability of drugs,
LCs can be expected to have high bioavailability in the human body. Liquiritin, another component
of licorice, enhanced the cell proliferation inhibitory effect of cisplatin in gastric cancer cells resistant
to cisplatin, and showed synergistic effects on tumor growth inhibition in vivo [27]. In the future,
we will evaluate the anti-tumor efficacy of lung cancer cells with different resistance mechanisms for
the combination of anti-cancer drugs and LCD.

5. Conclusions

In summary, the results of this study suggested a molecular mechanism for the anti-cancer effect
of LCD in gefitinib-sensitive or gefitinib-resistant lung cancer cells. The anti-tumor efficacy of LCD was
shown through the dual inhibition of EGFR and MET activity, suggesting that it was a principal target
of LCD. In addition, LCD induced ROS-dependent apoptotic cell death and inhibited the proliferation
of lung cancer cells. In conclusion, LCD offers clinical benefit for TKI-sensitive or TKI-resistant lung
cancer. It shows potential as an effective anti-cancer compound.
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Abstract: Black nightshade (Solanum nigrum) belongs to the Solanaceae family and is used as a medicinal
herb with health benefits. It has been reported that the black nightshade plant contains various
phytochemicals that are associated with antitumor activities. Here we employed a genetic approach
to study the effects of overexpression of Arabidopsis thaliana production of anthocyanin pigment 1
(AtPAP1) in black nightshade. Ectopic expression of AtPAP1 resulted in enhanced accumulation of
anthocyanin pigments in vegetative and reproductive tissues of the transgenic plants. Analysis of
anthocyanin revealed that delphinidin 3-O-rutinoside-5-O-glucoside, delphinidin 3,5-O-diglucoside,
delphinidin 3-O-rutinoside, petunidin 3-O-rutinoside (cis-p-coumaroyl)-5-O-glucoside, petunidin
3-(feruloyl)-rutinoside-5-glucoside, and malvidin 3-(feruloyl)-rutinoside-5-glucoside are highly
induced in the leaves of AtPAP1 overexpression lines. Furthermore, ectopic expression of AtPAP1
evoked expression of early and late biosynthetic genes of the general phenylpropanoid and
flavonoid pathways that include phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase
(C4H), 4-coumarate CoA ligase (4CL), chalcone isomerase (CHI), and quinate hydroxycinnamoyl
transferase (HCT), which suggests these genes might be transcriptional targets of AtPAP1 in black
nightshade. Concomitantly, the total content of anthocyanin in the transgenic black nightshade plants
was higher compared to the control plants, which supports phenotypic changes in color. Our data
demonstrate that a major anthocyanin biosynthetic regulator, AtPAP1, can induce accumulation
of anthocyanins in the heterologous system of black nightshade through the conserved flavonoid
biosynthesis pathway in plants.

Keywords: Anthocyanin; Solanum nigrum L.; flavonoid biosynthesis; AtPAP1

1. Introduction

Black nightshade (Solanum nigrum) is widely used as a leafy vegetable, fruit and source
of various therapeutic drugs. Consumption of the leaves and fruits as food is widespread in
Africa and Southeast Asia. As a whole plant, the black nightshade has been used as a folk
medicine in Asia to treat inflammation, edema, and mastitis. Phytochemical screening of the
crude extracts from the plant revealed the presence of secondary metabolites such as alkaloids,
glycoproteins, flavonoids, polyphenols, and triterpenoids [1,2]. Although a wide range of bioactivities
including anti-inflammatory, antioxidant, antinociceptive, antipyretic, antitumor, antiulcerogenic,
cancer chemopreventive, hepatoprotective, and immunomodulatory effects have been reported,
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the roles of anthocyanins associated with these activities for the black nightshade were not fully
determined. Anthocyanins are flavonoids linked to the pigmentation of plant flowers and fruit
that ranges from red to blue. They also attract pollinators and animals for pollination and seed
dispersal and defend plants against various biotic and abiotic stresses [3]. Anthocyanins also
play a positive role in the reduction of many chronic diseases that result from oxidative stress [4].
The biosynthesis of anthocyanins is regulated by activities of many enzymes involved in the
general phenylpropanoid pathway, which can be divided into two groups [5]. The upstream
biosynthesis genes, chalcone synthase (CHS), chalcone isomerase (CHI), and flavone 3-hydroxylase
(F3H), are the early biosynthetic genes (EBGs) common to the biosynthesis of all downstream flavonoids.
The late biosynthesis genes (LBGs) such as flavonoid 3′-hydroxylase (F3′H), flavonoid 3′,5′-hydroxylase
(F3′5′H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase/leucoanthocyanidin dioxygenase
(ANS/LDOX), and flavonoid 3-O-glucosyltransferase (UFGT) are responsible for the biosynthesis of
specific classes of flavonoids, including anthocyanins.

Previous studies have demonstrated that gene expression for the EBGs and the content of
anthocyanins are not consistently correlated, and vary depending on the plants species [6]. On the
contrary, it has been shown that there appears to be a consistent positive correlation between expression
levels of the LBGs and anthocyanin levels in several Solanaceae plants. Gene expression of the EBGs
(e.g., CHS, CHI, F3H), F3′H, and flavanol synthase (FLS) are shown to be regulated by R2R3 type
MYB transcription factors. In regard to the LBGs including DFR, LDOX, and UDP-glucose: flavonoid
3-O-glucosyl transferase (UF3GT), it has been shown that expression of these genes are coordinately
regulated by the MYB-bHLH-WD40 (MBW) transcription factor complex, consisting of R2R3 type
MYB activators, bHLH activators, and the WD-repeat protein transparent testa glabara 1 (TTG1) [7–9].

Arabidopsis AtPAP1 encodes an MYB75 transcription factor, which is crucial to the biosynthesis of
anthocyanins in Arabidopsis. Both knockout and knockdown mutants of AtPAP1 display deficiencies in
anthocyanin pigmentation in seedlings, while ectopic expression of AtPAP1 overproduces anthocyanins
throughout the plant (e.g., roots, flowers) resulting from coordinated up-regulation of anthocyanin
biosynthesis genes [10]. Transient transactivation assay in a combination with bioinformatics assay
uncovered that transcriptional activation of anthocyanin biosynthesis genes is mediated by AtPAP1 that
targets a common cis-regulatory element present in the upstream region of the 5′-UTR of biosynthesis
genes. The AtPAP1 binds to the 10 bp CCACG-containing PAP1 cis-regulatory element in the promoter
regions of these anthocyanin biosynthesis-related genes (preferentially LBGs). In addition, light
is essential for the transcriptional activation of AtPAP1 [11]. This light-dependent transcriptional
activation of AtPAP1 is mediated by the leucine-zipper transcription factor HY5 that directly binds
to G- and ACE-boxes in the promoter region of AtPAP1, which acts as a downstream component
of phytochrome (PHY), cryptochrome (CRY), and UV-B (UVR8) photoreceptors [12]. Further, this
light-dependent anthocyanin biosynthesis is positively regulated by sugar and cytokinin and negatively
regulated by ethylene [13] and nitrogen deficiency [14]. In addition, it has been demonstrated that
AtPAP1 activity is negatively regulated by repressor protein associated with the R3 type MYB-related
protein, MYBL2 [8] and miR156-targeted squamosa lateral organ promoter binding protein-like 9
(SPL9) that destabilizes the MYB–bHLH–WD40 complex [15].

Here we utilized a genetic approach to study the effects of constitutive expression of AtPAP1 in
black nightshade. Constitutive expression of AtPAP1 led to enhanced accumulation of anthocyanins in
black nightshade. Using liquid chromatography-mass spectrometry (LC/MS/MS) six anthocyanins
were identified in the AtPAP1 overexpression lines. Total anthocyanins analysis measured by
spectrophotometry revealed that the transgenic plants contained a higher amount of anthocyanins
compared with the control plants. In addition, ectopic expression of Arabidopsis AtPAP1 up-regulated
several genes that are possibly involved in the biosynthesis of anthocyanins in black nightshade.
Our results demonstrate that a major biosynthetic regulator can induce enhanced accumulation of
anthocyanins through the conserved flavonoid biosynthesis pathways in black nightshade.
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2. Materials and Methods

2.1. Identification of Phenylpropanoid Biosynthesis Genes in Black Nightshade

Genes involved in phenylpropanoid biosynthesis in the black nightshade (S. nigrum) were identified
from RNA-seq data. The sequences of transcripts that correspond to the functional annotation available
in the Solanaceae database were selected. In addition, the phenylpropanoid biosynthetic genes of
Arabidopsis obtained from TAIR (https://www.arabidopsis.org/) were used as queries to search for
homologous sequences in the S. nigrum transcriptome database. The deduced amino acid sequences of
the retrieved genes were further analyzed for homology using BLAST in the NCBI GenBank database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The genes with a maximum identity were used for the further
transcriptional study [16,17].

2.2. HPLC Analysis of Anthocyanin Content

Leaf samples were harvested and freeze-dried at −80 ◦C for 3 days. The freeze-dried samples
were pulverized using a mortar and pestle. Each powdered sample (100 mg) was extracted with
2.0 mL of water: formic acid (95:5, v/v) vortexing for 5 min, followed by sonication for 20 min at
room temperature. The slurry mixture was centrifuged at 10,000 rpm at 4 ◦C for 15 min (IEC Clinical
Centrifuge at Damon/IEC Division, Needham, MA, USA). The supernatant was filtered through a
13 mm (0.45 μm) PTFE syringe filter (Advantech DISMIC-13HP, Toyo Roshi Kaisha, Ltd., Tokyo, Japan),
and 1.5 mL of the extract was used for further HPLC analysis. The HPLC system (1200 series, Agilent
Technologies, Palo Alto, CA, USA) used in the study was equipped with a PDA LC detector. Individual
anthocyanins within the extract solution were separated on a Synergy 4 μ Polar-RP 80A (250 × 4.6 mm,
i.d.) column with a Security Guard AQ C18 (4 × 3 mm, i.d.) both purchased from Phenomenex
(Torrance, CA, USA). The detection wavelength and temperature of the column oven were set at 520 nm
and 40 ◦C, respectively. Solvent A consists of water: formic acid (95:5, v/v) and solvent B consisted
of acetonitrile: formic acid (95:5, v/v). The flow rate was maintained at 1.0 mL/min and the injection
volume was 10 μL. Samples were eluted with gradient condition as follows: started at 0–8 min, 5%–13%
B; 8–13 min, 13% B; 13−20 min, 13%–17% B; 20–23 min, 17% B; 23–30 min, 17–20% B; 30–40 min,
20% B; 40–40.1 min, 20-5% B; and 40.1–50 min, 5% B (total 50 min) [18]. Peaks were identified and
qualified using Empower 3 software (Waters Corporation, Milford, MA, USA). The samples of T1 and
T2 generations of transgenic black nightshade plants were analyzed by LC/MS/MS mass spectrometry.
The contents of total anthocyanins were measured by a spectrophotometric device.

2.3. LC/MS/MS Analysis

For the LC-MS/MS of transgenic black nightshade plants was analyzed using a Triple TOF 5600
system composed of a Hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometer (AB Sciex Instruments,
Framingham, MA, USA); Model 5035153/M; Serial Number BN24891607; Source Housing DuoSpray Ion
Source; Sampler G7129B; Metering 40 μL Analytical Heat; DAD G1315D Serial Number DEAAX09767;
Vacuum Gauge (10 × 10−5 Torr) at pressure 3.0 temperature 500.0 ◦C. The LC-MS conditions were
set as follows: using the positive ion mode ([M]+) MS/MS High Resolution; duration of 3 μs; scan
range from 200 to 1500 m/z; pulser frequency value of 15.392 kHz; sample acquisition duration 65 min;
ion tolerance 50.000 mDa.

2.4. Measurement of Total Anthocyanins Content by Spectrophotometry

To determine the total anthocyanin content, 50 mg of the dry weight of the sample in 15 mL tube
was extracted using 3 mL of methanol in 1% of HCl (v/v) and incubated at 4 ◦C to avoid light for 16 h.
The extracts were centrifuged at 10,000 rpm at 4 ◦C for 15 min. The supernatant was transferred to a
new 15 mL tube. Then the sample was diluted five times with an extraction buffer for measuring the
spectrophotometric absorption at 530 nm and 650 nm. Total anthocyanin content was calculated as
previously described [19].
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2.5. Plant Growth and Optimal Kanamycin Selection Media

Leaf explants of black nightshade were tested to select the optimal concentration of kanamycin on
plant regeneration medium. The various concentrations of kanamycin (10, 20, 30, 50, 100 mg/L) were
used in Murashige and Skoog (MS) media supplemented with 3% sucrose and 0.8% agar that contained
2.0 mg/L of 6-benzylaminopurine (BAP) and 0.1 mg/L of (1-naphthalene acetic acid (NAA). Excised
leaves within 5 mm × 5 mm size were placed on plant regeneration media and then incubated at room
temperature and 25 ◦C under 16 h light/8 h dark condition. After 1 month approximately, no shoot was
induced on medium containing 50 mg/L of kanamycin. Thus, a full range of MS supplemented with
2.0 mg/L of BAP, 0.1 mg/L of NAA, and 50 mg/L of kanamycin was used as transgenic selection media.

2.6. Construction of AtPAP1 Overexpression Vector

The sequence of AtPAP1 was clone into pDONR 221 vector using BP clonase II (Invitrogen)
according to the manufacturer’s instructions. The amplified genomic coding region was transformed
into TOP10 cells (Invitrogen, Carlsbad, CA, USA) and transferred to the pK7WGF2 destination vector
for N-terminal GFP-fusion and C-terminal GFP-fusion (http//www.psb.ugent.be/gateway) using LR
clone (Invitrogen). The resultant AtPAP1 overexpression constructs consisted of a 35S promoter,
Green fluorescence protein (GFP), the respective gene sequences, and the neomycin phosphotransferase
(NPTII) gene as a selectable marker (Figure 1). The pk7WGF2 plasmid was then transferred into
Agrobacterium tumefaciens GV3101 by electroporation and grew at 28 ◦C on Luria-Bertani (LB) medium
with rifampicin, and spectinomycin at a concentration of 50 g/mL. A pK7WGF2 vector consisted of
a 35S promoter GFP-GUS fusion and the neomycin phosphotransferase (NPTII) gene as a selection
marker was used as a control. Excised leaves of S. nigrum from 1-month old seedlings were used
as the explant material for co-culture with into A. tumefaciens GV3101 harboring GUS, and AtPAP1
overexpression constructs.

Figure 1. The schematic diagrams of T-DNA region of transformation vectors. (A) Plasmids
pK7WGF2-GFP-PAP1 and pK7WGF2-GFP-GUS were used to transform S. nigrum. (B) qRT-PCR
analysis of AtPAP1 gene and kanamycin selection marker (Neo) gene in AtPAP1overexpression lines.

2.7. Agrobacterium Preparation

A. tumefaciences GV3101:pK7wgf2: GFP: PAP1 was inoculated from glycerol stock and cultured in
a 30 mL of LB (1% tryptone, 0.5% yeast extract, and 1% NaCl, pH 7.0) liquid media supplemented with
50 mg/L of gentamycin and 25 mg/L of rifampicin, following overnight incubation at 28 ◦C.
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2.8. Co-Culture with Agrobacterium

Agrobacterium mid-log phase (O.D A600 = 0.6) cells were harvested by centrifugation at 4,000 rpm
at 4 ◦C for 10 min. A. tumefaciens was resuspended in half-strength MS liquid media and cell density
was adjusted to an O.D A600 of 1.0 for plant co-culture. The leaf explant from 3 weeks old seedling
was wounded by using a scalpel, then immersed in A. tumefaciens GV3101 suspended liquid medium
for 15–20 min. The leaf explants were then incubated on MS media supplemented with 2.0 mg/L of
BAP and 0.1 mg/L of NAA without antibiotics for two days. The infected leaf explant was transferred
to the plant regeneration media containing MS supplement with 2.0 mg/L of BAP, 0.1 mg/L of NAA,
and antibiotics (50 mg/L of kanamycin + 500/250 mg/L of cefotaxime) for one week. The single shoot
emerged from the wounded site was separated from the leaf explant and transferred to the rooting
media containing 1

2 MS media supplemented with antibiotics (50 mg/L of kanamycin + 250 mg/L of
cefotaxime). After 2 weeks of rooting, a single whole plant was transplanted to the pot and acclimatized
for two weeks before transferring to the growth chamber.

2.9. PCR Analysis of the Transgenic Lines

Plant genomic DNA for polymerase chain reaction (PCR) was extracted by the Genomic DNA
mini kit (Geneaid Biotech Ltd., New Taipei City, Taiwan), following the manufacturer’s instructions.
The leaves of transformation (AtPAP1) lines and control (GUS and GV3101) plants were ground into
a fine powder (50–100 mg fresh weight) using a mortar and pestle. Extracted genomic DNA was
subjected to PCR analysis using gene-specific primers provided in Table 1.

Table 1. Comparison of phenylpropanoid biosynthetic genes of S. nigrum with most orthologous genes.

Genes Length (amino acid) Orthologous genes (Accession No.) Identity (%)

SnPAL 712 Solanum pennellii PAL XP_015055648.1 97
Solanum lycopersicum PAL XP_004249558.1 97

Capsicum baccatum PAL PHT36452.1 96

SnC4H 505 Solanum tuberosum C4H ABC69046 99
Solanum pennellii C4H XP_015078931.1 99
Capsicum baccatum C4H PHT46927.1 97

Sn4CL 545 Solanum tuberosum 4CL NP_001305568.1 95
Solanum pennellii 4CL XP_015070224.1 95

Solanum lycopersicum 4CL NM_001346841.1 95

SnC3H 510 Solanum tuberosum C3H XP_006362631.1 94
Solanum pennellii C3H XP_015084850.1 93

Solanum lycopersicum C3H XP_004228867.1 93

SnCHS 271 Nicotiana tabacum CHS XP_016494186.1 81
Solanum tuberosum CHS XP_006367318.1 76
Solanum pennellii CHS XP_015060638.1 75

SnCHI 217 Solanum brevicaule CHI APZ86742.1 94
Solanum tuberosum CHI APZ86744.1 93
Solanum melongena CHI ANN02871.1 90

SnUGT75C1 473 Solanum tuberosum UGT75C1 XP_006358760.1 92
Solanum pennellii UGT75C1 XP_015088519.1 91

Lycium barbarum UGT75C1 BAG80544.1 86

SnCOMT 363 Solanum tuberosum COMT XP_015164331.1 95
Nicotiana attenuata COMT OIT03318.1 93

Solanum pennellii COMT XP_015070697.1 93

SnHCT 435 Solanum pennellii HCT XP_015070028.1 97
Solanum lycopersicum HCT XP_004235891.1 96

Capsicum annuum HCT NP_001311756.1 96

237



Biomolecules 2020, 10, 277

The PCR conditions consisted of denaturation at 95 ◦C for 30 s, annealing at 58 ◦C for 30 s and
extension at 72 ◦C for 30 s, followed by 35 cycles and the final extension at 72 ◦C for 5 min. The PCR
products were analyzed on a 1% agarose gel stained with ethidium bromide and visualized under
UV light.

2.10. Transgenic Plant Seed Segregation Assay

The transgenic plants were grown in a growth chamber for four months and the mature seeds of
T0 primary transgenic plants were harvested. Twelve AtPAP1 overexpression transgenic seeds (T1)
were harvested from seeds germinated on half-strength MS media with 50 mg/L Kanamycin selection
marker. Then five shoots of kanamycin-resistant in each line were grown on the pot (T2) for three
months. The transgenic plants were grown in a growth chamber for four months and the mature seeds
of T0 primary transgenic plants were harvested. Following generations (i.e., T1 and T2) screened on
50 mg/L kanamycin media were subjected to phenotype and anthocyanin analysis.

2.11. Total RNA Extraction and cDNA Synthesis

Total RNA was isolated from S. nigrum at fruit maturity stage by using RNA Mini Kit (Geneaid)
according to the manufacturer’s protocol. The quantity and quality of total RNA were examined on a
1.0% agarose gel and using NanoVue Plus Spectrophotometer (GE Healthcare Life Sciences, Pittsburgh,
PA, USA), respectively.

2.12. cDNA Synthesis and Quantitative Real-time PCR

The cDNA was synthesized from 1 μg of DNA free total RNA using ReverTra Ace-α Kit with
oligo (dT) 20 primer (Toyobo, Osaka, Japan). The resulting cDNA products were used as templates for
real time-PCR analysis. For all target genes, primers were designed using Primer Design software
(GeneRunner.exe) and using an online program (https://www.genscript.com/ssl-bin/app/primer).
Quantitative real-time PCR was performed in a BIO-RAD CFX96 Real-time PCR system (Bio-Rad
Laboratories, Hercules, CA, USA) with 2X QuantiTect SYBR Green RT-PCR Master Mix, (QIAGEN,
Hilden, Germany) under the condition as follows: reverse transcription at 50 ◦C for 30 min, PCR initial
at 95 ◦C for 15 min, denaturation at 94 ◦C for 15 s, annealing at 60 ◦C for 30 s, extension at 72 ◦C for
30 s and reaction cycle was repeated for 39 cycles at extension followed by a final extension at 72 ◦C for
1 min. All reactions were from three biological replicates.

2.13. Statistical Analysis

Statistical analyses were performed using GraphPad InStat software (Graphpad Instat Software,
San Diego, CA, USA). One-way ANOVA was applied for comparisons with the Turkey test. All data
are expressed as mean ± SEM. The significance threshold was at a level of 5% (* P < 0.05; ** P < 0.01,
*** P < 0.001). All the experiments were biological triplicates.

3. Results

3.1. Identification of Phenylpropanoid Biosynthesis Genes in Black Nightshade

The sequences of genes involved in the phenylpropanoid biosynthesis pathway were identified
from the RNA-seq data of the black nightshade. The retrieved sequences were subject to a BLAST
search to confirm and compare with the orthologs of other Solanaceae plants. The genes identified
in black nightshade associated with general phenylpropanoid pathways were designated as SnPAL

(accession MT032183, 712 amino acids), SnC4H (accession MT032184, 505 amino acids), Sn4CL (accession
MT032185, 545 amino acid), SnC3H (accession MT032186, 510 amino acids), and SnCHI (accession
MT032187, 217 amino acids). In addition, a biosynthesis gene involved in the anthocyanin pathway
(e.g., anthocyanin-5-o-glucosyl transferase) was designated as SnUGT75C1 (accession MT032188,
473 amino acids), and genes more closely linked to the lignin synthesis (e.g., caffeate O-methyltransferase
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(COMT)) and hydroxycinnamoyl-CoA shikimate (HCT)) were designated as SnCOMT (accession
MT032189, 363 amino acids), and SnHCT (accession MT032190, 435 amino acids) (Table 1). To add
perspective to the identified sequence of black nightshade, orthologs of several other Solanaceae plants
that showed most similarity to the black nightshade genes were also compared. Except for SnCHS, all
the deduced amino acid sequences from various Solanaceae plants had sequence identity from 90 to 99
percentile between orthologous genes in Solanaceae plants.

3.2. Induction of Anthocyanin by Overexpression of AtPAP1 in Black Nightshade

We used a gain-of-function approach to examine the effect of overexpression of AtPAP1 on black
nightshade. To this end, we generated the transgenic black nightshade plants that harbor AtPAP1
cDNA and GUS (control) both driven by CaMV 35S (Figure 1A). The presence of the transgenes was
confirmed by PCR analysis of AtPAP1 transgenic plants using Kan primers (Neo). Expected sizes of
amplicons (630 bp) were observed in the corresponding S. nigrum plant lines (Figure 1B). In addition,
the expression of AtPAP1 transgene was verified by quantitative RT-PCR (Figure 1B).

More than 15 individual transgenic lines were obtained and maintained in a growth chamber
(Figure 2A–F), for which the transgene was also confirmed by PCR using Kan primers (Neo) (Figure 2G).
Overexpression of Arabidopsis AtAPAP1 resulted in enhanced color changes all over the plant including
leaves and flowers compared with the control plant (Figure 3A). The appearance of purple color was
especially notable in leaves and floral organs such as petals and anthers (Figure 3B,C). Thus, our data
demonstrate that overexpression of a single Arabidopsis regulatory gene, AtPAP1, might have increased
the content of anthocyanin in the heterologous system of black nightshade.

Figure 2. Schematic diagram of AtPAP1 overexpression transgenic lines of S. nigrum by
Agrobacterium-mediated transformation. (A) Shoot regeneration for 30 days after AtPAP1
transformation. (B) Shoot regeneration after sub-culture for 30 days of AtPAP1 transformation.
(C) & (D) Development of the whole plant. (E) Transgenic plant rooting. (F) Transgenic plant after
transfer to the pot for 40 days. (G) Confirmation of transgene using kanamycin (Neo) primer in diverse
transgenic lines.
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Figure 3. Phenotype comparison of AtPAP1 overexpression transgenic lines of S. nigrum. (A) Whole
plants of AtPAP1 transgenic lines and the control line at fruit development stage in a growth chamber.
(B) Leaf and (C) flower phenotype comparison between AtPAP1 overexpression lines and control
(GFP-GUS (Control) and GV3101 (Mock)) lines.

3.3. Expression of Anthocyanin Biosynthesis Genes in the AtPAP1-overexpressed Black Nightshade Plants

To understand the mechanism underlying the increased content of anthocyanin in the transgenic
black nightshade, we examined gene expression of anthocyanin biosynthesis that might have been
affected by overexpression of AtPAP1. As expected, expression of AtPAP1 transgene was up-regulated
in the transgenic black nightshade plants (PAP1 #4 and #7) compared with the control (GFP-GUS) and
Mock (GV3101) lines (Figure 4). When we examined the genes identified in this study, associated with
the phenylpropanoid biosynthesis pathway, most of the genes were highly induced in the AtPAP1
overexpression lines (Figure 5). Of the genes identified in the current study, genes known to be
associated with general phenylpropanoid pathways (EBGs), such as SnPAL (accession MT032183),
SnC4H (accession MT032184), Sn4CL (accession MT032185), and SnCHI (accession MT032187) were all
highly induced in the AtPAP1 overexpressed plants. Expression of other biosynthesis genes associated
with anthocyanin (SnUGT75C1, accession MT032188) and lignin (SnHCT, accession MT032190) was
largely unaltered. This suggests that black nightshade genes involved in the general phenylpropanoid
biosynthesis pathway may have been regulated by the AtPAP1 transcription factor that rendered the
purple color in AtPAP1-overexpressing S. nigrum plants, which ultimately led to an increase in the
levels of anthocyanin in vegetative tissue and flower parts.
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Figure 4. Expression of AtPAP1 gene in AtPAP1 overexpressing S. nigrum transgenic lines and control
lines. All data are expressed as mean and SEM. The significance threshold was at a level of 5% (* P <

0.05; ** P < 0.01).

Figure 5. Expression of flavonoid biosynthetic genes in AtPAP1 overexpressing S. nigrum transgenic
lines and control lines. The AtPAP1 transgenic lines were harvested and proceeded to qRT-PCR analysis.
SnPAL, phenylalanine ammonia-lyase; SnC4H, cinnamate-4-hydroxylase; Sn4CL, 4-coumarate: CoA
ligase; SnCHI, chalcone isomerase; SnUGT75C1, UDP-glycosyltransferase 75C1; SnHCT, quinate
hydroxycinnamoyl transferase. All data are presented as mean and SEM. The significance threshold
was at a level of 5% (* P < 0.05; ** P < 0.01,). All the experiments were biological triplicates.

3.4. Identification of Anthocyanins in the AtPAP1-overexpressed Black Nightshade Plants

To understand the types of anthocyanins that might have accumulated resulting from the
overexpression of AtPAP1, we investigated the metabolites that correspond to anthocyanins using
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HPLC. From the first and second generation of AtPAP1-overexpressed transgenic black nightshade
lines, we have detected several peaks associated with the various anthocyanins in black nightshade
transgenic lines, while no detectable peaks have been observed in the control line (Figure 6).

Figure 6. Identification of anthocyanins in AtPAP1 overexpressed S. nigrum transgenic lines by HPLC
analysis. Above, AtPAP1 overexpression S. nigrum line. Detected eight peaks represented unknown
anthocyanins at different retention time; Below, S. nigrum control line. No peak detected indicated the
absence of anthocyanin.

Subsequent analysis of LC-MS/MS mass spectrometry has revealed that each peak of the HPLC
data obtained demonstrated the same pattern of the mass ionization in both T0 and T1 transgenic
lines, indicating that anthocyanins detected in two generations of transgenic plants were identical.
The total ion chromatogram (TIC) was separated into 18 main peaks, from which only six peaks that
represent anthocyanins were identified. The m/z ratio of each intact anthocyanin and its daughter
fragments are listed in Table 2. Of these, three aglycones were determined as delphinidin aglycone
(Dd, m/z 303), petunidin aglycone (Pt, m/z 317) and malvidin aglycone (Mv, m/z 331) [20]. In addition,
three delphinids, two petunidin and one malvidin were detected in the AtPAP1-overexpressed black
nightshade transgenic lines.

Specifically, the mass spectrum of peak 8 with a retention time at 16.41 min that had a
molecular ion m/z of 773.2136 [M]+ and fragment m/z of 627.156 ([M-146]+) identified as delphinidin
3-O-rutinoside-5-O-glucoside with a loss of one molecule of rhamnose [21]. The peak 9 with retention
time at 20.47 min that had a molecular ion m/z of 627.1557 and fragment m/z of 611.1610 was
identified to be a 3,5-diglucoside glycone (m/z 303 [Dd]+ known as delphinidin aglycon), and this
peak represented delphinidin-3,5-O-diglucoside. The peak 12 with a retention time at 25.42 min
with m/z 611.1611[M]+ and fragmentation m/z of 464.1031 ([M-146]+) corresponds to a delphinidin
aglycone that is derived from loss of one molecule of rhamnose with m/z 303 [Dp]+, was identified as
an anthocyanin derivative (delphinidin 3-0-rutinoside) [21]. Peak 13 with a retention time at 28.46 min
that showed a molecular ion m/z and fragment m/z of 933.2679 and 641.1721 [M-146-146], respectively,
appeared as a petunidin aglycone with a loss of two molecules of coumaric acid (m/z 317([Pt]+)
identified as petunidin-3-O-rutinoside (cis-p-coumaroyl)-5-O-glucoside or petunidin-3-O-rutinoside
(trans-p-coumaroyl)-5-O-glucoside. The peak 15 with retention time at 32.68 min that had a molecular
ion and fragment of 963.2803 and 317 [Pt]+ corresponded to a petunidin aglycone, which was tentatively
identified as petunidin-3-(feruloyl)-rutinoside-5-glucoside [21–23]. Finally, the peak 17 with a retention
time at 36.54 min was identified as malvidin-3-(feruloyl)-rutinoside-5-glucoside by the ion at m/z of
977.2945 [M]+ and the fragment at m/z of 801.2463 [M-176]+, produced by elimination of one molecule
of ferulic acid (m/z 331[Mv]+) that is malvidin aglycone (Figure 7) [24].
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Figure 7. Mass spectrometric data of six anthocyanins detected in AtPAP1 overexpressed S. nigrum

transgenic lines. (A) Delphinidin 3-O-rutinoside-5-O-glucoside, (B) Delphinidin-3,5-O-diglucoside,
(C) Delphinidin-3-O-rutinoside, (D) Petunidin 3-O-(p-coumaroyl) rutinoside-5-O-glucoside,
(E) Petunidin-3-(feruloyl)-rutinoside-5-glucoside, and (F) Malvidin-3-(feruloyl)-rutinoside-5-glucoside.

3.5. Total Anthocyanin Contents induced by Overexpression of AtPAP1 in Black Nightshade

In addition to six anthocyanins identified in the AtPAP1-overexpressed transgenic black nightshade
plants, we measured the total anthocyanin content in the leaves of AtPAP1-overexpressed black
nightshade transgenic plants using spectrophotometry. Compared with control and mock (GV3101)
lines, both first and second generation plants of the AtPAP1-overexpression lines had higher levels of
total anthocyanins (Figure 8). Our data collectively demonstrate that ectopic expression of a single
regulatory gene, AtPAP1, can induce total anthocyanins in black nightshade plants, likely through
regulation of the conserved biosynthesis pathway of anthocyanin in black nightshade plants.
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Figure 8. Total anthocyanin contents in AtPAP1 overexpressed S. nigrum transgenic lines.
Total anthocyanin was measured by spectrophotometry at A530 nm and A650 nm. All data are
expressed as mean and SEM. All AtPAP1 overexpressed S. nigrum transgenic lines from first (T1) and
second generation (T2) were compared with control and mock lines. The significance threshold was at
a level of 5% (*** P < 0.001). All the experiments were biological triplicates.

4. Discussion

In the current study, we have demonstrated the accumulation of anthocyanins by overexpressing
an AtPAP1 in the black nightshade plant. Expression analysis of the genes associated with the
biosynthesis of general phenylpropanoid and flavonoid pathways indicates that not all the regulatory
genes of anthocyanins may not be transcriptional targets of AtPAP1, and may require unidentified
species-specific mechanisms. Nonetheless, a single Arabidopsis MYB transcription factor, AtPAP1, was
sufficient to enhance the accumulation of anthocyanins in a heterologous system of black nightshade.

In Arabidopsis, it has been shown that the biosynthesis of anthocyanins and proanthocyanidins
is predominantly regulated by the MBW transcriptional complex that consists of MYB, bHLH,
and WD-40 [25]. Alternatively, an Arabidopsis MYB transcription factor, AtPAP1, has been shown
to be sufficient to promote accumulation of anthocyanin in a heterologous plant system such as
dandelion (Taraxacum brevicorniculatum) [26]. Novel MYB transcription factors from the American plum
(Prunus americana) have been also demonstrated to be effective in the accumulation of anthocyanins in
tobacco and citrus without requiring any further transcriptional co-regulators except for PamMYBA3,
which appears to be dependent upon an interacting protein (bHLH) to form a functional transcriptional
regulatory unit [27]. Moreover, overexpression of MYB transcription factor, EsMybA1, from Herba

epimedii (Epimedium sagittatum) was sufficient to induce high levels of anthocyanins in the transgenic
tobacco and Arabidopsis, via up-regulation of major flavonoid biosynthetic pathway genes [28].
These reports indicate that some MYB transcription factors physically associate with the co-regulators
such as bHLH, while other MYB transcriptional factors appear to be sufficient to induce the accumulation
of anthocyanins in diverse plant species [29].

From our study, ectopic expression of an Arabidopsis AtPAP1 alone was sufficient to induce
anthocyanin production in black nightshade, resulting in the purple-colored phenotype in both
vegetative and reproductive tissues. It is noteworthy that Gerbera MYB transcription factor GMYB10,
an Arabidopsis ortholog of AtPAP1, activates some of EBGs of general phenylpropanoid pathway
genes (PAL, C4H, CHI, and F3H) and accumulate anthocyanins [30]. It would be interesting to know
if the genes identified as EBGs of black nightshade are also the transcriptional targets of AtPAP1,
which confers the pigmentation of anthocyanins in the transgenic lines.

Although numerous studies about anthocyanins in berries (e.g., cherry, blueberry, blackcurrant)
have been reported to date, studies of anthocyanins in black nightshade are still scarce. Nonetheless, a
recent study by Wang et al. [20] has shown that eight anthocyanins with four anthocyanin aglycones
such as cyanidin (Cy), malvidin (Mv), petunidin (Pt) and delphinidin (Dp) were detected in the
peel and flesh of black nightshade fruit [20]. In our study, we have identified six anthocyanins that
included three delphinids, two petunidin and one malvidin from leaf tissue of AtPAP1-overexpressed
transgenic black nightshade plants. Among the anthocyanins identified in this study,

245



Biomolecules 2020, 10, 277

delphinidin 3-O-rutinoside-5-O-glucoside, delphinidin-3,5-O-diglucoside, delphinidin-3-O-rutinoside,
and malvidin-3-(feruloyl)-rutinoside-5-glucoside were also detected in the fruit of black
nightshade [20]. In addition to the above four anthocyanins, two petunidin, petunidin-3-O-rutinoside
(cis-p-coumaroyl)-5-O-glucoside and petunidin-3-(feruloyl)-rutinoside-5-glucoside, were identified
only in our study. Thus the latter two appear to be leaf-specific anthocyanins that are regulated by
AtPAP1 in black nightshade.

In addition to developmental regulation, biosynthesis of anthocyanins is affected by various abiotic
factors (e.g., light, sucrose, nitrogen) and phytohormones [5]. Stress tolerance against drought, high
salinity, light and cold are often correlated with anthocyanin accumulation in plants [31]. These various
abiotic stress conditions are known to induce a distinct set of anthocyanins, indicating that anthocyanins
have different biological functions, or that coloration patterns of each anthocyanin may play a unique
role in response to a certain stress factor [32]. It would be interesting to examine whether enhancing
anthocyanin production in a black nightshade would help mediate stress tolerance against stress
conditions. Of interest in this regard was that anthocyanin pigmentation of transgenic black nightshade
plants has disappeared when grown in the greenhouse (data not are shown), which suggests that
biosynthesis of anthocyanins in black nightshade governed by AtPAP1 is under the control of light
and likely temperature conditions. How diverse stress conditions that would affect the accumulation
of anthocyanins in black nightshade remain to be investigated.

5. Conclusions

In this present study, we have shown that an Arabidopsis MYB transcription factor, AtPAP1,
is sufficient to induce the accumulation of anthocyanins in black nightshade that may provide the
platform for the basic analysis of phytochemical biosynthetic genes and their final compounds.
Furthermore, a black nightshade can be a model system to study AtPAP1-induced anthocyanin in
response to various stress conditions. Further identification of detailed mechanisms that are associated
with an AtPAP1-mediated and environment-modulated accumulation of anthocyanins remains to
be investigated. Taken together, our data lay a foundation to study the molecular mechanisms of
biosynthesis of flavonoid and anthocyanin pathways to improve the phytochemical properties in
this species.
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Abstract: Nasopharyngeal carcinoma (NPC) is an important issue in Asia because of its unique
geographical and ethnic distribution. Cisplatin-based regimens are commonly the first-line used
chemotherapy, but resistance and toxicities remain a problem. Therefore, the use of anticancer agents
derived from natural products may be a solution. Asiatic acid (AA), extracted from Centella asiatica,
was found to have anticancer activity in various cancers. The aim of this study is to examine the
cytotoxic effect and mediated mechanism of AA in cisplatin-resistant NPC cells. The results shows
that AA significantly reduce the cell viability of cisplatin-resistant NPC cell lines (cis NPC-039 and cis
NPC-BM) in dose and time dependent manners caused by apoptosis through the both intrinsic and
extrinsic apoptotic pathways, including altered mitochondrial membrane potential, activated death
receptors, increased Bax expression, and upregulated caspase 3, 8, and 9. The Western blot analysis
of AA-treated cell lines reveals that the phosphorylation of MAPK pathway proteins is involved.
Further, the results of adding inhibitors of these proteins indicates that the phosphorylation of p38 are
the key mediators in AA-induced apoptosis in cisplatin-resistant human NPC cells. This is the first
study to demonstrate the AA-induced apoptotic pathway through the phosphorylation p38 in human
cisplatin-resistant nasopharyngeal carcinoma. AA is expected to be another therapeutic option for
cisplatin-resistant NPC because of the promising anti-cancer effect and fewer toxic properties.

Keywords: Asiatic acid; nasopharyngeal cancer; apoptosis; cisplatin resistance; MAPK pathway

1. Introduction

Nasopharyngeal carcinoma (NPC) is an important and widely studied issue in Asia, especially
in Eastern Asia and South-Eastern Asia, because of its unique geographical distribution. According
to the GLOBOCAN estimates in 2018, the estimated number of new cases is 129,079 worldwide, of
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which 109,221 are in Asia, accounting for 84.6% [1]. Etiological factors for NPC include Epstein–Barr
virus (EBV) infection, human papillomavirus (HPV) infection, genetic susceptibility, and salted fish
consumption [2]. Different from other head and neck cancer, the primary and only curative treatment
for NPC is radiotherapy instead of surgery for early-stage disease. Chemotherapeutic agents are used
as concurrent chemoradiotherapy (CCRT), adjuvant chemotherapy, or induction chemotherapy in
locoregionally advanced disease and metastatic disease [3]. Cisplatin-based regimen is commonly the
first-line used. Paiar el al. proposed that the overall survival (OS) and disease-free survival by CCRT
had statistically significant improvement with five-year OS of about 70% in non-metastatic stage III
and IV disease, but the efficacy of chemotherapy varied markedly among different trials [4]. Otherwise,
chemoradiotherapy leads to various side effects including hematological acute toxicity, mucositis,
xerostomia, loss of taste, dysphagia, skin damage, skull bone damage, sensorineural hearing loss, and
osteoradionecrosis. Therefore, new effective treatments with fewer toxicities need to be identified.

Finding anti-cancer agents from natural compound is a burgeoning research filed recent years due
to its fewer toxic characteristics. Asiatic acid (AA) is a pentacyclic triterpenoid, one of the subclasses of
phytochemicals, and derived from Centella asiatica which is a kind of tropical plant used as a diet and
medicine [5]. AA has been demonstrated to have antioxidant and anti-inflammatory activity, and to
have been involved in numerous molecular mechanisms and cell signaling pathway which related to
its cardio-protective, neuro-protective, anti-diabetic, anti-obesity, and anti-cancer effect [5]. Previous
studies have reported many mechanisms observed in carcinogenesis and metastatic process. Hsu el al.
discovered the anticancer effect of AA in breast cancer through cell cycle arrest and mitochondrial
apoptotic pathway [6]. Another research proposed that AA inhibit transforming growth factor-beta1
(TGF-beta1)-induced epithelial-mesenchymal transition in lung cancer [7]. However, the effect of AA
on nasopharyngeal cancer cells is still unclear.

As described above, radiotherapy and chemotherapy are effective in early-stage NPC. In contrast,
the median overall survival in distant metastases is only about 12 to 15 months after platinum-based
chemotherapy [8]. Multidrug combinations can improve the therapeutic effects, but accompanied
with significant hematological and mucosal toxicities, even septic deaths [9]. Even patients who
initially respond to cisplatin will recur, and it is often refractory to further platinum therapy [10].
Whether it is innate or acquired resistance, to discover effective and less-toxic agents for anti-cancer or
chemosensitizers is important. This study aims to examine the cytotoxic effect and mechanisms of AA
on cisplatin-resistance NPC cells.

2. Materials and Methods

2.1. Chemicals

Asiatic acid is a triterpenoid isolated from Centella asiatica (≥98% purity), purchased from
Chemfaces. Molecular Weight: 488.7, Formula: C30H48O5, dissolved in dimethyl sulfoxide (DMSO), and
stored at −20 ◦C. All experiment treatments were consistently less than 0.1% (v/v) DMSO concentration.
Other chemicals were obtained from the following companies: MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) and DAPI dye (Sigma Aldrich, St Louis, MO, USA), cisplatin (Enzo
Life Sciences), specific inhibitors (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

2.2. Cell Culture

The cisplatin-resistant nasopharyngeal carcinoma cell lines (cis NPC-BM and cis NPC-039) were
established by human nasopharyngeal carcinoma (NPC) cell lines (NPC-BM and NPC-039), a gift
from Dr. Jen-Tsun Lin, Hematology & Oncology, Changhua Christian Hospital, continuous culture
with increase concentrations of cisplatin 1–60 nM for 6 months. The culture medium contains 60 nM
cisplatin to maintain drug resistance. All cells were cultured in RPMI 1640 medium (with 10% (v/v)
fetal bovine serum (FBS), 1 mM glutamine, 1% (v/v) penicillin/streptomycin, 1.5 g/l sodium bicarbonate,
and 1 mM sodium pyruvate). All cells were cultured at 37 ◦C in a 5% CO2 culture room.
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2.3. Cell Cytotoxicity Assay

The effect of Asiatic Acid on cell growth was assayed by the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide) method. Briefly, cells were cultured in 96-well plates (1 × 104/well)
and treated with various concentrations of AA (0, 25, 50, 75 μM). After the medium was removed,
MTT reagent was added to each well (0.5 mg/mL final concentration) with a further incubation for
4 h at 37 ◦C in 5% (v/v) CO2. After removing the supernatant, DMSO was added to dissolve the
formed blue formazan crystals. The absorbance of the converted dye was measured at 595 nm by the
ELISA plate reader. Each condition was performed in triplicate and data were obtained from at least 3
separate experiments.

2.4. Cell Cycle Analysis

Cells were seeded (5 × 105/well) on 6-well plates overnight and incubated with various
concentrations of AA for 24 h. After wards, cells were fixed 70% (v/v) ice-cold ethanol overnight, and
then stained with PI buffer (4 mg/mL PI, 1% (v/v) Triton X-100, 0.5 mg/mL RNase A in PBS) for 30 min
in the dark at room temperature and then filtered through a 40-mm nylon filter (Falcon, Billerica, MA,
USA). The cell cycle distribution was analyzed by flow cytometry.

2.5. DAPI Staining

Observation of morphology by DAPI staining cis NPC-BM and cis NPC-039 cells treated with
different concentrations of AA (0, 25, 50, and 75 μM) were incubated for 24 h. The cells were fixed
with 4% (v/v) formaldehyde for 30 min at room temperature and permeabilized with 0.1% (v/v) Triton
X-100. Washed twice in PBS, cells were stained with DAPI (50 μg/mL) for 15 min in the dark, then
after being washed in PBS, morphological changes were photographed using fluorescence microscopy
(Lecia, Bensheim, Germany). Quantitatively, the percentage of apoptotic cells by number of dots was
scored on at least 500 cells.

2.6. Annexin V/PI Double Staining Assay

Cells were seeded on 6-well overnight and then treated with different concentrations of AA for
24 h. Cells were harvested and suspended in PBS (2% (v/v) BSA), and then incubated with Muse™
Annexin V & Dead Cell reagent (EMD Millipore, Billerica, MA, USA) for 20 min at room temperature
in dark. Samples were analyzed by Muse Cell Analyzer flow cytometry (EMD Millipore, Billerica, MA,
USA) and by MUSE 1.4 Analysis software (EMD Millipore).

2.7. Mitochondrial Membrane Potential Measurement

Cells were seeded on 6-well plates and incubated with different dose of AA for 24 h. The cells were
harvested, washed and suspended in Muse MitoPotential working solution at 37 ◦C for 20 min. Add
5 μL of 7-AAD and incubate at room temperature for 5 min. Samples were monitored by a Muse Cell
Analyzer flow cytometry (EMD Millipore) The data were analyzed by a Muse Cell Analyzer (Millipore).

2.8. Western Blotting Analysis

The cells are washed twice with cold PBS and lysed with RIPA buffer containing protease
inhibitor cocktail and phosphatase inhibitor cocktail. The protein quantification of supernatants
was determined using BCA protein assay (Pierce) and all samples are separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and the separated proteins were transferred
electrophoretic ally from the gel to the surface of PVDF membrane (Millipore, Bedford, MA, USA).
Membranes were blocked with 5% non-fat milk in TBST for 1 h. The analysis used primary antibodies
as described by the manufacturers of the antibodies. Antibodies were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). Anti-ERK 1/2 (#4695), Anti-JNK 1/2 (#9252), Anti-p38 (#8690),
Anti-Akt (#4685), Anti-phospho-ERK 1/2 (#4370), Anti-phospho-JNK 1/2 (#4668), Anti-phospho-p38
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(#4511), Anti-phospho-Akt (#4060), Anti-cleaved caspase 3 (#9664), Anti-cleaved caspase 8(#9496),
Anti-cleaved caspase 9 (#9505), Anti-cleaved PARP(#5625), Anti-Bax (#2772), Anti-Bak (#3814), Anti-Fas
(#4233), Anti-TNF-R1(#3736), Anti-DCR2 (#8049), Anti-DR5 (#8074) or isotype-control rabbit mAbs (Cell
Signaling Technology, Beverly, MA). After the final rinsing with TBST, the membrane was incubated
with secondary HRP-linked anti-rabbit IgG or anti-mouse IgG for 1 h. After washing, the immunoblots
were visualized using chemiluminescence (ECL) HRP substrate (Millipore).

2.9. Statistical Analysis

Values represent the means ± standard deviation and the experiments were repeated at least three
times. Data were analyzed using Student’s t-test when two groups were compared. A p value of
<0.05 was considered statistically significant. Statistical analysis using one-way analysis of variance
(ANOVA). Analysis of more than three groups using Dunnett’s test.

3. Results

3.1. Cytotoxicity of Asiatic acid on Cisplatin-Resistance Human NPC Cell Lines

Figure 1a reveals the chemical structure of Asiatic acid, a pentacyclic triterpene, titrated extract
from Centella asiatica. We assessed the cell viability of two kinds of cisplatin-resistant human NPC cell
lines, cis NPC-039 and cis NPC-BM, by MTT assay. These cell lines were treated with an increasing
concentration of AA (0, 25, 50, and 75 μM) with or without cisplatin for 24, 48, and 72 h. The results
in Figure 1b,c show that the cell viability of both cis NPC-039 and cis NPC-BM was inhibited in a
dose- and time-dependent manner regardless of whether with or without cisplatin. Cell viability was
significantly reduced in concentration of 50 and 75 μM compared to control (0 μM).

Figure 1. Cytotoxic effects of Asiatic acid on cisplatin-resistant human NPC cell lines (NPC-039 and
NPC-BM) (a) The chemical structure of Asiatic acid. (b) The cell viability significantly decreased in
AA-treated cis NPC-BM cell and cis NPC-039 cell with cisplatin and (c) without cisplatin in a dose and
time dependent manner under MTT assay. * p < 0.05 as compared with control group.
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3.2. Asiatic Acid Induced Cell Apoptosis and Cell Cycle Arrest in Cisplatin-Resistance Human NPC Cell Lines

PI staining and flow cytometry were applied to determine the cell cycle distribution of cisplatin-
resistance human NPC cell lines, cis NPC-039 and cis NPC-BM, and to examine the effect of AA
on cell growth suppression. Figure 2 shows that the proportion in the sub-G1 phase increased in a
concentration-dependent manner, especially in 75 μM group. Figure 3a illustrates the more condensed
nuclei, suggesting the typical characteristic morphology of DNA fragmentation in apoptotic cells, in
the higher concentration group of AA-treated NPC cell lines with the fluorescence microscopy after
DAPI staining. The difference was statistically significant in 50 and 75 μM groups of both two cell
lines (Figure 3b). Furthermore, we performed the Annexin-V and PI double staining and followed by
flow cytometric analysis. The results in Figure 3c,d indicated that AA increased apoptotic cells in early
stage and late stage of apoptosis, and significantly in 75 μM -treated cell lines.

Figure 2. Asiatic acid cause cell cycle arrest in cis NPC-039 and cis NPC-BM cell lines. (a) The cisplatin-
resistant human NPC cell lines were treated with Asiatic acid (0, 25, 50, and 75 μM). Cell cycle phase
distribution (Sub-G1, G0/G1, S, and G2/M) were estimated by flow cytometry. (b) The rate of different
phase of cell cycle in cis NPC-039 and cis NPC-BM cell lines. * p < 0.05 as compared with control group.
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Figure 3. Effect of Asiatic acid on apoptosis induction in cis NPC-039 and cis NPC-BM cell lines. (a)
Nuclear counterstain level was detected by DAPI staining. Characteristic ‘blebbing’ morphology of
cell nucleus was observed by fluorescence microscopy. (b) The DNA condensation fold compared
with control. (c) and (d) Cell apoptosis was analyzed by flow cytometric with Annexin-V/PI Staining.
* p < 0.05 as compared with control group.

3.3. Asiatic Acid Induced Cell Apoptosis in Cisplatin-Resistance Human NPC Cell Lines through the
Mitochondrial Pathway and Death Receptor Related Pathway

The pathway involved in the AA-induced apoptosis in cis NPC-039 and cis NPC-BM cell lines have
to be verified. We performed the Muse MitoPotential Kit and Muse Cell Analyzer assays. The results
in Figure 4a,b display that the mitochondrial membrane potential was changed and the depolarized
cells was significantly increased with AA at 75 μM. On the other hand, the expressions of Fas, DCR2,
and DR5 were all increased in AA-treated cisplatin-resistant NPC cell lines by Western blot analysis
(Figure 4c,d).
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Figure 4. Asiatic acid cause cis NPC-039 and cis NPC-BM cell apoptosis thought the intrinsic pathway
and the extrinsic pathway. (a) Effect of Asiatic acid on mitochondrial membrane potential was analyzed
by flow cytometric (b) The related mitochondrial membrane depolarized levels compared with control.
(c) The expression levels of Fas, TNF-R1, DcR2, and DR5 were detected by Western blot. (d) The relative
band density was normalized to GAPDH as a densitometer. * p < 0.05 versus control group.

3.4. Asiatic Acid Upregulates the Expression of Caspase-3, -8, -9, and Altered the Expression of Bax and Bak in
Cisplatin-Resistance Human NPC-039 and NPC-BM Cell Lines

We performed Western blot analysis of the cleaved forms of caspase-3, caspase-8, caspase-9, and
Poly (ADP-ribose) polymerase (PARP) in AA-treated NPC cell lines to determine the caspase activation
pathway in AA-induced apoptosis. As observed in Figure 5a,b, the expressions of caspase-3, -8, -9,
and PARP increase significantly in cis NPC-039 cell lines with AA at 50 μM compared to control
group. In cis NPC-BM cell clines, significantly increased expression of caspase-3, -8, and -9 was
found in AA treatment of 75 μM for 24 h. In Figure 5c,d, the related expression level of Bax and Bak,
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two pro-apoptotic proteins, in cis NPC-BM cell line were significantly increased by 183% and 137%
respectively. In another cis NPC-039 cell line, 24-h 50 μM and 75 μM AA treatment increased Bax
expression, but decreased Bak expression.

Figure 5. Asiatic acid activates caspase 3, 8, and 9 and upregulated the expression of Bax and Bak.
(a) The expression levels of cleaved caspase-3, -8, -9 and PARP were detected by Western blot. (b) The
protein levels were quantified and normalized to GAPDH using a densitometer. (c) The expression
levels of Bak and Bak were detected by Western blot. (d) The protein levels were quantified and
normalized to GAPDH using a densitometer. * p < 0.05 versus control group.
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3.5. Asiatic Acid Induced Cell Apoptosis via p38 Pathway in Cisplatin-Resistance Human NPC-039 and
NPC-BM Cell Lines

We applied the Western blot analysis to obtain the level of expression of ERK1/2, AKT, p38, and
JNK1/2 to confirm the mechanisms related to AA-mediated apoptosis. The results in Figure 6a,b display
the significantly increased expressions of phosphorylation of p38 and JNK1/2 with dose-dependent
relationship in cis NPC-039 cell lines, whereas decreased the phosphorylation of AKT in 50- and
75 μM -treated groups and ERK1/2 in 50 μM-treated group. In cis BPC-BM cell lines, AA treatment
of 50 and 75 μM for 24 h significantly increased the activation of phosphor-p38 by 298% and 348%
respectively and significantly decreased the expression of phosphor-ERK1/2. Decreased expression of
phosphor-AKT and increased of phosphor-JNK1/2 were found in 75 μM-treated cell group. To further
examine the signal transduction pathways involved in apoptosis, we treated cis NPC-039 and cis
NPC-BM cell lines with AA of 50 μM plus ERK1/2 inhibitor (U), AKT inhibitor (LY), p38 inhibitor
(SB), and JNK1/2 inhibitor (SP). The related expression level of cleaved caspase 9 was increased when
adding ERK1/2 inhibitor (U) and JNK1/2 inhibitor (SP) and decreased when adding AKT inhibitor (LY)
and p38 inhibitor (SB) in both cell lines compared to AA-treated group. The expression of cleaved
PARP was increased when adding JNK1/2 inhibitor (SP) and decreased when adding AKT inhibitor
(LY), and p38 inhibitor (SB) in cis NPC-039. However, the expression of cleaved PARP was increased
when adding ERK1/2 inhibitor (U) and decreased when adding AKT inhibitor (LY), p38 inhibitor (SB),
and JNK1/2 inhibitor (SP) in cis NPC-BM. Therefore, we might propose that the phosphorylation of
p38 plays a considerable role in the pathway of AA-related apoptosis.

4. Discussion

Chemotherapy is one of the mainstay options for the treatment against nasopharyngeal carcinoma,
especially in the locoregionally advanced or metastatic stage. Cisplatin is most commonly used, but the
therapeutic outcome may be restricted because of its toxicity and resistance. This research attempted to
discover the promising natural compound against cisplatin-resistance NPC cells. Our results indicate
that the Asiatic acid may induce apoptosis in cisplatin-resistance NPC-039 and NPC-BM cell lines via
the p38 and ERK signaling transduction pathway.

It has been proposed that Asiatic acid has various pharmacological activities such as
anti-inflammatory and antioxidant, as well as the potent anti-hypertensive, neuro and cardio-protective,
antimicrobial, and antitumor activities [5]. Many studies had proved the anti-cancer effects in vitro
or in vivo of AA in breast cancer, ovary cancer, colon cancer, gastric cancer, cholangiocarcinoma,
glioblastoma, lung cancer, lymphoma, and melanoma [6,11–18]. Our study corresponds with these
researches and revealed the anti-cancer effect of AA in both dose and time dependent manners
in cisplatin-resistance NPC cell lines (Figure 1b). AA induced cell death by cell cycle arrest and
apoptosis in this study (Figures 2 and 3). Previous study also revealed that AA induced cells undergo
S-G2/M phase arrest and apoptosis in human breast cancer MCF-7 and MDA-MB-231 cell lines [6].
Siddique et al. suggested that AA induced apoptosis through decreasing the Bcl-2 and increasing the
Bax, caspase-3 and -9 in a rat model of colon carcinogenesis [11].

Furthermore, we investigated the intrinsic and extrinsic pathway in apoptosis induced by AA.
Figure 4 shows that both the mitochondrial pathway and the death receptor-initiated pathway are
involved in AA-induced apoptosis, as well as the upregulated Bax and Bak in Figure 5. The research in 2017
revealed that AA-induced apoptosis in lung cancer was caused by altering the mitochondrial membrane
potential and lead to activation of caspase and PARP signaling pathways [14]. Related researches
mention that AA cause activation of mitochondrial pathway via regulating B cell CLL/lymphoma 2
(BCL2) family proteins and increasing the ratio of Bax to Bcl2 which lead to cancer cell apoptosis [19,20].
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Figure 6. Effect of Asiatic acid on the MAPKs and AKT pathway in cis NPC-039 and cis NPC-BM
cell lines (a) The expression levels of ERK1/2, AKT, p38, and JNK1/2 were detected by Western blot.
(b) The protein levels were quantified and normalized to GAPDH using a densitometer. * p < 0.05
versus control group. (c) After pretreated with ERK1/2, AKT, p38, and JNK1/2 inhibitors separately
(U, LY, SB, SP), the expression levels of cleaved caspase-9 and PARP were detected by Western blot.
(d) The protein levels were quantified and normalized to GAPDH using a densitometer. * p < 0.05
versus control group. # p < 0.05, compared with Asiatic acid treated only.
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Previous studies revealed that the AA-induced apoptosis of human cancer cell is mediated
by the mitogen-activated protein kinase (MAPK) pathway with or without involving the activated
caspases [5,6,21]. The inhibition of ERK and p38 phosphorylation in AA-treated cancer cell are also
noted [15]. Our results in Figures 5 and 6 also indicate that caspase-3, -8, and -9 are upregulated in
AA-induced apoptosis and that caspase-9 expression is mediated by the phosphorylation of p38 and
ERK1/2 pathway in human NPC cell lines. Other research has indicated the anti-cancer activity of AA
by Akt pathway [17,22], but our results didn’t show it.

Based on previous research, the resistance of cisplatin comes from three mechanisms: altered
DNA repair, cytosolic inactivation of drug, and altered cellular accumulation of drug, and the increased
expression of excision repair cross complementation 1 (ERCC1) to alter DNA repair in NPC was
related to cisplatin resistance [10]. Liu et al. proposed that the resistance might be sensitized by
increasing Bax/Bcl-2 mRNA ratios caused by inhibited NFκB expression and downregulating ERCC1
and thymidine phosphorylase (TP) by inhibiting the phosphorylation of ERK, p38 and PI3K/AKT
pathways, which all lead to apoptosis, in human hepatoma HepG2 cells [23]. Another research also
revealed the decreased ERCC1 mRNA expression by downregulation of p38 MAPK pathway [21].
Consistent with these studies, our results revealed significantly increased expression of Bax and
decreased phosphorylation of ERK in AA-treated cis-NPC cell lines. However, the phosphorylation of
p38 was upregulated in our study. Hsieh et al. also proposed that another plant-derived triterpene,
Celastrol, also induces cancer cell apoptosis of cisplatin-resistant nasopharyngeal carcinoma though
increasing p38 MAPK signaling pathway, as well as ERK1/2 [24]. These inconsistent results of the
regulatory signaling pathway and detailed mechanisms require further clarification.

5. Conclusions

In conclusion, this is the first study to demonstrate the AA-induced apoptotic pathway in human
cisplatin-resistant nasopharyngeal carcinoma. The mechanism of both intrinsic and extrinsic pathways,
including the phosphorylation p38 and Bax upregulation, is involved. Therefore, AA is expected to be
another therapeutic option for cisplatin-resistant NPC because of the promising anti-cancer effect and
fewer toxic properties.
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Abstract: The toxic reactive aldehyde 4-hydroxynonenal (4-HNE) belongs to the advanced lipid
peroxidation end products. Accumulation of 4-HNE and formation of 4-HNE adducts induced by
redox imbalance participate in several cytotoxic processes, which contribute to the pathogenesis
and progression of oxidative stress-related human disorders. Medicinal plants and bioactive
natural compounds are suggested to be attractive sources of potential agents to mitigate oxidative
stress, but little is known about the therapeutic potentials especially on combating 4-HNE-induced
deleterious effects. Of note, some investigations clarify the attenuation of medicinal plants and
bioactive compounds on 4-HNE-induced disturbances, but strong evidence is needed that these plants
and compounds serve as potent agents in the prevention and treatment of disorders driven by 4-HNE.
Therefore, this review highlights the pharmacological basis of these medicinal plants and bioactive
compounds to combat 4-HNE-induced deleterious effects in oxidative stress-related disorders, such
as neurotoxicity and neurological disorder, eye damage, cardiovascular injury, liver injury, and energy
metabolism disorder. In addition, this review briefly discusses with special attention to the strategies
for developing potential therapies by future applications of these medicinal plants and bioactive
compounds, which will help biological and pharmacological scientists to explore the new vistas of
medicinal plants in combating 4-HNE-induced deleterious effects.

Keywords: medicinal plants; bioactive compounds; herbs; biological activity; 4-hydroxynonenal;
deleterious effects

1. Introduction

The toxic reactive aldehyde 4-hydroxynonenal (4-HNE) belongs to the advanced lipid peroxidation
end products [1]. As the second toxic messenger of free radicals, 4-HNE modifies specific amino acid
residues on proteins to form highly cytotoxic reactive 4-HNE adducts via Michael addition or Schiff
base reaction or reacts with DNA via epoxidation under oxidative stress conditions. Oxidative stress
is one of the main pathogeneses for human disorders [2]. Accumulation of 4-HNE and formation
of 4-HNE adducts are induced by mainly reactive oxygen species (ROS) and other free radicals;
participate in several cytotoxic processes such as protein dysfunction, apoptosis, and inflammatory
injury; and produce deleterious effects [2–8]. As a result, 4-HNE serves as a biomarker for both lipid
peroxidation and oxidative stress [1,2]. Therefore, the inhibition, neutralization, and detoxification of
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4-HNE and 4-HNE adducts has become one of the directions of developing potential therapies for
oxidative stress-related disorders.

Medicinal plants have been widely used to prevent and treat various kinds of disorders for
thousands of years. Their extracts and bioactive compounds have the ability to prevent the cells
from oxidative stress injury [9–11]. Some of them have been suggested to be attractive sources
of potential agents to mitigate oxidative stress and attenuate 4-HNE-induced toxicity. However,
researchers pay little attention to reviewing these medicinal plants and natural bioactive compounds on
combating 4-HNE-induced deleterious effects in neurotoxicity and neurological disorder, eye damage,
cardiovascular injury, liver injury, and energy metabolism disorder [12–16].

Therefore, this review focuses on the therapeutic effects of medicinal plants in treating 4-HNE-related
disorders under oxidative stress. An open-ended, English-restricted search of PubMed/MEDLINE
database and Web of Science database has been conducted (up to 31 December 2019) using terms such
as 4-HNE-induced or driven/induced by 4-HNE, and medicinal plant/herb/phytochemical/natural
compounds compound/constituent. This review aims to highlight the pharmacological basis of
medicinal plants and bioactive compounds in the attenuation of 4-HNE-induced deleterious effects, as
well as the underlying molecular mechanisms. Additionally, this review briefly discusses the strategies
for developing potential therapies in future applications of these medicinal plants and compounds,
which will benefit biological and pharmacological scientists to explore the new vistas of medicinal
plants in combating 4-HNE-induced deleterious effects.

2. Neuroprotection

Neurotoxicity exacerbated by oxidative stress is strongly associated with 4-HNE toxicity;
its further deterioration cleaves nuclear enzyme poly (ADP-ribose) polymerase (PARP) to affect
DNA repair and apoptosis in neurons, leading to neurological disorders [1,17]. Polyphenol extract
from red wine offers health benefits and can help to avoid neurodegenerative diseases [18]. This
extract inhibits 4-HNE-induced cleavage of PARP and protects against apoptosis in neuronal-like
catecholaminergic cells (rat pheochromocytoma, PC12 cells) by reducing intracellular ROS [19].
Polyphenolic flavonoids quercetin and myricetin isolated from red wine extract or Ginkgo biloba

extract have cytoprotective effects on 4-HNE-induced PC12 cell death [19], further demonstrating the
benefits in neurodegeneration [20,21]. Other medicinal plant flavonoids luteolin and apigenin have
antioxidant, anti-inflammatory, and neuroprotective effects. These two flavonoid compounds also
attenuate 4-HNE-induced PARP-1 and caspase-3 activation as well as cell viability in PC12 cells [22].

The accumulation of 4-HNE up-regulates mitogen-activated protein kinase (MAPK) superfamily,
especially C-Jun-N-terminal kinase (JNK), which plays a crucial role in oxidative stress-mediated
cellular apoptosis [23,24]. Piceatannol, a bioactive stilbene derivative from medicinal plants
Passiflora edulis or Gnetum parvifolium, restores 4-HNE-induced PARP cleavage and apoptosis regulator
Bcl-2 expression, and down-regulates the phosphorylation of JNK (p-JNK) in PC12 cell death and nuclear
condensation [25]. Recently, maternal supplementation with piceatannol has been demonstrated to
have neuroprotection against neonate brain damage and reverse the sensorimotor deficit and cognitive
impairment in rats [26]. Additionally, as a traditional medicinal plant in China and Korea, citri
reticulatae viride pericarpium also restores 4-HNE-induced inflammatory injury in PC12 cells via
inhibiting the activation of p-JNK and nuclear factor kappa-B (NF-κB) [27]. Mitogen-activated protein
kinase kinase 4 (MKK4) as an upstream activator of JNK plays a critical role in response to cellular
oxidative stress. Cocoa procyanidin fraction and its major antioxidant compound procyanidin B2 are
reported to attenuate 4-HNE-induced nuclear condensation and increase sub-G1 fraction (markers
of apoptotic cell death) as well as intracellular ROS accumulation in PC12 cells. This fraction and
procyanidin B2 also protect against 4-HNE-induced PC12 cell apoptosis by blocking MKK4 activity [28].
Thus, the modulation of JNK and its upstream activator by medicinal plants and bioactive compounds
may have potential therapeutic indications for neurodegenerative diseases.
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Nuclear factor (erythroid-derived 2)-like-2 factor (Nrf2) is a ubiquitous master transcription
factor that binds to the antioxidant response elements (ARE) and then enhances the expression
levels of antioxidant enzymes and cytoprotective genes within DNA in response to oxidative
stress [29]. Trans-resveratrol, a natural stilbene constituent isolated from medicinal plant grapevinele,
is known to activate Nrf2 signaling pathway. Trans-resveratrol counters the cytotoxic response of
4-HNE consistently and reduces ROS generation and lipid peroxidation in PC-12 cells, showing its
improvement of antioxidant defense system. It also restores 4-HNE-induced protein expression changes
of mitochondria-mediated apoptosis markers (caspase-3, Bax, and B-cell lymphoma-2 (Bcl-2)) as well as
oxidative damage, resulting in the alleviation of apoptotic neurodegeneration in PC12 cells [30]. More
importantly, sulforaphane (an isothiocyanate mainly derived from crucifers such as broccoli, cabbages
and olives) and carnosic acid (a plastidial catecholic diterpene mainly from Rosmarinus officinalis) are
two phytochemicals Nrf2/ARE activators, which are found to attenuate 4-HNE-induced inhibition of
mitochondrial respiration for complex I; the latter has been found to protect complex II in the isolated
cortical mitochondria in young adult male CF-1 mice [14]. Furthermore, sulforaphane and carnosic
acid decrease the amount of 4-HNE bound to mitochondrial proteins [14]. Microtubule-associated
protein 1 light chain 3 alpha (LC3) is a marker of autophagosome, which is required for clearing dead
cells. Study has shown that polyphenolic flavonoids luteolin and apigenin mitigate LC3 conversion
and ROS production, activate Nrf2 signaling, and inhibit cytotoxicity in 4-HNE-exposed PC12 cells [22].
Therefore, the above phytochemicals have the capability of Nrf2 signaling induction to prevent the
mitotoxicity of 4-HNE and provide neuroprotection.

Hyperactivity of NADPH oxidases (NOX) induced by 4-HNE has a crucial role in ROS
overproduction and apoptosis; thus, NOX-derived ROS is a central mechanism in the development of
neurodegeneration and neuroinflammation [31]. Kaempferol, a natural flavonoid presented in many
medicinal plants, has been proved as a potential neuroprotective agent. It suppresses 4-HNE-mediated
p-JNK and apoptosis in PC12 cells. Interestingly, kaempferol directly binds p47(phox), a cytosolic
subunit of NOX, and effectively blocks 4-HNE-induced NOX activation in PC12 cells, exerting its
potential neuroprotection against NOX-mediated neurodegeneration [13]. Scutellarin, a bioactive
flavone isolated from Scutellaria baicalensis, has anti-inflammatory, anti-oxidative, anti-apoptotic, and
anti-neurotoxic properties. More recently, a molecular docking study showed that scutellarin selectively
binds to NOX2 with high affinity. Substantially, scutellarin down-regulates NOX2 expression and
reduces 4-HNE and ROS levels in astrocytes subjected to ischemia/reperfusion and in rats with focal
cerebral ischemia [32]. These results indicate that scutellarin is a neuroprotective flavone against
ischemic injury.

Alzheimer’s disease (AD) is a progressive and irreversible neurodegenerative disorder. High
levels of 4-HNE are detected in the AD brain with the induction of neuronal apoptosis and
oxidative stress, indicating that 4-HNE may play a role in AD subjects and/or animal models of
age-related neurodegenerative disorders [33,34]. Acetylcholine esterase (AChE), cyclooxygenase-2
(COX-2), and matrix metalloproteinase-8 (MMP-8) are important target proteins implicated in AD
pathogenesis. Phytocompounds albiziasaponin-A, iso-orientin, and salvadorin have antioxidant
and anticholinesterase activities. The results from molecular docking studies show that there are
strong interactions of albiziasaponin-A, iso-orientin, and salvadorin with AChE, COX2, and MMP8,
respectively. Hence, these three bioactive compounds reduce serum 4-HNE levels in colchicine-induced
AD model of rats, suggesting that albiziasaponin-A, iso-orientin, and salvadorin may be potential
neuroprotective agents [35].

Glutathione S-transferase (GST) is a critical enzyme that participates in the detoxification of
4-HNE and has potential to prevent degenerative cellular processes [36]. Naringenin, a flavonoid
found in grapefruit juice, is reported to improve learning and memory in a rat model of AD [37]. In an
intracerebroventricular-streptozotocin-induced AD-type model of rats with cognitive impairment,
naringenin increases GST, glutathione peroxidase (GSH-Px), glutathione reductase (GR), superoxide
dismutase (SOD), and catalase (CAT) to detoxify 4-HNE in the hippocampus [38]. Collapsin response
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mediator protein-2 (CRMP-2) is hyperphosphorylated in AD. More recently, using computational tools
with structural and dynamic analyses, naringenin and naringenin-7-O-glucuronide have been found to
selectively bind CRMP-2 and then reduce p-CRMP-2, being the therapeutic activity of novel CRMP-2
inhibitor [39,40].

In senescence-accelerated mouse prone 8 (SAMP8) model of mice with age-related cognitive
decline and AD, rosemary extract as well as spearmint extract (containing carnosic acid and
rosmarinic acid) are reported to reduce 4-HNE levels in brain cortex and protein carbonyls in brain
hippocampus, resulting in the improvement of learning and memory [41]. More importantly, rosmarinic
acid increases antioxidant enzyme activities (such as SOD, CAT, and GSH-Px) and glutathione
levels and then reduces 4-HNE in amyloid beta 42-induced echoic memory decline in rats with
oxidative stress and cholinergic impairment, possibly contributing to the improvement of neural
network dynamics of auditory processes [42]. Dark tea prevents and treats age-related degenerative
diseases. l-theanine, 3,3′-azanediylbis (4-hydroxybenzoic acid) and one of 8-C N-ethyl-2-pyrrolidinone
substituted flavan-3-ols were recently isolated for in silico characterization of microbial metabolites
extracted from dark tea. Oral administration of these three compounds indeed inhibits the formation of
4-HNE and ubiquitinated protein aggregates, regulates Aβ metabolic pathway, increases endogenous
antioxidant capacity, and reduces neuronal apoptosis rate in SAMP8 mice, showing the protection of
SAMP8 neurons [43].

Parkinson’s disease (PD) is an age-related neurodegenerative disorder that severely affects quality
of life. Chrysin, a flavone found in Passiflora caerulea, P. incarnata, and Oroxylum indicum, improves
antioxidant defense system to protect against oxidative stress by increasing GSH to reduce 4-HNE.
Consistently, chrysin improves behavioral and cognitive ability in a 6-hydroxydopamine-induced
mouse model of PD [44]. Quercetin also markedly improves the motor balance and coordination in
1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine-induced PD of mice. Moreover, quercetin significantly
decreases 4-HNE immunoreactivity in striatum of mouse brains and increases GPx, SOD, AchE,
and dopamine contents, showing the antiparkinsonian property [45].

3. Prevention of Eye Damage

The main visual ocular structures are the cornea and conjunctiva, lens, vitreum, and retina.
Any structure dysfunction can cause visual problems and even blindness. Overproduction of ROS
leads to the increased level of 4-HNE and induces lipid oxidative damage and inflammation in the
cornea and conjunctiva [46,47], whereas 4-HNE accumulation causes the death of lens epithelia cells to
induce lens opacification and cataract [48] as well as retinal pigment epithelium (RPE) cell death [49,50].
In the ocular surface of mouse model with dry eye disease, antioxidant extracts from Schizonepeta

tenuifolia, Angelica dahurica, Rehmannia glutinosa, and Cassia tora reduce the number of 4-HNE-positive
cells to protect from lipid peroxidation-related membrane damage. These antioxidant extracts also
inhibit extracellular ROS production and decrease IL-1β, IL-6, tumor necrosis factor-α (TNF-α), and
interferon-γ (IFN-γ) levels of the ocular surface, resulting in the improvement of clinical signs [51].

Aldose reductase (AR, an NADPH-dependent oxidoreductase) hyperactivity in the lens plays
an important role in the pathogenesis of oxidative stress-mediated diabetic cataract [52]. Quercetin
possesses therapeutic effect in the management and treatment of diabetic cataract. Quercetin and its
glycoside derivative rutin, or G. biloba extract, remarkably inhibit AR activity, stimulate GSH production,
and decrease the levels of 4-HNE, lipid peroxidation malondialdehyde (MDA), and advanced glycation
end-products in the lenses of streptozotocin-induced diabetic cataract rats, delaying the progression of
lens opacification [53]. Curcumin, a diketone constituent extracted from Curcuma longa, is a wonderful
natural antioxidant and anti-cataract agent. This bioactive compound enhances the formation of GST
isoenzymes to detoxify 4-HNE by aiding in the conjugation of 4-HNE to glutathione, showing its
prevention against cataract [48].

Proliferative diabetic retinopathy, a leading cause of blindness, is also promoted by 4-HNE.
Berberine, an isoquinoline alkaloid from a medicinal plant rhizoma of Coptidis chinesis, has favorable
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effects on glucose and lipid metabolism in animal experimental and human clinical studies [54].
In confluent human retinal Müller cells exposed to 4-HNE, cell death is partially attenuated by
berberine pretreatment. Berberine also restores 4-HNE-induced autophagy in this cell model, showing
its potential to prevent diabetic retinopathy [55].

In fact, 4-HNE can destabilize actin and induce cytoskeletal damage, resulting in retinopathy
and age-related macular degeneration [56]. Cyanidin-3-glucoside is a major anthocyanin in mulberry
or Lonicera caerulea, and its supplement has potential to prevent eye diseases. In human adult
retinal pigmented epithelial (ARPE-19) cells, cyanidin-3-glucoside protects against 4-HNE-induced
cell apoptosis, inflammatory damage, and angiogenesis [12,57]. Quercetin also increases viability
and decreases inflammation and cytotoxicity in 4-HNE-exposed ARPE-19 cells [58]. Recently, solid
dispersion of quercetin has been reported to decrease retinal pigment epithelium sediments and Bruch’s
membrane thickness in Nrf2 wild-type (WT) mice with dry age-related macular degeneration. This
solid dispersion reduces ROS and MDA contents and increases SOD, GSH-PX, and CAT activities in
serum and retinal tissues of Nrf2 WT mice. Solid dispersion of quercetin also up-regulates Nrf2 mRNA
expression and enhances its nuclear translocation, as well as Nrf2 target gene hemeoxygenase-1(HO-1)
in retinal tissues of Nrf2 WT mice [59]. These observations suggest that quercetin may alleviate oxidative
injury to prevent dry age-related macular degeneration by enhancing Nrf2 activation. Medicinal
plants marigold or grape seed (containing macular pigments lutein and zeaxanthin) are reported to
have anti-oxidative activity and prevent 4-HNE adduct formation, actin solubility, and lipofuscin
accumulation as well as age-related cone and rod photoreceptor dysfunction in β5(-/-) mice with
cytoskeletal damage in aging RPE cells [56]. Of note, 4-HNE release and oxidative damage are also
induced by irradiation exposure, causing retinopathy. Cyanidin-3-glucoside and quercetin decrease
4-HNE release in rod outer segments incubated with all-trans-retinal to generate bisretinoid under
irradiation [60], whereas lutein and zeaxanthin isomers have recently been demonstrated to protect
against light-induced retinopathy by reducing oxidative and endoplasmic reticulum stress in BALB/cJ
mice [61]. Photodegradation of N-retinylidene-N-retinylethanolamine (A2E) is known to release
reactive carbonyls. Medicinal plant compounds cyanidin-3-glucoside, quercetin, ferulic acid, and
chlorogenic acid diminish cellular ROS and protect GSH from the reaction with photooxidized A2E in
A2E accumulated-RPE cells irradiated with short-wavelength light [60].

This is especially important in exploring the possible molecular mechanisms by which bioactive
compounds prevent 4-HNE-related retinopathy. NOD-like receptor protein 3 (NLRP3) inflammasome
activation in the eyes is associated with the pathogenesis of age-related macular degeneration in
RPE cells [62]. Cyanidin-3-glucoside has been found to inhibit NLRP3 inflammasome activation by
reducing NLRP3, caspase-1, IL-1β, and IL-18 levels in 4-HNE-exposed ARPE-19 cells. This inhibitory
mechanism may be mediated by regulating JNK-c-Jun/activator protein 1 (AP-1) pathway, further
demonstrating the potential of cyanidin-3-glucoside to prevent retinal degenerative diseases [63,64].
Quercetin improves cell membrane integrity and mitochondrial function and decreases IL-6, IL-8,
and monocyte chemotactic protein 1 (MCP-1) production, presumably by regulating MAPK/NF-κB
signaling pathway in ARPE-19 cells stimulated by inflammatory cytokine [65].

4. Protection against Cardiovascular Injury

The normal redox status can be altered by 4-HNE adducts, which cause cardiomyocyte damage
and vascular dysfunction. Thus, 4-HNE may play a key role in the progression of cardiovascular
diseases [5,66,67]. Thymbra capitata is a Mediterranean culinary herb. Its essential oil prevents
4-HNE-induced cell death and avoids mitochondrial membrane potential loss and ROS generation
in primary cultures of neonatal rat cardiomyocytes [15]. Olive (Olea europaea) leaf, a popular
traditional herbal medicine, has a cardioprotective function. The ethanolic and methanolic extracts of
O. europaea are reported to inhibit 4-HNE-induced apoptosis, ROS production, viability impairment,
mitochondrial dysfunction, and pro-apoptotic activation in rat cardiomyocyte cell line (H9c2 cells).
These extracts also reduce 4-HNE-induced phosphorylation of stress-activated transcription factors in
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H9c2 cells [68]. Furthermore, phenolic compounds oleuropein, hydroxytyrosol, and quercetin derived
from olive leaf are found to prevent against 4-HNE-induced cardiomyocyte carbonyl stress and toxicity
and eventually regulate the cellular redox status [68]. Other medicinal plant constituents such as
epigallocatechin-3-gallate, sulforaphane, and puerarin are reported to protect against cardiomyopathy.
These compounds also reduce 4-HNE and lipid peroxidation to prevent oxidative stress in animal
models of cardiovascular injury [69–71].

Aldehyde dehydrogenase 2 (ALDH2) mediates detoxification of toxic aldehydes, being necessary
and sufficient to confer cardioprotection. Alpha-lipoic acid isolated from spinach and broccoli acts as a
free radical scavenger. This bioactive compound activates myocardial ALDH2 and reduces 4-HNE
and MDA levels in a Langendorffmodel of rat ischemia/reperfusion [72]. A recent report shows that
α-lipoic acid prominently down-regulates the expression of 4-HNE and NOX subunit p67phox to inhibit
oxidative stress in fistula-created deterioration of cardiac function rats [73], further demonstrating the
cardioprotective effect. Flavonoid glycoside baicalin, extracted from Scutellaria baicalensis root, protects
against hypoxia/reoxygenation-induced H9c2 cell injury. Baicalin also enhances ALDH activity to
reduce of 4-HNE and MAD levels and increases SOD activity to suppress ROS production in H9c2
cells, showing its cardioprotection against hypoxia/reoxygenation-induced cardiomyocyte injury [74].

Atherosclerotic lesion is associated with the accumulation of reactive aldehydes derived from
oxidized lipids. Accumulation of 4-HNE becomes an important risk factor that contributes to the
atherogenicity of oxidized low-density lipoprotein (ox-LDL) and the development of atherosclerosis [75].
G. biloba leaf extract is reported to reduce ox-LDL and attenuate 4-HNE-induced production of matrix
metalloproteinase-1 (MMP-1), probably through suppressing the activation of tyrosine-phosphorylated
form of platelet-derived growth factor receptor beta in human coronary smooth muscle cells [76].
Medicinal plant Opuntia cladodes powder containing phenolic acid and flavonoids also reduces ox-LDL
and 4-HNE toxicity in normal (Apc +/+) and preneoplastic (Apc min/+) immortalized epithelial colon
cells [77]. Moreover, O. cladodes significantly reduces the formation of atherosclerotic lesions and
the accumulation of 4-HNE adducts in the vascular wall of apoE-KO mice [78]. These observations
demonstrate that O. cladodes may have therapeutic potential in 4-HNE-related cardiovascular diseases.

5. Protection against Liver Injury

There is evidence that the increased level of 4-HNE is correlated with the pathogenesis of liver
injury [2,79]. Ginseng is a well-known medicinal plant. Ginseng extracts exert protection against
liver injury via multiple pathways. For example, the fine root extract of ginseng with ginsenosides
profiles has been found to attenuate 4-HNE-induced DNA damage in HepG2 cells. Methanolic extract
of the main root also shows a decrease of DNA damage in this cell model [80]. Water extract of
P. ginseng, rich in ginsenosides Rg1 and Rb1, significantly reduces total ROS generation and especially
down-regulates 4-HNE signals in radiation-induced steatohepatitis of mice [81]. Red ginseng or
black ginseng is a type of the repeated steam-processed P. ginseng. Red ginseng extract improves
chronic alcohol-induced histopathological changes of liver in mice. This extract also inhibits oxidative
stress and lipid peroxidation by reducing the formation of 4-HNE and the number of 4-HNE-positive
cells and protects hepatocytes from inflammation and necrosis by activating AMP-activated protein
kinase (AMPK)/Sirt1 pathway [82]. Recently, black ginseng extract has been reported to maintain
the cellular redox status by restoring NOX and GSH level change and alleviate oxidative stress by
reducing intracellular ROS production and lipid peroxide 4-HNE signals, resulting in the protection of
hydrogen peroxide-induced oxidative damage in AML-12 cells [83]. American ginseng berry, the ripe
fruit of Panax quinquefolius, contains a variety of protopanaxadiol ginsenosides and protopanaxatriol
ginsenosides. This ripe fruit extract inhibits alanine aminotransferase and aspartate transaminase
activity and mitigates oxidative stress and lipid peroxidation by reinforcing SOD activity, suppressing
GSH depletion, and reducing 4-HNE formation in acetaminophen-induced liver injury of mice [84].

Several other bioactive compounds of medicinal plants also mitigate oxidative stress, improve
antioxidant function, and reduce 4-HNE, protecting against liver injury. Tanshinone II-A is a
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diterpene quinone constituent of Salvia miltiorrhiza. This bioactive compound restores 4-HNE-induced
hepatocyte damage in normal liver tissue NCTC 1469 cells. Tanshinone II-A also up-regulates
peroxisome proliferator-activated receptor α (PPARα) expression and scavenges 4-HNE in this
hepatocyte model [85]. Fisetin, one of the most popular polyphenols in fruits and vegetables, exhibits
senotherapeutic activity in treating aged mice. It reduces liver oxidative stress damage by decreasing
4-HNE adducts and increasing the ratio of intracellular oxidized glutathione [86,87]. p-Coumaric acid,
rich in fruits, vegetables, and plants, protects hepatocytes against oxidative stress and lipid peroxidation
efficiently by reducing high levels of ROS and formation of 4-HNE protein adducts. Consistently, this
active compound attenuates acetaminophen-induced hepatotoxicity, apoptosis, and inflammation
in mice by suppressing the translocation of apoptosis-inducing factor and MAPK signaling and
decreasing NF-κB activity [88]. Chlorogenic acid is an active compound in Ligustrum lucidum fruit
that protects hepatocyte mitochondria from oxidative stress mediated by the activation of AMPK in
carbon tetrachloride-induced acute liver injury of mice [89]. Water extract of L. lucidum inhibits ROS
generation and increases intracellular GSH to reduce 4-HNE levels in this animal model, demonstrating
that L. lucidum inhibits oxidative stress to prevent liver injury via AMPK activation [89].

Of note, high 4-HNE levels cause rapid cell death associated with the depletion of sulfhydryl
groups and inhibition of key metabolic enzymes. Aldo-keto reductase family 7 member A2 (AKR7A2)
is the most abundant anthracycline metabolizing enzyme, which has been found to protect against
4-HNE toxicity. AKR7A2 over-expression rescues the effect of Nrf2-knockdown on 4-HNE-induced
cytotoxicity [90]. The active coumarin compound 7-Hydroxycoumain is presented in many medicinal
plants, such as the seeds of Clausena lansium, Parasenecio forrestii, Artemisia argyi, and Pharbitis purpurea.
This phytochemical acts as an AKR7A2 inducer and protects against 4-HNE-induced HepG2 cell damage
via AKR7A2 induction. Thus, the inducible AKR7A2 has provided a new therapeutic target to treat
oxidative stress-related chronic liver disease [90]. Additionally, the effects of bioactive compounds on AR
activity have been reported. Plant triterpenoid saponins soyasaponin Ba (V), soyasaponin Bb, soyasaponin
Bd (sandosaponin A), soyasaponin αg, 3-O-[R-L-rhamnopyranosyl (1→2)-α-D-glucopyranosyl
(1→2)-α-D-glucuronopyranosyl]olean-12-en-22-oxo-3α,-24-diol, and soyasaponin βg isolated from
methanolic extract of Phaseolus vulgaris seeds (Zolfino bean) have the ability to inhibit highly purified
human recombinant aldose reductase (hAKR1B1), as well as hAKR1B1-dependent reduction of 4-HNE [91].
This work suggests that the reduction of 4-HNE by metabolic enzymes is an important determinant of
the prevention of oxidative stress-driven liver injury.

6. Improvement of Energy Metabolism Disorder

Oxidative stress induced by 4-HNE also causes energy metabolism disorder that leads to tissue
injury [92–94]. A harmful effect is exerted on adipocytes by 4-HNE, and 4-HNE also promotes insulin
resistance [92,95,96]. In fact, 4-HNE induction and its lipolytic response are observed in insulin
resistance patients with obesity and type 2 diabetes mellitus [92]. Insulin signaling pathway plays an
important role in mediating energy metabolism. Tocotrienol-rich fraction in olive oil is reported to
protect against oxidative stress, inflammation, and apoptosis, prevent the increased levels of 4-HNE
and protein carbonyls from hyperglycemia-induced muscle damage, and effectively reduce insulin
resistance in type 2 diabetic mice, via regulating the AMPK/Sirt1/peroxisome proliferator-activated
receptor γ coactivator 1 (PGC1) pathway [97]. Carnosic acid decreases 4-HNE-mediated free fatty acid
release and activates Tyr632 phosphorylation of insulin receptor substrate-1 (p-IRS-1Tyr632) and protein
kinase B (p-Akt), inhibits as well as p-IRS-1Ser307 in insulin signaling pathway in 3T3-L1 adipocytes.
This rosemary diterpene compound also suppresses 4-HNE-induced phosphorylation of protein kinase
A (p-PKA) and hormone-sensitive lipase (HSL) and attenuates 4-HNE-induced down-regulation of
p-AMPK and acetyl-CoA carboxylase, demonstrating the alleviation of insulin resistance driven by
4-HNE [16].

The improvement of antioxidant defense system in treating energy metabolism disorders is
also important. GST can protect against 4-HNE-induced insulin resistance [36]. Carnosic acid
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up-regulates GST expression to reduce 4-HNE-conjugated proteins, being consistent with its attenuation
of 4-HNE-induced lipolytic response and insulin resistance [16]. Morus alba (mulberry), a popular
ornamental plant, has several well-documented beneficial effects to prevent and treat metabolic
diseases [98]. The root bark extract of M. alba, rich in Diels–Alder type adducts cudraflavone B and
other flavonoids, markedly protects against lipid peroxidation-induced pancreatic injury by increasing
GSH and reducing 4-HNE in rats [99]. Mulberry leaf contains a variety of flavonoids to control
obesity [100]. Recent study shows that mulberry leaf aqueous extract significantly reduces plasma
levels of 4-HNE adducts and enhances the cellular antioxidant defense system to inhibit oxidative stress
via normalizing Nrf2 activation in high fat diet-fed mice [101]. Mulberry fruits, a well-known source
of resveratrol, prevent diabetic complications by reducing lipid peroxidation and 4-HNE accumulation
in diabetic pregnancy [102]. Consistently, mulberry bioactive compound trans-resveratrol mitigates
oxidative stress by reducing lipid peroxidation and inhibiting 4-HNE expression and DNA damage in
streptozotocin-induced type 1 diabetes of rats [103]. In addition, the inhibition of NOX plays a key
role in the mitigation of oxidative stress and prevention of insulin resistance, steatosis, and muscle
damage [104,105]. NOX inhibitor apocynin, isolated from Picrorhiza kurroa, has been found to attenuate
insulin resistance in skeletal muscle of mice with metabolic syndrome. Another phytochemical,
(−)-epicatechin, found in green tea and cocoa, also down-regulates NOX1/NOX4, reduces 4-HNE
adducts from ileum cells, and mitigates high fat diet-induced insulin resistance and steatosis in male
C57BL/6J mice by preventing oxidative stress [106]. Cyanidin and delphinidin are the most common
aglycon forms of anthocyanins and also have NOX inhibitory activity to attenuate high fat-induced
steatosis and control the adverse effects by reducing 4-HNE-protein adducts in mice [107].

Another risk factor of obesity and type 2 diabetes is increased following exposure to fine particular
matter (PM2.5) [108–110]. Research has shown 4-Hydroxytyrosol to be beneficial for metabolic and
cardiovascular disorders. It also reduces liver and serum 4-HNE levels and alleviates PM2.5-induced,
adiposity, and insulin resistance in adult female C57BL/6j mice by mitigating oxidative stress as
well as restraining NF-κB activation and gut microbiota [111]. Additionally, there is evidence that
4-hydroxytyrosol significantly reduces 4-HNE expression in red blood cells from hyperlipemic patients
and protects red blood cells against 4-HNE toxicity [112].

7. Amelioration of Other Disorders

Medicinal plants and bioactive compounds also combat 4-HNE-induced deleterious effects and
ameliorate the clinical signs in other disorders. Aloe vera is a medicinal herb that contains numerous
bioactive components. Aqueous extract of A. vera has an antioxidant capacity on endogenous ROS
production and 4-HNE-protein adducts induced by 4-HNE in human cervical cancer (HeLa), human
microvascular endothelial cells (HMEC), human keratinocytes (HaCat), and human osteosarcoma
(HOS) cell cultures [113]. Triterpene saponin aescin isolated from Aesculus hippocastanum restricts
lipid peroxidation to reduce cytotoxic 4-HNE levels and keeps more neurons and myelin sheaths
alive in the spinal cord injury of rats, which may be mediated by enhancing HO-1 expression and
inhibiting NF-κB activation [114,115]. Natural anti-oxidation compounds capsaicin (chili peppers),
curcumin (turmeric), and polyphenols as well as G. biloba and Polypodium leucotomos are reported
to inhibit 4-HNE-induced oxidative stress in human melanocytes, resulting in the inhibition of cell
apoptosis [116]. Rutin effectively decreases 4-HNE and increases GSH-Px and GSH; thus, it prevents
against UV-induced skin fibroblast membrane disruption via the regulation of antioxidant system [117].
Ascorbic acid has a similar effect in reducing 4-HNE levels in human skin fibroblasts exposed to UV
radiation and hydrogen peroxide [118].

Additionally, 4-HNE is reported to disrupt gap junction-mediated intercellular communication in
the lateral wall structures of the cochlea [119]. Some medicinal plant constituents such as astragaloside
IV, baicalein, catalpol, curcumin, kaempferol, luteolin, quercetin, resveratrol, and rosmarinic acid
are reported to prevent hair cell death [120]. Astragaloside IV (the major constituent of Astragalus

membranaceus) significantly down-regulates 4-HNE expression in guinea pig cochlea exposed to impulse
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noise, being consistent with the attenuation of impulse noise-induced trauma [121,122]. Rosmarinic
acid enhances the endogenous antioxidant defense and decreases 4-HNE expression by the regulation
of the Nrf2/HO-1 signaling pathway, resulting in the attenuation of noise-induced hearing loss and
injury in rat cochlea [123]. Therefore, these natural compounds may be the effective therapy to
ameliorate 4-HNE-driven hearing loss.

During food digestion, the absorption of highly toxic 4-HNE from the gastrointestinal tract into the
blood system may contribute to the development of multiple oxidative stress-related disorders [124].
Polyphenol-rich beverages such as Japanese Sencha green tea and grape juice promote the stability of
polyunsaturated fatty acids to oxidation and inhibit 4-HNE formation during the simulated digestion of
linseed oil emulsions in the intestinal phase [125]. Algae (microalgae Schizochytrium sp.), the division of
lower plants, also has pharmaceutical applications. Algae oil, rich in phenolic compounds β-carotene
and tocopherols, is reported to prevent lipid peroxidation and inhibit 4-HNE formation in digestion
during both in vitro gastric and duodenal digestions [126]. (−)-epicatechin also restores fat diet-induced
increase of intestinal permeability, down-regulation of ileal tight junction proteins, as well as reduction
of endotoxemia, being consistent with the improvement of insulin resistance. More importantly,
(−)-epicatechin and apocynin are found to suppress NOX1/NOX4 overexpression, 4-HNE adducts
and monolayer permeabilization by regulating redox sensitive signals in TNFα-exposed Caco-2 cells,
further demonstrating the protection against the high fat diet-induced increased intestinal permeability.
These results are consistent with the prevention of steatosis and insulin resistance under the treatment
of (−)-epicatechin and apocynin [106]. The edible amaranth plants from around the world have strong
antioxidant activity [127]. Clinical study shows that the supplementation of amaranth seed oil in
addition to standard anti-helicobacter pylori treatment significantly decreases the accumulation of
4-HNE-histidine adducts in gastric mucosa and increases heart rate variability in duodenal peptic ulcer
patients. Therefore, the standard treatment of duodenal peptic ulcer requires additional therapeutic
approaches by using amaranth seed oil [128].

Energy metabolism disorders induced by 4-HNE may alter longevity by orchestrating the
development of a biological phenotype. Plant fruits rich in high levels of antioxidants can promote
longevity and health span. For example, the supplementation with 4% nectarine has been found to
extend life and increase fecundity. Nectarine reduces 4-HNE-protein adduct in wild-type females fed
with high-fat diet. Moreover, nectarine ameliorates aging-related death and reduces oxidative damage
in female sod1-mutant flies [129]. These results demonstrate that the attenuation of 4-HNE-induced
energy metabolism disorders by medicinal plants and bioactive compounds may promote longevity.

8. The Strategy for Developing Potential Therapy

As a toxic end-product of lipid peroxidation, 4-HNE is an important mediator in physiological
adaptive reaction and signal transport, as well as in the pathogenesis of multiple oxidative stress-related
disorders. Medicinal plants and bioactive compounds are found to enhance metabolism, detoxification
or clearance of 4-HNE by regulating activities of endogenous enzymes (such as AR, GST, and AKRs),
which may provide the effective strategies for combating 4-HNE-driven deleterious effects. Because of
differential metabolisms of 4-HNE observed in liver, lung, and brain of rodents [130], further study is
warranted to determine whether these medicinal plants and bioactive compounds have the capacity to
mediate oxidative, reductive, and conjugative pathways to metabolize 4-HNE and 4-HNE adducts in
oxidative stress-triggered injury of these tissues.

The Nrf2/ARE pathway is suggested to mediate the adaptive induction of antioxidant and
detoxifying enzymes including GST and AKR1C1, resulting in the metabolism of 4-HNE [131].
The capability of the Nrf2/ARE pathway induction may constitute a pleiotropic cytoprotective defense
to prevent 4-HNE toxicity. Ongoing studies will determine the therapeutic effects of Nrf2/ARE activators
derived from medicinal plants and bioactive compounds to mitigate 4-HNE cytotoxicity-induced
pathophysiology of disorders or diseases.
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Of note, PPARα modulates several biological processes that are perturbed in energy
homeostasis [132]. A recent report shows that PPARα is unable to block β-catenin transcriptional
activity induced by a constitutively active mutant of lipoprotein receptor-related protein 6 (LRP6).
In fact, 4-HNE-induced ROS production enhances LRP6 stability; this event is inhibited by PPARα
overexpression [133]. It is known that anti-obesity hormone leptin signaling as well as insulin signaling
mediate the regulation of PPARα. Insulin resistance is improved by 4-HNE [96], which also selectively
inhibits leptin signaling, possibly promoting the pathogenesis of leptin resistance in obesity [134].
Some medicinal plants and natural compounds acting on PPARα, leptin, or insulin signaling may be
responsible for the therapeutic effects on 4-HNE-induced energy metabolism disorders [85].

However, several important issues related to 4-HNE-driven molecular events in diseases, or the
relevance of medicinal plants and bioactive compounds in redox homeostasis, still need more studies
and new comprehensive approaches. In this regard, preclinical studies and clinical intervention trials
are required, which should include the use of accurate analytical techniques, such as the determination
of 4-HNE and 4-HNE adducts by immunohistochemistry and enzyme-linked immunosorbent assay, as
well as matrix-assisted laser desorption/ionization–tandem time of flight (MALDI–TOF/TOF) mass
spectrometry and liquid chromatography–tandem mass spectrometry (LC–MS/MS) [135–138].

9. Conclusions and Future Perspectives

As a biomarker of lipid peroxidation and oxidative stress, cytotoxic 4-HNE contributes to the
progression of oxidative stress-related disorders. Some medicinal plants and bioactive compounds
have been demonstrated to reduce 4-HNE levels, detoxify 4-HNE, and inhibit 4-HNE adduct
formation through the up-regulation of the antioxidant enzymes and suppression of 4-HNE-mediated
downstream signals. More experiments have proved that these medicinal plants and bioactive
compounds combat 4-HNE-induced deleterious effects in oxidative stress-related neurological disorder,
eye damage, cardiovascular injury, liver injury, energy metabolism disorder, and other disorders
(Table 1). The understanding of the molecular basis for the function of medicinal plants and bioactive
compounds would be useful to facilitate the selection of 4-HNE metabolism for future intervention
investigation and health claim support and develop new treatment for 4-HNE-induced deleterious
effects in these disorders. Moreover, the identification and analysis of 4-HNE and 4-HNE adducts are
necessary to further support the association between medicinal plants and oxidative stress-related
disorders in clinical trials.
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Abbreviations

4-HNE 4-hydroxynonenal
ROS reactive oxygen species
PARP poly (ADP-ribose) polymerase
PC12 cells neuronal-like catecholaminergic cells (rat pheochromocytoma)
Nrf-2 nuclear factor (erythroid-derived 2)-like-2 factor
ARE antioxidant response elements
Bcl-2 B-cell lymphoma-2
LC3 protein 1 light chain 3 alpha
JNK c-Jun-N-terminal kinase
MAPK mitogen-activated protein kinases
MKK4 mitogen-activated protein kinase kinase 4
NOX NADPH oxidase
NF-κB nuclear factor kappa-B
AD Alzheimer’s disease
AChE acetylcholine esterase
COX-2 cyclooxygenase-2
MMP-8 matrix metalloproteinase-8
CRMP-2 collapsin response mediator protein-2
GST glutathione S-transferase
GSH-Px glutathione peroxidase
GR glutathione reductase
SOD superoxide dismutase
CAT catalase
SAMP8 senescence-accelerated mouse prone 8
PD Parkinson’s disease
GSH glutathione
RPE retinal pigment epithelium
NLRP3 NOD-like receptor protein 3
IL-1β interleukin 1β
AP-1 activator protein 1
MCP-1 monocyte chemotactic protein 1
MDA malondialdehyde
HO-1 hemeoxygenase-1
TNF-α tumor necrosis factor-α
IFN-γ interferon-γ
AR aldose reductase
A2E N-retinylidene-N-retinylethanolamine
H9c2 cells rat cardiomyocyte cell line
ALDH2 aldehyde dehydrogenase 2
ox-LDL oxidized low-density lipoprotein
MMP-1 matrix metalloproteinase-1
PPARα peroxisome proliferator-activated receptor α
AMPK AMP-activated protein kinase
AKR7A2 Aldo-Keto reductase family 7 member A2
hAKR1B1 human recombinant aldose reductase
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PGC1 peroxisome proliferator-activated receptor γ coactivator 1
IRS-1 insulin receptor substrate-1
Akt protein kinase B
PKA protein kinase A
HSL hormone-sensitive lipase
HeLa human cervical cancer
HMEC human microvascular endothelial cells
HaCat human keratinocytes
HOS human osteosarcoma
LRP6 lipoprotein receptor-related protein 6
MALDI-TOF/TOF matrix-assisted laser desorption/ionization-tandem time of flight
LC-MS/MS liquid chromatography-tandem mass spectrometry
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Abstract: Since the first discovery in 1961, more than 1300 ent-kaurane diterpenoids have been
isolated and identified from different plant sources, mainly the genus Isodon. Chemically, they consist
of a perhydrophenanthrene subunit and a cyclopentane ring. A large number of reports describe the
anticancer potential and mechanism of action of ent-kaurane compounds in a series of cancer cell lines.
Oridonin is one of the prime anticancer ent-kaurane diterpenoids that is currently in a phase-I clinical
trial in China. In this review, we have extensively summarized the anticancer activities of ent-kaurane
diterpenoids according to their plant sources, mechanistic pathways, and biological targets. Literature
analysis found that anticancer effect of ent-kauranes are mainly mediated through regulation of
apoptosis, cell cycle arrest, autophagy, and metastasis. Induction of apoptosis is associated with
modulation of BCL-2, BAX, PARP, cytochrome c, and cleaved caspase-3, -8, and -9, while cell cycle
arrest is controlled by cyclin D1, c-Myc, p21, p53, and CDK-2 and -4. The most common metastatic
target proteins of ent-kauranes are MMP-2, MMP-9, VEGF, and VEGFR whereas LC-II and mTOR are
key regulators to induce autophagy.

Keywords: isodon genus; ent-kaurane diterpenoids; cancer; natural compounds; pathways

1. Introduction

Cancer is a heterogeneous disease which caused 9.6 million deaths globally in 2018 and the
incidence of cancer is projected to increase to 13.1 million deaths by 2030 [1,2]. In addition, a large
number of cancer patients have forms of the disease that are resistant to the mainstay anticancer drugs.
Currently used anticancer drugs are mainly obtained from natural sources (plants, microorganisms, and
marine organisms) or from synthetic reactions [3]. Unfortunately, most of these drugs also kill normal
cells generating severe side effects [4,5]. These factors indicate the urgent need for the development of
new therapeutics and treatment strategies.

Medicinal plants are an important source of drug entities. Over the past few decades, plants
became an indispensable source of anticancer agents which are commonly used to treat different types
of cancers in clinical settings. The World Health Organization (WHO) estimates that 80% of the total
world’s population residing in rural areas rely on plant sources as a part of their primary health care
system. In addition, more than one-quarter of the prescribed drugs in developed countries are prepared
directly or indirectly from plants [6]. In developing countries, 75% of the population use plant-derived
drugs for the treatment of various illnesses [7]. Since the early 1900s, thousands of medicinal plants
have been thoroughly investigated to screen cytotoxic compounds, yielding numerous anticancer
drugs and lead compounds [5]. The structure of the cytotoxic plant metabolite podophyllotoxin was
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first described in 1932 [8], this was followed by the discovery of vinca alkaloids (vinblastine and
vincristine) in 1958 [9], and later, the identification of paclitaxel in 1971 [10]. These plant-derived
molecules have revolutionized cancer treatment, yet more lead structures continue to be needed.

ent-Kaurane diterpenoids have recently attracted the attention of scientists and doctors due to their
promising anticancer effect and safety profile [11]. They are subclass of tetracyclic diterpenes which
consist of a perhydrophenantrene unit (A, B, and C rings) and cyclopentane unit (D ring) connected by
a bridge of two carbons between C-8 and C-13 (Figure 1). Diterpenes containing a kaurane scaffold
with configurational inversion at all chiral centers are known as ent-kaurane diterpenes. In this
case, the prefix “ent-” is added before the name of this class of compounds to indicate that they are
enantiomers of kaurene diterpenes. Moreover, International Union of Pure and Applied Chemistry
(IUPAC) has established structured-guidelines for the stereochemistry, nomenclature, and numbering
of the ent-kaurane skeleton. With the exception of those compounds containing an alkene functionality
between C-9 and C-11, most of ent-kauranes show characteristic negative values for the specific
optical rotation [12]. This class of compounds are mainly available in Isodon genus which mainly
consists of a group of flowering plants. Other plant species that also contain ent-kaurane compounds
belong to different families such as Asteraceae, Lamiaceae, Euphorbiaceae, Jungermanniaceae, and
Chrysobalanaceae [13]. Accumulating evidences described the anticancer activity and underlying
mechanism of ent-kaurane compounds against numerous cancers such as lung, colon, breast, prostate,
liver, and gastric cancer both in vitro and in vivo. [14,15]. In this article, we discuss the anticancer
ent-kaurane diterpenoids reported in the literature along with their source and the biological targets
regulated by this type of compound.

Figure 1. General structure and numbering system of ent-kaurane diterpenes.

Methodology

Literature search was performed through the commonly used databases such as PubMed,
MEDLINE, Scopus, Embase, Google Scholar, ScienceDirect, and Wiley Online. The articles which
described the anticancer activity, mechanism of action and protein targets of ent-kaurane diterpenes
were included in the review whilst those papers which mentioned only the isolation and characterization
without further exploration of their molecular pathways were excluded. The molecular structures
of diterpenoids were generated using the ChemDraw software. The chemical formulae, molecular
weight, and related information of the diterpenoids were comprehensively matched with SciFinder®,
a well-known portal for chemical compounds.

2. Anticancer ent-Kauranes and Their Targets

2.1. Oridonin

Oridonin (C20H28O6, MW: 364.44, Figure 2), was first isolated from Isodon rubescens in the 1960s and
one of its derivatives l-alanine-(14-oridonin) ester trifluoroacetate (HAO472) (Figure 2) has progressed
to phase-I clinical trials by Hengrui Medicine Co. Ltd., Lianyungang, China [16]. Numerous studies
reported the anticancer activities of oridonin against diverse human cell lines such as HCT116 (colorectal
carcinoma, IC50: 32.6 μM) [17], OCI-AML3 (acute myeloid leukemia, IC50: 3.27 μM) [18], and BxPC-3
(pancreatic carcinoma, IC50: 53.0 μM) [19] after 24 h treatment; KYSE-150 (esophageal carcinoma,
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IC50: 28.7 μM), EC9706 (esophageal carcinoma, IC50: 34.4 μM), KYS-30 cells (esophageal carcinoma,
IC50: 32.3 μM) [20], Jurkat (T-cell leukemia, IC50: 0.73 μM) [21], MG-63 (osteosarcoma, IC50: 10.9μM),
HOS (osteosarcoma, IC50: 11.9 μM), Saos-2 (osteosarcoma, IC50: 17.3μM), U-2OS cells (osteosarcoma,
IC50: 17.7μM) [22], EC109 (esophageal carcinoma, IC50: 19.7 μM), EC9706 (esophageal carcinoma,
IC50: 31.3 μM), EC1 (esophageal carcinoma, IC50: 25.8 μM) [23], HUVECs (human umbilical vein
endothelial cells, IC50: 420 μM) [24], CNE1 (nasopharyngeal carcinoma, IC50: 3.66μM), and CNE2
(nasopharyngeal carcinoma, IC50: 5.93μM) cells [25] after 48 h treatment; and EC109 (esophageal
carcinoma, IC50: 67.1 μM), SHG-44 (glioblastoma, IC50: 53.5 μM), MCF-7 (breast carcinomas, IC50:
72.1 μM) [26], and SGC-7901 (gastric carcinoma, IC50: 22.7 μM) [27] after 72 h treatment. Kadioglu et al.
(2018) tested the cytotoxicity of oridonin in spectrum of drug-resistant cancer cell lines including
CCRF-CEM (leukemia, IC50: 1.65 μM), CEM/ADR5000 (leukemia, IC50: 8.53 μM), MDA-MB231 (breast
carcinoma, IC50: 6.06 μM), MDA-MB231/BCRP (breast carcinoma, IC50: 9.74 μM), HCT116 (p53+/+)
(IC50: 18.0 μM), HCT-116 (p53−/−) (IC50: 34.7 μM), U87MG (glioblastoma, IC50: 17.4 μM), HepG2 (liver
carcinoma, IC50: 25.7 μM), and AML12 (liver normal cells, IC50: >109 μM) cells, but did not mention
the incubation time with oridonin in these cytotoxic test experiments [28].

A wide variety of sources have reported the anticancer mechanism of oridonin in multiple cancer
cell lines [17,24,27,29–32]. According to the study of Yao et al. (2017) oridonin induced autophagy by
decreasing the protein levels of glucose transporter 1 (GLUT1) and monocarboxylate transporter 1
(MCT1) in SW480 human colorectal cancer cells, in the BALB/c xenograft model. Autophagy induction
by oridonin was correlated to increased expression of light chain-I (LC-I) and LC-II, while decreasing
the phosphorylation of adenosine monophosphate-activated protein kinase (p-AMPK) [17]. In human
umbilical vein endothelial cells (HUVECs), oridonin suppressed the proliferation, tube formation,
migration, and invasion, but induced apoptosis. Oridonin was also found to block the angiogenesis
of zebrafish by decreasing the mRNA expression of vascular endothelial growth factor A (VEGFA),
vascular endothelial growth factor receptor 2 (VEGFR2) and VEGFR3, while reducing the expression
of metastatic proteins claudin-1, -4, and -7. Antimetastatic activity of oridonin was further confirmed
in a xenograft zebrafish model tested at a dose of 8 mg/kg that showed significant effect (p < 0.01)
in comparison to the vehicle control group [24]. Gao et al. (2016) reported that oridonin induced
apoptosis by downmodulating the expression level of B-cell lymphoma 2 (BCL-2), but upmodulating
the expression of BAX, thus reducing the BCL-2/BAX ratio in human gastric cancer SGC-7901 cells.
Moreover, oridonin treatment activated caspase-3 by promoting the release of cytochrome c from
mitochondria to the cytosol [27]. In another study, oridonin potentiated the anticancer activity of
lentinan, a polysaccharide isolated from shiitake mushrooms, by upregulating the expression levels of
caspase-3, -8, -9, BAX, p53, and p21 while downregulating the expression of BCL-2, B-cell lymphoma
extra-large (BCL-XL) and epidermal growth factor (EGF) in SMMC-7721 human hepatoma cells [29].

In prostate cancer cells (PC-3 and DU-145), oridonin increased the expression levels of p53,
p21, caspase-3, -9, and poly (ADP-ribose) polymerase (PARP), while it decreased cyclin-dependent
kinase 1 (CDK1) levels [30]. Moreover, it inhibited the expression of phosphoinositide 3-kinase (PI3K)
and blocked phosphorylation of protein kinase B (p-Akt). Sun et al. (2018) reported synergistic
anticancer activity of oridonin in combination with lentinan by decreasing the expression of BCL-2
and nuclear factor kappa B (NF-κB) and increasing the expression of caspase-3, -9, p53, p21, NF-κB
inhibitor-α (IκB-α) by increasing transcription of mRNA and translation of the mRNA into their
respective protein products in human hepatoblastoma HepG2 cells [31]. In 4T1 human breast cancer
cells, oridonin inhibited cellular proliferation, migration, and invasion via a negative modulation
of notch1-4. Furthermore, the administration of oridonin (5 mg/kg) significantly (p < 0.01) reduced
the weight (84%) and volume (72%) of 4T1 tumors compared with the negative control group in a
xenograft nude mouse study [32].
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2.2. Eriocalyxin B

Eriocalyxin B (C20H24O5, MW: 344.41, Figure 2) was isolated from the plant Isodon eriocalyx

var. laxiflora [33]. The cytotoxicity of eriocalyxin B was tested in panel of human cell lines such
as SMMC-7721 (hepatocarcinoma, IC50: 0.76 μM) [33], MCF-7 (IC50: 0.75 μM), MDA-MB-231 (IC50:
0.47 μM) [34] after 48 h treatment; PANC1 (pancreatic carcinoma, IC50: 1.79 μM), CAPAN1 (pancreatic
carcinoma, IC50: 0.86 μM), CAPAN2 (pancreatic carcinoma, IC50: 0.73 μM), SW1990 (pancreatic
carcinoma, IC50: 1.40 μM), WRL68 (normal human liver cells, IC50: >3.58 μM), PBMC (human
peripheral blood mononuclear cells, IC50: >5.83 μM) [35], SU-DHL-4 (lymphoma, IC50: 1.00 μM),
Namalwa (lymphoma, IC50: 1.50 μM), Raji (lymphoma, IC50: 2.00 μM), Jurkat (lymphoma, IC50:
2.00 μM), U266 (lymphoma, IC50: 5.60 μM) and HUT78 (lymphoma, IC50: 2.50 μM) cells [36] after
72 h treatment.

The molecular pathways of eriocalyxin B against different cancers have been intensively
investigated [33,34,37–39]. In hepatocellular carcinoma SMMC-7721 cells, eriocalyxin B induced
apoptosis by interfering with the binding of NF-κB with the response elements via targeting cysteine
62 moiety of p50 [33]. In a recent study, eriocalyxin B was reported to induce autophagy upon an
upregulation of LC3B-II and beclin-1 in MCF-7 and MDA-MB-231 human breast cancer cells; however,
the expression of p62 was downregulated. In addition to autophagy, eriocalyxin B also induced
apoptosis by activating caspase-3 and PARP while decreasing BCL-2. In fact, the phosphorylation
levels of Akt, mammalian target of rapamycin (mTOR), and p70S6K were decreased in a dose- and
time-dependent manner post eriocalyxin B treatment. Therefore, the mechanism of action of eriocalyxin
B is suggested to be associated with the Akt/mTOR/p70S6K signaling pathway [34].

Earlier studies demonstrated that eriocalyxin B induced G1 phase cell cycle arrest by decreasing
the expression of cyclin D1, CDK4, and phosphorylated retinoblastoma (p-Rb). When applied to
HUVECs at 50 and 100 nM, eriocalyxin B notably inhibited the VEGF-induced cell proliferation,
tube formation, cell migration, and invasion [37]. Further to its modulation on the VEGF cascade,
eriocalyxin B suppressed the VEGF-induced phosphorylation of VEGFR-2 via an interaction with
various ATP-binding sites, thus leading to the repression of several VEGFR-2 downstream molecules
such as VEGFR-1, focal adhesion kinase (FAK), Src, pSer473-Akt, extracellular signal-regulated kinase
(ERK1/2), and pThr180/Tyr182-mitogen-activated protein kinase (p38-MAPK). When administered
in vivo, eriocalyxin B restrained the formation of new blood vessels, vascularization, and growth
of the 4T1 breast tumor xenografts. According to the study of Lu et al. (2016), eriocalyxin B
inhibited the cell proliferation, migration, invasion, and angiogenesis of human colon cancer cells
SW1116 [38]. Mechanistic studies found that it inhibited the phosphorylation of janus kinase 2 (JAK2)
and signal transducer and activator of transcription-3 (STAT3) as well decreased the expression of
VEGF, VEGFR-2, matrix metallopeptidase-2 (MMP-2), MMP-9, and proliferating cell nuclear antigen
(PCNA). Yu et al., (2015) reported that eriocalyxin B inhibited both constitutive- and interleukin-6
(IL-6)-induced phosphorylation of STAT-3 in A549 lung cancer cells without affecting the upstream
kinases such as JAK1, JAK2, and tyrosine kinase 2 (TYK2) [39].

2.3. Excisanin A

Excisanin A (C20H30O5, MW: 350.455, Figure 2) was isolated from Isodon macrocalyxin which
exhibited cytotoxic potential in breast cancer MDA-MB-231 (IC50: 22.4 μM), SKBR3 (IC50: 27.3 μM) [40]
and MDA-MB-453 (IC50: 10.3 μM) cells as well as in hepatoma Hep3B (IC50: 6.45 μM) cells [41] after
72 h treatment. At 10–40 μM concentration, excisanin A suppressed the expression of MMP-2, MMP-9,
integrin β1, β-catenin, and reduced the phosphorylation of FAK and Src in breast cancer (MDA-MB-231
and SKBR3) cells. Moreover, the phosphorylation of PI3K, Akt and glycogen synthase kinase 3β
(GSK3β) was also reduced after treatment with excisanin A [40]. In addition to its effect on breast cancer
metastasis, excisanin A inhibited the proliferation of human hepatocellular carcinoma cell line Hep3B
and breast cancer cell line MDA-MB-453 cells by inducing apoptosis. It significantly (p < 0.01) reduced
the tumor weight (46.4%) as well as induced tumor cell apoptosis in Hep3B xenograft mice at a dose of
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20 mg/kg/day. Mechanistic studies showed that excisanin A reduced the expression of p-GSK-3α/β,
Thr308-Akt, Ser473-Akt, p-mTOR, and p-FKHR expression in both Hep3B and MDA-MB-453 cells [41].
Zhang et al. (2013) reported dose- and time-dependent induction of autophagy by increasing the
expression of LC3-II and decreasing the expression of p62 in nasopharyngeal carcinoma (NPC) cell
lines CNE1 and CNE2 cells after excisanin A treatment. Moreover, excisanin A also upregulated p-JNK
(c-jun N-terminal kinase), p-c-Jun and sestrin 2 expression in NPC cells [42].

2.4. Ponicidin

Ponicidin (C20H26O6, MW: 362.42, Figure 2) was isolated from Isodon rubescens and I. japonicas,
and showed cytotoxic activity against the human carcinoma cell lines K562 (leukemia), Bcap37 (breast),
GC823 (gastric), BIU87 (bladder), HeLa (cervical) and PC-3 (prostate) cells [43]. Further studies also
described the cytotoxicity of ponicidin in HeLa (IC50: 23.1 μM) [44], A549 (IC50: 38.0 μM) and GLC-82
(lung, IC50: 32.0 μM) cancer cell lines after 24 h; A549 cells (IC50: 31.0 μM) and GLC-82 (IC50: 26.0 μM)
after 48 h; A549 cells (IC50: 15.0 μM) and GLC-82 cells (IC50: 13.0 μM) [45] after 72 h. It suppressed the
growth of gastric carcinoma MKN28 cells in dose- and time-dependent manner by downregulating
BCL-2, p-JAK2, and p-STAT3 expression, while upregulating BAX and cleaved caspase-3 expression [43].
An earlier study reported induction of apoptosis and disruption of mitochondrial membrane potential
in ponicidin-treated lung cancer A549 and GLC-82 cells by the upregulating expression of cleaved
caspase-3, -8, -9, and BAX, and downregulating the expression of BCL-2 and survivin [45]. Du et al.,
(2015) reported that ponicidin induced apoptosis and cell cycle arrest in colon cancer cells HCT-116
by increasing caspase-3, BAX, and p-p38 expression, while decreasing BCL-2, p-ERK, and p-Akt
expression [46].

2.5. Pharicins A and B

Pharicins A (C24H34O7, MW: 434.53, Figure 2) and B (C24H34O8, MW: 450.53) were isolated from
Isodon pharicus. The only structural difference between these two compounds is the position of hydroxyl
group which is located at C-1 in pharicin A and at C-12 in pharicin B. Pharicin A induced mitotic arrest
in leukemia cell line Jurkat and solid tumor-derived cell line raji by inhibiting auto phosphorylation
activity of BubR1 [47]. Investigation of the effects of pharicin B in several acute myeloid leukemia
(AML) cell lines and primary leukemia cells from AML patients such as NB-4, U937 and THP-1 cells
showed cytotoxicity with IC50 values around 3.5 μM after 48 h of treatment. Further studies found
that it can quickly stabilize the retinoic acid receptor-α (RAR-α) protein, even in the presence of
all-trans-retinoic acid (ATRA) which generally induce the loss of RAR-α protein. Moreover, pharicin
B also increased ATRA-dependent transcriptional activity of RAR-α protein in NB4 cells, a type of
promyelocytic leukemia–RAR-α–positive APL cell line [48].

2.6. Jaridonin

Jaridonin (C22H32O5, MW: 376.49, Figure 2) was isolated from the Chinese herb Isodon rubescens

which exhibited cytotoxicity in esophageal squamous cancer EC109 (IC50: 12.0 μM), EC9706 (IC50:
11.2 μM), and EC1 (IC50: 4.60 μM) cells [23] after 48 h as well as in human glioma cell line SHG-44 (IC50:
14.7 μM) and breast cancer MCF-7 (IC50: 16.7 μM) cell [26] after 72 h. A mechanistic study found that
it induced apoptosis and G2/M phase cell cycle arrest in esophageal cancer EC109, EC9706 and EC1
cells. Jaridonin treatment caused remarkable reduction of mitochondrial membrane potential, release
of cytochrome c into the cytosol, and increased expression of caspase-3 and -9, leading to activation of
the mitochondria-mediated apoptosis. Moreover, jaridonin also increased the production of reactive
oxygen species (ROS) and upregulated p53, p21waf1/Cip1, and BAX expression [23]. Another study
confirmed the induction of G2/M phase arrest in esophageal squamous cancer EC9706 cells [49].
However, cell cycle arrest was related with increased phosphorylation of ataxia-telangiectasia mutated
(ATM) (Ser1981) protein kinase, cell division control 2 (Cdc2) (Tyr15), Cdc25C, and H2A histone family
member X (H2A.X)(Ser139) as well as increased expression of check point kinase 1(Chk1) and Chk2.
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2.7. Jungermannenones A and B

Jungermannenones A (C20H28O2, MW: 300.44, Figure 2) and B (C20H28O3, MW: 316.44, Figure 2)
were isolated from Jungermannia fauriana, and exhibited cancer cell killing activity in multiple cell
lines [50]. The IC50 values of jungermannenone A were determined in PC3 (IC50: 1.34 μM), DU145
(prostate carcinoma, IC50: 5.01 μM), LNCaP (prostate carcinoma, IC50: 2.78 μM), A549 (IC50: 8.64 μM),
MCF-7 (IC50: 18.3 μM), HepG2 (IC50: 5.29 μM) and RWPE1 (normal prostate epithelial, IC50: 5.09 μM)
cell lines, while the IC50 values of jungermannenone B were measured in PC3 (4.93 μM), DU145
(5.50 μM), LNCaP (3.18 μM), A549 (5.26 μM), MCF-7 (14.2 μM), HepG2 (6.02 μM), and RWPE1 (18.2 μM).
Both compounds induced apoptosis by stimulating ROS accumulation and inducing cell cycle arrest.
Western blot analysis showed reduced expression of c-myc, cyclin D1, cyclin E, CDK4, and p-Cdc2,
while increased expression of p21 and p-ERK. Furthermore, both jungermannenones A and B induced
DNA damage by reducing the expression of DNA repair proteins Ku70/Ku80 and RDA51 [50].

2.8. Effusanin E

Effusanin E (C20H28O6, MW: 364.44, Figure 2) was isolated from Rabdosia serra (Rabdosia is a
synonym of Isodon), and is cytotoxic to nasopharyngeal carcinoma cell CNE2 (IC50: ~60 μM) but
non-toxic up to 500 μM in normal nasopharyngeal epithelial cell line after 48 h. It inhibited cell
proliferation and induced apoptosis in CNE2 cells by increasing the expression of cleaved PARP,
caspase-3 and -9 proteins, as well as decreasing nuclear translocation of p65 NF-κB [51]. Moreover, the
binding ability of NF-κB to the promoter region of cyclooxygenase-2 (COX-2) abolished after treating
the cells with effusanin E, therefore, inhibiting the expression and promoter activity of COX-2. In vivo
studies also found significant reduction of tumor growth (p < 0.05) at 30 mg/kg without any sign of
toxicity in comparison to negative control group (DMSO) as well as decreased expression of p50 NF-κB
and COX-2 in tumor tissue.

2.9. Longikaurin A

Longikaurin A (C20H28O5, MW: 348.44, Figure 2) was described from Isodon ternifolius, and
displayed cytotoxic potential in human hepatocarcinoma SMMC-7721 (IC50: ~1.8 μM), HepG2 (IC50:
~2 μM), BEL7402 (IC50: ~6 μM), Huh7 (IC50: ~6 μM), and LO2 (IC50: ~9 μM) cells [52], and the
nasopharyngeal carcinoma CNE1 (IC50: 1.26 μM) and CNE2 (IC50: 1.52 μM) cells [25] with 48 h
incubation. This ent-kaurane compound induced apoptosis and G2/M phase cell cycle arrest in
SMMC-7721 and HepG2 cells. In vivo studies found longikaurin A treatment (6 mg/kg) significantly
suppressed tumor development (p < 0.01) in a SMMC-7721 xenograft mouse model study and the
antitumor effect was comparable to the positive control 5-FU (fluorouracil) (10 mg/kg). A mechanistic
study showed reduced expression of S-phase kinase-associated protein 2 (Skp2) after longikaurin A
treatment, which was correlated with increased expression of p21 and p-Cdc2 (Try15) and decreased
expression of cyclin B1 and Cdc2 proteins [52]. It also induced ROS production and phosphorylation
of JNK.

In nasopharyngeal carcinoma (NPC) cell lines S18 and S26, longikaurin A exerted anticancer
activity and suppressed the stemness of cells. Western blot analysis showed downregulation of c-myc
and fibronectin in NPC cells [53]. At a low concentration (0.2 μM), longikaurin A induced S phase
arrest while at a higher concentration (3.12 μM) it induced apoptosis in human NPC cell lines CNE1
and CNE2 cells [25]. Mechanistic studies found upregulation of cleaved caspase-3, cleaved PARP, and
BAX, while downregulation of BCL-xL, p-Akt, and p-GSK-3β. In CNE2 xenograft model, longikaurin
A significantly suppressed tumor growth without affecting the body weights of the mice [53].

2.10. Glaucocalyxins A and B

Glaucocalyxin A (C20H28O4, MW: 332.44, Figure 2) was isolated from Isodon japonica, and
demonstrated strong anticancer effects in the human cell lines of HL-60 (leukemia, IC50: 6.15 μM)
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cells [54] after 24 h; Focus (hepatocarcinoma, IC50: 2.70 μM), SMMC-7721 (IC50: 5.58 μM), HepG2 (IC50:
8.22 μM), SK-HEP1 (hepatocarcinoma, IC50: 2.87 μM) [55], HOS (IC50: 7.02 μM), Saos-2 (IC50: 7.32 μM),
U-2OS (IC50: 8.36 μM), MG-63 (IC50: 5.30μM) [56], and UMUC3 (bladder carcinoma, IC50: 9.77 μM)
cells [57] after 48 h; and MCF-7 (IC50: 1.00 μM) and Hs578T (breast carcinoma, IC50: 4.00 μM) [58] after
72 h.

Glaucocalyxin A dose- and concentration-dependently inhibited the growth of the liver cancer
Focus and SMMC7721 cells. Mechanistic studies found induction of G2/M phase cell cycle arrest
as well as increased expression of cleaved caspase-3 and PARP [55]. In MCF-7 and Hs578T breast
cancer cells, glaucocalyxin A induced apoptosis, and G2/M phase arrest by increasing the expression of
intrinsic apoptotic markers cleaved caspase-3, BAX, and p53, while decreasing BCL-2 expression. It
also upregulated the expression of extrinsic apoptotic markers such as Fas and Fas ligand (FasL) at the
mRNA and protein level. Moreover, the expression of p-ERK and p-JNK increased in a dose-dependent
manner after glaucocalyxin A treatment [58]. Furthermore, it concentration-dependently suppressed
the proliferation and induced apoptosis in human brain glioblastoma U87MG cells by activating
caspase-3, while downregulating p-Akt, p-Bad, and X-linked inhibitor of apoptosis protein (XIAP) [59].
In another study, glaucocalyxin A induced a dose-dependent apoptosis in HL-60 cells by increasing
the expression of caspase-3, -9, and BAX, while decreasing the expression of BCL-2. It caused loss of
mitochondrial membrane potential and release of cytochrome c from mitochondria into the cytosol as
well as elevated intracellular ROS generation [60].

Glaucocalyxin B (C22H30O5, MW: 374.48, Figure 2), which differs from glaucocalyxin A by an
acetylation of the hydroxyl group at C14, exerted anticancer activity in leukemia cell line HL-60 (IC50:
5.86 μM) after 24 h [54], gastric cancer cell line SGC-7901 (IC50: 13.4 μM) [61] after 60 h, and cervical
cancer cell lines HeLa (IC50: 4.61 μM) and SiHa (IC50: 3.11 μM) after 72 h [62]. The anticancer activity
in HeLa and SiHa cells was related with induction of apoptosis and autophagy by increasing the
expression of phosphatase and tensin homolog (PTEN) protein and cleaved PARP, as well as increasing
the cleavage of LC3 II/I protein. Moreover, glaucocalyxin B also reduced the expression of p-Akt in
HeLa and SiHa cells [62].

2.11. Lasiodin

Lasiodin (C22H30O7, MW: 406.48, Figure 2) was isolated from Isodon serra, and inhibited the
proliferation and migration of human nasopharyngeal carcinoma cells CNE1 (IC50: ~6 μM) and CNE2
(IC50: ~5 μM) at 24 h incubation [63]. Mechanistic studies showed that lasiodin-induced apoptosis was
related to increased expression of apoptotic protease activating factor 1 (Apaf-1), release of cytochrome
c, and cleavages of PARP, caspase-3 and -9. Moreover, the expression of p-Akt, p-ERK1/2, p-p38, and
p-JNK was also reduced after 24 h treatment with lasiodin. However, lasiodin-mediated inhibition of
cell proliferation was blocked in the cells treated with Akt or MAPK inhibitors. Lasiodin treatment also
downregulated the expression of COX-2, revoked NF-κB binding to the COX-2 promoter and stimulated
the nuclear translocation of NF-κB. Therefore, lasiodin inhibited the proliferation of CNE1 and CNE2
cells by activating Apaf-1/caspase-dependent apoptotic pathways and suppressing Akt/MAPK and
COX-2/NF-κB signaling cascades.

2.12. Adenanthin

Adenanthin (C26H34O9, MW: 490.55, Figure 2) was isolated from the leaves of Isodon adenanthus,
and showed antiproliferative effects against hepatocellular carcinoma cells such as HepG2 (IC50:
2.31 μM), Bel-7402 (IC50: 6.67 μM), and SMMC-7721 (IC50: 8.13μM) while exhibiting less toxicity
in the two normal hepatic cell lines QSG-7701 (IC50: 19.6 μM) and HL-7702 cells (IC50: 20.4μM) at
48 h exposure [64]. At 72 h treatment, the IC50 values of adenanthin in esophageal carcinoma cell
line EC109, glioma cell line SHG-44, and breast cancer cell line MCF-7 were 6.50, 4.80, and 7.60 μM,
respectively [26]. According to the study of Hou et al. (2014), adenanthin killed malignant liver cells by
stimulating ROS generation and targeting peroxiredoxin (Prx) I and II proteins which are considered
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essential for survival of HCC cells. In-vivo studies with SMMC-7721 cells xenograft mice showed
significantly reduced tumor size at 10 mg/kg without any notable side effects. However, the body
weight of the mice decreased after treatment with 20 mg/kg of adenanthin [64]. In a different study, the
same research group also found that adenanthin stimulated acute promyelocytic leukemia (APL) cell
differentiation by targeting Prx I and Prx II as well as blocking their peroxidase activities. Moreover,
the level H2O2 increased after adenanthin treatment, which led to activation of p-ERK, p-c-Jun, and
increased transcription of CCAAT-enhancer-binding protein β (C/EBPβ) [65].

2.13. Kaurenic Acid

Kaurenic acid or kaurenoic acid (KA) (C21H32O2, MW: 316.49, Figure 2), chemically known as
ent-kaur-16-en-19-oic acid, was isolated from Espeletia semiglobulata, and exhibited antimelanoma effects
with an IC50 value of 0.79 μM in B16F1 cells. An in vivo study found that KA (160 mg/kg) markedly
(p < 0.001) reduced the tumor sizes (49.51%) compared with the vehicle control group (87.5%) in a
C57BL/6 mice model. RT-PCR analysis showed reduced expression of BCL-xL at the mRNA level
after KA treatment in C57BL/6 mice [66]. In another study, KA selectively reduced the cell viability
of two breast cancer cells MCF7 (proficient P53) and SKBR3 (mutated p53), while KA treatment was
resistant to HB4A cell line [67]. At 70 μM, KA caused 40% and 25% cell death of MCF7 and SKBR3 cells
suggesting that p53 protein may play a vital role in anticancer activity of KA. A recent study reported
significant genotoxicity, apoptosis, and cell cycle arrest in gastric cancer cells after KA treatment [68].
At 10 μg/mL concentration, KA downregulated the expression of c-myc, CCND1, BCL-2, and caspase-3,
while it upregulated ATM, Chk2, and TP53 expression.

2.14. Weisiensin B

Weisiensin B (C20H28O5, MW: 348.44, Figure 2) was isolated from the traditional Chinese herb
Isodon weisiensis and inhibited the growth and proliferation of human hepatoma cell lines BEL-7402
and HepG2, ovarian cancer HO-8910 cells, and gastric cancer SGC-7901 cells [69]. The IC50 values
of the compound were 10.0, 3.24, 32, and 4.34 μM in BEL-7402, HepG2, HO-8910 cells and SGC-7901
cells, respectively, after 48 h. DNA fragmentation assay and Hoechst 33,258 staining showed that
weisiensin B significantly induced apoptosis. Flow cytometry analysis with propidium iodide (PI)
staining revealed induction of G2/M phase arrest after weisiensin B treatment. Another study reported
weisinensis B-mediated induction of apoptosis, G2/M phase arrest, and significant ROS generation in
human chronic myeloid leukemia K562 cells [70].

2.15. Inflexinol

Inflexinol (C24H34O8, MW: 450.53, Figure 2) was isolated from Isodon excisus, which is native to
China, Korea, and Japan. It inhibited the growth of the colon cancer cell lines SW620 (IC50: 29.0 μM),
HCT116 (p53+/+) (IC50: 30.0 μM) and HCT116 (p53−/−) (IC50: 34.0 μM) but did not show toxicity in
the normal colon CCD-112 CoN cells up to 40 μM [71]. Antiproliferative effects of inflexinol were
mediated through induction of apoptosis via downregulation of antiapoptotic markers BCL-2, XIAP,
and cIAP1/2, with simultaneous upregulation of cleaved caspase-3, -9, and PARP. Inflexinol treatment
also significantly increased the ratio of BAX/BCL-2 and suppressed the expression of cyclin D1 and
BCL-2. Moreover, inhibitory effects of inflexinol on the growth of colon cancer cells were related to
inactivation of NF-κB by modification of a cysteine residue in the p50 subunit. An in vivo study in a
SW620 xenograft model showed dose-dependent reduction of tumor volumes (64.5% to 47.8%) and
weights (75.9% to 58%) at 12 and 36 mg/kg, respectively, compared with the control group. Moreover,
it also exhibited inhibition of DNA binding activity of NF-κB in tumor tissue and suppressed nuclear
translocation of p65 and p50 as well as inhibited the phosphorylation of IκB in the cytosol [71].
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2.16. Xerophilusin B

Xerophilusin B (C20H26O5, MW: 346.42, Figure 2) was isolated from Isodon xerophilus and showed
dose-dependent growth inhibition of esophageal squamous cell carcinoma KYSE-140 (IC50: 2.80 μM),
KYSE-150 (IC50: 1.20 μM), KYSE-450 (IC50: 1.70 μM), and KYSE-510 (IC50: 2.60 μM) cells when
incubated for 72 h. Further studies found that xerophilusin B induced apoptosis and G2/M phase
cell cycle arrest in KYSE-150 and KYSE-450 cells [72]. Treatment with xerophilusin B increased the
release of mitochondrial cytochrome c and upregulated the expression of cleaved caspase-3 and -9,
while downregulated caspase-7 and PARP levels. Moreover, the ratio of BCL-2/BAX decreased after
xerophilusin B treatment. An in vivo study in BALB/c nude mice showed significant inhibition of
tumor growth at 15 mg/kg without any major adverse effects.

2.17. Henryin

Henryin (C22H32O6, MW: 392.49, Figure 2) was isolated from Isodon rubescens, and inhibited the
proliferation of colorectal cancer SW480 (IC50: 0.27 μM), HT-29 (IC50: 0.77 μM), and HCT-116 cells
(IC50: 0.90 μM), and lung cancer A549 cells (IC50: 2.47 μM), but is slightly less toxic to normal colon
cells CCD-841-CoN (IC50: 2.98 μM) and normal bronchus cells BEAS-2B (IC50: 3.55 μM). The inhibitory
effects of henryin were correlated to reduced expression of cyclin D1 and c-myc. Moreover, it inhibited
the binding of β-catenin to transcription factor 4 (TCF-4) [73].

2.18. 11α, 12α-epoxyleukamenin E

11α, 12α-epoxyleukamenin E (EPLE) (C22H30O6, MW: 390.48, Figure 2) was isolated from Salvia

cavaleriei, and exhibited cytotoxic activity in colorectal cancer cell lines HCT-116 and SW480 by
downregulating the markers of the Wnt-signaling pathway such as c-myc, axin2 and survivin as well
as inhibiting β-catenin transcriptional activity [74]. It induced apoptosis by decreasing the expression
of BCL-2 and Bcl-xL, while increasing the expression of Bim and caspase-3. Moreover, a combination of
EPLE and 5-fluorouracil produced synergistic anticancer effects in colon cancer cells. An in vivo study
in the xenograft model also showed significant reduction of tumor size after EPLE treatment [74].

2.19. DEK

Ent-kaur-2-one-16β,17-dihydroxy-acetone-ketal (DEK) (C23H36O3, MW: 360.54, Figure 2) was
isolated from the leaves of Rubus corchorifolius, and exhibited cytotoxic activity (IC50 = 40.0 μM) in
HCT-116 human colon cancer cells after 72 h treatment but was non-toxic up to 100 μM in human
colonic myofibroblasts CCD-18Co cells [75]. Mechanistic studies found that DEK induced apoptosis
by increasing the expression of cleaved caspase-3, -9, PARP, p53, BAX, and p21Cip1/Waf1, while
decreasing the expression of cell cycle markers such as cyclin D1, CDK2, and CDK4. Moreover, the
expression of two carcinogenic proteins including epidermal growth factor receptor (EGFR) and COX-2
were reduced and the activation of Akt was inhibited after DEK treatment.

2.20. JDA-202

JDA-202 (C21H30O5, MW: 362.47, Figure 2) was isolated from Isodon rubescens, and exhibited
anticancer effects in esophageal cancer EC109 (IC50: 8.60μM) and EC9706 (IC50: 9.40μM) cells, yet
was considerably non-toxic in normal cell lines KYSE-450 (IC50: 26.2 μM) and HET-1A (IC50: 36.1 μM)
at 24 h drug incubation. Antiproliferative activity was related to direct binding of JDA-202 to the
antioxidant protein Prx I, inhibition of its activity and expression, as well as induction of hydrogen
peroxide (H2O2)-related cell death in esophageal cancer cell lines. Moreover, JDA-202 treatment also
led to the increased phosphorylation of JNK, p38, and ERK, which were suppressed by ROS scavenger
N-acetylcysteine (NAC) and H2O2 scavenger catalase. Intravenous administration of JDA-202 at
20 mg/kg/day in Balb/c nude mice significantly inhibited the tumor growth without loss of body weight
and organ toxicities [26].
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2.21. Pterisolic Acid G

Pterisolic acid G (PAG) (C20H28O6, MW: 364.44, Figure 2), isolated from Pteris semipinnata, dose-
and time-dependently inhibited the growth of human colorectal cancer cell line HCT-116 with IC50

values 20.4, 16.2, and 4.07 μM for 24, 48, and 72 h, respectively. Mechanistic studies found that PAG
reduced the expression of disheveled segment polarity protein 2 (Dvl-2), GSK-3β, β-catenin, cyclin
D1, and c-myc in HCT-116 cells. Moreover, it induced apoptosis by increasing the expression of p53,
puma, cleaved PARP, and cleaved caspase-3, as well as decreasing the expression of p-p65, BCL-2, and
BCL-xL [76].

2.22. Rabdoternin B and Maoecrystal I

Rabdoternin B (C21H30O7, MW: 394.46, Figure 2) and maoecrystal I (C22H30O8, MW: 422.47,
Figure 2) were isolated from the aerial parts of Isodon rosthornii [77] and the leaves of I. xerophilus [78],
respectively. After 48 h, rabdoternin B showed cytotoxicity in colon cancer SW480 (IC50: 23.2 μM),
HT-29 (IC50: 36.3 μM), and HCT-116 (IC50: 20.7 μM) cells, but no toxicity in normal colon CCD-841-CoN
(IC50: >40 μM) cells. The IC50 values of maoecrystal I were 16.2, 11.4, 26.2, and >40 μM in SW480,
HT-29, HCT-116, and CCD-841-CoN cells, respectively. Both compounds induced G2/M phase arrest in
SW480 cells. Further research with maoecrystal I found that its anticancer activity was related with
downregulation of Wnt-signaling target genes such as c-myc, cyclin D1, surviving, and axin2 [79].

2.23. CHKA

Huang et al. (2016) isolated 3α-cinnamoyloxy-9β-hydroxy-ent-kaura-16-en-19-oic acid (CHKA)
(C29H36O5, MW: 464.6, Figure 2) from the ethanol extract of Wedelia chinensis. CHKA from petroleum
ether fraction showed most potent anti-angiogenic activity in zerbrafish model. Moreover, CHKA
treatment also considerably blocked a series of VEGF-stimulated angiogenesis events such as
proliferation, invasion, and tube formation of endothelial cells. Additionally, it also diminished the
activity of VEGFR-2 tyrosine kinase and inhibited several downstream targets including p-VEGFR-2,
p-mTOR, p-Akt, and p-ERK in HUVECs. In a mouse model, CHKA significantly blocked sprouts
formation of the aortic ring, and inhibited subsequent formation of vessels [80].

2.24. CrT1

Ent-18-acetoxy-7β-hydroxy kaur-15-oxo-16-ene (CrT1) (C22H32O4, MW: 360.49, Figure 2) was
isolated from the traditional Vietnamese medicinal plant Croton tonkinensis, and exhibited dose- and
time-dependent antiproliferative activity in various cancer cell lines with IC50 values ranging between
8.40 and 31.2 μM but no toxicity in fibroblast NIH-3T3 cells (IC50 not reported) [81]. CrT1 induced
apoptosis and G1 cell cycle arrest in human hepatocellular carcinoma SK-HEP1 cells by the activation
of caspase-3, -7, -8, -9, and PARP. Moreover, the expression of p53 and BAX increased, while the
expression of BCL-2 decreased after CrT1 treatment. CrT1 also increased the cytoplasmic translocation
of cytochrome c, upregulated the expression of p-AMPK, while downregulating the expression of
p-mTOR and p-p70S6K.

2.25. Ent-16β-17α-dihydroxykaurane

Ent-16β-17α-dihydroxykaurane (DHK) (C20H34O2, MW: 306.49, Figure 2) was isolated from the
bark of Croton malambo, and exerted pro-apoptotic effects in human breast cancer cell line MCF-7 (IC50:
40.8 μM) after 72 h by downregulating BCL-2 expression at both the mRNA and protein levels, as well
as decreasing human telomerase reverse transcriptase (hTERT) expression at the mRNA level [82].
The same research group later found dissociation of activator protein 2 alpha (Ap2α)–Rb activating
complex in MCF-7 cells after DHK treatment, which affects the binding ability of the complex to
BCL-2 gene promoter. This process leads to downregulation of BCL-2 as well as upregulation of E2F
transcription factor 1 (E2F1) and its target pro-apoptotic gene puma [83].
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Figure 2. Structures of plant-derived anticancer ent-kaurane diterpenoids.
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2.26. Ent-11α-hydroxy-16-kauren-15-one

Ent-11α-hydroxy-16-kauren-15-one (KD) (C20H30O2, MW: 302.46, Figure 2) was isolated from the
Japanese liverwort Jungermannia truncata, and induced apoptosis in human promyelocytic leukemia
HL-60 (IC50: 0.56 μM) cells through activation of caspase-8. Treatment with KD also resulted in
activation of caspase-9 but caspase-9-specific inhibitor could not diminish KD-induced apoptosis.
Moreover, KD treatment resulted in time-dependent cleavage of caspase-8-substrate Bid as well as
proteolytic processing of procaspase-8, suggesting association of caspase-8-dependent pathway in
KD-induced apoptosis [84].

2.27. Hydroxy-15-oxo-zoapatlin

Hydroxy-15-oxo-zoapatlin (OZ) (C20H26O4, MW: 330.42, Figure 2) was isolated from plants in
the genus Parinari and has been thoroughly investigated for its anticancer activity. Evaluation of this
molecule for its proapoptotic activity in acute lymphoblastic leukemia Molt4 (IC50: 5.00 μM) cells
showed that OZ induced the externalization of hypodiploidia and phosphatidylserine which are
considered two hallmarks of apoptosis. Furthermore, OZ treatment also increased the expression of
PARP and caspase-3 in Molt4 cells [85].

The most commonly reported anticancer pathways of the ent-kaurane diterpenoids with their
biological targets from different pathways have been summarized in Table S1 (Supplementary Materials)
and Figure 3.

Figure 3. The common biological targets and mechanistic pathways of anticancer
ent-kaurane diterpenoids.

3. Conclusions

Nature has blessed humanity with a wide variety of drugs for the treatment of cancer, and over
the last few decades a large number of natural products have been widely investigated for their
anticancer potential. In recent years, ent-kaurane diterpenoids have drawn great attention from the
scientific community to evaluate their cancer inhibiting effects. Despite the identification of mechanistic
pathways of a large number of compounds in both in vitro and in vivo models, there still remains much
to understand about their mechanism of action, direct drug binding activity, and most importantly,
to design and/or conduct preclinical and clinical research. We hope this article will provide a new
platform for encouraging thorough investigation of ent-kaurane diterpenoids for the development of
new anticancer drug candidates to treat the growing number of cancer patients. Although we have
discussed the anticancer activity and mechanistic pathways of several ent-kaurane diterpenes, there
remain many compounds with similar structures that we have not included that are certainly worthy
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of further exploration as anticancer agents. Additional work on the structure–activity relationship
(SAR) of the ent-kaurane diterpenoids with their various molecular targets could also shed light as a
way towards bringing some of these potent anticancer molecules into the clinic.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/1/144/s1,
Table S1: Plant-derived anticancer ent-kaurane diterpenoids with their biological targets.
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Abstract: Quercetin is a flavonoid with notable pharmacological effects and promising therapeutic
potential. It is widely distributed among plants and found commonly in daily diets predominantly in
fruits and vegetables. Neuroprotection by quercetin has been reported in several in vitro studies. It has
been shown to protect neurons from oxidative damage while reducing lipid peroxidation. In addition
to its antioxidant properties, it inhibits the fibril formation of amyloid-β proteins, counteracting
cell lyses and inflammatory cascade pathways. In this review, we provide a synopsis of the recent
literature exploring the relationship between quercetin and cognitive performance in Alzheimer’s
disease and its potential as a lead compound in clinical applications.
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1. Introduction

Alzheimer’s disease (AD) contributes to 60–80% of total dementia cases, and it mostly affects
elder people (65 years of age or older) [1]. The pathogenesis of AD is typically associated with the
accumulation of amyloid-β (Aβ) aggregates and the hyperphosphorylation of tau proteins, leading to
neurofibrillary tangles (NFTs) and synaptic dysfunction [2–4]. Around 35.6 million people worldwide
are estimated to be affected with AD, with a prevalence rate of 4.6 million new cases each year.
The prevalence rate of AD increases with age: the rate doubles every 5 years from 60 years of age [5,6].

Early studies led to the cholinergic deficit hypothesis of AD, which states that deficiency in
acetylcholine is the main cause of the disease. In the pursuit of drugs that are able to restore
acetylcholine levels, the first acetyl cholinesterase inhibitors were developed, including tacrine.
Since then, other drugs in the same class have been pursued, namely donepezil, rivastigmine, and
galantamine. Current AD therapy consists of cholinesterase inhibitors and N-methyl-d-aspartate
(NMDA) antagonists, including memantine. Acetyl cholinesterase inhibitors prevent the hydrolysis of
acetylcholine, and memantine modulates NMDA receptor activity, causing a reduction in excitatory
glutamate signals. However, these drugs offer little palliative effects, and they also have numerous
undesirable safety profiles with a number of adverse side effects [7,8]. Acetyl cholinesterase inhibitors
are associated with gastrointestinal side effects such as nausea, diarrhea, and abdominal pain, as well
as urinary incontinence, insomnia, and nightmares. The use of tacrine has been limited because of
its poor bioavailability and reported hepatotoxicity. Memantine is clinically less effective compared
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to acetyl cholinesterase inhibitors. Additionally, these drugs are not targeting the root cause of the
disorder [9].

Phytochemicals are best known to reduce the risk of chronic diseases, such as cardiovascular
diseases, hypertension, diabetes, and cancers [10–12]. Flavonoids are the most diverse group
of phytochemicals and are widely distributed in higher plants with outstanding therapeutic
potential [13–16]. Flavonoids are further divided into six classes on the basis of their chemical skeleton:
flavanols, flavanones, flavones, flavonols, isoflavonoids, and anthocyanidins [17]. While targeting
multiple targets, they have been proven beneficial in the prevention of neurodegenerative disorders
and may delay the process of neurodegeneration [18]. Flavonoids are extensively studied for their
antioxidant and anti-inflammatory activities, both of which are important in triggering the pathogenesis
of AD [19]. Studies suggested that flavonoids are capable of crossing the blood–brain barrier (BBB),
which makes them potential agents in preventing neurodegenerative disorders; however, different
flavonoid subclasses differ in their ability to cross the BBB [20,21]. In the case of AD, their efficacy
is attributed to the reduction of Aβ toxicity and decreasing oxidative stress [22,23]. Nevertheless,
anti-AD effects of certain flavonoids, such as myricetin, rutin, fisetin, catechins, quercetin, kaempferol,
and apigenin have been reported [24–27].

Quercetin is one of the most potent antioxidants of plant origin and is one of the predominant
flavonoids found more commonly in edible plants [28]. It belongs to the flavonols class of flavonoids,
representing a major class of polyphenols. The dietary intake of total flavonoids is estimated to be
200–350 mg/day, and the intake of quercetin is 10–16 mg/day. The recommended dosage of quercetin
aglycone as a dietary supplement is 1 g/day [29–31]. It exhibits numerous beneficial effects on
human health, acting as anti-carcinogenic, anti-inflammatory, anti-infective, and psychostimulant
agent. It also inhibits lipid peroxidation and platelet aggregation, and it stimulates mitochondrial
biogenesis [32]. Several studies have reported on the neuroprotective effects of quercetin, both in vitro
and in vivo models of neurodegenerative disorders, such as cognitive impairment [33], ischemia,
traumatic injury [34], Parkinson’s disease (PD) [35], and Huntington’s disease (HD) [36]. The aim of
the present review is to provide a summary of the recent literature exploring the relationship between
quercetin and cognitive performance. Our primary focus is on the chemical basis and pharmacology of
quercetin and its anti-AD mechanisms.

2. Chemistry of Quercetin

A flavonoid is structurally diphenyl propane containing 15 carbon atoms in its structure
(Figure 1A). It contains a close heterocyclic pyran ring in addition to two benzene rings. The term
4-oxo-flavonoid (Figure 1B) is often used to describe flavonoid containing a carbonyl group on
position C-4 of ring C. Substitution and oxidation in the heterocyclic pyran ring classifies flavonoids
into subclasses, namely flavones, flavonols, flavanones, flavononol, isoflavones, and flavan-3-ols.
Substitution in the benzene rings of flavonoid structures leads to differences in individual
compounds within specific classes [37,38]. Quercetin belongs to the flavone class of flavonoids
having a chemical formula of C15H10O7. Its IUPAC name is 3,3′,4′,5,7-pentahydroxyflavanone or
3,3′,4′,5,7-pentahydroxy-2-phenylchromen-4-one (Figure 2). Quercetin contains an OH group at
positions 3, 5, 7, 3′, and 4′. Quercetin is an aglycone, (lacking an attached sugar molecule). Attaching
a glycosyl group (glucose, rhamnose, or rutinose) most commonly at position 3 replacing the OH group
leads to the formation of quercetin glycoside. Quercetin is insoluble or sparingly soluble in water,
while it is quite soluble in alcohol and lipids. A glycosyl group increases its water solubility, and thus
the quercetin glycoside is soluble in water [32,39]. In addition to antioxidant activities, multiple OH
groups in the structure of quercetin may also lead to its photodegradation. Dall’Acqua et al. (2012)
reported that OH groups at positions 3, 3′, and 4′ are mainly involve in photolability, while OH groups
at positions 5 and 7 do not play a crucial role in the photo-oxidative mechanism [40].
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Figure 1. (A) Flavan nucleus, (B) 4-oxo-flavonoid nucleus.

Figure 2. Chemical skeleton of quercetin and derivatives. (A) Quercetin glucoside, (B) quercetin-3-O-sulfate,
(C) quercetin-3-O-glucuronide, and (D) 3-O-methyl quercetin.

Several flavonoids have anti-inflammatory activity, among which flavanones such as naringenin
have weak activity, while flavonols including quercetin, kaempferol, and myricetin have strong
anti-inflammatory activity. Flavonols are more active against phospholipase A-2, given the presence of
the C-ring-2,3 double bond. Furthermore, the glycosylation of quercetin, such as rutin, reduces the
anti-inflammatory activity of quercetin [41]. Glycosylation at position 3 of quercetin leads to a decrease
in the free radical neutralizing activity. Glycosylation also decreases the acetyl cholinesterase inhibition
activity of quercetin [42]. The methylation of quercetin at positions 4′ and 7 results in improved
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anticancer activities. The replacement of OH groups with O-methylated moieties also increases the
metabolic stability of a compound [43]. The presence of a double bond between C2 and C3 as well as
the OH group at ring B is essential for the thrombin inhibition activity of quercetin. Substituting the
OH group with an OCH3 group in ring B and ring C reduces the thrombin inhibition activity, whereas
replacement of the OH groups in ring A with an OCH3 group improves the thrombin inhibition activity
of quercetin [44].

Quercetin may act as a pro-oxidant phytochemical by generating reactive oxygen species (ROS)
and reactive electrophilic quinine type metabolites because of the presence of catechol moiety in the
B ring, C-ring-2, 3 double bond, and free OH group at the C-3 position [45]. Furthermore, in vitro
studies have confirmed that the esters-based precursors of quercetin increase the bioavailability of
quercetin [46]. In considering the general structure of flavonoids, OH group substitution at positions
C5, C7, and C3, the substitution of OCH3 or H at C3′, and OH or OCH3 substitution at position
C4′ improve their neuroprotective activities as confirmed by in vitro studies, utilizing neuronal cell
cultures [47].

3. Sources

The name quercetin has been used since 1857. It is derived from Latin Quercetum, after Quercus

(oak) [48]. It is a flavonoid that is most commonly occurring in higher plants and in the glycosidal
form, such as rutin (quercetin-3-O-rutinoside), isoquercetin (quercetin-3-O-glucoside), and hyperin
(quercetin-3-O-galactoside). It can also be isolated in free-form from leaf surfaces, fruits, or bud
extracts. Plant families rich in quercetin are Compositae, Passiflorae, Rhamnaceae, and Solanaceae [49].
Onions, asparagus, red leaf lettuce, apples, capers, and berries contain relatively high concentrations
of quercetin [29,50].The botanical sources of quercetin have been summarized in Table 1.

Table 1. Botanical sources of quercetin.

S.No. Botanical Name Family Common Name Active Parts References

01 Punica granatum Lythraceae Pomegranate Fruits [51]

02 Ruta graveolens Rutaceae Rue Leaves [51]

03 Camellia sinensis Theaceae Green tea Leaves [52,53]

04 Allium cepa Amaryllidaceae Red onion Fruits [54,55]

05 Mangifera indica Anacardiaceae Mango Fruits [56]

06 Moringa oleifera Moringaceae Drumstick tree Leaves [57,58]

07 Cydonia oblonga Rosaceae Quince Fruits and leaves [59]

08 Solidago canadensis L. Compositae/ Asteraceae Goldenrod Flowering parts [60]

09 Vaccinium angustifolium and
Vaccinium corymbosum

Ericaceae Blueberries Fruits [61,62]

10 Phaleria macrocarpa Thymelaceae Mahkotadewa Seeds [63]

11 Lepidium latifolium Brassicaceae Papperweed Roots and leaves [64,65]

12 Achras sapota (Manilkara zapota) Sapotaceae Sapodilla Fruits [66]

13 Cichorium intybus Compositae/ Asteraceae Chicory Leaves [67]

14 Solanum lycopersicum Solanaceae Tomato Fruits [68]

15 Malus domestica Rosaceae Apple Fruits [69]

16 Vitis vinifera Vitaceae Grapevines Fruits [70,71]

17 Rhamnus alaternus Rhamnaceae Buckthorn Bark [72]

18 Passiflora incarnate Passifloraceae Passion flower Leaves [73]

19 Morus alba Moraceae White mulberry or Tut Leaves [74,75]

20 Ginkgo biloba Ginkgoaceae Maidenhair tree Leaves [76,77]

21 Hypericum perforatum Hypericaceae
St. John’s wort or

hypericum
Aerial parts [78]

22 Achillea millefolium L. Compositae/ Asteraceae Yarrow Flowering tops [79]
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4. Pharmacokinetic Parameters of Quercetin

Studies have revealed that the low bioavailability of quercetin limits its use for therapeutic
purposes, although it has a wide range of pharmacological properties. Low solubility, poor absorption,
and rapid metabolism are major aspects of the low bioavailability of quercetin [80]. Ader et al. (2000)
have explored the bioavailability and metabolism of quercetin in pigs [81]. Quercetin was administered
to each animal in a single intravenous dose of 0.4 mg/kg body weight and a single oral dose of
50 mg/kg body weight one week later. Blood samples were collected to analyze the pharmacokinetic
parameters of quercetin. The apparent bioavailability was 0.54 ± 0.19% when considering free quercetin
alone, 8.6 ± 3.8% including conjugated quercetin, and 17.0 ± 7.1% including quercetin metabolites
(kaempferol, tamarixetin, and isorhamnetin). The authors also reported that the conjugation of quercetin
to glucuronic acid and sulfuric acid preferentially occurs in the intestinal wall.

Moon et al. (2008) have studied the pharmacokinetics of quercetin in human beings [82]. Quercetin
was administered to subjects in doses of 500 mg three times daily, and the plasma and urine samples
were collected from subjects to analyze the concentration of quercetin aglycone and metabolites.
The average peak plasma concentration reported after the administration of quercetin at 500 mg three
times daily was 463 ng/mL at 3.5 h. Re-entry peaks on plasma concentration versus time curves showed
enterohepatic recirculation. The oral clearance of quercetin was reported to be high (3.5 × 104 L/h) with
an average half life of 3.5 h. The urinary recovery of quercetin aglycone and conjugated metabolites
were 0.05% to 3.6% and 0.08% to 2.6%, respectively. Previously, Day et al. (2001) while studying the
identification of quercetin metabolites in plasma have reported that quercetin is found exclusively as
a glucuronated or sulfate conjugate in plasma after oral administration [83].

Moreover, quercetin aglycone is less effective to cross the BBB, as it is a substrate for efflux
transporter p-glycoprotein. On the other hand, quercetin conjugates are also predicted to less effectively
cross the BBB because of high polarity [84,85]. However, the literature supported that some glucuronides
are effectively crossing the BBB because of aided active transport [86]. Kawei et al. (2008) revealed that at
sites of inflammation, the intracellular deconjugation of quercetin 3-O-glucuronide by β-glucuronidase
increases, and this phenomena is more relevant inside the central nervous system (CNS) in the case of
neurodegenerative disorders, rather than being of relevance in the penetration of the BBB [87].

5. Pathophysiological Mechanisms of Alzheimer’s Disease

AD is mainly characterized by the accumulation of extracellular amyloid plaques, which are
known as senile plaques. The amyloid plaques are associated with neuroinflammatory changes as
well as neurofibrillary tangles, affecting processes that are essential in maintaining neuronal health:
communication, metabolism, and repair. Aβ is produced by the sequential cleavage of amyloid
β precursor protein by β and γ secretases [88,89]. The amyloid precursor protein (APP) exists in
three different forms: the shortest isoform, APP695 mostly expressed in neurons, whereas two other
isoforms APP751 and APP770 are expressed in glial cells, such as astrocytes. The physiological role
of APP is to stimulate cell growth and proliferation. Aβ plaques lead to neuronal loss in several
brain regions, including the entorhinal cortex, hippocampus, neocortex, amygdale, and subcortical
areas [90,91]. Two different enzymatic processes of APP occur in the cells: the non-amyloidogenic and
the amyloidogenic pathways. In the non-amyloidogenic processing pathway, the APP is cleaved by α

and γ-secretases, which yields long secreted forms of APP (sAPPα) and C-terminal fragments. In the
amyloidogenic processing pathway, APP is cleaved by β and γ-secretases, which yields long secreted
forms of APP (sAPPβ), C-terminal fragments, and Aβs. The Aβ fragment is chemically sticky-forming
plaques, and blocks cell-to-cell signaling via synapses, in turn leading to neuronal cell death [92,93].

Neurofibrillary tangles (NFTs) are produced by the hyperphosphorylation of microtubule-associated
proteins, which are known as tau [94], representing another key feature of AD. The excessive
phosphorylation of tau proteins decreases their binding ability to microtubules, resulting in the
formation of NFTs [95]. Both the density and neuroanatomic localization of NFTs are important
determinants in the pathogenesis of AD. NFTs in neocortical regions are commonly associated with
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severe cognition impairment [96]. Aβ induces the phosphorylation of tau proteins, thus triggering the
formation of NFTs and causing neuronal cell death by increasing oxidative stress, altering calcium
homeostasis and excitotoxicity [90]. Imbalance between Aβ production and clearance leads to the
formation of Aβ aggregates, especially in late onset AD. The impairment of Aβ clearance most
commonly occurs in late onset AD. Heparan sulfate proteoglycans (HSPGs) are most critical in the
pathogenesis of AD by affecting Aβ metabolism and decreasing Aβ clearance. HSPGs bind to Aβ

and accelerate its aggregation, mediating the neurotoxicity and neuroinflammation induced by Aβ.
Under normal conditions, HSPGs perform various important physiological functions in development,
growth factor signaling, cell proliferation, adhesion, migration, and homeostasis [97].

Oxidative stress commonly occurs in AD, contributing to neurodegeneration. ROS generation
triggers Aβ aggregation. Oxidative stress is inherent to mild cognitive impairment (MCI) in the
progression of AD. Patients with MCI usually develop cognitive impairment with a minimal
impairment of instrumental activities of daily life, and it can be the first cognitive expression
of AD. Alteration in the phosphorylation of proteins, such as heme oxygenase-1 and biliverdin
reductase A, has been noted to occur, affecting the signaling of the most critical antioxidant
pathways [98–100]. This leads to mitochondrial damage, which is concomitant with the decreased
activity of mitochondrial energy-related proteins, including pyruvate dehydrogenase complex and
alpha-ketoglutarate dehydrogenase. Defective mitochondria, in turn, trigger the generation of high
levels of reactive oxygen species (ROS), for which antioxidant defenses may be deficient [101–103].
As such, the process proceeds unabated, as in a brush fire.

Neuroinflammation is a hallmark in the pathogenesis of AD. The innate immune cells of the brain
are fast to respond to systemic events, mostly in aged and diseased brains. Misfolded and aggregated
proteins binding to pattern recognition receptors on microglia and astroglia trigger an immune response,
releasing a number of inflammatory cytokines and chemokines [104,105]. In contrast to oxidative
stress, which is short lived, chronic inflammation is long lasting, resulting in the sustained release of
inflammatory mediators.

Microglia surrounding senile plaques is commonly activated in AD, resulting in the upregulation
of human leukocyte antigen-DR (HLA-DR). In addition, the generation of inflammatory mediators
may lead to microglial activation and neurotoxicity secondary to the CD14-dependent process.
Despite having phagocytotic activity, microglia fail to phagocytose Aβ due to the presence of
inflammatory cytokines and various extracellular matrix proteins [106]. Receptor of advanced glycation
end products (RAGE) activation leads to neurodegeneration as it triggers an increase in inflammatory
mediators and oxidative stress. RAGE activation also leads to activation of downstream regulatory
pathways such as the NF-kB, STAT, and JNK pathways [107].

Acetylcholinergic, glutamatergic, and serotonergic neurons are mostly affected in AD.
Early histological changes involve the loss of cholinergic neurotransmission in the cerebral cortex.
The latter, along with the hippocampus, receive the highest cholinergic input, and the loss of cholinergic
neurons in these regions results in cognitive deficits and memory impairment. Choline acetyltransferase
activity is greatly reduced in individuals with AD. It has also been shown that acetyl cholinesterase
(AChE) accelerates the aggregation of Aβ [108]. The degeneration of serotonergic neurons in the raphe
nucleus and noradrenergic neurons in the locus coeruleus mediates on cognitive symptoms associated
with AD [109]. Figure 3 illustrates the pathogenesis of Alzheimer’s disease.
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Figure 3. Schematic presentation of the pathogenesis of Alzheimer’s disease. [1] Amyloid precursor
protein (APP) is hydrolyzed by β and γ secretases to form β-amyloid (Aβ), which aggregates to
form fibril Aβs. Fibril Aβs upregulate oxidative stress, the inflammatory cascade, and caspase
activation, which results into the hyperphosphorylation of the Tau protein to form neurofibrillary
tangles(NFTs), and the ultimate result is neuronal cells loss. Extensive fibrils along with activated
microglia accumulated to form senile plaques, which lead to neuronal and synaptic loss. [2] Upstream
regulating acetyl cholinesterase (AChE) enzyme promotes acetylcholine (Ach) degradation, resulting
in neurotransmitter deficit, which leads to cognitive impairment. Amyloid precursor protein (APP),
amyloid beta proteins (Aβ), neurofibrillary tangles (NFTs), acetylcholine (Ach), acetyl cholinesterase
(AChE).

6. Neuroprotective Efficacy of Quercetin

The neuroprotective effects of quercetin have been extensively studied. At low micromolar
concentrations, it antagonizes cell toxicity by oxidative stress in neurons. It suppresses
neuroinflammatory processes by downregulating pro-inflammatory cytokines, such as NF-kB and iNOS,
while stimulating neuronal regeneration. After absorption, quercetin metabolites are glucuronated,
methylated, or sulfated, and all have been shown to afford neuroprotection. The neuroprotective
efficacy of quercetin has been studied in both in vitro and in vivo models [50,110,111]. A study
using drug screening in Caenorhabditis elegans nematodes with neuronal expression of human exon-1
huntingtin (128Q) and mutant Htt striatal cells derived from knock-in HD mice, concluded that
isoquercetin improved motor functions in acute spinal cord injury, reduced α-synuclein fibrillization,
reduced hippocampal neuronal cell death, improved synaptic plasticity, and reversed histopathological
hallmarks of AD [112]. Quercetin also protects against mitochondrial dysfunction and progressive
dopaminergic neurodegeneration by activating PKD1-Akt cell survival signaling axis Cell Culture and
MitoPark transgenic mouse models of Parkinson’s disease [113].
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Quercetin has shown therapeutic efficacy, improving learning, memory, and cognitive functions in
AD [114]. Khan et al. (2009) and Shimmyo et al. (2008) concluded that quercetin administration resulted
in the inhibition of AChE and secretase enzymes using in vitro models, thus preventing the degradation
of acetylcholine, and decreasing Aβ production, respectively [115,116]. Sabogal-Guáqueta et al. (2015)
have been reported that quercetin administration reverses extracellular β-amyloidosis and decreases
tauopathies, astrogliosis, and microgliosis in the hippocampus and amygdale, thus protecting
cognitive and emotional function in age triple transgenic Alzheimer’s disease model mice [117].
Wand et al. (2014) studied the effects of the long-term administration of quercetin on cognition and
mitochondrial dysfunction in a mouse model of Alzheimer’s disease. They noted that quercetin
ameliorates mitochondrial dysfunction by restoring mitochondrial membrane potential, decreases ROS
production, and restores ATP synthesis. It also increased the expression of AMP-activated protein
kinase (AMPK), which is a key cell regulator of energy metabolism. Activated AMPK can decrease
ROS generation by inhibiting NADPH oxidase activity or by increasing the antioxidant activity of
enzymes such as superoxide dismutase-2 and uncoupling protein-2. The activation of AMPK also
decreased Aβ deposition, regulating APP processing and promoting Aβ clearance. These mechanisms
likely account for some of the therapeutic efficacy of quercetin on cognition and the attenuation
of Aβ-induced neurotoxicity [118]. Quercetin and rutin have also been reported to function as
memory enhancers in scopolamine-induced memory impairment in zebrafish, thus possibly enhancing
cholinergic neurotransmission [119].

7. Anti-Alzheimer’s Disease Mechanisms of Quercetin

7.1. Inhibition of AβAggregation and Tau Phosphorylation

The aggregation of Aβ is a key hallmark of AD [120]. Quercetin interferes with the formation
of neurotoxic oligomeric Aβ species and displays fibril destabilizing effects on preformed fibrillar
Aβ, reversing Aβ-induced neurotoxicity [110]. The structure of efficient polyphenolic inhibitors of
Aβ contains two aromatic rings with two to six atom linkers. The aromatic rings contain a minimum
number of three hydroxyl groups, which play an important role in fibril inhibition through hydrophobic
interaction between the aromatic rings with β-sheet structures, forming hydrogen bonds. The phenolic
hydroxyls increase the electron density in the aromatic rings, which may increase the binding of
quercetin with the aromatic amino acids of the peptide beta-sheet structures. Quercetin possesses
these structural requirements containing hydrophobic moieties and thus arrests fibril formation.
The more hydroxyl groups present in the structure of the molecule, the higher its anti-amyloidogenic
activity [121,122]. It is also suggested that the catechol structure may be auto-oxidized to form o-quinone
on ring B, which then forms an O-quinone-Aβ42 adduct by targeting Lys residues at positions 16 and
28 of Aβ42. This phenomenon explains why quercetin has higher Aβ aggregation inhibitory activities
compared to kaempferol, morin, and datiscetin [123].

Quercetin is also reported from in vitro and in silico studies to inhibit beta-secretase-1 (BACE-1)
enzyme activity through the formation of hydrogen bonds. The OH group at position C-3 has a significant
role in BACE-1 inhibition [116]. It has been documented from in vitro and molecular docking studies
performed by Paris et al. (2011) that NF-kB regulates the production of Aβ by regulation of the β

cleavage of APP, and that the quercetin-induced inhibition of NF-kB affects the regulation of BACE-1
expression [124]. Tauopathy commonly begins in the hippocampus, affecting hippocampal-dependent
cognitive tasks followed by progression to other brain areas. Quercetin has been shown to decrease the
phosphorylation of tau proteins and to inhibit the formation of NFTs in age triple transgenic Alzheimer’s
disease model mice [117]. Kinases and protein phosphatases such as protein phosphatase 2A (PP2A)
play a role in regulating the hyperphosphorylation of tau proteins. The hyperphosphorylation of tau
proteins is mostly due to the imbalance between phosphorylation and dephosphorylation mechanisms.
Thus, the inhibition of PP2A may lead to the hyperphosphorylation of tau proteins. Quercetin reverses
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the hyperphosphorylation of tau proteins via MAPKs and PI3K/Akt/GSK3β signaling pathways in
HT22 cells (a cell line from mouse hippocampal neurons) [125].

7.2. Acetylcholinesterase Inhibition

The inhibition of AChE is one of the therapies most commonly pursued in the treatment of mild
to moderate AD. AChE is an enzyme that is responsible for the degradation of acetylcholine, and its
inhibition results in increased acetylcholine levels, thus improving the cognitive symptoms of AD.
In vitro studies have shown that quercetin is a competitive inhibitor of AChE and butyrylcholinesterase
(BChE). It inhibits both enzymes in a concentration-dependent manner [126]. Quercetin inhibits AChE
secondary to hydrophobic interactions and strong hydrogen bonding with the enzyme, reducing the
hydrolysis of ACh, thus increasing ACh levels in the synaptic cleft, as reported by Abdalla et al. (2013)
using cadmium-exposed rats as a model of study [127]. Studies have linked the presence/absence
of OH groups on the phenyl rings of the test compound to the inhibition of AChE and BChE, given
that the OH groups form hydrogen bonds with amino acid residues at the active site of the enzyme.
This phenomenon may explain the inhibitory efficacy of quercetin for both of these enzymes. Moreover,
quercetin exhibits greater potency for the inhibition of AChE and BChE than its glycosidal form,
rutin. Previous studies have posited the presence of a sugar moiety in the molecule is essential for its
enzymatic inhibition [115,128,129]. Jung et al. (2007) studied the acetylcholinesterase inhibiting the
potential of flavonoids, including quercetin isolated from Agrimonia pilosa and they reported the IC50
value of quercetin to be 19.8 [130].

7.3. Attenuation of Oxidative Stress

Oxidative stress is caused by the accumulation of ROS in cells, and is an important factor in
various neurodegenerative disorders. It is the most common mechanism of age-related degenerative
processes. Mitochondria are the primary site for ROS production, and mitochondrial dysfunction
leads to the overproduction of ROS followed by ATP depletion and ultimately cell death [50,131].
The major source of ROS is the superoxide anion radicals generated by the electron transport chain
during oxidative phosphorylation. Superoxide dismutase (SOD) converts superoxide ions to hydrogen
peroxide, which can be detoxified by catalase and glutathione peroxidases [132]. It has been reported
that Aβ triggers oxidative stress, leading to lipid peroxidation and protein oxidation, which results
in damaged mitochondria and the dysfunction of key enzymes associated with various pathways,
including glucose metabolism [133].

Among the phytochemicals, quercetin is a potent antioxidant. It has been shown to effectively
reduce the concentrations of superoxide anion free radicals, and its antioxidant potential makes it
a versatile choice in the management of various disorders, including AD [49]. Previous studies have
shown that quercetin has direct radical scavenging action. The presence of two pharmacophores in
its structure is responsible for its antioxidant activities: one is a catechol group in the B ring, and the
other is the OH group at position C-3. Quercetin also modulates the cell’s own antioxidant pathways,
by inducing Nrf-2-ARE and paraoxonase 2 (PON2), which is an antioxidant enzyme. Nuclear factor
(erythroid-derived 2)-like 2 (Nrf-2) is an important regulator of cellular defenses against oxidative stress.
Heme oxygenase-1, glutamate cysteine ligase, glutathione S-transferase, glutathione peroxidase, SOD,
catalase, sulfiredoxin, and thioredoxin are enzymes downstream of Nrf-2-ARE. Thus, the activation
of the Nrf-2-ARE pathway likely modulates the formation and degradation of misfolded protein
aggregates in AD [50,64,134].

7.4. Attenuation of Neuroinflammation by Quercetin

Reducing the neuroinflammatory events in microglia might afford a beneficial strategy for the
prevention of the progression of inflammatory-mediated neurodegenerative disorders. Quercetin has
been reported to have anti-inflammatory actions, and is a suitable candidate among phytochemicals
for future studies on its efficacy to reverse neuroinflammation [135,136]. Quercetin has already been
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shown to inhibit neuroinflammation by reducing nitric oxide production, iNOS gene expression
in microglia, the production of inflammatory cytokines such as tumor necrosis factor-α (TNF-α),
IFN-γ, interleukin-1β (IL-1β), IL-6, IL-12, and COX-2 in activated macrophages, as well as a reduction
in cytokine expression as reported from in vivo studies. Quercetin also downregulates JNK/Jun
phosphorylation and inhibits TNF-α production in mice, thus protecting neurons against LPS-induced
inflammation [137]. Figures 4 and 5 have been summarizing anti-Alzheimer’s targets and mechanistic
insights of quercetin, respectively.

Figure 4. Anti-Alzheimer’s disease targets of quercetin. Quercetin may utilize several mechanistic
targets for neuroprotection in Alzheimer’s disease such as the downstream regulation of oxidative stress
and neuroinflammation, which leads to the direct protection of neurons, inhibiting AChE enzymes and
resulting in increasing acetylcholine levels and reducing Tau phosphorylation and Aβ aggregation.
Tumor necrosis factor-α (TNFα), interleukin-1β (IL-1β), interleukin-6 (IL-6), reactive oxygen species
(ROS), nitric oxide (NO), acetyl cholinesterase (AChE), and amyloid beta protein (Aβ).
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Figure 5. Mechanistic insights of quercetin in Alzheimer’s disease. Quercetin has inhibitory effects
on JNK, PI3K/Akt pathways, acetyl cholinesterase (AChE), nuclear factor (erythroid-derived 2)-like
2 (Nrf-2), beta-secretase-1 (BACE-1) enzyme activity, and the hyperphosphorylation of tau proteins.
On the other hand, it stimulates the expression of AMP-activated protein kinase (AMPK), which
thereby decreases reactive oxygen species (ROS) generation by inhibiting NADPH oxidase activity or
by increasing the antioxidant activity of enzymes such as superoxide dismutase-2 (SOD2).

8. Anti-Alzheimer’s Disease Potential: In Vitro Studies on the Efficacy of Quercetin

Quercetin protects neurons from oxidative damage, while reducing lipid peroxidation.
Furthermore, given its antioxidant properties, quercetin inhibits the fibril formation of Aβ proteins,
counteracting cell lyses and inflammatory cascade pathways [7,138,139]. In vitro studies on quercetin
have shown that its antioxidant activities are concentration-dependent. It acts as an antioxidant at
lower concentrations (neuronal cells treated with 5 μM and 10 μM), but it possesses toxic effects at
higher doses (neuronal cells treated with 20 μM and 40 μM) [140]. It also inhibits iNOS and regulates
the expression of COX-2 in various models, reflecting upon its anti-inflammatory activities. Most of
the absorbed quercetin is present as metabolites, including glucuronidated, methylated, and sulfated
metabolites. All exert neuroprotective effects, but limited testing of these metabolites has been carried
out to date [117]. It has also been reported that quercetin decreases APP maturation, thus altering Aβ

synthesis and aggregation [141]. The neuroprotective effects of quercetin glycosides have also been
reported, which are characterized by antagonizing changes in gene expression, such as Park2, Park5,
Park7, Casp3, and Casp7 genes [142].

9. Anti-Alzheimer’s Disease Potential: In Vivo Studies on the Efficacy of Quercetin

The protective effects of a diet rich in polyphenols have been reported in several
pathologic conditions, such as cardiovascular diseases, metabolic disorders, infections, cancers,
and neurodegenerative disorders. It has been reported in several studies that quercetin exerts
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neuroprotective effects when administered in vivo. It protects neuronal cells from oxidative stress
induced by various chemicals and prevents hippocampal apoptosis [50,143]. Quercetin improves
memory, learning, and cognitive functions, and all these effects have been shown to be associated with
its antioxidant properties [144]. In vivo studies using mice as an animal model have supported that
quercetin increases spatial memory tasks, and decreases β-amyloidosis, tauopathies, astrogliosis, and
microgliosis by increasing AMPK activity and decreasing mitochondrial dysfunction [117,118].

Keddy et al. (2012) investigated the neuroprotective and anti-inflammatory effects of the
flavonoids-enriched fraction containing quercetin and its glucosides in a mouse model of
hypoxic-ischemic brain injury. The study had concluded that the repeated administration of the
flavonoid-enriched fraction prior to an experimental stroke produced by hypoxic-ischemia prevents
the neuronal loss in the striatum and dorsal hippocampus. Due to the low bioavailability of quercetin
and its glucosides, it required injection through the intraperitonial or intravenous route to achieve
neuroprotective effects [145]. Tota (2010) et al. studied the effects of quercetin on cerebral blood flow
and memory impairment in mice and linked the ability of quercetin to increase cerebral blood flow
and energy metabolism to its memory-enhancing effects [146]. After oral administration in humans,
quercetin is extensively metabolized during its absorption from the gut, affecting its bioavailability.
Clinical efficacy trials/studies of quercetin have yet to be carried out, which is likely given its low
BBB penetrability [147]. Furthermore, the metabolites of quercetin have long half-lives in vivo, and
repeated dosing may lead to plasma accumulation [145]. These are important factors, which will need
to be considered in the design of quercetin analogs for clinical studies.

10. Conclusions

Quercetin is a flavonoid with notable pharmacological effects and promising therapeutic potential.
It is widely distributed among plants and found commonly in our daily diet, such as in fruits and
vegetables. It has beneficial properties against general mechanisms of AD etiology in a variety of in vitro
and in vivo models. It protects neuronal cells by attenuating oxidative stress and neuroinflammation.
The anti-Alzheimer’s disease properties of quercetin include the inhibition of Aβ aggregation
and tau phosphorylation. It restores acetylcholine levels through the inhibition of hydrolysis of
acetylcholine by AChE enzyme. Although showing neuroprotective efficacy in several in vitro and
animal models, in vivo studies have reported that it is extensively metabolized upon absorption from
the gut, affecting its bioavailability. It also has low BBB penetrability, thus limiting its efficacy in
combating neurodegenerative disorders. Therefore, future clinical trials of quercetin and its analogs as
neuroprotective agents must improve its bioavailability, developing related molecules with greater gut
and brain penetrability, which will likely improve clinical efficacy.
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Abstract: The rising burden of cancer worldwide calls for an alternative treatment solution. Herbal
medicine provides a very feasible alternative to western medicine against cancer. This article reviews
the selected plant species with active phytochemicals, the animal models used for these studies, and
their regulatory aspects. This study is based on a meticulous literature review conducted through
the search of relevant keywords in databases, Web of Science, Scopus, PubMed, and Google Scholar.
Twenty plants were selected based on defined selection criteria for their potent anticancer compounds.
The detailed analysis of the research studies revealed that plants play an indispensable role in fighting
different cancers such as breast, stomach, oral, colon, lung, hepatic, cervical, and blood cancer cell
lines. The in vitro studies showed cancer cell inhibition through DNA damage and activation of
apoptosis-inducing enzymes by the secondary metabolites in the plant extracts. Studies that reported
in vivo activities of these plants showed remarkable results in the inhibition of cancer in animal
models. Further studies should be performed on exploring more plants, their active compounds, and
the mechanism of anticancer actions for use as standard herbal medicine.

Keywords: cancer; apoptosis; herbs; cell lines; in vivo

1. Introduction

The burden of cancer rose to 18.1 million new cases and 9.6 million deaths in 2018. With 36 different
types, cancer mainly affects men in the form of colorectal, liver, lung, prostate, and stomach cancer and
women in the form of breast, cervix, colorectal, lung, and thyroid cancer [1]. Treating cancer has become
a whole new area of research. There are conventional as well as very modern techniques applied
against cancers. A variety of techniques i.e., chemotherapy, radiation therapy, or surgery are used for
treating cancer. However, all of them have some disadvantages [2]. The use of conventional chemicals
bears side effects and toxicities [3]. But as the problem persists, new approaches are needed for the
control of diseases, especially, because of the failure of conventional chemotherapeutic approaches.
Therefore, there is a need for new strategies for the prevention and cure of cancer to control the death
rate because of this disease.

Herbal medicine has become a very safe, non-toxic, and easily available source of cancer-treating
compounds. Herbs are believed to neutralize the effects of diseases in a body because of various
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characteristics they possess [4]. For instance, among the many anticancer medicinal plants,
Phaleria macrocarpa (local name: Mahkota dewa) and Fagonia indica (local name: Dhamasa) have been used
traditionally for the anticancer properties of their active ingredients [5,6]. Metabolites extracted from
the plant material are used to induce apoptosis in cancer cells. Gallic acid as the active component was
purified from the fruit extract of P. macrocarpa and has demonstrated a role in the induction of apoptosis
in lung cancer, leukemia, and colon adenocarcinoma cell lines [7,8]. It is a polyhydroxy phenolic
compound and a natural antioxidant that can be obtained from a variety of natural products i.e.,
grapes, strawberries, bananas, green tea, and vegetables [9]. It also plays a critical role in preventing
malignancy transformation and the development of cancer [10]. Similarly, other compounds such as
vinca alkaloids, podophyllotoxin, and camptothecin obtained from various plants are used for the
treatment of cancer.

With the advancement in the industrial sector and industrial medicine, the use of herbs was
forgotten for a long period of time [11]. Hurdles regarding natural compounds are reduced because of
the advent of new techniques and interest has been developed in the use of such natural ingredients
in the pharmaceutical industry [12,13]. It has been estimated by the world health organization that
80% of the world is using traditional treatment methods [14]. Understanding of the effects or actions
of herbs on various targets comes with the help of modern biomolecular science which recognizes
some important properties i.e., anticancer, anti-inflammatory, and anti-virus. With the increasing
understanding of the effects of such herbal medicine, their effects against different types of cancers
have also been identified. For instance, hepatocellular carcinomas (HCC) are considered as the fifth
most common malignancy in the world with increasing incidence [15,16]. Many studies have been
performed on the treatment and prevention of using herbal medicine against HCC in which it is shown
that all phases of HCC such as initiation, promotion, and progression could be affected by components
of herbs [17,18].

However, as far as herbal compounds are considered as drugs, it is erroneously believed that they
have no issues in terms of safety and side effects. There are hundreds of species of plants that are
toxic to health. In the same way, there are many compounds in otherwise friendly plants that cause
cytotoxicity. Based upon testing it has been proved that even anticancer plants result in cytotoxic
effects [19].

Herbs are regulated under the “dietary supplement health and education act” as a dietary
supplement in the United States of America. This review highlights the mechanism of some very
important anticancer plants, the research related to their mechanism of action, their active ingredients,
and the guidelines in place for their regulations.

2. Sources and Methodology

The most relevant literature was retrieved through a meticulous search on the electronic databases,
Web of Science, Scopus, PubMed, and Google Scholar. The keywords and phrases used during
the search were “Medicinal plants,” “Anticancer activity,” “Anticancer herbs,” “Anticancer plants,”
“Mechanism of action,” “Animal models,” “in vitro activity,” and “in vivo activity.” The number
of relevant articles finalized after extraction and analysis through the combination of the above
keywords/phrases and the inclusion criteria was 200. The inclusion was based on two sets of criteria.
According to the first set, i.e., “general criteria,” articles selected for this manuscript had (i) reported
the traditional anticancer activity of plants and their parts, (ii) reported the anticancer role of extract or
pure compounds from plants.

The second set of criteria was used for selecting specific anticancer plants whose phytochemicals
are discussed in detail. For this purpose, twenty plants were selected for which recent articles were
available that (a) studied in vitro and in vivo anticancer activities of herbal products, (b) reported
the anticancer/antitumor activity of active compounds from the plants, and (c) assessed the in vivo
anticancer activity of the herbal anticancer products.
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All the data were extracted in a table and the mechanisms of action were explained in respective
subheadings and demonstrated through different figures.

3. Selected Plants and Their Anticancer Activity

Research so far has tested the anticancer activity of a plethora of plants and plant-based compounds.
Some of these plants and their compounds prove to be very effective against one or more types of
cancers. Based on their activities, the following plants are selected for the in vitro and in vivo anticancer
activities of their compounds. The rest of the important plants shortlisted for their activities are
presented in Table 1 along with their activities.

3.1. Artemisia annua

The genus Artemisia, widespread in Europe, Asia, North America, and South Africa has
approximately 400 species worldwide [20]. Plants of the genus were used for centuries in classical
medicine [21]. Artemisia annua is an annual short-day plant that belongs to family Asteraceae, having
a brownish rigid stem. A. annua is known as sweet wormwood (Chinese: qı̄nghāo) and “dona” in
the Urdu language in India and Pakistan [8]. A. annua was used by old Chinese for the preparation
of anti-malarial drugs known as artemisinin (Figure 1). Having a unique ability of environmental
adaptation it consistently resists insects and pathogens [22].

Figure 1. Structural representation of important anticancer secondary metabolites from plants.
The structures are adapted from NCBI cited as National Center for Biotechnology Information. PubChem
Database. (a) 2-Methylanthraquinone, Compound identification number (CID) = 6773; (b) albanol A,
CID = 44567218; (c) artemisinin, CID = 68827; (d) baicalein, CID = 5281605; (e) berberine, CID = 2353;
(f) curcumin, CID = 969516; (g) D-amygdalin, CID = 656516; (h) garcinol, CID = 5281560; (i) oblongifolin
A CID = 53364454; (j) oridonin, CID = 5321010; (k) platycodin D, CID = 162859; (l) polyphyllin C,
CID = 44429637; (m) scutellarein, CID = 5281697, and (n) triptolide, CID = 107985. (o) isoegomaketone,
CID = 5318556; https://pubchem.ncbi.nlm.nih.gov/compound/ (accessed on 18 July 2019).

A. annua also synthesize scopoletin and 1,8-cineole compounds. Similarly, semi-synthetic
derivatives of artemisinin are also generated such as arteether, artemether, and artesunate. Artesunate
has been studied to be a very effective anticancer compound. Efferth [23] studied the effect of artesunate
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on 55 different cancer cell lines including leukemia, melanoma, lung cancer, colon cancer, renal cancer,
ovarian cancer, and tumors of the central nervous system. They suggested that artesunate was most
effective against leukemia and colon cancers. Furthermore, it was observed through these studies that
the artesunate was more active than the drugs used for such cancers.

The stem and leaves A. annua were subject to extraction with the help of 80% ethanol and water.
Several quantitative phenolic compounds from A. annua were identified using high-performance liquid
chromatography (HPLC). The extracts were tested against HeLa and AGS cell lines. The cell growth
inhibition activity of stem extracts was lower compared to leaf extracts. The ethanolic extracts of leaves
lead to growth inhibitions (57.24% and 67.07%) in HeLa and AGS cells, respectively at a concentration
of 500 mg/mL. HPLC analysis showed that the amount of phenolic acids was lower in stem extract
than in leaves extract of A. annua. It was concluded from the data that the antioxidant and anticancer
capacity was the result of phenolic compounds as well as unidentified compounds within A. annua [24].

3.2. Coptis chinensis

Coptis chinensis, the Chinese goldthread, is a herb used as a traditional medicine in China thus
officially enlisted in the Chinese pharmacopeia [25]. It is widely known for its traditional use against
various diseases like diarrhea, dysentery, acute febrile, and supportive infections. The organic extract
of C. chinensis possesses anti-inflammatory and anti-oxidant properties [26,27]. C. chinensis extract has
wide use in the treatment of cholera, dysentery, diabetes, blood and lung cancer because of its strong
antibacterial activity [28]. Coptis genus contains the most important and active components, such as an
alkaloid i.e., berberine (Figure 1). Berberines alkaloids are used frequently as criteria in the quality
control of Rhizoma coptidis (Huang Lian) products and lead to the apoptosis of human leukemia HL-60
cells by down regulating nucleophosmin/B23 and telomerase activity.

3.3. Curcuma longa

Curcuma longa (Turmeric) belongs to the ginger family Zingiberaceae. It is a rhizomatous
herbaceous perennial plant [29]. It is naturally found in Southeast Asia and the Indian subcontinent.
These plants are annually collected for their rhizomes and are then propagated from some of
those rhizomes [30]. C. longa possesses a broad range of pharmacological activities including
anti- HIC (human immunodeficiency virus), anti-inflammatory, antioxidant effects, nematocidal and
anti-bacterial activities.

Curcumin, the main component of C. longa, plays an important role in the therapeutic activities
of C. longa [31]. Curcumin shows anticancer and anti-inflammatory activities as reported by many
different studies. Cyclooxygenase (COX)-2 plays a vital role in the formation of colon cancer. In a
study conducted by Goel et al. [32], the HT-29 colon cancer cells of humans were treated with different
concentrations of curcumin to study the effect of curcumin on the expression of COX-2. The cell
growth of HT-29 cells was inhibited by curcumin in a concentration- and time-dependent manner.
Curcumin affected COX-2 by inhibiting its mRNA and protein expression, but no such inhibitory
effect was found against COX-1. From this data, it can be suggested that the in vitro growth of
HT-29 cells is significantly affected by a non-toxic concentration of curcumin. Curcumin may thus
play an important role in the prevention of colon cancer. Furthermore, the anticancer effects of
curcumin on human breast cancer cell lines (MCF-7) were assessed through lactate dehydrogenase and
3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide assays to assess cytotoxicity and
cell viability, respectively. The results showed that curcumin induced cytotoxicity and inhibited cells
in a time- and concentration-dependent manner. This was observed through increased caspase 3/9
activity and induction of apoptosis. The results also indicated that curcumin downregulated miR-21
the expression of miR-21 in MCF-7 cells by upregulating the PTEN/Akt signaling pathway [33].
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3.4. Fagonia indica

Fagonia indica, locally known as “dhamasa” is a flowering plant and belongs to the family of
caltrop, Zygophyllaceae [34]. Members of Fagonia genus are known for their use as traditional
medicine and are found effective in the treatment of many skin problems [35]. Traditionally, it was also
used as a medicine for curing cancer as well as ailments resulting from poisons [5]. Amino acids and
proteins [36], flavonoids [37], alkaloids [38], saponins [39], and terpenoid [40] are the phytochemicals
found in the Fagonia species. F. indica is found to have liver protective [41] and antioxidant properties
as well [42].

The aqueous extracts of F. indica have been found very effective against different types of cancer
specifically breast cancers. For instance, Waheed et al. [43] performed bioactivity-guided fractionation
to isolate the active and potent fraction of the F. indica extract. The activity was assessed against three
cancer cell lines: MCF-7 estrogen-dependent breast cancer, MDA-MB-468 estrogen-independent breast
cancer, and Caco-2 colon cancer cells (Figure 2). The results through different pieces of evidence such as
the activity of pan-caspase inhibitor Z-VAD-fmk, caspase-3 cleavage, and DNA ladder assays suggested
that apoptosis was stimulated in MDA-MB-468 and Caco-2 cells. Furthermore, a new steroidal saponin
glycoside caused necrosis through cell lysis in MCF-7 cells. Similarly, Lam et al. [44] also demonstrated
significant activity against breast cancer cells line MCF-7 through an aqueous extract of F. indica.

Figure 2. Illustration of activity of plants against several types of cancers. The icons were taken from
Biorender illustrator and constructed through ChemBiodraw v14.0.

3.5. Garcinia oblongifolia

Garcinia oblongifolia (Lingnan Garcinia) belongs to the family of Clusiaceae and has a wide range
of pharmaceutical activities. The important metabolites of the G. oblongifolia species; polyisoprenylated
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benzophenones and xanthones have anticancer, antioxidant, antifungal, apoptotic, and anti-pathogenic
properties [45,46]. In vitro study showed that the bark of G. oblongifolia contains important secondary
metabolites including oblongifolin A–G, oblongixanthones A–C along with other important compounds.
These metabolites showed maximum apoptotic activities in HeLa-C3 cell lines and cytotoxic properties
in the cervical cancer cells [47,48]. Li et al. [49] isolated about 40 different compounds from fruit,
leaves, branches, and other parts of G. oblongifolia. They noted very high cytotoxic activities of these
metabolites in the tested MCF-7 breast cancer cell line. However, they found the higher anti-cytotoxic
activity of branch as compared to other plant parts. A small vacuole body formation was found at a low
bark concentration of 0.250 g/mL. The vacuole size was increased at high concentrations of 500 g/mL
and 1000 g/mL. The leaf part showed mild vacuole formation at a high concentration of 500 g/mL.
Similarly, Feng, Huang, Gao, Xu and Luo [48] tested the pro-apoptotic activities of twenty different
isolated compounds from G. oblongifolia in cervical cancer HeLa cells. Among all tested compounds
the oblongifolins F and G, xanthone, nigrolineaxanthone T, and garcicowin B gave high pro-apoptotic
properties at 10 μM concentration.

3.6. Garcinia indica

Garcinia indica, commonly known as kokum, is also an important medicinal plant that belongs
to the Garcinia genus. The garcinol of G. indica shows positive activities in the experimental HT-29
and HCT-116 colon cancer cells along with normal immortalized intestinal cells (IEC-6 and INT-407).
In another study, the fruit extract of G. indica was used for the isolation of garcinol. The garcinol at
IC50 values (3.2–21.4 μM) for 72 h treatment shows strong inhibitory properties in all intestinal cells.
The anticancer properties were higher in the cancer cells as compared to normal immortalized cells [50].

Similarly, Liao et al. [51] also observed a high tumor-inhibiting activity of G. indica in a human
colorectal cancer cell line (HT-29). The garcinol at 10 μM concentration retarded the cell invasion
activities several folds. The fruit extracts of G. indica has been shown very effective in the activation of
caspase-3/CPP32 and the breakdown poly (ADP-ribose) polymerase (PARP) protein to inhibit leukemia
in humans in the HL-60 cells [52]. These results indicated that garcinol (IC50 = 9.42 μM) shows strong
growth inhibitory effects against human leukemia HL-60 cells.

3.7. Hedyotis diffusa

Hedyotis diffusa (Chinese: sheshecao) is a member of the family Rubiaceae. It is spread over
the northeast regions of Asia. H. diffusa has been commonly used to cure inflammatory diseases i.e.,
urethritis, bronchitis, and appendicitis [53,54].

Because of the recent advances in pharmacological practices, this herb received importance
for having antitumor properties and showed effective results in treating cancers of the liver, colon,
lungs, brain, and pancreas [55]. H. diffusa contains important bioactive derivatives of polysaccharides,
triterpenes, and anthraquinones [56,57].

Methyl anthraquinonesare, one of the bioactive compounds in H. diffusa, is responsible for
apoptosis of many cancers. It shows apoptosis and inhibitory effect on the MCF-7 cell line of breast
cancer via activation of the caspase-4/Ca2+/calpain pathway when applied in a concentration of
18.62 μM for 24 h. It was observed that the S phase of the cell cycle and the percentage of the apoptotic
cells were markedly increased when methyl anthraquinone was applied to MCF-7 cells [58]. Similarly,
a concentrated extract of H. diffusa cause an inhibitory effect on the cervical cancer proliferation and
induces apoptosis of Hela cells. Studies on the effect of H. diffusa ethanolic extracts on anti-colorectal
cancer showed that these extracts cause an inhibitory effect on the Ct-26 cells by applying different
concentrations (0.06 mg/mL, 0.08 mg/mL, 0.10 mg/mL and 0.12 mg/mL) with the rate of 35.46% to
71.84% [59].
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3.8. Loranthus parasiticus and Scurrulus parasitica

Loranthus parasiticus, also known as Sang Ji Sheng (in Chinese), is a member of the Loranthaceae
family and is widely distributed in the Southwestern regions of China. L. parasiticus is a semiparasitic
plant, historically used as traditional folk medicine in China and Japan [60]. Since they are parasitic
in nature, their biological activities including phytoconstituents are highly dependent on the host
trees [61,62]. In fact, certain studies indicated the reverse effects of L. parasiticus on a host tree in
decreasing sugar and chlorophyll content [63]. In vitro and in vivo studies have been conducted to
evaluate the possible anticancer and antitumor potential of L. parasiticus. Cytotoxicity analysis of
aqueous extracts of L. parasiticus has shown positive activity against ovarian cancer cell lines; SKOV3,
CAOV3, and OVCAR-3 [64].

A comparative study conducted by Xiao et al. [65] on flavonoids extracted in 80% ethanol from
Scurrulus parasitica harvested from different hosts showed a good anticancer potential on acute myeloid
leukemia cell line HL-60. Flavonoids from S. parasitica on N. indicum induced apoptosis and inhibited
cell proliferation with an IC50 value of 0.60 mg/L on HL-60 cells and arrested cell cycle at G0–G1 phase.
S. parasitica parasitizing on Morus alba also showed an IC50 value of 2.49 mg/L. Similarly, Xiao et al. [66]
isolated a polysaccharide in aqueous and ethanol extract from the leaves of S. parasitica and conducted
proliferation inhibition assay on S180, K562, HL-60 cell lines. They observed inhibition in sarcoma
S180 growth in mice with a 54% tumor inhibition rate Loranthus parasiticus on the optimal dose of
100 mg kg−1 d−1. S. parasitica downregulate expression of CyclinD1, Bcl-2, and Ki-67 protein, and
upregulate the expression of Bax protein which helps in the inhibition of cancer cell line and apoptosis
of cancer cell in vivo.

3.9. Morus alba

M. alba, commonly called white mulberry, is native to China, Japan, India and is cultivated
throughout the world where silkworm is raised. Their leaves are the main source of food for silkworms.
Extracts from M. alba are traditionally used to cure cough, edema, insomnia, bronchitis, asthma, nose
bleeding, wound healing, eye infections, and diabetes [67]. M. alba contains many pharmaceutically
important compounds like kuwanol, hydroxymoricin, moranoline, morusin, calystegin, albafuran,
and albanol. The leaves of M. alba contain some active compounds such as quercetin, rutin, apigenin,
1-deoxynojirimycin [67].

A study by Chon et al. [68] on methanolic extract of M. alba leaves showed anti-proliferative
effects on different human cell lines like pulmonary carcinoma (Calu-6), colon carcinoma (HCT-116)
and breast adenocarcinoma (MCF-7). These results showed a strong link to the concentrations of
the investigated extracts. Anti-proliferative activity in the methanolic extract of M. alba leaves was
observed on the human cell line of gastric carcinoma (SNU-601) in a concentration of 1000 mg/mL.

In another study on albanol A, isolated from M. alba root extract, Kikuchi et al. [69] showed
apoptosis-inducing, cytotoxic activity (IC50 = 1.7 μM) in HL-60 cell line. It induced topoisomerase II
(IC50 = 22.8 μM), clearly reduced the levels of pro-caspases 3, 8, and 9. Furthermore, the Bax/Bcl-2
ratio also increased and induced HL-60 apoptotic cell death through stimulation of the death receptor.
The results of a study conducted on M. alba leaves in different extracts on human cell line hepatoma
(HepG2) showed that methanolic leaf extract also showed inhibition (IC50 = 33.1 μg/mL) of HepG2
cell. It was concluded that M. alba leaves extract contains different phenolic compounds in different
solvents which showed an anti-proliferative effect on the HepG2 cell line through the arrest of the cell
cycle in G2/M phase. This was achieved with p27Kip1 protein expression, activated caspases to induced
cell apoptosis and inhibited topoisomerase IIα activity [70].

Furthermore, lectin was isolated from the leaves of M. alba which showed anti-proliferative activity
on the human breast cell line (MCF-7) at a concentration of 8.5 μg/mL. This compound also showed
cell cycle arrest and cytotoxicity in a human colorectal cell line (HCT-15) with inhibiting concentration
of 16 μg/mL. The mechanism of inhibition of cancer cell lines was linked to the induction of apoptosis
through activation and release of caspase-3 [71].
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Methanolic extracts of M. alba showed significant anti-proliferative activity on the HepG2 cell
line. These extracts showed significant inhibition of cells reducing cleared viable cell count. The cell
growth was inhibited by suppressing the activity of NF-kB gene expression and biochemical marker
modulation [72].

Further, Qin et al. [73] isolated 15 compounds from the root bark of M. alba which contain six
diels-alder adducts and nine prenylated flavanones. The study observed that two new compounds,
soroceal B and sanggenol Q showed cytotoxic activity. One of the isolated compounds showed selective
cytotoxic activity in cells (HL-60 and AGS) at inhibiting concentrations of 3.4 μM.

3.10. Paris polyphylla

Paris polyphylla (called “Love Apple”) belongs to family Liliaceae and contains 24 species
throughout the world [74]. P. polyphylla is mostly used by Indian and Chinese traditional medicine
system for having potential anticancer properties. P. polyphylla consists of important secondary
metabolites such as polyphyllin D, formosanin C, β-ecdysterone, dioscin, daucosterol heptasaccharide,
oligosaccharides, octasaccharide, protogracillin, trigofoenoside A, yunnanosides G-J, padelaoside B,
pinnatasterone, and other saponins [75]. Steroidal saponins are the main active components because
of its structural diversity and bio-activities such as antitumor, immune-stimulator, analgesic, and
hemostatic properties [76–81].

Aqueous and ethanol extracts of P. polyphylla showed potential antitumor activity against human
liver carcinoma (HepG2 and SMMC-7721) cell line, human gastric (BGC-823) cell line, human colon
adenocarcinoma (LoVo and SW-116) cell line, and human esophagus adenocarcinoma (CaEs-17) cell
lines. Ethanolic extract showed a strong inhibitory effect with IC50 values ranging from 10 μg/mL to
30 μg/mL [82]. Extract of P. polyphylla also showed an antitumor effect in esophageal cancer ECA109
cells by increasing the connexin26 mRNA and protein expression. Studies reported that P. polyphylla

extracts increased the Bad genes expression and decreased the expression of Bcl-2 genes, inhibiting the
growth of ECA109 cells by proliferation and inducing cell apoptosis [83].

3.11. Perilla frutescens

Perilla frutescens, commonly called perilla or Korean perilla or Beefsteak plant, is widely distributed
in Vietnam, China, Japan, and most Asian regions belong to the Labiatae family [84,85]. Economically,
one of the most significant crops, cultivation of P. frutescens in China and some other Asian countries
is more than 2000 years old [86,87]. Stem, seed, and leaf parts of P. frutescens have been used to
treat poisoning, cold, bloating, and headache [74,88]). Multiple in vivo and in vitro studies have
been conducted to evaluate the anticancer and antitumor potential of P. frutescens. Leaf extract of
P. frutescens showed the highest anticancer activity in HepG2 cells through cell proliferation inhibition
and upregulation of apoptosis-related gene expression [89]. Other studies revealed that ethanolic
leaf extract of P. frutescens promoted apoptotic induction and tumorigenesis through death-mediated
receptors and scavenging the reactive oxygen species (ROS) [90,91]

Similarly, Lin, Kuo, Wang, Cheng, Huang and Chen [89] used leaf extract of P. frutescens to evaluate
the proliferation and apoptosis in HepG2 cells. Anti-proliferation activity was observed in HepG2
cells treated with P. frutescens leaf extract at a concentration of 105 μg/mL. The study reported that
significant apoptosis was observed through flow cytometry. Furthermore, microarray results showed
apoptosis-related gene expression in a time-dependent manner. The activity of P. frutescens leaf extract
was compared to the activity of rosmarinic acid which showed less effective results in apoptosis-related
gene expression and apoptosis induction in HepG2 cells.

The essential oil component “isoegomaketone” isolated from P. frutescens also induced apoptosis
in human colon cancer (DLD1) cells. A study by Cho et al. [92] reported the inhibition of cell growth
by isoegomaketone when treated for over 24 h, cleaved caspase-3, 8, and 9 in a time-dependent and
dose-dependent manner. Isoegomaketone treatment triggered PARP cleavage, translocation of the
protein Bax, cleaved Bid protein and the release of cytochrome c to the cytoplasm from mitochondria,
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induced apoptosis and translocation of apoptosis-inducing factor from mitochondria into the nucleus.
It was suggested that isoegomaketone from P. frutescens induced apoptosis in DLD1 cells via both
caspase-dependent and caspase-independent pathways.

3.12. Platycodon grandiflorus

Platycodon grandifloras, commonly known as balloon flower, or Chinese bellflower, belongs to the
family Campanulaceae, which is distributed through Northeast Asia. The rhizomes of P. grandiflorus

are very effective and are used as a traditional medicine in China, North Korea, and Japan for treatment
of different diseases like cough, sore throat, phlegm, and other ailments [93]. P. grandiflorus contains
many biologically active compounds which include saponins, flavonoids, anthocyanins, phenolics, and
polysaccharide. These compounds have significant immune-stimulatory [94], anti-inflammatory [95],
hepatoprotective [96], and antitumor activities. The antitumor activity of P. grandifloras was shown
in a dose-dependent manner by reducing PKC enhancement of matrix metallopeptidases (MmP-9
and MmP-2), which caused the death of HT-80 cells [97]. Yu and Kim [98] isolated platycodin D from
the root of P. grandiflorus and treated MCF-7 cells with a concentration of 5–100 μM which reduce
cell viability and proliferation in a dose-dependent and time-dependent manner as compared with
controlled cells. Induction of anticancer activity was observed because of caspase 8 and 9 activation
and PARP cleavage. In addition, platycodin D upregulate cellular levels of protein Bax and Bcl-2
and downregulate the activation of caspase-9. Further, it also induces proteolytic activation of Bid
(a protein of the proapoptotic Bcl-2 family).

Platycodin D is a triterpene saponin isolated from the roots of P. grandiflorus shows cytotoxic
effects on the human leukemia cells. It inhibited telomerase activity and showed a cytotoxic effect in a
dose-dependent manner with a concentration of 10–20 μM. This was shown to be achieved through
downregulating the expression of human telomerase reverse transcriptase (hTERT). The results of
the study by Kim et al. [99] showed that suppression of telomerase activity and cytotoxic effect
on leukemia cells by platycodin D was through post-translational and transcriptional inhibition of
hTERT. Platycodin D induced apoptosis and cell death of human leukemia (U937) cell by inducing
the production of ROS through Egr-1 gene activation and as a result, decreased in mitochondrial
membrane potential, activating caspase-3 and PARP cleavage [100].

The extract of P. grandiflorus also showed antitumor effects on ovarian (SKOV3) cancer cells. Results
showed that induced apoptosis occurs through the downregulation of Bcl-2 expression, upregulation
of Bax expression, activation of caspase (3, 8, 9), and mitochondrial cytochrome c released to the
cytosol [101].

3.13. Prunus armeniaca

Prunus armeniaca (Armenian plum) belongs to an important plant family Rosacea. Various parts
of the plant are used as the major source of some important antioxidant substances and are commonly
used against cancer and some other cardiovascular diseases [102]. The fruit part of P. armeniaca contains
various important secondary metabolites like β-carotene, flavonoids, organic acids, thiamine, minerals,
and oils [103]. The seeds of P. armeniaca contains plenty of cyanogenic glycosides, used against different
types of cancers [104]. Amygdalin is one of the important glycosides of P. armeniaca, used for the
treatment of prostate cancer [105]. Gomaa [106] reported the antioxidant and anticancer activities
of P. armeniaca at different combinations of methanolic and ethanolic extracts with water. The study
concluded that kernels of P. armeniaca have better antioxidant capacity compared to almonds that
belong to the same genus. The study showed the highest antioxidant activity (67%), total lycopene
content (4.70 mg/mL), and total phenolic content (3.290 mg/g of dry extract) in P. armeniaca kernels.
Furthermore, P. armeniaca kernels were also found active in the inhibition of certain cancers when tested
on the colon (HCT-116), human breast (MCF-7), and HepG2 cell lines in different concentrations and
combinations. The highest cytotoxicity was observed from methanolic extract (IC50 = 10.1 μg) against
HepG2 cells. According to Madrau et al. [107], the fruit part contains a large amount of phenolic
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compound that shows strong antioxidant and immune-stimulant properties. Similarly, the study
conducted by Liu et al. [108] found low anti-scavenging activity against DPPH of dry seed extract of
apricot. Vardi et al. [109] reported the strong protective activity of apricot against intestinal oxidative
damage in the rat model experiment.

3.14. Rabdosiae rubescens

Rabdosiae rubescens (Chinese: Dong Ling Cao) is a Chinese medicinal herb that belongs to the
family Lamiaceae. It possesses multiple biological activities like antibacterial, anti-inflammatory,
anti-parasitic, and anticancer [110]. R. rubescens contain important chemical compounds including
monoterpenes, sesquiterpene, diterpene, and terpenoids. Oridonin, a tetracyclic terpenoid, is the
main active compound in R. rubescens [111]. Oridonin gained its attention because of the remarkable
properties of growth inhibition and the induction of apoptosis in cancer cells. In vitro and in vivo
studies showed the induction of apoptosis in a variety of cancer cells by oridonin as in hepatocellular
carcinoma, breast, gastric, skin, colorectal, gallbladder, and pancreatic cancers [112].

Bao et al. [113] isolated oridonin from R. rubescens which showed a potent anticancer potential in
gallbladder both in vitro and in vivo. SGC996 and NOZ cells treated with oridonin results in inhibition
of colony formation and growth of tumor cells in S-phase and induced apoptosis. Wang, et al. [114]
showed the molecular mechanism of oridonin as an anticancer compound in HepG2 cancer cells.
Oridonin in a concentration of 41.77 μM inhibited the growth of HepG2 cells while in a concentration
of 44 μM, it induced G2/cell cycle arrest and apoptosis when applied for 24 h. The expression of nine
different proteins was observed through proteomic analysis. Eight out of the nine proteins are already
reported to be involved in anticancer activity. Oridonin up-regulate STRAP, Hsp70.1, Sti1, TCTP, and
PPase, downregulate hnRNP-E1 which are significantly involved in the G2/M cell cycle arrest and
apoptosis. The upregulation of HP1 beta and GlyRS by oridonin are responsible for the inhibitory
effects on tyrosine kinase and telomerase.

Wang et al. [115] also reported that oridonin from R. rubescens is a potent cytotoxic agent that
inhibited the growth and migration of highly metastatic human breast cancer cell lines (MCF-7 and
MDA-MB-231). Oridonin significantly inhibited the growth of human breast cancer cells in a dose- and
time-dependent manner, by arresting the cell cycle in the G2/M phase and accumulated cells to SUB-G1
phase. Results from the study also showed that oridonin triggered apoptosis by reducing Bcl-2/Bax
ratio, NF-κB (p65), caspase-8, phospho-mTOR, IKKβ, IKKα and increasing the expression level of
PPARγ, PARP, and Fas cleaving in a time-dependent manner. Oridonin significantly suppressed
MDA-MB-231 cell invasion and migration through decreasing MmPs expression and regulation of
integrin β1/FAK pathway and inhibited the growth and apoptosis via DNA damage and activated the
extrinsic and intrinsic apoptotic pathway in breast cancer cells.

3.15. Scutellaria baicalensis

Scutellaria baicalensis is one of the important medicinal plants species of family Lamiaceae. It is
commonly known as Baikal skullcap or Chinese skullcap and is found in different regions of the world
including East Asia, Europe, and the Russian Federation. Its root part is known as Scutellariae radix and
used as traditional Chinese medicine for the treatment of hepatitis, respiratory, and gastrointestinal
diseases [116]. The root parts have maximum flavonoid content having multiple pharmacological
properties [117].

About 60 different flavonoids have been identified in S. baicalensis which showed maximum
antioxidant activities [116,118]. The four flavones metabolites also showed antimutagenic
properties [119]. Woźniak et al. [120] studied the antioxidant potentials of four flavones: baicalein,
baicalin, wogonin, and their glucuronides compounds and wogonoside. These flavones have different
antioxidant capacity depending on the chemical structure and mechanisms of activity. However,
among these, baicalein showed maximum antioxidant activities while the wogonin provided high
protection to the linoleic acid from oxidation but did not show any antioxidant activity [121].
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The S. baicalensis extract is useful against a wide range of cancer cells like brain tumor cells [122],
prostate cancer cells [123], and head and neck squamous cell carcinoma (HNSCC) cell lines [124].
The aqueous extracts of roots led to programmed cell death, and thus inhibit the growth and
development of apoptosis. They suppressed the growth of lymphoma and myeloma cell lines via
disturbing normal expression level of Bcl and c-myc genes, while increased the expression level
of cyclin-dependent kinase inhibitor p27 (KIP1) [121]. Hongwei et al. [125] used three different
concentrations (80, 120, and 160 μmol/L) of baicalin for 2 days against BGC-823 and MGC-803 gastric
cancer cells. The results of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide assay
showed a lower rate at different doses. Flow cytometric analysis showed that baicalin induces apoptosis
in a dose-dependent way. Also, it was found that baicalin increase the gene expression of caspase-3,
caspase-9, and other B cell lymphoma (Bcl-2)-associated X protein but lowers the expression of the
Bcl-2 gene.

A recent study reported the angiogenic properties of baicalin by using chick embryo chorioallantoic
membrane [126]. The aqueous extract of baicalin showed both inhibitory and angiogenic activities while
the baicalein showed only anti-proliferative property. Quantitative PCR results showed the expression
of 84 different angiogenesis-related genes at different doses of baicalin and baicalein. The low dose
significantly increases angiogenic genes expression while the high concentration showed the opposite
activity by decreasing angiogenesis and increasing the lethality. The low to high levels of baicalein
decrease the level of gene expression of multiple angiogenic genes and decreased cell proliferation.

Sato et al. [127] studied the anticancer potential of the root extract of S. baicalensis by using human
oral squamous cell carcinoma (OSCC) cell line. The findings of the study showed 100 μg/mL root
extract retard the monolayer and anchorage-independent growth rate many times but do not affect the
cell adhering ability. Downregulated expression of cyclin-dependent kinase 4 cyclin D1, G1 phase
arrest, and PARP cleavage was observed with the application of the root extract of S. baicalensis.

3.16. Scutellaria barbata

Scutellaria barbata, the barbed skullcap is a key medicinal plant species of family Lamiaceae, used
to treat inflammatory and cancer diseases [128]. It is rich in important secondary metabolites like
alkaloids, flavones, steroids, and polysaccharides [129,130]. In vitro studies showed positive activities
against a vast range of cancers i.e., colon cancer, lung cancer, hepatoma, and skin cancer [128].

The apigenin and luteolin isolated from S. barbata gave cytotoxic activity against both human
breast cancer cell line MDA-MB-231 and non-transformed breast cell line (MCF10A) [131]. Similarly,
scutellarein was found to possess strong anti-breast cancer activity demonstrated in MDA-MB-468
cell lines [132]. Scutellarein increased the concentration of mitochondrial superoxide and peroxide
while decreasing the level of glycolysis, retarding the growth of cancer cells by lowering ATP synthesis.
Other secondary metabolites of S. barbata showed cytotoxic properties by leading ROX and DNA
damage [131]. The other important alkaloid of S. barbata, scutebarbatine A (SBT-A) also resulted in
high antitumor and apoptosis activities in experimental A549 cells.

3.17. Tripterygium wilfordii

Tripterygium wilfordii of the family Celastraceae is also known as “Thunder God Vine,” and is
native to Korea, China, and Japan. It is commonly used for the treatment of multiple diseases such
as rheumatoid arthritis, systemic lupus erythematosus, nephritis, asthma, and cancers [133–135].
T. wilfordii produces important bioactive compound triptolide which is used as an immunosuppressive
and anti-proliferative agent [134]. It has a five-membered unsaturated lactone ring and is used against
different breast cancer cells by activation of pro-apoptotic compounds by modulating several signaling
pathways [136].

In vitro studies showed anti-proliferative and pro-apoptotic activities against tumor cell
lines [137–139]. He et al. [140] studied the in vitro properties of triptolide of T. wilfordii activity
by using human umbilical vein endothelial cells (HUVECs). The IC50 value for HUVECs proliferation
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was 45 nM. The results of semi-quantitative RT-PCR and Western blot analysis in human umbilical vein
endothelial cells showed that triptolide cause downregulation of proangiogenic Tie2 and VEGFR-2
expression after 24 h at 50 nM concentration. At high concentration (100 nM), the VEGFR-2 mRNA
expression was completely blocked. But on the other hand, the knockdown of Tie2 decreases the
inhibitory activities of triptolide on endothelial network formation. The overall results showed
that anticancer properties of triptolide are directly correlated with the blockage of two endothelial
receptor-mediated signaling pathways. Triptolide showed more antagonistic activities against the
proliferation of HUVECs as compared to normal cells like skin keratinocytes HaCaT cells and other
liver cells L-02 [141].

Celastrol is another important compound of T. wilfordii, having cytotoxic activity against a
broad range of cancer cells [142]. It demonstrates its anticancer activities by blocking the NF-κB
via targeting IκB kinase and TAK1-induced NF-κB activation [143,144]. Other studies showed that
triptolide of T. wilfordii has anticancer properties in many model systems such as experiments have
also demonstrated triptolide’s therapeutic efficacy in several model systems including neuroblastoma
in nude mice model [145], other xenografts of human melanoma, breast cancer, bladder cancer, gastric
carcinoma [146].

3.18. Tussilago farfara

Tussilago farfara (commonly called coltsfoot) is one of the important medicinal plants, grown in
Europe and various regions of western and central Asia, commonly used against cancer. It possesses a
high quantity of flavonoids and other phenolic compounds and some trace elements (Zn, Mg, and Se).
The presence of these substances plays a key role in the anticancer activities of this plant. Maximum
scavenging activity was recorded in water extract as compared to ethanol extract. It shows a 20.9%
antioxidant activity. Further, this plant showed maximum antioxidant activity both using DPPH and
yeast model [147]. The quercetin-glycosides isolated from the flower bud of T. farfara shows the highest
antioxidant activity [148]. Lee et al. [149] reported the (TF)-induced cytotoxic and apoptotic activities
of the flower part of T. farfara in human colon cancer cell line (HT-29) by using a methanolic extract.
Fatykhova et al. [150] showed the genotoxic activity of T. farfara herb juice against known genotoxic
compounds like nalidixic acid in SOS chromotest and furacilin in Rec assay. Their findings showed that
dilution of the herb juice gave maximum antimutagenic properties in SOS chromotest as compared to
furacilin in Rec assay.

Lee et al. [151] reported the activity of T. farfara as the TNF-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis via MKK7/JNK activation by inhibition of mitogen protein kinase-TOR
signaling pathway regulator-like protein (MKK7-TIPRL) in human hepatocellular carcinoma cells.
The T. farfara extract decreases 50% interaction between MKK7-TIPRL. HPLC data further verified the
presence of many important phenolic compounds that decrease MKK7-TIPRL interaction and also
examined the activation of MKK7/JNK.

3.19. Wedelia chinensis

Wedelia chinensis (Chinese: Peng qi ju), indigenous to India, South-East Asia, and China, is one
of the important anticancer plants belonging to family Asteraceae which is rich in many important
secondary metabolites like phenol, flavonoids, and tannin [152].

The essential oils of W. chinensis give a positive effect on lung cancer during the in vitro
study. The GC-MS analysis recorded the presence of two important compounds carvacrol and
trans-caryophyllene. High anti-scavenging activities were found at different levels of dose. The study
of B16F-10 melanoma metastatic cell line showed that the concentrations of some important antioxidant
enzymes (including catalase, superoxide dismutase, and glutathione peroxidase) increased many folds
in the treatment groups. Similarly, the amount of glutathione also increased while the concentrations
of other compounds such as lipid peroxidation and nitric oxide were decreased. The histopathology
studies further verified that these essential oils show negative effects on cancer development [153].
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4. In Vivo Studies of Anticancer Herbal Medicine: An Overview

The herbal medicines are tested both in vitro and in vivo. The anticancer activities of the
various medicinal plants have been tested in vivo using different animal models (Figure 3). There
are many studies available on in vivo experiments of the many different anticancer plants in mice
models. For instance, dihydroartemisinin was reported to inhibit tumor tissue, increase the level of
interferon-gamma (IFN-γ), and decrease interleukin 4 (IL-4) in tumor-bearing mice [154]. Similarly,
artesunate, a derivative of artemisinin is also reported to be a promising drug against angiogenic
Kaposi′s sarcoma [155], growth inhibition of A549 and H1299 lung tumors by 100 mg/kg dose [156],
the suppression of human prostate cancer xenograft [157] and the inhibition of leukemia growth in
mice [158].

Figure 3. A depiction of general strategies applied for assaying extracts/phytochemicals from important
medicinal plants for their anticancer activity both in vitro and in vivo.

Irradiation of C57BL/6 mice combined with a dose of 2 mg/kg twice a week was proved effective
against lung carcinoma [159]. The effectiveness of berberine was enhanced when it was used in
combination with other agents. Coptisine, another alkaloid of Coptidis rhizoma is proved to have
anticancer effects when used in concentrations of 150 mg/kg against BALB/c nude mice by suppressing
tumor growth and reducing cancer metastasis. The inhibition of the RAS-ERK pathway was suggested
as the mechanism for this activity [160]. Another study was also performed on the nude mice on the
HepG2 cells by applying the aqueous extract of H. diffusa which inhibits proliferation of cells in a
dose-dependent manner, also delay S phase and arrest cells in G0/G1 phase [161].

Similarly, a high anticancer activity of SBT-A was found in transplanted tumor nude mice.
Yang et al. [162] reported the anticancer activity of the polysaccharides isolated from S. barbata by 95-D
Xenograft model. The results showed that polysaccharides give strong anti-proliferative activities
against a 95-D cell line. It also lowered the expression of phospho-c-Met and other signaling elements
like phospho-Erk and phospho-Akt. In vivo study also gave maximum antitumor activity by using
a 95-D subcutaneous xenograft model. After one daily intraperitoneal injection for 3 weeks, the
tumor growth was significantly decreased (47.72 % and 13.6%) at 100 and 200 mg/kg treatments.
The ex vivo studies also showed that polysaccharides of S. barbata inhibit the phosphorylation of c-Met
signaling pathway.
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Furthermore, Li et al. [163] isolated a steroidal saponin from P. polyphylla which inhibited tumor
growth in Lewis bearing-C57BL/6 mice and induced apoptosis in A549 cells. Results showed that
steroidal saponin in concentration of 2.5, 5.0, and 7.5 mg/kg showed significant inhibition rate of
26.49 ± 17.30%, 40.32 ± 18.91%, and 54.94 ± 16.48%, remarkably increased thymus and sleep indices,
decreased inflammatory cytokines (TNF-α, IL-8, and IL-10). This in turn inhibited the tumor growth
in C57BL/6 mice by reduced volume and weight of tumor. Nuclear changes, DNA condensation,
chromatin fragmentation, and apoptosis are induced in A549 cells with a concentration of 0.25, 0.50,
and 0.75 mg/mL steroidal saponin. Tumor growth inhibited by steroidal saponin was associated with
decreased ROS, inflammatory response, and induction of apoptosis.

Furthermore, Wanga et al. [164] reported the effect of isoegomaketone from P. frutescens on Huh-7
hepatoma cell carcinoma and tumor-xenograft nude mice. Results showed that isoegomaketone
inhibited cells and decreased tumor weight and volume. Isoegomaketone in the concentration of
10 nM/L decreased pAkt without affecting Akt. Hepatoma cell carcinoma tumor growth was suppressed
by isoegomaketone from P. frutescens through PI3K/Akt signaling pathway blocking. R. coptidis is
also showed anticancer activity in rats as suggested by the inhibition of cyclooxygenase 2 activity.
The number of aberrant crypt foci in the rat colon was decreased by 54% after the administration of
R. coptidis extracts [165].

Manjamalai and Grace [166] reported the apoptosis along with lowering angiogenesis and lung
metastasis activities of the essential oils of W. chinensis by using B16F-10 melanoma cell line in C57BL/6
mice. The mice were injected with B16F-10 melanoma cells through the tail vein and treated with
different doses of essential oil. A 50-μg essential oil concentration showed maximum cytotoxic activities
with 65.17% lethality within 24 h. The numbers of apoptotic cells increased many times in experimental
samples as compared to the control group. They also recorded high levels of important proteins
like p53 and caspase-3 in essential oil-treated samples compared to other non-treated samples. They
recommended this plant for the treatment and control of cancer.

In vivo activities of oridonin from R. rubescens showed a potent anticancer potential in the
gallbladder [113]. When injected intra-peritoneally with a concentration of 5, 10, 15 mg/kg for 3 weeks
to athymic nude mice, oridonin significantly inhibited NOZ xenografts growth. Oridonin also inhibited
NF-κB nuclear translocation, increased Bax/Bcl-2 ratio, activated caspase-3, caspase-9, and PARP-1
which showed that the mitochondrial pathway is concerned with apoptosis mediated by oridonin.

Studies have reported anticancer activities of two artemisinin dimer, dimer-hydrazone (dimer-Sal)
and dimer-alcohol (dimer-OH) and one monomer dihydroartemisinin (DHA) compared to the control
against MTLn3 breast tumors in rats. Results of the study reported that dimer-Sal, dimer-OH, and
DHA significantly suppressed tumors in rats compared to the control group. It was also observed that
the dimers were more potent as compared to the monomers [167].

It is also reported that artemisinin is responsible for preventing breast cancer in rats treated with
a single oral dose (50 mg/kg) of 7,12-dimethalbenz anthracene (DMBA) which is known for rapidly
inhibiting the multiple breast tumors. After the feeding DMBA with 0–2% artemisinin to the target
group and plain food in powdered form to the control group, both groups of experimental rats were
monitored for breast tumors for 40 weeks. Oral artemisinin significantly reduced the development
of breast tumors (57%) as compared to control fed (96%). The research indicates that artemisinin
might be a potent cancer chemoprevention agent, having lesser side effects [168]. Similarly, oral
administration of curcumin to rats reduced the level of Gp A72 (glycoprotein) by 73% hence lowering
paw inflammation [169].

Tanaka et al. [170] observed activities of fruit extracts of G. indica in the azoxymethane
(AOM)-induced colonic aberrant crypt foci in male model rats (F344). They found lower proliferating
cell nuclear antigen index and high concentrations of glutathione S-transferase and quinone reductase.
They also observed the maximum chemo-preventive activities of garcinol.

Besides mice and rats, there are many other animal models employed for studying anticancer
activities. Zebrafish models are also employed for technical advantages including the ease of
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advanced genetic studies, expression of tumor in any organ and the striking resemblance to
human malignancies [171]. Zhu et al. [172] used furanodiene which is a terpenoid isolated
from Rhizoma curcumae, for their anticancer effects in zebrafish models. They observed that
furanodiene showed anticancer effects in a pancreatic cell line (JF 305) and human breast cancer cells
(MCF-7) transplanted into zebrafish. Furanodiene showed effective results through ROS production,
anti-angiogenesis, apoptosis induction, and DNA strand breaks.

Similarly, the artemisinin type compound can have anticancer activities against different types of
tumors including leukemia, carcinomas of breast, kidneys, lungs, and ovaries, lymphoma, melanoma,
and brain tumors [23,173,174]. Currently, reports of in vivo activities of A. annua are accumulating.
One study reported anticancer activities of A. annua against four animal models aged 10 including a
male cat with malignant fibrosarcoma, a male dog with malignant mesenchymal neoplasia, a female
dog with breast cancer and another male dog with a malignant fibrosarcoma. The animals were treated
with various doses of 150 mg/day (3 capsules), 450 mg/day (2 capsules), 450 mg/day (3 capsules), and
450 mg/day (2 capsules). All the animals showed complete reduction with no tumor relapse [175].

5. Regulatory Aspects of Herbal Anticancer Drugs

It is generally established that the drugs including the anticancer compounds require phase
III clinical research trials for marketing permissions. The Food and Drug Administration (FDA)
and European Medicines Agency (EMA) guidelines require at least one controlled trial in Phase III
with statistically significant results for the green signal to market them [176]. Except for exceptional
circumstances, all the drugs need to go through all the phases of trials according to the guidelines of
international agencies such as the FDA and EMA. However, it has been observed that pharmaceutical
companies deviate from the standard protocol and start testing new compounds on human subjects
earlier than the defined timeline. The reason for such practices is to accelerate the approval of these
compounds under the pressure of investors [176]. This means that the drug is presented for approval
with insufficient data on its quality, safety, and efficacy.

Although plant-based compounds have shown be less toxic compared to conventional synthetic
compounds, there is growing evidence on the side effects of the unregulated use of these plants against
different diseases. The problem is that there is insufficient data available regarding the quality, safety,
and efficacy of herbal drugs. F. indica, for instance, has shown potent activity against breast cancer
when tested in the MDA-MB-231 cell line [44]. F. indica is used traditionally to treat many disorders
and people have even started the use of its herbal tea against breast cancer. However, the question
remains that there are only a few reports available on the anticancer activity of the plant. Globally, the
process of oncology drug development and marketing is regulated through the involvement of experts
and an advisory process mediated by regulatory authorities [177].

There are several regulatory framework models available for prescribing such drugs but there is a
need for harmony among regulating agencies and improvement in the regulation process. For instance,
the FDA has recently adopted the questions and answers guidelines of the International Council for
Harmonization on the nonclinical evaluation of drugs intended to treat cancer. These guidelines include
41 questions and answers which provide additional information about anticancer drug development
and are aimed at bringing harmonization in the process of anticancer drug development [178]. It is,
however, suggested that regulatory authorities, while bringing harmony with other agencies working
for regulating anticancer herbal compounds, should increase the focus on combining information from
traditional knowledge about that drug and the scientific studies on it [179].

Moreover, it is evident that plants of the same species grown in different areas vary in their profile
of medicinal compounds [180]. This calls for the need to focus on the production of uniform and
high-quality plants with a uniform metabolite profile that once tested is declared safe or unsafe once
and for all. This might be achieved through the help of in vitro growth and biotechnological and
genetic studies on these anticancer plants [181,182].
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6. Modern Trends in Traditional Medicine Informatics and Opportunities for Anticancer
Plant Products

With the advancement of information technology and bioinformatics, there is an increasing trend
to build resources and databases that report herbal formulations, active components of the herb, and
related information. There are several efforts like Chinese Medicine Integrated Database (TCMID) [183],
Collective Molecular Activities of Useful Plants (CMAUP) [184], SymMap [185], encyclopedia of
traditional Chinese medicine (ETCM) [186] etc. In addition, several researchers have developed
strategies for in silico pharmacokinetic properties of molecules/drugs [187–191]. Such approaches are
also applicable to phytochemicals and plant-based active drug components for their virtual screening,
possible mode of action, and advanced drug discovery [192–195]. Several plant-based anticancer
compounds have been evaluated using in silico and systems pharmacology tools [196–201]. The current
study encourages further studies on anticancer active ingredients (of plant origin) for their in silico
screening and pharmacokinetic activities. Considering the fact that plant-based drug formulations
usually consists of several phytochemicals or even more than one plants. The major challenge on this
direction would be to predict the role of phytochemicals other than active compounds and are present
in the traditional medicine.

7. Conclusions

This detailed analysis of different plants showed that medicinal herbs promise a huge anticancer
potential. This article comprehensively highlights the mechanism of antitumor action of some of the
important plants. This is generally done through regulating signaling pathways. Many studies have
reported inhibition of enzymes that stops tumor growth. These studies are mainly performed in human
cell lines. It is highlighted that these plants play an important anticancer role through their different
classes of secondary metabolites (Table 1). However, the study of these plants should not limit the
study of a plethora of anticancer plants some of which are still unexplored. Studies are needed to
highlight the mechanism of anticancer action of many already explored and many unexplored plants.
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Abstract: This study attempts to obtain and test the bioactivities of leaf extracts from a medicinal
plant, Geranium wallichianum (GW), when conjugated with zinc oxide nanoparticles (ZnONPs).
The integrity of leaf extract-conjugated ZnONPs (GW-ZnONPs) was confirmed using various
techniques, including Ultraviolet–visible spectroscopy, X-Ray Diffraction, Fourier Transform Infrared
Spectroscopy, energy-dispersive spectra (EDS), scanning electron microscopy, transmission electron
microscopy, and Raman spectroscopy. The size of ZnONPs was approximately 18 nm, which
was determined by TEM analysis. Additionally, the energy-dispersive spectra (EDS) revealed that
NPs have zinc in its pure form. Bioactivities of GW-ZnONPs including antimicrobial potentials,
cytotoxicity, antioxidative capacities, inhibition potentials against α-amylase, and protein kinases, as
well as biocompatibility were intensively tested and confirmed. Altogether, the results revealed that
GW-ZnONPs are non-toxic, biocompatible, and have considerable potential in biological applications.
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1. Introduction

Nanotechnology is one of the important thriving and rapidly developing interdisciplinary sciences
involving a combination of knowledge from materials science, physics, chemistry, and biology,
etc. The term “nano” is a Greek word which means “extremely small or dwarf” in size range of
about one to one-hundred nanometers. NPs possess unique and fascinating magnetic, electrical,
optical, and chemical properties with small size, different shapes, and surface effects compared
to bulk materials [1–3]. NPs possess breakthrough applications in different fields such as food,
agriculture, medicine, cosmetics, energy, environment, and many more [4,5]. Among the different
metal nanoparticles (MNPs), zinc oxide nanoparticles (ZnONPs) has received due attention due
to their multifunctional and tunable nature. ZnONPs possess 3.37 eV direct band gap with high
excitation energy (60 meV), which make it perfect to be utilized in UV photodetector, transistors, and
semiconductor diodes [6–8]. In addition, ZnONPs are used in the field of bio-imaging, drug delivery,
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mineral based sunscreens, lotions, and ointments; biomedicine, especially in the fields of anticancer
and antibacterial fields, which are involved with their potent ability to trigger excess reactive oxygen
species (ROS) production, release zinc ions, and induce cell apoptosis [9].

Numerous physical and chemical routes have been developed to synthesize ZnONPs with
disparate morphologies and sizes [10–13]. These physical synthesis routes face numerous problems;
they need high energy, costly instruments, and require high temperature and pressure [14]. Meanwhile,
chemical approach involves synthesis of ZnONPs using several reducing agents, costly metal salts,
toxic solvents, and reductants. These physical and chemical methods are not only expensive at
industrial level production, but also possess potential environmental and biological hazards [15–18].
In contrast, biological/biogenic synthesis of NPs is an emerging area and economically feasible option
in the field of “green chemistry” [19–22]. It is considered to be simple, safer, greener, easily scaled
up, non-toxic, eco-friendly, energy-efficient, cost-effective, and performed at room temperature and
pressure in the absence of non-hazardous solvents and reductants [19–21]. Biological fabrication of NPs
can be accomplished using different bacteria, algae, diatoms, and medicinal plants [22,23]. The major
disadvantage associated with microbial sources is maintaining contamination free environment, high
isolation cost and their maintenance in culture media. Therefore, plants (phytofabrication) promise to
be an excellent route in the formation of NPs due to simplicity, replacing chemicals to lessen or even
remove materials that are harmful to human health and the ecosystem [24]. The use of a plant-extract
in the synthesis of NPs has recently gained significant popularity [20,25]. The phytochemicals available
in plants act as a reducing agents, leading to a synthesis of capped NPs, and thus reducing costs and
chemical reagents [25,26]. Further, phytochemicals and aqueous environment replace many harmful
organic/inorganic solvents and chemical compounds [26]. Currently, plant extracts of various plant
parts have been used in the biofabrication of NPs [25]. Plant extracts possess potential biological
activities in biomedical applications due to the presence of different phytomolecules: alkaloid, flavonoid,
phenolic, terpenes, amino acids, and vitamins may function as strong reducing and stabilizing agents,
reducing cost and eliminating the use of toxic chemicals agents [27–30].

Numerous investigations have focused on the green synthesis of ZnONPs and have reported
different biological activities [31–34]. Considering the importance of green synthesis, in the present
study, ZnONPs have been synthesized using GW leaves extract. The plant possesses many therapeutic
application in the treatment of rheumatism, leucorrhoeas, arthritis, gonorrhea, heart, and liver related
problems. Among the various plants used in the formation of green NPs, GW was selected due to
large amount of bioactive compounds; ursolic acid, herniarin, stigmasterol, β-sitosterol, herniarin, etc.
which can help in the reduction, stabilization, and capping of metal ions [35].

The aim of the current research study was to biosynthesize ZnONPs (Zinc nitrate hexahydrate)
using natural GW leaves extract without utilizing any surfactants and chemical solvents. The reaction
condition and synthesis protocol have been discussed comprehensively. To the best of our knowledge,
this is the first research study reporting green fabrication of ZnONPs using GW leaves extract.
Furthermore, ZnONPs were extensively studied using various characterizations techniques, followed
by investigations of its diverse bio-potentials using number of activities and assays.

2. Experimental

2.1. Plant Sampling and Extract Preparation

Geranium wallichianum (Geraniaceae) was collected in its flowering stage from Nathiagali
Mountains (34◦04′ N 73◦23′ E), Khyber Pakhtunkhwa, Pakistan. The soil is typically moist, loamy, and
very shallow. The weather remains cool, pleasant and foggy in summers, cold and chilly in winters
with heavy snow [35]. The leaves of GW were thoroughly washed with deionized water, shade dried
for 10–15 days so that water content gets removed entirely. The leaves were crushed to powder and
preserved in dry and airtight container. The plant extract was prepared by mixing 10 g of GW fresh
leaves powder with 250 mL distilled water. The mixture was heated for 2 h at 80 ◦C under continuous
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stirring. The resulting solution was cool down at room temperature and filtered three times utilizing
Whatman filter papers. The resulting filtered extract was preserved at 4 ◦C for future use in the
biofabrication of ZnONPs.

2.2. Synthesis of ZnONPs

Synthesis of ZnONPs was successfully performed by reducing Zn(NO3)2·6H2O using GW leaf
extract. In detail, 50 mL filtered GW leaves extract was taken and mixed with 3 gm Zn(NO3)2·6H2O
salt, heated at 60 ◦C, and continuously stirred at 500 rpm for 2 h. The obtained solution was centrifuged
at 12,000 rpm/30 min. The pellet containing ZnONPs was carefully washed 3–4 times with double
distilled water. The obtained powder assumed as ZnONPs was placed in an oven at ~100 ◦C for 3 h.
Further, ZnONPs were calcined in a furnace to obtain crystalline ZnONPs. The calcined ZnONPs were
kept in a cool, dry, and dark place, and their characterizations were performed. Figure 1 shows a study
layout of ZnONPs from synthesis to characterization and biological applications.

Figure 1. The process of green synthesis of leaf extract-conjugated zinc oxide nanoparticles.

2.3. Characterization of ZnONPs

The biogenic ZnONPs were characterized morphologically, physically, and chemically using
various analytical techniques. The bio reduction of zinc ions to ZnONPs was determined by measuring
the absorption spectra of reaction solutions via UV-4000 UV-Vis spectrophotometer (Germany) between
200–700 nm. The morphology of the ZnONPs was analyzed through SEM (EM (NOVA FEISEM-450
applied with EDX detectors). TEM analyses was performed to study size and shape of ZnONPs.
The average particle size and particle size distribution of ZnONPs were studied via DLS system,
using Malvern Zetasizer Nano (Malvern instrument). FTIR (Alpha, Bruker, Germany) analysis was
performed between 500–4500 cm−1 to study diverse types of functional groups which are responsible
in reduction and effective stabilizations for ZnONPs using various modes of vibrations. The crystalline
structure of biogenic ZnONPs was determined by PANalytical XRD (Netherland) and crystal size was
calculated. The Raman spectroscopy analyses was performed for ZnONPs to study their vibrational
properties. The EDS analyses were done to detect the elemental composition of ZnONPs.

2.4. Bio-Potentials of Green GW-ZnONPs

2.4.1. Metabolic Activity of GW-ZnONPs against HepG2 Cells

The MTT cytotoxicity assay was performed according to the previously described method to
assess the survival (viability) of the HepG2 (liver cancer cells) by assessing the mitochondrial activity
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inside the cells after treatment with ZnONPs. For this purpose, HepG2 cells were cultured in DMEM
media provided with 10% FBS, 1% Pen-Strep. Cells were seeded in 96-well plates and placed in 5%
CO2 incubator at 37 ◦C for cell attachment. To assess the cytotoxicity potentials of green ZnONPs,
HepG2 cells were treated with different doses of zinc oxide nanoparticles (7.8125–1000 μg/mL) for
48 h and MTT assay was performed. The ZnONPs treated cells were placed in DMEM medium and
placed in an incubator for 24 h. After incubation, 100 μL MTT solutions was loaded and set aside for
~2 h. The MTT dye reacted with the oxidoreductase enzyme present in the mitochondria and was then
converted into crystals of formazan. This process occurred only in viable cells. Further, the formazan
crystals were dissolved with dimethyl sulfoxide (DMSO) and its absorbance was measured using a
plate reader at 570 nm. Untreated cells were considered as control, while % inhibition of HepG2 cell
lines treated with the synthesized ZnONPs nanoparticles was calculated using the formula below.

%inhibition =
1−OD of sample

OD of control
× 100 (1)

2.4.2. Antileishmanial Potential of ZnONPs

The cytotoxicity potentials of ZnONPs were further evaluated using Leishmania tropica “KWH23
strain” (both amastigotes and promastigotes culture) utilizing cytotoxicity assay [30,36]. The MI99
media was used added with 10% FBS to culture leishmanial parasites. The leishmanial parasites
were treated with various concentrations of ZnONPs (1–200 μg/mL) to evaluate their antileishmanial
potentials. During the experiment, Amphotericin-B was considered positive and DMSO as negative
control. The Leishmanial parasites in 96 well plates were treated with various concentrations of
ZnONPs and kept in 5% CO2 incubator for 72 h at 24 ◦C, and absorbance was measured at 540 nm.
After treatment, all living leishmanial parasites were counted under a microscope and IC50 values
were recorded. Median lethal concentration (IC50) was calculated using GraphPad software, while
percent inhibition was calculated using the following formula:

%inhibition =
1− sample absorbance
absorbance of control

× 100 (2)

2.4.3. Alpha Amylase (AA) Inhibition Potential

The AA inhibition potential of biogenic ZnONPs was determined using a previously described
method [36]. The reaction mixture for the activity was made by mixing 25 μL of AA enzyme, 10 μL
ZnONPs, 40μL starch solutions, and 15μL FBS. The reaction solution with all component was incubated
at 50 ◦C for 30 min by adding 1 M HCL (20 μL) and iodine solutions (90 μL). The acarbose was utilized
as positive and distilled water was utilized as negative control during experiment. Median lethal
concentration (IC50) was calculated using GraphPad software while percent inhibition was calculated
using the following formula:

%inhibition =
sample absorbance− absorbance of negative control
absorbance of blank− absorbance of negative control

× 100 (3)

2.4.4. Protein Kinase (PK) Inhibition Potential

The ZnONPs were also evaluated for its PK inhibition potential using Streptomyces 85E strain
according to a previously published method [37]. The PK inhibition activity was conducted in a sterile
environment. The SP4 minimal media was utilized to prepare even lawns of Streptomyces. 10 μL
of ZnONPs loaded on filter discs were placed on the petri plates to determine their PK inhibition
potential. The surfactin was taken as positive and DMSO as negative control. To target the growth of
Streptomyces 85E strain, incubation was performed at 30 ◦C for 72 h. After 24 h, clear and bald zones
appeared around the discs, which showed spores inhibition and mycelia development. Finally, zone of
inhibition (ZOI) were measured.
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2.4.5. Antifungal Assays of ZnONPs

Fungicidal potentials of biogenic ZnONPs were investigated against different fungal strains via
disc diffusion method. Before fungicidal assay was performed, fungal spores were sub-cultured in
Sabouraud Dextrose liquid media and kept in an incubator for 24 h at 37 ◦C. The liquid cultures
of different fungal strains were adjusted to OD of 0.5. Further, SDA solid media was made for
culturing fungal strains and poured into petri plates. Filter discs laden with different concentrations
of ZnONPs were kept on media plates. The Amphotericin-B was taken as positive and DMSO as
negative controls. After loading test samples and both positive and negative controls, fungal plates
were kept in an incubator for ~48 h at 28 ◦C to observe the ZOI. The fungal strains were treated with
various concentrations of ZnONPs ranging from 31.25–1000 μg/mL, and their MIC value was recorded
to determine their antifungal potential.

2.4.6. Antibacterial Activity of ZnONPs

The bacterial inhibition potential of GW-ZnONPs were evaluated using various bacterial strains
through discs-diffusion method. Before the activity was conducted, bacterial strains were sub-cultured
overnight in nutrients broth media and incubated at 37 ◦C for 24 h. To determine the antibacterial
potency of ZnONPs, an overnight culture of bacterial strains was spread on pre-prepared agar media
and allowed to dry for 5 min. Subsequently, filter discs laden with different concentration of ZnONPs
(31.25–1000 μg/mL) were dried and kept on surface of plates. The plates were kept in incubator at 37 ◦C
for 24 h and observed for ZOI. The standard antibiotic oxytetracycline was taken as positive and 5%
DMSO as negative control. Further, MIC values of GW-ZnONPs were determined by calculating ZOI.

2.4.7. Antioxidant Capacities

The radical scavenging potential of ZnONPs was determined using spectrophotometric procedure.
The working solution was prepared by mixing DPPH (2.4 mg) into 25 mL of methanol as free radicals.
Before the activity was started, various concentrations (1–200 μg/mL) of ZnONPs were prepared and
evaluated for their antioxidant potential. The ascorbic acid (AA) was taken as positive and DMSO
as negative control. The 200 μL of reaction mixtures was comprised of 180 μL of reagent solution
and 20 μL ZnONPs sample. The reaction mixture was then kept for 2 h under dark conditions and
absorbance of reaction mixture was measured at 517 nm. The scavenging potential of GW-ZnONPs on
free radicals are presented as follows:

% DPPH scavenging = 1 − (
Absorbance of sample
Absorbance of control

) × 100 (4)

The antioxidant potential of ZnONPs was further studied by total antioxidant capacity (TAC)
using previously described phosphomollybdenum method [38]. The absorbance was recorded at
695 nm and results were indicated as microgram equivalent of AA per/mg of test samples. AA was
used as positive control and DMSO as negative control. Furthermore, total reducing power (TRP)
of the asynthesized ZnONPs were studied using Potassium-ferricyanide procedure [39]. AA was
taken as positive and DMSO was taken as negative controls. The absorbance of mixture solutions was
recorded at 630 nm. The reducing power of asynthesized ZnONPs was measured as AA equivalents
per milligrams (AAE/mg).

2.4.8. Biocompatibility of ZnONPs with Human Macrophages

The biocompatible nature of green ZnONPs were investigated using human macrophages via
previously used method [40]. The macrophages were cultured in RPMI media supplemented with FBS
(10%), Herpes (25 mM), antibiotics (Pen-Strep. Further, macrophages were seeded and cultured in
96-well plates, kept in 5% CO2 incubator for 24 h for cell attachment. The macrophages were exposed
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to various concentrations of biogenic ZnONPs (1–200 μg/mL) for 24 h. The absorbance was measured
and % inhibition was calculated using the equation below.

% inhibition =
1 − Absorbance of sample

Absorbance of control
× 100 (5)

2.4.9. Biocompatibility of ZnONPs with Human RBCs

The biocompatible nature of asynthesized ZnONPs was further confirmed using human RBCs
through previously described method [41]. For hemolytic assay, 1 mL of fresh human RBCs was taken
and stored in EDTA falcon to avoid blood coagulation. Further, centrifugation was performed for
human RBCs at 12,000 rpm for 10 min. The erythrocytes suspension was made by adding 200 μL
erythrocytes into 9.8 mL of PBS (pH 7.2). The 100 μL erythrocytes suspensions was treated with
various doses of ZnONPs and incubated at 35 ◦C for 1 h. Further, centrifugation was performed at
12,000 rpm and supernatants was removed. Further, the supernatant was shifted into 96-well-plate and
hemoglobin release was studied at 540 nm. During experiment, Triton X-100 was utilized as positive
and DMSO as negative control. The results are calculated as % hemolysis produced by different
concentration of ZnONPs and can be calculated employing the formula below:

% hemolysis =
Sample abs−Negative control abs

Positive control abs−Negative control abs
× 100 (6)

3. Results and Discussion

3.1. Biosynthesis of ZnONPs

In this present study, ZnONPs were rapidly fabricated using GW leaves extract as a bioreductant
and stabilizing agents. Different characterization techniques were performed to determine the formation
of zinc oxide nanoparticles. The progress of synthesis of ZnONPs was detected by color change after the
addition of precursor salt to plant extract at 60 ◦C. The color change in solutions (reddish black) signal
the biosynthesis of ZnONPs. This color change in the solution is due to surface plasmon resonance
(SPR) [42]. To confirm the stable nature of asynthesized ZnONPs, 1 mg/mL solutions of nanoparticles
was prepared and sonicated for ~40 min. The turbid colloidal suspension was allowed to remain stable
for 48 h, and SPR was observed with varied time interval. The wavelength scale was fixed between
200–700 nm and solution was scanned between this range. The UV spectra showed absorption peak at
398 nm, indicating that colloidal suspension remained stable for 48 h. The reduction in absorption
peak was noticed after 60 h which showed settlement of NPs at the bottom. The UV-Vis spectrum for
green ZnONPs are presented in Figure 2A,B. The XRD configurations of thermally annealed green
GW-ZnONPs are presented in Figure 2C. The XRD analysis has confirmed the crystalline nature
of ZnONPs. The resulting Bragg peaks were in accordance with single and pure phase hexagonal
zincite with JCPD card no: 00–036–1451. The XRD spectra showed different distinct diffraction peak
with 2Ø value of 32.44, 35.13, 37.34, 47.21, 57.51, 62.58, 65.76 and 67.61, which are corresponding
to (100), (002), (101), (102), (110), (103), (112) and (201) Bragg’s reflections. XRD spectrum obtained
indicates the absence of impurities. The presence of these peaks are due to leaves extract containing
organic compounds, thus play significant role in reduction of zinc ions and stabilization of resultant
ZnONPs [42]. The average size calculated as ~18 nm. The XRD configuration for ZnONPs are consistent
with earlier studies using green synthesis protocol [43,44].
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Figure 2. UV and XRD spectra analysis for biogenic ZnONPs (A) UV visible spectra (B) Stability
of biosynthesized ZnONPs (C) XRD spectra of Geranium wallichianum mediated ZnONPs (D) Size
calculation via Scherer approximation.

The Raman and FTIR analyses were performed to determine the vibrational properties of ZnONPs.
The distinct major modes of Raman spectra are located at 92.5 cm−1 (E2L), 180.77 cm−1 (2TAM),
313.23 cm−1 (2E2M), 403.04 cm−1 (E1TO), 565.12 cm−1 (E2H + E2L). Our results of Raman spectra of GW
mediated ZnONPs are in agreement with previous studies using S. thea [44]. The Raman spectroscopy
results are shown in Figure 3A. FTIR analysis was done to recognize the major functional group and
their possible role in synthesis and stabilization of ZnONPs. The spectrum of leaves extract mediated
zinc oxide nanoparticles is presented in Figure 3B. The peak centered at 3273.31 cm−1, 1395.87 cm−1,
1262.46 cm−1, 1060.47 cm−1 indicate O-H, C-C, -CH and C = C stretching. The other peaks located
at 1565.48 cm−1 correspond to C−C. Peaks at 530 cm−1 signify Zn−O bond vibrations from ZnONPs.
There was a shift in the peaks of biogenic ZnONPs which suggests that different functional groups of
GW leaf extract are involved in synthesis of ZnONPs and prevent agglomeration [45]. The surface
morphology of the biogenic ZnONPs was explored using SEM. The SEM images of biogenic ZnONPs
are shown in Figure 4A–C. The smaller the size of nanoparticles, the larger the surface area and stronger
the activity will be. Thus, ZnONPs have shown significant biological applications. Further, an insight
into the morphology and size detail of ZnONPs was revealed by TEM. TEM image in (Figure 4D)
shows that ZnONPs are hexagonal in shape with average size of ~18 nm which are consistent with
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calculation from XRD. Smaller size NPs with larger surface area have shown numerous applications
especially in the field of medicine, chemo, and electrochemistry [46,47]. EDX spectra analysis revealed
the surface chemical composition of biogenic ZnONPs. The EDX results have shown that all the ionic
zinc was resulted into synthesis of ZnONPs leaving no ionic zinc peak. The EDX peaks showed that
both Zn and oxygen exist in test samples while no other elements were observed in the EDX spectrum.
The absence of other elements confirms the purity of biosynthesized ZnONPs. The EDX spectrum is
shown in Figure 5A. The EDX pattern clearly shows that reduction of Zn salt with GW leaves extract
yielding in crystalline ZnONPs. The size distributions, PDI and ζ-potentials (ZP) of thermally annealed
ZnONPs were detected by DLS analyses. The results indicated larger particles aggregate of 98.26 nm.
The ZP and PDI of ZnONPs were −8.53 mV and 0.232 (Figure 5B,C). The details about zeta size and
ZP are given in Table 1. Our DLS results are similar to the previous report of ZnONPs using Ixora

coccinea [48]. DLS is performed to confirm the size of NPs in colloid suspension in the range of nano
and submicron, and its ZP measurement is based on particles movement under electric field.

Figure 3. (A) Raman spectra of the ZnONPs biosynthesized using zinc nitrate hexahydrate as precursor
(B) FTIR spectra of ZnONPs.
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Figure 4. SEM and TEM images of Geranium wallichianum mediated ZnONPs using zinc nitrate as a
precursor (A–C) HR-SEM images (D) TEM image.

Figure 5. (A) Elemental composition using EDX (B) Size distribution of Geranium wallichianum mediated
ZnONPs (C) Zeta potential measurement of ZnONPs.
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Table 1. Zeta potential measurements of the ZnONPs.

Zeta Size (d. nm) and Potential (mV)

Zeta size 98.26 (d. nm)
Z-Average 98.09 (d. nm)

PdI 0.232
Intercept 0.943

Zeta potential −8.53 mV
Zeta deviation 9.16 mV
Conductivity 0.00275 mS/cm
Result quality Good

3.2. Bio-Potentials of Biogenic GW-ZnONPs

3.2.1. Metabolic Activity of GW-ZnONPs against HepG2 Cells

Cancer is a fatal disease, a major cause of deaths around the globe, and is continuously increasing
in cause of death by an estimated ~21 million by the year 2030 [30,49,50]. Among the numerous
types of cancers, liver cancer is presently the second deadliest cancer in males and sixth in female
causes (~745,517) deaths. The different risk factors related are viral infection, extensive alcohol
use, and toxin exposures (aflatoxin) [51]. The cytotoxicity potential of the synthesized zinc oxide
nanoparticles against liver cancer cells (HepG2) was evaluated using MTT cytotoxicity assay. The
key results obtained by MTT cytotoxicity assay in HepG2 cells treated with various doses of ZnONPs
ranging from 7.8125–1000 μg/mL for 48 h are summarized in Figure 6A. Our results of ZnONPs have
determined strong reduction in the metabolic activity of HepG2 cancer cells. The metabolic activity
was reducing continuously with increase in ZnONPs concentrations. The highest inhibition potential
(~71% mortality) was achieved at 1000 μg/mL and cytotoxicity potency was decreasing with a decrease
in concentration. The reduction in metabolic activity has shown that ZnONPs might have potential
anticancer activity. The IC50 value recorded for GW mediated ZnONPs against HepG2 cell lines was
39.26 μg/mL. The cytotoxic effects induced by GW-NPs at lower concentrations could be due to the
plant components attached to the ZnONPs. The results obtained from this study are also very well
supported with various evidences for the cytotoxic effect of green ZnONPs using Rhamnus virgata leaf
extract against the liver cancer HepG2 cell line in vitro [52,53].

3.2.2. Antileishmanial Potential of ZnONPs

Leishmania is a tropical disease with an excessive epidemiological diversity caused by at least 20
Leishmania species and is transferred by the bite of female sandflies [54]. Leishmanial parasites have
wide distribution range in ~100 countries around the world. The drugs present in commercial market
for the treatment of leishmaniasis are generally toxic, less potent and expensive. As for example,
Antimonials designed as a potential candidate for leishmaniasis therapy has lost its potential against
Leishmanial parasites and has developed resistance against it. Thus, pharmaceutical industries are
working hard in this direction to develop novel drugs which will be more effective, less toxic, and
cost effective for the treatment. Significant research studies have been performed to design MNPs for
the treatment of Leishmania. Various NPs have been used in diverse studies to determine cytotoxic
potentials against L. parasites [34]. However, the biosynthesized ZnONPs are poorly studied for the
treatment of L. tropica.

In the present report, antileishmanial potentials of ZnONPs was evaluated using L. tropica

(KMH23) Figure 6B. The L. tropica parasites were exposed to various doses (1–200 μg/mL) of ZnONPs
for 72 h. The antileishmanial potentials of ZnONPs were increasing with an increase in concentrations
of ZnONPs and determined significant antileishmanial potentials against L. tropica promastigotes with
IC50: 15.60 μg/mL. Similarly, ZnONPs also shown significant potential against L. tropica amastigotes
with IC50: 34.5 μg/mL which are consistent with earlier studies of biosynthesized ZnONPs [34,53].
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The dose-dependent nature and low IC50 value signify that these ZnONPs can be utilized in drug
delivery for the treatment of leishmaniasis.

Figure 6. Cytotoxicity assays. The data in all figures represents the mean of three replicates
(A) Cytotoxicity activities of Geranium wallichianum mediated ZnONPs against HepG2 cell line
(B) Antileishmanial activities of ZnONPs (C) Cytotoxicity against brine shrimps.

3.2.3. Antibacterial and Antifungal Activities

The biogenic zinc oxide nanoparticles have also shown significant antibacterial potential against
various bacterial strains (BS). For this purpose, different bacterial strains were treated with various
doses of ZnONPs ranging from 31.25–1000 μg/mL Figure 7A. The activity was done against different
gram positive (S. aureus and B. subtilis) and gram negative BS (P. aeruginosa, K. pneumoniae, E. coli).
Most BS were found susceptible where ZnONPs have shown potential results by inhibiting them. B.

subtilis was reported to be the most susceptible strain with MIC score of 7.8 μg/mL while K. pneumoniae
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was found to be the least susceptible strain with an MIC value of 125 μg/mL. Oxytetracycline was taken
as positive control while treating BS to different doses of ZnONPs. No single dose has shown stronger
potential than positive control. Overall, our ZnONPs have shown potential antibacterial activities
against different BS which are in line with the previous reports of biosynthesized nanoparticles [28,55].
The increased antibacterial potential of ZnONPs is due to the bioactive functional groups attached
on the surface of NPs. In a nutshell, ZnONPs concluded concentration dependent response against
different strains of bacteria. Some other studies have discussed the antibacterial potentials of ZnONPs
and shown that ROS generation is the core mechanisms that give antimicrobial potentials to NPs.
Further, membrane damage (membrane protein damage) due to NPs absorption on surface result in
bacterial cell damaging. Similarly, surface defect in the symmetry of NPs is responsible for bacteria
inhibition and causes injury to cells [56]. Besides, different functional groups attached from GW leaves
extract result in capped ZnONPs, which play an important role in the bacterial inhibition.

Figure 7. Antibacterial and antifungal assays. The data in all figures represents the mean of three
replicates (A) Antibacterial potential of biogenic ZnONPs (B) Antifungal potential of biogenic ZnONPs.

Furthermore, fungicidal potential of ZnONPs was evaluated using various fungal strains (FS).
Before activity was performed different concentration of ZnONPs were prepared ranging from
31.25–1000 μg/mL. The drug amp-B was employed as positive control to compare inhibition potential
of ZnONPs. Various FS were used; Fusarium solani, M. racemosus, A. niger, A. flavus and C. albicans

(Figure 7B). Substantial work has been performed on antibacterial potentials of ZnONPs while limited
fungicidal potentials have been reported for biogenic ZnONPs. Our current study for the first reported
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the fungicidal activity of GW-ZnONPs. For this purpose, different FS were treated with various
concentrations of ZnONPs (31.25–1000 μg/mL) to determine their antifungal potentials. Generally, a
dose dependent inhibition response was reported for ZnONPs where A. flavus was the least susceptible
fungal strain (MIC: 250 μg/mL while A. niger and M. racemosus were the most susceptible strain with
MIC: 31.25 μg/mL. Among the various FS, M. racemosus, A. niger and F. solani were inhibited at all
doses. Besides, ROS, previous studies claim that interaction of ZnONPs with fungal hypea and spores
leads to inhibition of their growth. Significant concentration mediated fungicidal assays are reported
in previous studies using different fungal strains [34] and are consistent with our present GW-ZnONPs
study. MIC values for various bacteria and fungus strain are presented in Table 2.

Table 2. MICs values of different bacterial and fungal strains.

Antibacterial Activity

Bacterial Strain MIC (μg/mL)

Gram Positive

B. subtilis (ATCC: 6633) 7.8

S. aureus (ATCC: 25923) 15.625

Gram Negative

P. aeruginosa (ATCC: 9721) 31.25

E. coli (ATCC:15224) 15.625

K. pneumonia (ATCC: 4617) 125

Antifungal Activity

Fungal Strain MIC (μg/mL)

Aspergillus flavus (FCBP: 0064) 250

Aspergillus niger (FCBP: 0918) 31.25

Candida albicans (FCBP: 478) 125

Fusarium solani (FCBP: 0291) 62.5

Mucor racemosus (FCBP: 0300) 31.25

3.2.4. Enzyme Inhibition Potentials of ZnONPs

Figure 8A shows protein kinase (PK) enzyme inhibition potential of ZnONPs. These enzymes
play significant role in phosphorylation of important amino acids; serine-threonine, tyrosine residues,
regulate important processes inside cells like metabolism, apoptosis, proliferations, and differentiation.
Deregulated phosphorylation of amino acids can result into genetic abnormalities and result in the
development of cancer. Therefore, any substance with potentials to inhibit PK enzymes are of great
attention in the field of cancer research [57]. PK phosphorylation has played an important role in the
formation of hyphae in Streptomyces fungal strain and same mechanism is used to evaluate the PK
inhibition potentials and is utilized to study medicinal compounds for determining PK inhibition [5].
The PK inhibition activity was done via disc diffusion method using different doses of ZnONPs ranging
from 31.25−1000 μg/mL. The surfactin was taken as a positive control. Different ZOI were observed
at different doses of ZnONPs, and the highest ZOI was measured as 15 mm at 1000 μg/mL, which
shows important protein kinase inhibition potency of ZnONPs. A concentration-dependent activity is
reported for ZnONPs. No single dose has shown stronger potential than the positive control. Therefore,
a potential signal transduction inhibitor is identified in the form of nanoscaled ZnO that can be further
exploited for anti-infective and anticancer properties. Because of the protein kinase inhibition property,
one can pre-deduce that biosynthesized ZnONPs may play an important role in cancer therapeutics.
Our results of PK inhibition are in line with the previous findings [53].
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Figure 8. (A) Inhibition potential of Geranium wallichianum mediated ZnONPs against protein kinase (B)
Inhibition potential against alpha amylase (C) Antioxidant potential of ZnONPs (D) Biocompatibility
potential of ZnONPs against human RBCs and macrophages.

Besides PK inhibition assay, alpha amylase (AA) inhibition potency of ZnONPs was determined
using various concentrations (31.25–1000 μg/mL) of ZnONPs. The AA play significant role by
converting carbohydrates into glucose [57], therefore, blocking or by inhibiting the activity of alpha
amylase can prevent the level of glucose formation; thus, it may provide new insights into a nano
level treatment of diabetes [58]. In our study, biogenic ZnONPs were explored for their AA inhibition
activity and have determined significant potential by the inhibition of AA. The highest inhibition
rate was observed 57% at 1000 μg/mL, while AA inhibition potentials was slowly decreasing with a
decrease in concentration of ZnONPs. Figure 8B shows the biological inhibition potential of ZnONPs
against AA. The results of AA activity are in agreement with the previous findings [44,53].

3.2.5. Antioxidant Activities of ZnONPs

Figure 8C indicates antioxidant potentials of ZnONPs. The antioxidant activities were evaluated
in concentration ranging from 1–200 μg/mL. Maximum score for TAC of ZnONPs in terms of AA
equivalent/milligrams was reported as 52.43% at 200 μg/mL. TAC assay is mainly used to evaluate
the scavenging effect of tested chemicals towards reactive oxygen species (ROS). In the present study,
water extract of GW leaves extract was utilized in the reduction and stabilizations of metal ions. It can
be concluded from our antioxidant activities, that several phenolic compounds available in the GW
leaves extract scavenge ROS which are attached on the surface of ZnONPs.

To further explore the antioxidants species coated on the surface of biogenic nanoparticles, TRP
assay was determined. This activity was done to study the reductones that play an important role
in the antioxidant potential by providing H-atoms and causing damage to free radical chains [59].
The biosynthesized ZnONPs showed potential antioxidant activity. The reducing power of ZnONPs
was decreasing with decrease in concentrations of ZnONPs. The maximum TRP (55%) was observed
at its highest concentration of 200 μg/mL. Significant DPPH radicals scavenging activity (71.36%)
was observed for ZnONPs at 200 μg/mL. From data presented in Figure 8C, it can be concluded that
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numerous antioxidants compound may be responsible in reduction and stabilization of ZnONPs via
GW leaf extracts. Our antioxidants result of GW-mediated ZnONPs are consistent with the previous
studies of ZnONPs via S. thea and F. indica [34,44]. The variations and disagreement compare to other
studies may be due to various important factors like experiment condition, method of nanoparticles
fabrication, plant, plant part used, and nanoparticle size, etc.

3.2.6. Biocompatibility Potential Assays

The biocompatibility and toxicological effect of zinc oxide nanoparticles were determined using
human macrophages and RBCs. Biological substance with hemolytic activity of greater than 5% are
known as hemolytic, between 2–5% are slightly hemolytic, while less than 2% is non-hemolytic [60].
If a given nanoparticle is hemolytic, it will rupture red blood cells, which further result in hemoglobin
release. To confirm the bio-safe nature, hemolysis assay was conducted using human RBCs. The RBCs
were exposed to various concentrations of ZnONPs in a concentration ranging from 200–1 μg/mL.
The data obtained have shown that the synthesized are non-hemolytic at lower concentration (2 μg/mL),
slightly hemolytic at 5 to 50 μg/mL, while hemolytic at concentrations of >50 μg/mL. These results are
in agreement to previous reports of S. thea mediated ZnONPs [44]. The IC50 value of ZnONPs against
human red blood cells was recorded is 491 μg/mL. Our research study confirmed that biosynthesized
ZnONPs are non-hemolytic and are considered biocompatible in low concentrations.

The biocompatibility assay was further confirmed by using human macrophages. For this purpose,
human macrophages were seeded in 96-well plate and were cultured in RPMI media for 24 h for
cells attachment. Further, cells were treated with various concentrations of ZnONPs (200–1 μg/mL).
MTT cell viability assay was done to perform biocompatible nature of ZnONPs. The macrophage
responded to ZnONPs treatment in a dose dependent manner. The results indicated that ZnONPs
at 200 μg/mL inhibit growth of the macrophages by ~32% which determine the bio-safe behavior of
biogenic ZnONPs. Normally, macrophages have established mechanisms to deal with ROS produce
from external source. According to research studies, ROS are non-toxic to both RBCs and macrophages
at a lower concentration unless concentration increases beyond that limit which will be considered toxic
for RBCs and macrophages [61]. The IC50 value for ZnONPs was calculated >353.7 μg/mL. The results
of biocompatibility assays of ZnONPs are presented in Figure 8D.

4. Conclusions and Future Perspectives

In summary, a simple, safe, ecofriendly, and one-step process was used for the biofabrication of
ZnONPs utilizing GW leaves extract without utilizing any chemical reagents or surfactants. Different
characterization techniques were performed. TEM analysis showed that ZnONPs was of ~18 nm with
a hexagonal shape. Furthermore, different in vitro biological activities of ZnONPs were performed.
The bio-potentials of ZnONPs were investigated against different pathogenic microbial strains and
confirmed that ZnONPs have shown significant antimicrobial potential. The ZnONPs displayed strong
anticancer and antileishmaniasis activities. Furthermore, moderate antioxidant and enzymes inhibition
activities have been investigated. The biosafe nature of ZnONPs was confirmed using human RBCs
and macrophages. Based on the above findings, we can say that green synthesis is the way forward
and new frontier for designing nanomedicine and can be utilized in different theranostic applications
for the treatment of different diseases. In addition, different in vivo studies are encouraged on toxicity
aspects in different animal models, and once their biocompatibility and bio-safe nature is confirmed,
only then can these NPs can be utilized in clinical applications. Further studies are encouraged on the
mechanistic and synthesis aspects of the ZnONPs by using different medicinal plant materials.
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Abstract: Deep eutectic solvents (DESs) were used in combination with macroporous resins to
isolate and purify flavonoids and 20-hydroxyecdysone from Chenopodium quinoa Willd by preparative
high-performance liquid chromatography (HPLC). The extraction performances of six DESs and the
adsorption/desorption performances of five resins (AB-8, D101, HPD 400, HPD 600, and NKA-9) were
investigated using the total flavonoid and 20-hydroxyecdysone extraction yields as the evaluation
criteria, and the best-performing DES (choline chloride/urea, DES-6) and macroporous resin (D101)
were further employed for phytochemical extraction and DES removal, respectively. The purified
extract was subjected to preparative HPLC, and the five collected fractions were purified in a successive
round of preparative HPLC to isolate three flavonoids and 20-hydroxyecdysone, which were identified
by spectroscopic techniques. The use of a DES in this study significantly facilitated the preparative-scale
isolation and purification of polar phytochemicals from complex plant systems.

Keywords: DESs; preparative-scale purification; flavonoids; 20-hydroxyecdysone; Chenopodium quinoa

1. Introduction

Deep eutectic solvents (DESs) exhibit the advantages of negligible volatility, adjustable
viscosity, high solubility, preparation simplicity, eco-friendliness, and biodegradability, and have
therefore attracted much attention [1–6]. Typically, DESs are homogeneous solutions of quaternary
ammonium salts, which act as hydrogen-bond acceptors (HBAs) and engage in strong intermolecular
hydrogen-bonding interactions with different hydrogen-bond donors. Among the diverse HBAs, cheap,
biodegradable, and non-toxic choline chloride (ChCl) is most commonly used, [7] and ChCl-based
DESs have been widely applied as reaction media in the fields of organic synthesis, biomass refinery,
polymerization, and materials science [8–13]. Moreover, DESs can be used to extract phytochemicals,
such as flavonoids, phenolic acids, κ-carrageenan, anthocyanins, and saponins, from various types
of natural sources [14–19]. DES extraction technologies, however, have all been restricted to the
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analysis of active constituents, which could only be detected by HPLC, HPLC-MS/MS, or some other
analysis instruments using standard chemicals. Until now, there have been almost no studies on the
preparative-scale separation and purification of monomer compounds that are not available on-hand,
particularly for plant samples, based on DES extraction. Thus, introducing DESs into the area of
phytochemistry will provide an interesting approach for researchers.

Chenopodium quinoa Willd. (quinoa) is one of the oldest cultivated plants in the Andean region and is
well known as a functional food and nutraceutical source rich in essential amino acids, unsaturated fats,
phytoecdysteroids, flavonoids, phenolic acids, betalains, and saponins, which can allegedly reduce the
risk of cardiovascular disease, cancer, osteoporosis, and diabetes [20–31]. For example, flavonoids are
commonly used to treat and prevent diabetes and obesity [32,33], while 20-hydroxyecdysone is believed
to exhibit antioxidant, antidiabetic, anti-obesity, antihypertensive, anticancer, and anti-inflammatory
properties [34,35]. Therefore, the isolation and characterization of phytochemicals from C. quinoa is of
high practical significance.

The extraction of phytochemicals from C. quinoa has gained significant attention [28–30].
For example, Dini et al. isolated and characterized phenolic constituents (e.g., kaempferol, quercetin
(QE), and vanillic acid glycosides) from quinoa seeds [29] by partitioning the methanolic seed extract
between n-butanol and water. The n-butanol phase was subjected to defatting with chloroform
(CHC13), and the obtained residue was loaded onto a Sephadex LH-20 column and subjected to
droplet counter-current chromatography assisted by thin-layer chromatography to isolate several
individual glycosides. In a report by Ho et al., where a series of ecdysteroids were isolated from
C. quinoa [30], a suspension of the ethanolic (95 vol% aqueous ethanol) extract of ground seeds in
water was sequentially treated with hexane, ethyl acetate, and n-butanol. Ecdysteroids, including
20-hydroxyecdysone, were separated from the n-butanol fraction by the combined use of Diaion HP-20
gel, silica gel, and RP-18 reverse-phase column chromatography. Notably, the above-mentioned organic
solvent-based purification procedures are not efficient due to low extraction efficiencies and long
extraction times. Therefore, the development of more efficient alternatives for the practical extraction
of phytochemicals from C. quinoa is required.

Herein, we achieved the separation and purification of flavonoids and 20-hydroxyecdysone from
C. quinoa by using DESs as extracting solvents in conjunction with the use of macroporous resins,
employing preparative high-performance liquid chromatography (HPLC) (Figure 1). The extraction
performances of six DESs were investigated and compared with some selected organic solvents.
The best DES was thereafter employed in some downstream experiments. A mixture consisting of the
DES and quinoa extract was separated using a macroporous resin. Then, the extract was subjected
to preparative HPLC for the isolation and purification of monomer compounds, which were further
identified by spectroscopic techniques based on comparison with previously reported data.
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Figure 1. Schematic for routine isolation and purification of flavonoids and 20-hydroxyecdysone using
the developed technique.

2. Materials and Methods

2.1. Chemicals, Reagents, and Instruments

ChCl, aminoethyl alcohol, D-glucose, glycerol, oxalic acid, lactic acid, urea, methanol-d4, QE,
20-hydroxyecdysone, sodium nitrite, and aluminium trichloride (AlCl3) were purchased from Aladdin
Industrial Co., Ltd. (Shanghai, China). HPLC-grade methanol and acetonitrile (ACN) were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Macroporous resins (D101, HPD 600,
NKA-9, HPD 400, and AB-8) and analytical-grade methanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Deionized water was obtained using a Unique-R20 purification
system (Xiamen RSJ Scientific Instruments Co., Ltd., Xiamen, China).

Nuclear magnetic resonance (NMR) spectra were recorded on an Agilent DD2 spectrometer
(500 MHz for 1H and 125 MHz for 13C NMR; Agilent, CA, USA). High-resolution electrospray
ionization–tandem mass spectrometry (HRESI-MS) was performed using an LTQ Orbitrap XL
spectrometer (Thermo Scientific, MA, USA).

2.2. Determination of Total Flavonoid (TF) and 20-Hydroxyecdysone Contents

TF content was determined using a method obtained by the modification of a previously reported
method [36]. A 96-well plate was sequentially charged with the concentrate (50 μL), 0.066 M sodium
nitrite solution (100 μL), and 10% AlCl3 solution (w/v, 15 μL) and incubated at room temperature for
6 min. Thereafter, 0.5 M aqueous sodium hydroxide (NaOH, 100 μL) was added to terminate the
reaction, and the absorbance of the reaction mixture at 510 nm was measured by a microplate reader
using QE as a standard. TF content was expressed as milligrams of QE per gram of dry quinoa material.

20-Hydroxyecdysone content was quantified by ultra-performance liquid chromatography–triple
quadrupole tandem mass spectrometry (UPLC-QqQ-MS/MS) using an Acquity UPLC system (Waters
Corp., MA, USA) coupled with a TSQ Quantum triple quadrupole tandem mass spectrometer (Thermo
Scientific, CA, USA). The mobile phase, comprising ACN (eluent A) and 0.1 vol% aqueous formic
acid (eluent B), was supplied at a flow rate of 0.3 mL/min. The following gradient program was used:
0–2 min, 5–10 vol% ACN; 2–4 min, 10–20 vol% ACN; 4–6 min, 20–30 vol% ACN; 6–8 min, 30 vol%
ACN; 8–10 min, 30–5 vol% ACN. The injection volume and column temperature were 10 μL and
25 ◦C, respectively.

Low-resolution mass spectrometric detection was carried out in the selected reaction-monitoring
mode using an electrospray ionization (ESI) interface. The optimized parameters corresponded to a
vaporizer temperature of 450 ◦C, corona discharge voltage of 4.0 kV, capillary temperature of 225 ◦C,
sheath nitrogen gas pressure of 17 psi, auxiliary nitrogen gas pressure of 5 psi, and collision gas pressure
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of 1.5 mTorr. The Xcalibur software was used to control the LC-MS system and analyze the collected
data. The mass spectrometric analysis of 20-hydroxyecdysone was initially performed over the full
scan range in a negative-ion mode, and a pseudomolecular ion at m/z 479.176 (tR = 4.65 min) as well as
four product fragment ions at m/z 319.1 (collision energy = 27 eV), 301.1 (collision energy = 33 eV),
159.0 (collision energy = 27 eV), and 83.0 (collision energy = 37 eV) were detected. The fragmentation
patterns of 20-hydroxyecdysone were compared with those previously reported in the literature [37].

2.3. Preparation and Selection of DESs

The ChCl/urea DES was prepared using a modification of a previously reported method [12]
(Table 1). Briefly, a glass vial was charged with ChCl and urea, and the obtained mixture was stirred at
280 rpm at 80 ◦C for 2 h. The obtained ChCl/urea DES (clear stable liquid) was mixed with water (7/3,
v/v), and the solution was used for further experiments. Other DESs were prepared in a similar way.

Ultrasound-assisted extraction was used to extract TF and 20-hydroxyecdysone. The extraction
capacities of six DESs were evaluated using the extraction yields (Ey) of TF and 20-hydroxyecdysone.
First, 100 mg of quinoa seed powder and 1.0 mL of DES were added to a 10 mL glass tube in sequence.
The mixture was placed on a vortex meter, stirred for 2 min, and further ultrasonicated at 50 ◦C
for 30 min (25 kHz, 200 W). After the tube cooled down to the room temperature, the mixture was
centrifuged at 3000 rpm for 10 min. The supernatant (1 mL) was diluted with methanol (4 mL), and the
mixture was passed through a 0.22 μm filter for subsequent analyses. Each extraction was performed
in triplicate, and Ey was calculated as follows:

Ey = (C0 ×V0)/M0, (1)

where C0 is the concentration of TF or 20-hydroxyecdysone found in the DES, V0 is the volume of the
diluted liquid, and M0 is the mass of the sample.

Table 1. Compositions and physicochemical properties of deep eutectic solvents (DESs) used in
this study.

DESs Composite of DES
Molar
Ratio

Viscosity a

Pa·s
Conductivity

μS/cm
Density
g/cm3

DES-1 ChCl/aminoethyl alcohol 1:6 0.037 3330 1.058
DES-2 ChCl/D-glucose 1:1 - c 98 1.304
DES-3 ChCl/glycerol 1:2 0.227 1750 1.171
DES-4 ChCl/oxalic acid b 1:1 0.152 1043 1.230
DES-5 ChCl/lactic acid 1:1 0.270 3670 1.133
DES-6 ChCl/urea 1:2 0.658 1880 1.184

a Determined at 30 ◦C. b Dehydrate. c Not available.

2.4. Response Surface Methodology (RSM)

The optimal values for three variables in the selected DES, including water content (a), extraction
temperature (b), and solid (quinoa seed)–liquid (DES) ratio (c) at three levels (–1, 0, and +1) were
determined using RSM based on a Box–Behnken design (BBD). Table S1 (Supplementary Materials)
shows the investigated variables and their values in the three-level BBD. The experiment was designed
to reveal the effect of each parameter on TF and 20-hydroxyecdysone contents as well as the interactions
between the three main factors. The entire study was comprised of 17 separate experiments including
5 center points, each of which was conducted in triplicate.

Statistical comparisons were made using a single factor analysis of variance (ANOVA);
p-values < 0.05 were considered significant. Data were processed using Design-Expert 8.5 statistical
software and the social package for statistical studies (SPSS 19.0).
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2.5. Adsorption/Desorption Capacities of the Five Employed Resins

The adsorption/desorption capacities of the five kinds of macroporous resins were investigated
using the adsorption/desorption yields of TF and 20-hydroxyecdysone. The DES extract solution was
added to a 200 mL flask containing 1.0 g of the pretreated resins. The mixture was shaken at 120 rpm at
room temperature for 24 h to reach adsorption equilibrium, and the resins were washed by deionized
water and then desorbed with 50 mL of methanol in the flask, which was continually shaken at 120 rpm
at room temperature for 24 h. The adsorption/desorption yields of resins were calculated according to
the following Equations (2) and (3):

Da = (C0 − Ca)/C0, (2)

Dd = Cd × Vd/ (C0 − Ca) × V0, (3)

where Da is the adsorption yield at adsorption equilibrium; Dd is the desorption yield after adsorption
equilibrium; C0, Ca, and Cd represent the content of TF or 20-hydroxyecdysone at initial equilibrium,
absorption equilibrium, and desorption equilibrium, respectively; V0 and Vd are the initial sample
volume and desorption solution volume (mL), respectively.

2.6. Small- and Preparative-Scale Sample Extraction

Quinoa seeds, desaponified by soaking in distilled water for 24 h without the presence of foam,
were purchased from Xinjing Quinoa Cultivation and Promotion Co., Ltd. (Shanxi, China) [38].
For small-scale extraction, the seeds were ground and 1.0 g of the obtained powder was mixed
with aqueous DES (10 mL). The resulting mixture was sonicated (100 W) at 50 ◦C for 30 min in an
ultrasonic bath (Scientz SB25-12D, Ningbo Scientz Biotechnology Co., Ltd, Ningbo, China) and then
centrifuged at 5000 rpm for 10 min. Small-scale extraction was used in the selection of DESs and
macroporous resins as well as the RSM experiments. For preparative-scale extraction, powdered
seeds (1.0 kg) were suspended in 10 L of aqueous DES. The extraction process was similar to that
of small-scale extraction. The collected supernatants were loaded onto a macroporous resin column
(60 mm × 1200 mm), which was sequentially flushed with deionized water (5000 mL) at a flow rate
of 15 mL/min (to remove the DES) and methanol (2000 mL) at a flow rate of 20 mL/min under
reduced pressure. The methanolic extract was concentrated, and the concentrate was stored at 4 ◦C for
further use.

2.7. Analytical and Preparative HPLC

For the first separation, analytical HPLC of quinoa extract was performed on a Waters 2489
chromatography system (Waters, MA, USA) equipped with a C18 separation column (5 μm,
4.6 × 150 mm) using ACN and water for gradient elution at a flow rate of 1.0 mL/min. UV detection
was performed at 210 nm. The gradient program was as follows: 0–5 min, 8 vol% ACN; 5–7.5 min,
8–15 vol% ACN; 7.5–10 min, 15–30 vol% ACN; 10–15 min, 30–50 vol% ACN; 15–17.5 min, 50–60 vol%
ACN; 17.5–30 min, 60 vol% ACN. The first-round preparative HPLC of quinoa extract was performed
on a DAC100 preparative HPLC system (Beijing, China) equipped with a C18 separation column (5 μm,
100 × 250 mm) at a flow rate of 300 mL/min, while the other chromatographic conditions were identical
to those used for analytical HPLC. The obtained eluent was separated into five (I–V) fractions.

In the second round of separation, fractions I–V were subjected to analytical and preparative
HPLC performed on the Waters 2489 chromatography system equipped with 4.6 × 150 mm (5 μm)
and 10 × 250 mm (5 μm) C18 columns, respectively. The flow rates of analytical and preparative
separations were set to 1.0 and 6.0 mL/min, respectively. The mobile phase composition and UV
detection parameters were identical to those used for the first round of separation. The gradient
program was as follows: 0–5 min, 5 vol% ACN; 5–10 min, 5–10 vol% ACN; 10–15 min, 10 vol% ACN;
15–20 min, 10–15 vol% ACN; 20–25 min, 15 vol% ACN; 25–30 min, 15–30 vol% ACN; 30–35 min,
30 vol% ACN; 35–40 min, 30–50 vol% ACN; 40–50 min, 50 vol% ACN.
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3. Results and Discussion

3.1. Preparation and Optimization of DES Systems

The non-toxicity, biodegradability, and low cost of ChCl make it suitable for combination with a
series of hydrogen-bond donors (HBDs) to afford biocompatible and renewable DESs. Herein, six DESs
were synthesized by combining ChCl with HBDs belonging to the classes of inexpensive and easily
available fine chemicals (aminoethyl alcohol and urea), polyalcohols (glycerol), organic acids (oxalic
and lactic acids), and sugars (D-glucose). The composition and physicochemical properties (density,
conductivity, and viscosity) of the six DESs are listed in Table 1.

DES extraction performance was evaluated by considering the TF and 20-hydroxyecdysone
contents of the corresponding extracts. Figure 2A compares the obtained TF contents, revealing that the
value obtained for DES-6 (3.93± 0.15 mg/g) exceeded those obtained for DES-4 (3.45± 0.09 mg/g), DES-3
(3.31 ± 0.10 mg quercetin equivalents (QE)/g), DES-5 (2.78 ± 0.17 mg QE/g), DES-1 (2.52 ± 0.06 mg
QE/g), and DES-2 (2.25 ± 0.13 mg QE/g). Dini et al. [39] determined the TF contents before and after
cooking in sweet and bitter quinoa seeds. The samples were extracted in methanol–water (80:20 v/v).
It was found that the bitter quinoa seeds processed higher TF content before cooking (1.39 ± 0.35
mg catechin equivalents (CE)/1.0 g) than the sweet seeds (0.81 ± 0.10 mg CE/1.0 g). After cooking,
TF contents of bitter and sweet quinoa seeds decreased significantly to 0.63 ± 0.15 mg CE/g and
0.18 ± 0.07 mg CE/g, respectively. In consideration of the similar molecular weights of QE and CE,
the TF contents obtained by Dini et al. were lower than those in our study. Figure 2B shows that
similar 20-hydroxyecdysone contents were obtained for DES-3 (551.50 ± 4.51 mg/g), DES-5 (546.33
± 7.60 mg/g), and DES-2 (504.69 ± 12.05 mg/g), while higher values were obtained for DES-6 (606.76
± 7.98 mg/g), and significantly lower values were obtained for DES-1 (384.80 ± 12.16 mg/g) and
DES-4 (107.65 ± 2.88 mg/g). Lafont et al. [30] determined the 20-hydroxyecdysone contents of quinoa
seeds obtained from four producing countries (Bolivia, Chile, Ecuador, and Peru). Seed powder was
extracted with 20 mL methanol–water (35:65, v/v) overnight with magnetic stirring. The obtained
20-hydroxyecdysone contents (0.32–0.42 mg/g) were significantly lower than those obtained after
extraction by DES-2, DES-3, DES-5, and DES-6. In addition, the 20-hydroxyecdysone content of the
DES-6 extract was also much higher than the values previously reported by Raskin et al. (0.18–0.49
mg/g) [28]. It is possible that the weakly alkaline HBD (urea) possessed stronger hydrogen-bond
interactions with phenolic hydroxyls and alcoholic hydroxyls in the flavonoids or alcoholic hydroxyls
in 20-hydroxyecdysone than the neutral (D-glucose and glycerol), strong alkaline (aminoethyl alcohol),
and weakly acidic (oxalic acid and lactic acid) HBDs, contributing to the enhanced extraction yields.
Based on the above results, DES-6 (ChCl/urea) was used in subsequent experiments.

Figure 2. (A) Total flavonoid (TF) and (B) 20-hydroxyecdysone extraction efficiencies of the employed
DESs. TF extraction efficiency was expressed as milligrams QE equivalents per gram of quinoa sample.
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3.2. BBD Experimental Design

Three values, including water content in the DES (variable a), extraction temperature (variable
b), and solid–liquid ratio (variable c), were used as independent variables to efficiently optimize the
extraction yields of TF and 20-hydroxyecdysone from C. quinoa in the RSM experiments. The extraction
yields were considered as related responses in order to evaluate the efficiency of the extraction procedure.
The experiments were performed in a random order to avoid systematic error. The results, including the
coded variables and related responses, are presented in Table 2. A second-order polynomial equation
was applied to express the proposed model after multiple regression analysis of the experimental data.
The regression model equations for the responses and variables in terms of the coded levels are as
follows:

YTF = 3.94 + 0.48a + 0.017b − 0.25c-0.097ab − 0.028ac + 0.20bc − 0.86a2 − 0.41b2 − 0.34c2, (4)

Y20-Hydroxyecdysone = 0.50 + 0.033a − 0.017b − 0.025c − 0.037ab − 0.020ac − 0.046bc -0.068a2 − 0.026b2 − 0.12c2, (5)

where a is the DES water content, b is the extraction temperature, and c is the solid–liquid ratio.
Variances of the ANOVA regression model equations of TF and 20-hydroxyecdysone are shown

in Tables S2 and S3 (Supplementary Materials). The coefficients (R2) of the variables of response were
0.9553 and 0.9501 for TF and 20-hydroxyecdysone, respectively. The F-values for the lack-of-fit model
were all non-significant, which supported our assumption that the models were sufficient to accurately
represent the experimental data.

A response surface plot of the model was used for graphically interpreting the significant effects
of interactions among the three variables on the contents of TF and 20-hydroxyecdysone (Figure 3).
Results showed that the extraction yields of TF and 20-hydroxyecdysone were apparently related
to the main variable. In the model, the concentration of water (%) in the DES solution (variable a)
and solid–liquid ratio (variable c) exhibited statistically significant effects (p < 0.05) on the extraction
yields of TF and 20-hydroxyecdysone. In contrast, extraction temperature (variable b) showed a
non-significant effect (p > 0.05) on the contents.

Table 2. Response surface optimization experiments using DES-6 extraction of investigated variables.

No.

Experiment Design Response

Coded Values Variables Extraction Yields (mg/g)

a b c a (%) b (◦C) c (mg/mL) TF 20-Hydroxyecdysone

1 1 0 1 50 50 125 2.90 0.29
2 0 1 1 30 60 125 3.20 0.25
3 0 0 0 30 50 100 4.49 0.51
4 −1 −1 0 10 40 100 2.08 0.33
5 0 0 0 30 50 100 4.29 0.53
6 1 1 0 50 60 100 3.07 0.34
7 0 0 0 30 50 100 4.13 0.50
8 1 0 −1 50 50 75 3.20 0.34
9 0 −1 1 30 40 125 2.72 0.38
10 0 1 −1 30 60 75 3.27 0.42
11 1 −1 0 50 40 100 2.78 0.47
12 −1 0 −1 10 50 75 2.53 0.30
13 −1 1 0 10 60 100 2.25 0.34
14 0 0 0 30 50 100 4.28 0.51
15 0 0 0 30 50 100 3.70 0.47
16 0 −1 −1 30 40 75 3.40 0.32
17 −1 0 1 10 50 125 2.03 0.29

Based on RSM results, TF was extracted from C. quinoa using the optimum conditions (DES water
content, 32.4%; extraction temperature, 50.7 ◦C; and solid–liquid ratio, 97.2 mg/mL). The optimal
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extraction conditions for 20-hydroxyecdysone extraction from C. quinoa, as well as the related maximal
response values (Table 3), were established by applying a simple procedure (DES water content,
32.6%; extraction temperature, 47.8 ◦C; and solid–liquid ratio, 99.7 mg/mL). A verification experiment
performed using these conditions gave optimal extraction yields of 4.23 and 0.51 mg/g for TF and
20-hydroxyecdysone, respectively. In order to simplify the operation, the experimental conditions
with a DES water content of 30.0%, an extraction temperature of 50.0 ◦C, and a solid–liquid ratio of
100.0 mg/mL were selected for DES extraction (10 L). Under this condition, the extraction yields of TF and
20-hydroxyecdysone were 4.11 and 0.50 mg/g, respectively, which were close to the predicted values.

Figure 3. Response surface plots of the models for (A, B, and C) TF and (D, E, and F) 20-hydroxyecdysone
contents.

Table 3. Optimal conditions of the variables that maximize the response values using response
surface methodology.

Optimal Variable Conditions Optimum
(mg/g)a (%) b (◦C) c (mg/mL)

TF 32.4 50.7 97.2 4.23
20-Hydroxyecdysone 32.6 47.8 99.7 0.51

3.3. Macroporous Resin Selection

Macroporous resins exhibit the advantages of easy recyclability, low cost, high adsorption/
desorption capacity, and suitability for large-scale production, and have therefore been widely used
for the enrichment and purification of phytochemicals extracted from complex plant systems. Here,
we used TF and 20-hydroxyecdysone contents to evaluate the performances of five macroporous resins
(AB-8, D101, HPD 400, HPD 600, and NKA-9) for removing DESs from extracts prior to preparative
HPLC (Figure 4A,B). The D101 resin had the highest TF adsorption capacity (81.2%), which was
approximately two-fold higher than that of the HPD 400 resin (38.9%) (Figure 4A). The adsorption
capacities of AB-8 (73.4%) and HPD 400 (69.3%) were similar to each other and higher than that of
NKA-9 (63.6%). The TF desorption capacities of all the tested resins exceeded 70%. In particular, D101
(89.7%) and AB-8 (79.2%) had similar desorption capacities that exceeded those of HPD 400 (75.4%),
HPD 600 (73.4%), and NKA-9 (70.2%). Moreover, D101 exhibited the highest 20-hydroxyecdysone
adsorption/desorption capacities among the five tested resins (Figure 4B). Therefore, D101 was selected
for implementing the next studies.
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Figure 4. (A) TF and (B) 20-hydroxyecdysone adsorption/desorption capacities of the five employed
resins.

3.4. Preparative-Scale Isolation and Purification of Monomer Compounds

Eluate concentrates obtained at the DES removal stage were sequentially subjected to analytical
and preparative HPLC, and the corresponding chromatograms (Figure 5) showed that the resolution
of preparative HPLC was similar to that of analytical HPLC. Fractions I (242 mg), II (253 mg),
III (206 mg), IV (988 mg), and V (265 mg) separated from 9.2 g of the concentrate were further evaluated
by analytical HPLC. The corresponding chromatograms, shown in Figure 6A, revealed that the
compounds obtained after the first separation round were not sufficiently pure. Therefore, a second
round of preparative HPLC (Figure 6B) was performed using a C18 column with a smaller inner
diameter (5 μm, 10 × 250 mm), yielding compound 1 (48.7 mg), compound 2 (47.9 mg), compound 3

(39.9 mg), and compound 4 (230.6 mg) from fractions I–IV, respectively. No compound was isolated
from fraction V.

Figure 5. Analytical (A) and preparative-scale (B) HPLC-UV chromatograms of quinoa extracts.

Figure 6. Analytical (A) and preparative-scale (B) HPLC-UV chromatograms of fractions I–IV.
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3.5. Identification of Isolated Compounds

Compounds 1–4 were identified based on their HRESI-MS, 1H NMR, 13C NMR, and 2D NMR
spectra (Table 4).

Compound 1. HRESI-MS: found m/z 755.2048 [M-H]−, calcd. for C33H40O20 m/z 756.2113. 1H
NMR (500 MHz, CD3OD): δ (ppm) 7.69 (1H, d, J = 2.2 Hz), 7.56 (1H, dd, J = 8.5, 2.2 Hz), 6.87 (1H, d, J =

8.5 Hz), 6.36 (1H, d, J = 2.1 Hz), 6.19 (1H, d, J = 2.2 Hz), 5.66 (1H, d, J = 7.8 Hz), 5.59 (1H, d, J = 7.7
Hz), 5.21 (1H, d, J = 1.4 Hz), 4.54 (1H, d, J = 1.5 Hz), 1.18 (3H, d, J = 6.5 Hz), and 0.95 (3H, d, J = 6.5
Hz). 13C NMR (125 MHz, CD3OD): δ (ppm) 178.1, 164.3, 161.7, 156.9, 156.9, 148.2, 144.4, 133.1, 121.9,
121.6, 115.9, 114.7, 104.5, 100.4, 99.6, 98.3, 98.3, 93.2, 76.0, 74.2, 73.8, 72.6, 72.5, 71.0, 70.9, 70.8, 70.6, 69.4,
68.4, 68.3, 65.3, 16.6, 16.0. A comparison with previously reported data [29] allowed compound 1 to be
identified as quercetin-3-O-(2,6-di-α-L-rhamnopyranosyl)-β-D-galactopyranoside (Figures S4–S6).

Compound 2. HRESI-MS: found m/z 741.1875 [M-H]−, calcd. for C32H38O20 m/z 742.1956. 1H
NMR (500 MHz, CD3OD): δ (ppm) 7.71 (1H, d, J = 2.1 Hz), 7.62 (1H, d, J = 8.4, 2.1 Hz), 6.86 (1H, d, J =

8.4 Hz), 6.37 (1H, d, J = 1.9 Hz), 6.17 (1H, d, J = 1.9 Hz), 5.40 (1H, d, J = 7.9 Hz), 4.52 (1H, d, J = 1.5 Hz),
5.46 (1H, d, J = 1.2 Hz), 4.06 (1H, d, J = 1.2 Hz), 3.99 (1H, dd, J = 7.9, 9.4 Hz), 3.79 (1H, m), 3.78 (1H, d, J

= 3.4 Hz), 3.71 (1H, m), 3.70 (1H, dd, J = 12.6, 4.7 Hz), 3.61 (2H, s), 3.57 (1H, dd, J = 3.4, 1.5 Hz), 3.55
(1H, d, J = 3.5 Hz), 3.51 (1H, dq, J = 9.4, 6.2 Hz), 3.42 (1H, dd, J = 12.6, 6.8 Hz), 3.27 (1H, t, J = 9.4 Hz),
1.18 (3H, d, J = 6.2 Hz). 13C NMR (125 MHz, CD3OD): δ (ppm) 178.0, 164.3, 161.3, 157.0, 156.9, 148.3,
144.4, 133.5, 121.8,121.8, 115.9, 114.7, 109.5, 104.3, 100.6, 100.3, 98.3, 93.2, 79.4, 76.6, 74.6, 74.2, 73.4, 73.3,
72.6, 71.8, 70.8, 69.3, 68.3, 65.5, 64.8, 16.5. The 1H and 13C NMR spectra of compound 2 were similar
to those of quercetin-3-O-β-D-apiofuranosyl-(1′′′→2′′)-O-[α-L-rhamnopyranosyl-(1′′′′→6′′)]-β-D-
galactopyranoside-3′,4′-dimethyl ether reported by Dini et al. [29] and compound 2 was concluded
to be the demethoxylated version of the above species, namely quercetin-3-O-β-D-apiofuranosyl-
(1′′′→2′′)-O-[α-L-rhamnopyranosyl-(1′′′′→6′′)]-β-D-galactopyranoside. As the NMR data of
compound 2 have not been frequently reported, this compound was fully characterized by 1H,
13C, heteronuclear singular quantum correlation (HSQC), heteronuclear multiple bond correlation
(HMBC), and 1H-1H correlated spectroscopy (COSY) NMR techniques, and the obtained results are
shown in Table S4 (Figures S7–S14).

Compound 3. HRESI-MS: found m/z 739.2099 [M-H]−, calcd. for C33H40O19 m/z 740.2164. 1H
NMR (500 MHz, CD3OD): δ (ppm) 8.06 (2H, d, J = 8.9 Hz), 6.89 (2H, d, J = 8.9 Hz), 6.37 (1H, d, J =

1.7 Hz), 6.17 (1H, d, J = 1.5 Hz), 5.60 (1H, d, J = 7.6 Hz), 5.21 (1 H, d, J = 1.5 Hz), 4.52 (1H, d, J = 1.5
Hz), 1.17 (3H, d, J = 6.5 Hz) and 0.98 (3H, d, J = 6.5 Hz). 13C NMR (125 MHz, CD3OD): δ (ppm) 178.1,
164.3, 161.7, 159.9, 157.2, 157.0, 133.0, 130.8, 130.8, 121.6, 114.8, 114.8, 104.6, 101.1, 100.4, 99.4, 98.4,
93.3, 76.1, 74.3, 73.8, 72.6, 72.5, 71.0, 70.9, 70.9, 70.7, 69.3, 68.4, 68.3, 65.7, 16.5, 16.1. Comparison with
previously reported data [29] allowed compound 3 to be identified as kaempferol-3-O-(2,6-di-α-L-
rhamnopyranosyl)-β-D-galactopyranoside (Figures S15–S17).

Compound 4. HRESI-MS: found m/z 479.3021 [M-H]−, calcd. for C27H44O7 m/z 480.3087. 1H NMR
(500 MHz, CD3OD): δ (ppm) 5.80 (1H, d, J = 2.8 Hz), 3.95 (1H, br s), 3.83 (1H, br s), 1.20 (3H, s), 1.19 (3H,
s), 1.18 (3H, s), 0.96 (3H, s), and 0.89 (3H, s). 13C NMR (125 MHz, CD3OD): δ (ppm) 205.0, 166.6, 120.7,
83.8, 77.0, 76.5, 69.9, 67.3, 67.1, 50.4, 49.1, 41.0, 37.8, 35.9, 33.7, 31.4, 31.1, 30.4, 28.3, 27.5, 25.9, 23.0, 20.1,
20.1, 19.6, 16.6. Apart from the missing carbon signal at 47.0 ppm, which was believed to overlap with
the solvent peak, the spectral data were in accordance with those reported for 20-hydroxyecdysone [30].
Thus, compound 4 was identified as 20-hydroxyecdysone (Figures S18–S20).
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Table 4. Structures of the isolated compounds.

Numbers Compound Names R1 R2

1
Quercetin-3-O-(2,6-di-α-

L-rhamnopyranosyl)-β-D-
galactopyranoside

OH
3-O-(2,6-di-α-

L-rhamnopyranosyl)-β-D-
galactopyranoside

2

Quercetin-3-O-β-D-
apiofuranosyl-(1′′′→2′′)-O-

[α-L-rhamnopyranosyl-
(1′′′′→6′′)]-β-D-galactopyranoside

OH

3-O-β-D-apiofuranosyl-
(1′′′→2′′)-O-[α-L-

rhamnopyranosyl-(1′′′′→6′′)]-β-
D-galactopyranoside

3
Kaempferol-3-O-(2,6-di-α-L-

rhamnopyranosyl)-β-D-
galactopyranoside

H
3-O-(2,6-di-α-L-

rhamnopyranosyl)-β-D-
galactopyranoside

4 20-Hydroxyecdysone

4. Conclusions

A technique combining DES-assisted extraction, macroporous resin-facilitated DES removal,
and preparative HPLC was developed for the preparative-scale isolation and purification of flavonoids
and 20-hydroxyecdysone from C. quinoa Willd. Specifically, three flavonoids and 20-hydroxyecdysone
were successfully separated and purified, and their structures were identified by HRESI-MS, 1D NMR,
and 2D NMR. No saponins were isolated, as the employed C. quinoa sample had been subjected to
desaponification. DESs were concluded to be appropriate for the extraction of polar compounds,
such as glycosides, or other OH-group-rich compounds. The developed method is expected to be well
suited for the preparative-scale separation and purification of minor phytochemicals of interest from
complex plant systems. Further work will focus on the application of our method to the purification of
triterpenoid saponins.
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Abstract: Inflammatory bowel disease (IBD) is general term for ulcerative colitis and Crohn’s disease,
which is chronic intestinal and colorectal inflammation caused by microbial infiltration or immunocyte
attack. IBD is not curable, and is highly susceptible to develop into colorectal cancer. Finding agents
to alleviate these symptoms, as well as any progression of IBD, is a critical effort. This study evaluates
the anti-inflammation and anti-tumor activity of 16-hydroxycleroda-3,13-dien-15,16-olide (HCD)
in in vivo and in vitro assays. The result of an IBD mouse model induced using intraperitoneal
chemical azoxymethane (AOM)/dextran sodium sulfate (DSS) injection showed that intraperitoneal
HCD adminstration could ameliorate the inflammatory symptoms of IBD mice. In the in vitro
assay, cytotoxic characteristics and retained signaling pathways of HCD treatment were analyzed by
MTT assay, cell cycle analysis, and Western blotting. From cell viability determination, the IC50 of
HCD in Caco-2 was significantly lower in 2.30 μM at 48 h when compared to 5-fluorouracil (5-FU)
(66.79 μM). By cell cycle and Western blotting analysis, the cell death characteristics of HCD treatment
in Caco-2 exhibited the involvement of extrinsic and intrinsic pathways in cell death, for which
intrinsic apoptosis was predominantly activated via the reduction in growth factor signaling. These
potential treatments against colon cancer demonstrate that HCD could provide a promising adjuvant
as an alternative medicine in combating colorectal cancer and IBD.

Keywords: colorectal cancer; diterpenes; inflammatory bowel diseases; Polyalthia longifolia;
herbal medicine

1. Introduction

Colorectal cancer (CRC) has a significant health impact worldwide, and is a common cancer type
in the United States. In addition, CRC is the third leading cause of cancer deaths for new cases, and
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second for estimated deaths in both genders in Taiwan [1]. In the majority of cases, it is a consequence
of the progressive accumulation of genetic and epigenetic alterations that leads the transformation and
progression of normal colorectal mucosa to adenoma and eventually carcinoma, progressing CRC [1].
When analyzed, the incidence of CRC includes 72% colon cancer and 28% rectum cancer [2]. Surgery
is mostly the first choice for all stages of CRC treatment, while for stage IV of CRC, recurrent CRC,
or liver cancer metastasis, chemotherapy is the main alternative strategy to treat CRC [3]. Clinically,
chemotherapeutic drugs, including 5-fluorouracil (5-FU), oxaliplatin, and capecitabine, are commonly
used to treat CRC; however, these typically contribute to several adverse effects, such as fatigue,
nausea, bone marrow toxicity, immunosuppression, and easy bleeding. Moreover, chemotherapy is a
conventional treatment for late-stage and recurrent colorectal cancer, bit the cancer cells frequently
become drug-resistant after treatment [3], and the unpredictability of adverse or side effects ordinarily
restricts the administration of an accurate dose. As incidences of adverse results are observed, a new
discovery of more efficacious and less toxic agents against CRC is of great urgency.

Noticeably, the risk factors of CRC are complicated, and include excessive alcohol use, obesity,
hereditary conditions, and long-standing inflammatory bowel disease (IBD) [3]. IBD is comprised of two
conditions: ulcerative colitis (UC; ICD-10-CM code K51.90) and Crohn’s disease (CD; ICD-10-CM code
K50.90), which are caused by uncontrolled gastrointestinal (GI) inflammation or bacterial infection that
subsequently result in fever, edema, intestinal fibrosis, and ulcers [4]. Global prevalence rates for IBD
exceed 0.3%, which is mostly attributed to human-development-index countries—e.g., the United States,
Canada, Germany, Norway, and Australia—where incidence rates are twice as high as those of Asian
and African countries [5]. Moreover, the incidence rates of IBD where it occurs in the industrialized
countries of Asia, Africa, and South America were between 4% (Taiwan) and 11.1% (Brazil) from the
1990s to 2010 [5]. Therefore, IBD becomes a burden in Western and industrialized societies.

Within an inflamed GI tract, large numbers of immunocytes, including macrophages, TH cells,
neutrophils, and natural killer (NK) cells, are attracted and secrete various forms of cytokines, such
as tumor necrosis factor alpha (TNF-α), interferon-γ (IFNγ), and interleukin (IL)-6. When the
immunocytes are accumulated, cytokine secretions lead to reductions in incidences of inflammation,
and finally potentiate carcinogenesis [6]. Furthermore, one study has illustrated the connection between
IBD and the Wnt/β-catenin signaling pathways, which might trigger colon cancer progression and
incidences of sporadic colon cancer [7]. Interestingly, vitamin D deficiency, genetic susceptibility,
disturbance of the microbiome, and psychological status have recently been confirmed as risk factors for
IBD [8,9]. Previous evidence has shown that chronic inflammation may cause GI tumorigenesis, which
is familiar and lethal worldwide. Even the known risk factors of IBD that have been broadly explored,
as well as the causes, complications, and medications of IBD, including CRC, are still unraveling [10].
Nonetheless, the treatment of IBD remains unsolved and needs to be explored. According to the
inquiry of new drug discovery, 46% of new drugs are of natural origin, e.g., derivatives, precursors,
or mimetic molecules [11]. This fact exemplifies the continuing research and development of new
drugs from natural products, especially medicinal plants, to meet patient demand, as the prospect of
exploring new compounds and alternative treatments gains an immediate importance.

Polyalthia longifolia var. pendula Linn. (family Annonaceae) is an ornamental tree
originally distributed in India, Sri Lanka, and Pakistan, which also contains numerous biological
functions, as presented in the literature [12]. By exploring bioactive components, a clerodane
diterpene 16-hydroxycleroda-3,13-dien-15,16-olide (HCD; PubChem ID 124820) has been extensively
identified [13]. In previous reports, HCD has been shown to have numerous medicinal values as an
anti-inflammation, anti-cancer, anti-fungal, anti-diabetic, and anti-bacterial agent [14]. In our previous
studies, HCD performed as an executor to induce autophagy in glioma cells and oral squamous cell
carcinoma cells, which consequently triggered cancer cell death [15,16]. Moreover, HCD can induce
anoikis and reduce cell proliferation via the regulation of both intracellular growth and focal adhesion
signaling in renal carcinoma cells [17,18]. In addition to acting as an anti-tumor agent, HCD could also
play a supplementary role in the cytotoxicity of tamoxifen-treated breast cancer via the modulation
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of the Bax/Bcl-2 ratio, which is directly expressed at cells undergoing apoptosis [19]. Recently, our
studies have demonstrated the therapeutic potential of HCD against various types of cancers [19].
Nevertheless, the therapeutic potency of HCD in treating GI inflammation, e.g., IBD and colorectal
cancer, has not been clarified. The aim of this study was to determine the dampening effect of HCD
on IBD treatment and anticancer activity. In this work, two platforms containing an azoxymethane
(AOM)/dextran sodium sulfate (DSS)-induced colitis IBD model (in vivo) and colorectal carcinoma cells
Caco-2 (in vitro) were employed to evaluate the treated efficacy of HCD. Furthermore, the detailed
mechanisms of HCD on anti-colorectal cancer were also investigated.

2. Experimental Section

2.1. Study Design

The main focus of this study was to evaluate the potential of HCD against IBD and colon
cancer. The experimental design was divided into two parts: IBD induction and colon cancer with
HCD treatment. In the IBD model, mice were induced by azoxymethane (AOM)/dextran sodium
sulfate (DSS). HCD was intraperitoneally (i.p.) injected, and subsequently GI inflammation was
observed. In the colon cancer part, Caco-2 cells were used as the sole platform for the determination of
cytotoxicity and cell death characteristics, and the underlying mechanisms of colon cancer cytotoxicity
in HCD-treated cells, including cell cycle signaling, growth factor signaling, and inflammatory signaling,
were under investigation.

2.2. Chemicals

HCD was kindly provided by Professor Yi-Chen Chia (Department of Food Science and Technology,
Tajen University, Taiwan). Isolation and identification of HCD has been described in the previous
literature [20]. The reagents and mediums for cell culture were purchased from Thermo-Fisher
(Waltham, MA, United States). General chemicals were obtained from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). The antibodies used in this study are listed in Table 1; these were purchased
from Genetex International (Hsinchu, Taiwan), Cell Signaling Technology (Danvers, MA, United
States), and Merck Millipore (Burlington, MA, United States).

Table 1. Antibodies used in this study.

Protein Name Molecular Weight (KDa) Host Manufacture Dilution Factor

iNOS 131 Rabbit Genetex 1:1000
PARP 119/85 + Cell Signaling +

PI3K 85 + Genetex +

β-catenin 85 + + +

COX-2 69 + + +

NF-κB (p65) 65 + + +

Akt 60 + Cell Signaling +

caspase-8 57/10 + + +

p53 53-55 + + +

NF-kB (p50) 50 + Genetex +

caspase-9 47/35-37 Mouse Cell Signaling +

WNT11 39 Rabbit Genetex +

cyclin D- 36 + Cell Signaling +

PCNA 36 Mouse + +

caspase-3 35/17-19 Rabbit + +

GADPH 34 + Genetex +

p27 27 + Cell Signaling +

Bcl-2 26 + + +

Bad 23 + + +

p21 21 + Genetex +
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Table 1. Cont.

Protein Name Molecular Weight (KDa) Host Manufacture Dilution Factor

Bax 20 + Cell Signaling +

Anti-mouse HRP-conjugated 2nd Ab Goat Merck Millipore 1:5000
Anti-mouse HRP-conjugated 2nd Ab + + +

+: Same as above.

2.3. In Vivo Test

2.3.1. Animal Source and Care

Eight to ten-week-old C57BL/6 male mice were purchased from BioLASCO (Taipei, Taiwan) and
kept in controlled environmental conditions (22 ± 2 ◦C, 55% ± 10% humidity, 12/12 h light/dark cycle).
The animals were fed a commercial diet and water ad libitum. Mice experimental protocols were
used according to the “Guide for the Care and Use of Laboratory Animals” of National Dong-Hwa
University, approved by the National Dong-Hwa University Animal Ethics Committee (approval
number 001/2016).

2.3.2. Inflammatory Bowel Disease Model Induction and HCD Treatment

The in vivo IBD model was induced by the injection of AOM and DSS, following a previous study
with slight modification [21]. At day 0, mice were weighed and i.p. injected with 10 mg/kg B. wt. of
AOM. The next day, the mice were freely supplied with 2% DSS solution for an additional seven days,
and regular water for a further seven days. This induction cycle was repeated once. The induction of
IBD was verified by checking the histological change of the colon after mice were sacrificed at day 35.

Once IBD induction was confirmed, 15 mg/kg B. wt. of 5-FU, as well as 1.6 and 6.4 mg/kg B. wt.
of HCD were i.p. injected once every three days until day 65. Mice were sacrificed by CO2 anesthesia,
and their colons were collected for slicing in the literature [16].

2.4. In Vitro Test

2.4.1. Cell Culture

Human colorectal carcinoma cell lines Caco-2 and HT-29 were obtained from the American Type
Culture Collection (ATCC, Manassas, MA, United States). Caco-2 and HT-29 cells were cultured with
Dulbecco’s modified Eagle medium (DMEM) or RPMI-1640, with 20% fetal bovine serum (FBS) and
1% penicillin/streptomycin (PS) supplementation, respectively. The environmental conditions were
37 ◦C and 5% CO2, and the cultured medium was renewed once every two days. Once cells reached
80% confluence, cells were detached by 0.25% trypsin/EDTA for further experiment. All experiments
were carried out within 20 passes, with concern for uniformity and reproducibility.

2.4.2. Cytotoxicity Assay

The cytotoxic effect of HCD was measured by MTT (3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide; MDBio Inc., Taipei City, Taiwan) assay, as previously described
in the literature [16]. Briefly, 7 × 103 cells per well of two cells were inoculated in 96-well plates before
incubating with 0.5, 2.0, 5.0, and 10.0 μM of HCD and 1, 10, 50, and 100 μM of 5-FU (a positive control)
for 36 and 48 h, respectively. The optical density (OD) at 570 nm was measured after incubation with
MTT solution for 4 h, and was solubilized in DMSO. Cytotoxicity was presented by cell viability, which
was the ratio of OD570 between treatment and untreated control (0 μM).

2.4.3. Cell Cycle Analysis

The protocol of cell cycle analysis followed a previous study, with slight modification [16]. In
brief, 7 × 104 cells per well of Caco-2 cells were seeded into 12-well plates. Cells were incubated with
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0.5, 2.0, and 5.0 μM of HCD for 36 and 48 h, respectively. Treated cells were fixed with 70% freeze
ethanol and stained with propidium iodide (PI) at 37 ◦C for 1 h. The fluorescent intensity of PI within
cells was detected by a CytomicsTM FC 500 flow cytometer (Beckman-Coulter, Brea, CA, United States).
Data from 104 cells in each sample were collected, and the different cell cycles were analyzed.

2.4.4. Western Blotting

A total of 2.5 × 105 cells/well of Caco-2 cells were seeded into a six-well plate and incubated until
80% confluence. Cells were treated with 0.5, 1.0, and 2.0 μM of HCD for 24 and 36 h, respectively.
After incubation, cells were homogenized, and the desired protein levels were analyzed according to
the protocol described in a previous study [16]. The chemiluminometric intensity of each protein was
normalized with GAPDH’s chemiluminometric intensity. The protein level change was represented by
the ratio of normalized chemiluminometric intensity between treated and untreated groups.

2.5. Statistical Analysis

Data were expressed as mean ± SD from at least three independent experiments. The results were
analyzed by one-way analysis of variance (ANOVA) with the Dunnett test. The significant difference
(p < 0.05) was labelled “*” on the histogram produced by GraphPad Prism Ver 7.0 (GraphPad Software,
La Jolla, CA, United States). The IC50 of the dose-dependent cytotoxicity was determined using
non-linear regression embedded in GraphPad Prism, and the chosen model was the highest R2 value.

3. Results

3.1. Histological Change of Intestine Tissue after AOM/DSS Induction and HCD Treatment

To generate the IBD mouse model, mice were chemically induced by AOM/DSS. After AOM/DSS
induction, enlarged lymph nodes, lymphocyte infiltration, irregular and shorter villi, and thicker
muscle mucous and muscle layers were observed in the intestines of mice, which consequently
confirmed that mice were successfully induced with IBD after the AOM/DSS given (Figures 1B and 2B),
compared to the control without induction (Figures 1A and 2A). In the next experiment, IBD-induced
mice were employed to evaluate the amelioration efficacy of 5-FU and HCD on the histopathological
signs of IBD. The tissue section showed that the lymphocytes were less or not infiltrated into the
lamina propria layer after treatment with 5-FU and HCD (Figure 1C–E). The arranged villi in neat
rows were found in an induced group as a positive control (AOM/DSS alone), and this feature was not
observed in the 5-FU and HCD-treated groups. Additionally, the lymph nodes were reduced after
treating with 5-FU and HCD (Figure 2C–E). These histological changes elicited that HCD could reduce
IBD symptoms. The next experiments were performed to evaluate the efficacy of HCD on colorectal
cancer cells.

3.2. Cytotoxicity Effects of HCD and 5-Fluorouracil on Colorectal Cancer Cells

To check cytotoxicity of HCD against colorectal cancer cells, cells were treated with various
concentrations of HCD and 5-FU (conventional chemotherapeutic agent, as a positive control),
respectively. When compared to the untreated control (0 μM), cell viability in HCD-treated groups
was significantly decreased (Figure 3A). The IC50 values of HCD in Caco-2 cells were 4.10 μM (36 h)
and 2.32 μM (48 h), which were lower in 5-FU (100 μM for 36 h; 66.79 μM for 48 h) (Figure 3B). To
further validate the potential of HCD for colon cancer treatment, another colon cancer cell, HT-29, was
treated with various concentrations of HCD. The results showed that a dose-dependent decrease of
cell viability was also observed in HCD-treated HT-29 cells. The IC50 values of HCD against HT-29
were 10.18 μM (36 h) and 1.39 μM (48 h), and were higher than those of Caco-2 (Figure 3C). According
to these results, we confirmed that the cytotoxicity of HCD in colorectal cancer cells (Caco-2 and
HT-29) had a higher potential than 5-FU. Therefore, the subsequent experiments were focused on the
investigation of underlying mechanisms in HCD against Caco-2 cells.
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Figure 1. Histological appearances of the longitudinal section in the intestine of mice. Mice treated
with (A) control and (B) azoxymethane (AOM)/dextran sodium sulfate (DSS) induction, as well as
AOM/DSS induction followed by (C) 15 mg/kg B.wt of 5-fluorouracil (5-FU), (D) 1.6 mg/kg B.wt, and
(E) 6.4 mg/kg B.wt of 16-hydroxycleroda-3,13-dien-15,16-olide (HCD) treatment (n = 5 in each group),
were sacrificed, and the longitudinal section of tissues was stained with hematoxylin and eosin. The
yellow asterisk and triangles indicate lymph node and lymphocyte infiltration, respectively, in the
intestine. Magnification = ×100.

Figure 2. Histological changes of intestinal lymph nodes in HCD-treated mice with inflammatory
bowel disease (IBD). The intestinal lymph nodes of (A) the control, (B) mice with AOM/DSS induction,
and mice with AOM/DSS induction followed by (C) 15 mg/kg B.wt of 5-FU, (D) 1.6 mg/kg B.wt, and (E)
6.4 mg/kg B.wt of HCD treatment (n = 5 in each group) were stained and photographed. The yellow
asterisk indicates the lymph node in the intestine. Magnification = ×40.
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Figure 3. Cell viability of Caco-2 and HT-29 cells after HCD and 5-FU treatments. HCD and 5-FU were
used to treat with (A,B) Caco-2 and (C,D) HT-29 cells for 36 and 48 h, respectively. The cell viability
was determined by MTT assay. In addition, the cell viability was calculated according the comparison
of control group (0 μM). Data (n = 3) were represented as mean ± SD. * p < 0.05; ** p < 0.01; *** p <

0.001, as compared with the untreated control (0 μM).

3.3. Characteristics of HCD-Induced Cell Death

To identify features of HCD-induced cell death, Caco-2 cells were treated with various
concentrations of HCD, and intracellular DNA content was checked using flow cytometry coupling
with PI-staining. After 36 h and 48 h of HCD treatment, the sub-G1 and G0/G1 cell cycle exhibited
significant change in a dose-dependent fashion (Figure 4A), which could be caused by increasing
the sub-G1 ratio, referred to as the apoptotic population. Interestingly, the significant decrease of the
G2/M phase was found only at 5 μM HCD (Figure 4B). Concurrently, analyzing apoptotic markers,
the increase of cleaved caspase-3, -8, -9, and PARP specified that apoptotic cell death appeared at 24
h and 36 h of treatments, respectively (Figure 5). These results clearly illustrate that HCD-caused
cell death in Caco-2 cells was dominate in apoptosis. Moreover, by observation of the dynamics of
apoptotic markers, intrinsic apoptotic inducer caspase-3 expression was enhanced at the first 24 h,
and then cleaved at the following 12 h (Figure 5A). Conversely, Bcl-2, the apoptotic inhibitor, had no
significant change until 36 h of treatment (Figure 5B). Additionally, the extrinsic apoptotic markers,
cleaved caspase-8 and -9, also had significantly higher expression at either 24 h or 36 h of treatment
(Figure 5). The data confirmed that both intrinsic and extrinsic apoptotic signaling pathways were
involved in HCD-induced apoptosis, and intrinsic apoptosis might be prior to the extrinsic event. The
following experiments would be carried out to determine whether the dynamic change of growth
signaling pathway is affected by HCD.
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Figure 4. Cell cycle change after HCD treatment. Caco-2 cells were stained by propidium iodide after
(A) 36 h and (B) 48 h of HCD treatment, and further analyzed by fluorescent intensity by flow cytometry.
Data (n = 3) were represented as mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001, as compared with the
untreated control (0 μM).

Figure 5. Dynamic change of apoptotic markers after HCD treatment. The protein levels of PARP,
caspase-3, caspase-8, and caspase-9 were measured after (A) 24 h and (B) 36 h of HCD treatment.
The protein levels were represented as the ratio of GAPDH-normalized chemiluminometric intensity
between the untreated control (0 μM) and treatment. Data (n = 3) were represented as mean ± SD. * p <

0.05 as compared with the untreated control (0 μM).

3.4. Growth Signal Reduced by HCD Triggered Caco-2 Cell Apoptosis

Notably, the intrinsic apoptotic pathway is regulated by the balance of growth signal and
anti-growth signal. The subsequent experiments were applied to measure the signals of PI3K/Akt for
growth, p53/p21 for anti-growth, and cyclin D1/PCNA for cell division after HCD treatments. Western
blot data indicated that the protein levels of Akt and cyclin D1 were significantly decreased in 2 μM of
HCD treatment after the first 24 h, and a significant decrease of the cyclin D1 level at 1 μM of HCD
treatment was observed (Figure 6A). Subsequently, the protein levels of p53 and p21 were up-regulated
and PCNA was down-regulated at 36 h (Figure 6B). This result hinted that HCD-induced apoptosis
could be the reducing result of growth signaling via Akt mediation. The downregulation of growth
signaling caused the elevation of p53/p21 protein expression, and consequently turned down cyclin
D1 expression, which was the key for overcoming the G1/S checkpoint. However, upstream of Akt,
the protein levels of PI3K were not associated with the mediation of Akt (Figure 6), which meant
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that Akt might be reduced by other signaling pathways. The next section was performed to test the
characteristics of the inflammatory pathway within HCD-induced apoptosis.

Figure 6. Dynamics of cell growth related signaling pathway after HCD treatment. Caco-2 cells were
treated with HCD and the changes in PI3K, Akt, p53, p21, cyclin D1, and PCNA were measured
at (A) 24 h and (B) 36 h. The protein levels were represented as the ratio of GAPDH-normalized
chemiluminometric intensity between the untreated control (0 μM) and treatment. Data (n = 3) were
represented as mean ± SD. * p < 0.05 as compared with the untreated control (0 μM).

3.5. Inflammation-Suppressing Effect of HCD in Caco-2 Cells

From the literature, inflammation has been proven as a promoting cause of colorectal cancer [22],
and inflammatory signaling could crosstalk with Wnt/β-catenin, as well as being involved in colorectal
cancer growth [23]. Thus, the subsequent experiment examined the regulation of inflammatory-related
proteins, including COX-2, NF-κB, and β-catenin. At 24 h of HCD treatment, the p50 subunit of
NF-κB showed a significantly decreasing manner (Figure 7A). The decrease of p50 was diminished,
whereas β-catenin was up-regulated at 36 h (Figure 7B). This result refutes that NF-κB and β-catenin are
involved in HCD-mediated apoptosis; however, the underlying mechanisms were not fully interpreted.
Of note, inflammatory signaling was proven by the significant characteristics of IBD pathological
progression, and then the subsequent experiment will be employed to evaluate whether oral gavage
HCD may ameliorate IBD symptom in an AOM/DSS- induced mouse model by the mediation of
inflammatory signals.
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Figure 7. Inflammation-related protein changes after HCD treatments. NF-κB, β-catenin, and Cox-2
were determined by Western blotting at (A) 24 h and (B) 36 h HCD-treated Caco-2 cells. The
chemiluminescent intensity of each protein was normalized with GAPDH and represented as the
protein levels. Data (n = 3) were represented as mean ± SD. * p < 0.05 as compared with the untreated
control (0 μM).

4. Discussion

In chemical-induced IBD and colitis-associated cancer research, this study broadened the
application of HCD in medical use, and could provide a new approach for IBD treatments. These
experimental results conferred the anticancer effect of HCD against colon cancer, which led to
intrinsic and extrinsic regulation for apoptotic cell death by down-regulating Akt-mediated growth
signaling. Moreover, the anti-inflammation fashion of HCD in colon cancer might be one reason for
the down-regulation of Akt, and is postulated for the IBD curing effect in vivo.

Usually, the conventional therapies for IBD can be grouped into the two following approaches:
anti-inflammation, e.g., corticosteroids, mesalazine, and cyclosporine; and anti-microbial, including
ornidazole and rifaximin [24]. Ordinarily, these drugs are useful for treating mild to moderate IBD.
However, side effects, such as drug resistance to antibiotics and opportunistic infection, are still of
concern [25]. Likewise, about one-third of chronic IBD patients have failed responses to corticosteroid
medication, which are valid for acute IBD [25]. Hence, natural components are potentially considered
to be the new strategies or approaches for curing IBD. Five types of phenylpropanoids and four types
of lignan glycosides—phytochemicals originated from a warm-season perennial legume, Lespedeza

cuneata—were synthesized, and these compounds could ameliorate UC [26]. Curcumin, the primary
active compound of turmeric, alleviates CD and UC by inhibiting NF-κB activity [27]. Macrophage
infiltration into the intestines could also be impaired by α-eleostearic acid isolated from Momordica

charantia [28]. After AOM/DSS induction, polypus and enlargement lymph nodes were found in the
colon by histopathological examinations in our study (data not shown). Additionally, the observations
of irregular villi arrangement and lymphocyte infiltration into the lamina propia layer in this study are
typical characteristics of IBD. The IBD mice treated with HCD had neat rows of villi and lymph nodes
that were not enlarged or infiltrated into lamina propia layer, which indicates that HCD could relieve
the symptoms of IBD.

In indigenous medication, P. longifolia is an antipyretic drug used in past decades [12].
Under modern chemical and medical research, various antimicrobial and anti-inflammatory
compounds are purified and identified, such as 16α-hydroxy-cleroda-3,13(14)-Z-diene-15,16-olide,
(3S,4R)-3,4,5-trihydroxy pentanoic acid-1,4-lactone and 16-Oxo-cleroda-3,13E-dien-15-oic acid [12].
HCD has been demonstrated to alleviate lipopolysaccharide-induced microglia inflammation via
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reducing iNOS, COX-2, and NF-κB gene expression [13]. In addition, HCD repressed COX-2 protein
expression in Caco-2 and further ameliorated inflammation in AOM/DSS-induced mice. These
results imply that HCD represents a novel and potential clinical approach for IBD treatment and
CRC chemotherapy.

In our previous study, HCD was demonstrated to be a non-toxic agent to normal cells [16]. When
compared to 5-FU, the cytotoxicity of HCD against colorectal cancer was higher than 5-FU (4.10 vs.
100 μM in IC50 at 36 h treatment), suggesting that HCD had higher efficacy and more potent when
applied to colon cancer treatments. In the cell cycle analysis of Caco-2 cells treated with HCD, the
ratio of the sub-G1 phase was significantly increased, and this increase was associated with an increase
of HCD concentrations. This result was accompanied by the analysis of pro-apoptotic markers, such
as PARP; caspase-3, -8, and -9; and Bcl-2. During observations from 24 h to 36 h of HCD treatment,
the protein levels of pro-apoptotic molecules changed, and these signaling transductions could be
precisely determined by caspase-8, caspase-3, Bcl-2, and PARP. Again, the caspase-3 expression level
was increased in the first 24 h, which also indicated that intrinsic apoptotic pathways were activated
at this time. These results imply that both intrinsic and extrinsic apoptotic signaling pathways were
simulanteously activated in Caco-2 cells. This was the first evidence that HCD could induce the
apoptosis of cancer cells.

As we know, extrinsic and intrinsic apoptotic signaling pathways exert themselves with different
signaling molecules [29]. In general, an extrinsic apoptotic signaling pathway is started from the
activation of death receptor (TRAIL receptor or TNF receptor) and terminated at pro-caspase-3
cleavage via caspase-8 activation [29,30]. Different from extrinsic apoptosis, intrinsic apoptotic
signaling is mediated by Bcl-2 to cause the loss of mitochondrial membrane potential or growth
signaling depletion, which leads to cytochrome c release, pro-caspase-9 cleavage, and consequently,
caspase-3 activation [29,31,32]. Therefore, by observing the altered levels of cleavage caspase-8,
caspase-9, and Bcl-2, the type of chemical-induced apoptosis could be putatively addressed. Previous
studies of HCD-induced cancer cell death were focused on autophagic cell death and intrinsic
apoptosis [15,16,33,34]. To the best of our knowledge, this study is the first to show the involvement of
HCD-induced extrinsic apoptosis in colorectal cancer. Moreover, the underlined targets of HCD in
extrinsic apoptosis still need to be further explored, because this work only focused on the alteration of
caspase-8 proteins.

HCD-mediated intrinsic apoptosis was found by down-regulating β-catenin/NF-κB/Akt and
activating p53/p21 expression. Previously, HCD had potentiated apoptosis via blocking the PI3K/Akt
signaling pathway, promoting Aurora B degradation, and modifying histone-modifying enzymes
in leukemia cells [33,34]. Remarkably, the cytotoxicity (cell death) of oral squamous cell carcinoma
(OSCC) and glioma cells were also demonstrated in the treatment of HCD through an autophagic
manner via Western blotting analysis, without an increase in sub-G1 [15,16]. Moreover, HCD activated
the autophagy in lung cancer (A549) via reducing the protein level of mTOR, PI3K/p85, Akt, and Beclin
1, and suppressed apoptosis by lessening cleaved-PARP formation (Chiu et al., 2019, unpublished
data). Thereby, one possibility for cell death is that this difference in apoptosis or autophagy was
regardless of different types of cancer cells (adenoma, carcinoma, glioma, or neuroblastoma) and p53
(wild or mutant type). The cell death features of HCD induced in Caco-2 cells and other cancer cells
imply that the critical point of the apoptosis/autophagy switch needs to be clarified.

The known roles of p53 are in cell cycle regulation, apoptosis induction, DNA repair activation,
and aerobic respiratory improvement [35]. When measuring the apoptosis-related protein levels, the
p53 protein level showed an increase at 36 h after HCD treatment. In intestine and colon tissues
under IBD, p53 was overexpressed by TNF-α induction, and subsequently triggered cell apoptosis [36].
Interestingly, the induction of TNF-α was only observed in mutant p53, but not in wild-type p53 [37].
Over 50% of colitis-induced colorectal cancer and colon neoplasia could be found with the TP53
mutation. This mutation is believed to be the first step of colitis-associated carcinogenesis when
compared with sporadic CRC [38]. Of note, p53 in Caco-2 is an aberrant type [39]. HCD caused the
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alteration of p53 protein expression in CRC cells, which indicated that HCD might affect p53 protein
levels in IBD tissues. Therefore, the effects of HCD on intestinal epithelial cells with wild-type p53
might differ from similar Caco-2 cells.

In addition, as an apoptosis-inducing feature, HCD also possesses inhibiting activity for
Wnt/β-catenin in an anti-inflammation manner. Wnt/β-catenin dysregulation has been reported
as a key factor for CRC initiation [40]. The Wnt/β-catenin signaling pathway acts as a central
regulator in intestine homeostasis and epithelial stem cell proliferation. The Wnt ligand binds to
the Frizzled/LRP receptor, and activates a signal cascade to subsequently result in the stabilization
of β-catenin. Stable β-catenin can translocate into the nucleus and initiate gene expression of MYC
and its downstream target, CCND1 [41]. Impaired activation of the Wnt/β-catenin signaling pathway
could cause uncontrolled cell proliferation and finally, elicit colon cells carcinogenesis. Therefore,
the Wnt/β-catenin signaling pathway would become the target of CRC prevention, prognosis, and
diagnosis. Numerous studies have sought new compounds or herbal medicine for treating CRC.
Fermented culture broth of Antrodia camphorate, hydnocarpin (a natural lignan), and bark extract of
Mesua ferrea have been shown to inhibit activity of Wnt/β-catenin in colon cancer cells [42–44]. In
this study, the reduction of β-catenin levels after HCD treatment showed the inhibited manner of the
Wnt/β-catenin signaling pathway, which indicated a possibility of reducing colon cancer initiation.

5. Conclusions

This study illustrated anti-colorectal cancer activity from HCD by modifying intrinsic growth
signaling and inflammatory modulators, which subsequently triggered both intrinsic and extrinsic
signals to induce cell apoptosis. Furthermore, the inflammatory symptoms of AOM/DSS-induced
enteritis in the in vivo mouse model were also ameliorated by HCD treatments. This is the first
evidence showing the medicinal efficacy of HCD on IBD mice and colon cancer, suggesting that HCD
could provide an alternative and complementary regimen for anti-colon cancer and IBD treatments.
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Abstract: Luteolin is a flavonoid often found in various medicinal plants that exhibits
multiple biological effects such as antioxidant, anti-inflammatory and immunomodulatory activity.
Commercially available medicinal plants and their preparations containing luteolin are often used in
the treatment of hypertension, inflammatory diseases, and even cancer. However, to establish
the quality of such preparations, appropriate analytical methods should be used. Therefore,
the present paper provides the first comprehensive review of the current analytical methods
that were developed and validated for the quantitative determination of luteolin and its C- and
O-derivatives including orientin, isoorientin, luteolin 7-O-glucoside and others. It provides a
systematic overview of chromatographic analytical techniques including thin layer chromatography
(TLC), high performance thin layer chromatography (HPTLC), liquid chromatography (LC), high
performance liquid chromatography (HPLC), gas chromatography (GC) and counter-current
chromatography (CCC), as well as the conditions used in the determination of luteolin and its
derivatives in plant material.

Keywords: luteolin; hyphenated techniques; chromatography

1. Introduction

Luteolin (Figure 1) is a yellow dye commonly found in fresh plants. It is a flavonoid of the
flavone type that is distributed widely throughout the plant kingdom. Similar to other derivatives
of 2-phenylbenzo-γ-pyrone, its basic skeleton has a characteristic C6-C3-C6 system, containing two
benzene rings and a bridge with a C2-C3 double carbon bond and an attached oxygen atom [1–4].
Structure-activity studies have demonstrated that the pharmacological effects of luteolin and other
flavonoids are strongly related to the presence of hydroxyl groups at the C5, C7, C3’ and C4’ carbons as
well as to the presence of the double bond in the C2-C3 position [3,5]. The presence of the -OH group
at position C3’ distinguishes luteolin from apigenin, and the lack of this group at the C3 carbon is an
element that places luteolin in the flavone group [6].
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Figure 1. Chemical structure of luteolin.

Luteolin exhibits multiple biological effects such as antioxidant, anti-inflammatory and
immunomodulatory activity. Plants rich in luteolin are often used in traditional medicine for treatment
of various diseases such as hypertension, inflammatory disorders, and even cancer [7].

Because luteolin bears four hydroxyl groups (at the C5, C7, C3’ and C4’ positions), many derivatives
of luteolin can be created. Various types of functional groups and/or sugar molecules can be attached
to those positions, creating a huge number of different but structurally similar molecules. The most
common are methyl derivatives, as well as C- and -O-glycosides [8,9].

Orientin, an 8-C-glucoside derivative of luteolin, displays an array of health-related biological
properties, such as antioxidant, anti-ageing, antiviral, antibacterial, anti-inflammatory, vasodilatation,
cardioprotective, radiation protective, neuroprotective, antidepressant-like, anti-adipogenesis,
and antinociceptive effects. It may be found in different medicinal plants such as Ocimum

sanctum (holy basil), Phyllostachys nigra (bamboo leaves), Passiflora sp. (passion flower), Linum

usitatissimum (flax), Euterpe oleracea (Acai palm) and many others [10]. Another luteolin derivative,
isoorientin (luteolin-6-C-glucoside) acts as an antioxidant, photoprotective [11], skin lightening [12],
hepatoprotective [13] and anti-inflammatory agent [14]. O-glucosides of luteolin also display biological
activities. For example, luteolin 7-O-glucoside alleviates skin lesions in murine models of atopic
dermatitis [15] and protects cells against apoptosis induced by hypoxia/reoxygenation [16].

An increasing number of herbal preparations on the market contain luteolin and its derivatives,
either as single-ingredient products or in mixtures with other phytochemicals, e.g., in form of medicinal
plants extracts. To establish the quality of such products, it is important to use appropriate analytical
methods. However, there is a lack of quality reviews of the available methods for quantification
of luteolin derivatives, and the information on their comparison is lacking. Therefore, the aim of
this article is to systematize knowledge and information in the field of chromatographic analytical
techniques used for quantification of luteolin and its derivatives. The presented review is the first
description of this type and provides a systematic overview of chromatographic analytical techniques
including thin layer chromatography (TLC), high performance thin layer chromatography (HPTLC),
liquid chromatography (LC), high performance liquid chromatography (HPLC), gas chromatography
(GC) and counter-current chromatography (CCC), as well as the conditions used to assess luteolin and
its derivatives.

2. Chromatographic Techniques for the Analysis of Luteolin Derivatives

Chromatography occupies a leading position among other instrumental methods in the analysis
of chemical compounds. As a physicochemical method of separation and analysis of mixtures of
chemical compounds, it allows detection and identification as well as quantitative determination of the
test substance with high accuracy. The coupling of chromatography with other methods of analysis
contributes to a more accurate detection and expansion of analytical capabilities, especially for complex
mixtures of organic compounds [2,17,18].
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Chromatographic techniques are based on the interaction of the mixture components with the
mobile and stationary phases of the chromatographic system. This results in the division of the mixture
components between the two phases. In addition, the interaction of the mobile and stationary phases
is also important in the separation process [17,18]. According to the aggregation state of the mobile
phase, chromatographic techniques are divided into gas, liquid and supercritical chromatography.
Another criterion for classification of chromatographic techniques is the type of stationary phase. If the
stationary phase is a liquid, the chromatography technique is referred to as partition chromatography.
In the case of a solid, the technique is referred to as adsorption chromatography. Another example of
the classification of chromatographic methods is their division depending on the chromatographic
processing method. This classification allows distinguishing column chromatography and planar
techniques, which include TLC and paper chromatography [17,19]. Many different chromatographic
techniques are used in the analysis of luteolin derivatives. These include TLC, HPTLC, LC, HPLC, GC
and CCC [19].

2.1. Thin Layer Chromatography in the Analysis of Luteolin Derivatives

Thin layer chromatography (TLC) is a rather simple but relatively popular method used in the
analysis of flavonoids since 1960 [20]. It is a variation of LC that is carried out on a plane and is therefore
referred to as planar chromatography. Despite the dynamic development of other chromatography
techniques, TLC has not lost its importance in phytochemical analysis [18]. Its values are still recognized
as is the basic tool in the qualitative analysis of natural products, and as such, it is still recommended
by most modern Pharmacopoeias. In addition, the TLC technique is currently being improved, and the
scope of its application is widening, while the results are becoming comparable to those obtained by
GC or HPLC [20–22]. The stages of chromatographic analysis consist of placing the sample on the
stationary phase and developing the chromatogram, followed by its visualization. In the final step,
qualitative and/or quantitative determinations of the tested components are made [18,22,23]. General
guidelines for flavonoid separation on TLC plates are presented in Table 1.

Table 1. Recommended combinations of solvents / adsorbents for identification. of different flavonoid
types by thin layer chromatography (TLC).

Flavonoid Type
Adsorbent Type/Mobile Phase

Cellulose Polyamide Silica gel

Polar flavonoid
aglycones, e.g., flavones

BuOH:AcOH:H2O (3:1:1
v/v/v) a

CHCl3:AcOH:H2O
(30:15:2 v/v/v) b

MeOH:AcOH:H2O
(18:1:1 v/v/v) To:Py:FA (36:9:5 v/v/v)

Non-polar flavonoid
aglycones, e.g.,

methylated flavones
10–30% AcOH — CHCl3:MEOH (15:1 to

3:1 v/v)

Flavonoid glycosides

BuOH:AcOH:H2O (3:1:1
v/v/v) a

BuOH:AcOH:H2O (4:1:5
v/v/v) a

H2O:MeOH:MEK:methyl
acetylacetone (13:3:3:1

v/v/v/v)

EtOAc:Py:H2O:MeOH
(80:20:10:5 v/v/v/v)

(especially flavone
C-glycosides)

Abbreviations: AcOH, acetic acid; BuOH, butanol; CHCl3, chloroform; EtOAc, ethyl acetate; FA, formic acid; MeOH,
methanol; MEK, methyl ethyl ketone; Py, pyridine; To, toluene. a The mobile phase is thoroughly mixed in the
separating funnel and the upper phase is used. b The mobile phase is thoroughly mixed in the separating funnel
and the excess water is discarded.
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The main advantage of TLC is that it is a relatively simple and inexpensive technique that allows
for rapid qualitative and quantitative analysis of the tested compounds. Samples analyzed with
this method usually do not require pre-treatment, such as purification or concentration. In addition,
several dozens of samples can be analyzed simultaneously on one plate. A large amount of the diluted
sample can be applied to the stationary phase because the solvent evaporates during the application
to the plate. Furthermore, due to the evaporation of the solvent phase after the development of the
chromatogram, the detection method does not depend on the type of mobile phase used for separation.
In TLC, it is possible not only to compare the analyzed components with the standards, but also to
differentiate between substances bearing specific functional groups using the appropriate reagents for
detection [18].

Thin layer chromatography and column chromatography (CC) are interchangeable techniques
that may be combined, which significantly reduces costs and analysis time [22]. To achieve this,
the same adsorbents are ideally used for both TLC and CC [18,22,24]. Nevertheless, other solvent
systems may also be used. Elution in CC may be carried out in one mobile phase, or its composition
may be changed during chromatography (mobile phase gradient), thereby increasing the elution force.
In this case, the TLC mobile phase should be changed accordingly [18,24].

The type and quality of the stationary phase greatly affect the separation of mixture components.
Thus, the selection of an appropriate adsorbent is very important. However, most TLC analyses
are carried out in a normal phase system where hydrophilic (polar) adsorbents are used [18,23,24].
Reversed phase systems with lipophilic (non-polar) stationary phases are common and have little
significance in the analysis of flavonoids [20]. Currently, the most commonly used stationary phase for
the analysis of flavonoids is silica gel [20]. However, the use polyamide coated chromatography plates,
in both normal and reversed phase systems, is not uncommon [24].

Detection of flavonoids on TLC plates is most often conducted under ultraviolet (UV) light
at wavelengths of 254 or 366 nm. Luteolin derivatives also display fluorescence, which can be
enhanced using the appropriate derivatization reagents, e.g., with the so-called NP/PEG reagent.
The most frequent procedure consists of spraying the plate with 1% methanolic diphenylboric
acid-β-ethylamino ester (natural product reagents, NP), followed by 5% ethanolic polyethylene glycol
4000 (PEG) solution [20]. A densitometer may also be used for the qualitative analysis of the substance.
The analysis is performed by comparing the retardation factor (Rf) and absorption spectrum of the test
substance and the standard. Analytes can also be identified by extracting the separated substances
from the plate. Then, the analysis is carried out using Fourier transform infrared mass spectrometry
(MS), UV spectrometry, Raman spectrometry or other techniques [23]. Even though TLC separation
of luteolin derivatives (Table 2) can be performed in different types of stationary phases such as a
polyamide phase [26,28], it is most frequently performed on silica gel plates that are often coated with
a fluorescent indicator [27,29] (F254 plates) for preliminary detection. Such an approach has been used
in case of analysis of luteolin 3’-O-glucoside, luteolin 6,8-C-dihexoside and luteolin 7-O-rutinoside in
Phlomis sp. [27]. However, subsequent analysis with NP/PEG is the standard procedure for TLC analysis
of luteolin [26–29], and it is almost always performed regardless of additional types of detection such
as detection of flavonoids in Ligustrum vulgare with aniline phthalate [26]. Typically, the mobile phase
for luteolin derivative separation consists of a mixture of aprotic organic solvents such as ethyl acetate
(EtOAc) [26,28] or acetone (Ace) [29] and H2O with a significant amount of formic (FA) and/or acetic
acid (AcOH) to avoid tailing of the separated zones [26–29].

404



Biomolecules 2019, 9, 731

Thin layer chromatography is often used as a complementary method to other chromatographic
techniques. For example, analysis of the butanol (BuOH) fraction of the methanol (MeOH) extract from
the leaves of the common privet (Ligustrum vulgare) conducted by Mučaji et al. [26] allowed isolation of
two luteolin derivatives from the plant. TLC was carried out, among other techniques, on polyamide
plates, and the optimal mobile phase was found. TLC was used for analysis of individual fractions
obtained in column chromatography with or without acid hydrolysis of compounds. MS detection
and nuclear magnetic resonance (NMR) spectra were also used [26]. Furthermore, TLC was used
together with high performance liquid chromatography combined with mass spectrometry and pulsed
amperometric detection (HPLC-PAD-MS) for analysis of luteolin and other phenolic compounds in
Leontopodium alpinum. In addition to NP/PEG, UV, infrared (IR) and NMR analyses were used for
identification of these compounds [29].

Compared to other chromatographic techniques, HPTLC results in reduced time and costs of
analysis and provides much greater efficiency of separation. It is suitable even for the analysis of crude
extracts similar to TLC, and a relatively small amount of solvent is used to analyze several samples,
making this method environmentally friendly [60]. In the analysis of luteolin derivatives (Table 3),
HPTLC silica gel 60 is almost exclusively used as the stationary phase [45,47,49,51], while HPTLC NH2

plates are rarely used, e.g., for separation of flavonoids in some Lamiaceae species such as Mentha

piperita [53] and Thymus sp. [55]. In addition to NP/PEG (e.g., [52,57]), other detection systems may be
employed for visualization of luteolin derivatives, such as bis-diazotized sulfanilamide [53] or aqueous
solutions of Al3+ ions for flavonoids in M. piperita [53], honey [49] or Thymus sp. [55]. Similar to TLC,
mixtures of organic solvents, H2O, and FA are most often used as the mobile phase [44,45,47–49,51,52].

High performance thin layer chromatography may also be used as a complimentary method to
other chromatographic techniques. Chelyn et al. [44] used the HPTLC technique in the analysis of the
ethanol (EtOH) extract of Clinacanthus nutans leaves. The analysis revealed the presence of, among
others, luteolin 8-C-glucoside (orientin) and luteolin 6-C-glucoside (isoorientin) in the raw material.
Their detection was conducted by comparing Rf coefficients using derivatization reagents and 366 nm
UV light. In this work, the characteristic fluorescent bands after derivatization provided important
clues for the identification of the major flavone present in the samples, while high performance liquid
chromatography combined with ultraviolet spectrometry or a diode array detector (HPLC-UV/DAD)
technique was employed for the simultaneous detection and quantification of these compounds [44].
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2.2. High Performance Liquid Chromatography in the Analysis of Luteolin Derivatives

Among the many chromatographic methods, adsorptive chromatography, in which the mobile
phase is liquid and the stationary phase is solid, is of the greatest practical importance. For example,
this method has a much wider application than GC because it allows the analysis of substances in
the form of liquids and soluble solids. Furthermore, it is also suitable for analysis of thermolabile
substances because it is usually performed at low temperatures, and such samples are not degraded [61].
Due to the long analysis time, high mobile phase consumption and low efficiency, traditional CC is
currently used mainly for preparative purposes. However, improved methods, such as HPLC and
especially liquid chromatography combined with mass spectrometry (LC-MS), are increasingly used
for analysis of natural compounds including luteolin derivatives [62].

High performance liquid chromatography has been performed since 1960. It is a dynamically
developing method with a wide range of uses and has been proven to be very useful in phytochemical
analysis. The principle of operation consists of pumping the mobile phase from the tank (or tanks)
through the stationary phase-filled column. Eluents are previously filtered and degassed. Some
systems are additionally equipped with thermostats that regulate the temperature of the column. If
the chromatographic system is properly selected and applied, then the individual components are
separated and detected. Strengthened signals are transmitted to the computer, where the obtained data
are registered and properly processed [19]. The separation is based on competition of the molecules of
the eluent and the substance being analyzed for the space on the adsorbent surface in the column [63,64].

When choosing a column, one should be guided by the size of the sample, time of analysis and
expected effect of the separation. Although columns with different diameters are available, those with
a diameter of 4.6 mm are by far the most common. However, due to better detection of the components
separated in smaller diameter columns, these columns are increasingly being used for separation
and analysis [19,63,65]. In addition, improved separation can be achieved using a column filled with
smaller particles. In addition to 5 μm particles, which are most common, particles of 3 μm in diameter
or even smaller can be used. For example (Table 4), this approach was chosen when separating
luteolin 2”-O-feruloylhexosyl-6-C-hexoside and luteolin 6-C-glucoside from Arenaria montana [66,67]
and isoorientin in Achillea millefolium [68,69], as well as separating luteolin 6-C-hexosyl-8-C-pentoside,
luteolin 2”-O-deoxyhexosyl-6-C-glucoside and luteolin 6-C-glucoside in Cymbopogon citratus [70,71].
Particles less than 2 μm in diameter were used for ultra-performance liquid chromatography (UPLC)
analysis of luteolin derivatives and other flavonoids in Lactuca sativa [72,73] and date palm (Phoenix

dactylifera) [74].
Stationary phases with different polarity may be used in HPLC. In the normal phase system,

polar column fillings are used, and most often the filling is silica gel. However, silica gel can adsorb
water, which leads to the loss of the original separating properties of the column and thus to impaired
reproducibility of the obtained results [19,65]. Therefore, the gel is often modified with the aim of
enabling better separation of mixture components. This is performed mainly by bonding alkyl chains
(or alkyl chains bearing other functional groups) to functional groups on the gel surface. Silica gels
optimized in this way are referred to as the associated phase [2,65]. In the so-called reversed phase
(RP) system, non-polar associated phases are used. Such systems are especially useful in the analysis
of insoluble or poorly water-soluble compounds, as well as in the analysis of polar compounds,
provided that a mobile phase with high water content is used. Typically, an octadecylsilane (ODS)
phase, composed of 18 carbon atoms (RP-18), is employed. Such fillers can have different properties
depending on the silica gel type and/or production method [19,65]. According to the available literature,
the analysis of luteolin derivatives (Table 4) was performed exclusively with RP systems, and the RP-18
system was the most frequently used system, as exemplified in the separation of six luteolin derivatives
in Securigera securidaca [75] or as many as ten derivatives in Capsicum annuum [76]. Stationary phases
composed of 8 carbon atoms (RP-8) were rarely used. Examples include the separation of flavonoids in
Coriandrum sativum [77] and Achillea millefolium [68,69].
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The selection of an appropriate mobile phase is extremely important for chromatographic
separation. The type of analyte, mixture composition, stationary phase and detector used should be
taken into account. Mixtures of up to three components are most commonly used. In the reverse
system, mixtures of MeOH/H2O or acetonitrile (ACN)/H2O are routinely used. As the amount of
organic solvent increases, the retention time for non-polar substances decreases, while the addition of
H2O extends their retention times. As a rule of thumb, systems containing ACN/H2O eluents are more
efficient than those containing MeOH/H2O [19]. In the normal phase system, however, the base solvent
is a non-polar eluent, and its polarity is appropriately modified by the addition of another solvent of
higher polarity, e.g., chloroform (CHCl3) [65]. According to the available literature, virtually all mobile
phases used for analysis of luteolin derivatives consisted either of ACN/H2O, e.g., [26,66,67,78] or, less
often, MeOH/H2O mixtures [72,79–81]. Additionally, a modifier such as FA, e.g., [79,82–84], AcOH,
e.g., [44,78,85–87], or trifluoroacetic acid (TFA) [88] was added to avoid peak tailing [89]. Analyses
performed without acidic modifiers are rare [90].

In the chromatography process, the elution can be carried out in two ways. The first method
is isocratic elution, which involves running with the same composition of mobile phase during the
analysis. This means that a constant elution force is maintained throughout the entire separation
period. In this case, even a slight change in the composition of the mobile phase may affect the results
of the analysis. Isocratic elution is only rarely used for analysis of flavonoids. In the case of luteolin
derivatives, this method was used only for analysis of luteolin 7-rhamnosyl- (1-6)-galactoside in Filago

germanica [91], luteolin 7-rhamnosyl(1-6)galactoside in Galactites elegans [90], and various luteolin
derivatives in Apium graveolens [80]. If the composition of the eluent changes during the division of
the mixture, then the gradient elution can be described. The gradient can be linear or specifically
programmed. With a change in the composition of the eluent, its elution force increases. For this reason,
this method is used particularly for the separation of mixtures composed of substances of different
polarity [2,64]. The vast majority of papers describing the separation of luteolin derivatives in plant
mixtures use a gradient approach. Examples include the separation of luteolin 8-C-glucoside, luteolin
6-C-glucoside, luteolin 4’-O-glucoside and luteolin 7-O-glucoside from Chrysanthemum trifurcatum [92],
thirteen luteolin derivatives from Cymbopogon citratus [70,71] and many others.

By far, the most common method for detection of luteolin derivatives is using diode array detectors
(DADs) (also called photodiode array detectors, PDA), which were used in as many as 46 instances
(e.g., for the analysis of luteolin derivatives and other flavonoids in Cymbopogon citratus [79], Dianthus

versicolor [88], Clinacanthus nutans [44], Thymus alternans and others [93]). More often than not, however,
DADs were combined with other detectors for additional structure determination or confirmation, with
or without prior isolation. Examples of DADs combined with other detection methods for analysis
of luteolin derivatives in plants include the use of tandem mass spectrometry (MS/MS) and NMR
for Ligustrum vulgare [26], diode array detectors combined with electrospray ionization and mass
spectrometry (DAD-ESI-MS) for Phoenix dactylifera [94] and Nerium indicum [95], electrospray ionization
combined with tandem mass spectrometry (ESI-MS/MS) for Achillea moschata [96], electrospray
ionization combined with time of flight mass spectrometry (ESI-TOF-MS) and electrospray ionization
combined with ion trap and tandem mass spectrometry (ESI-IT-MS/MS) for Aloysia citrodora and
many others.

For example, the HPLC-PAD-MS technique was used in the analysis of aerial flowering parts of the
Edelweiss alpine region (Leontopodium alpinum). This method allowed the basic separation of almost
all components of the L. alpinum extract prepared by exhaustive dichloromethane (DCM) followed
by MeOH extraction. In total, 14 compounds have been isolated from the extract, including several
luteolin derivatives. The authors used a gradient as the mobile phase as follows: H2O:0.9% FA:0.1%
AcOH:1.5% BuOH (A) and ACN:30% MeOH:0.9% FA:0.1% AcOH (B) and MeOH (C). The structure of
the isolated components was additionally confirmed using NMR spectroscopy [29].
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2.3. Liquid Chromatography in the Analysis of Luteolin Derivatives

LC combined with tandem mass spectrometry (LC-MS/MS) (Table 5) is especially useful in the
analysis of multicomponent mixtures, such as herbal extracts because it does not require a large amount
of the sample or previous separation. To further reduce the influence of other factors on the analysis,
more advanced techniques, involving the combination of more than one detection method, e.g., LC
combined with NMR and MS (LC-NMR-MS), are increasingly used [139].

Research on ethanol extract from Lophatherum gracile stems and leaves was performed using LC
coupled with MS/MS. Gradient elution was performed using 0.3% FA and MeOH. Analysis of the species
revealed the presence of, among others, luteolin 7-O-β-D-glucoside, and luteolin 6-C-glucoside [140].

Another raw material containing luteolin and its derivatives is the cocoa seed (Theobroma cacao).
In the analysis of the H2O:MeOH extract, the following mobile phase was used: H2O:0.1% FA and
ACN:0.1% FA. The elution was carried out in a linear gradient, whereas LC combined with electrospray
ionization and tandem mass spectrometry (LC-ESI-MS/MS) coupling allowed the identification of the
tested compounds [141].

Lin and Harnly performed a water-methanol analysis of the flower extract of Chrysanthemum

morifolium and distinguished many compounds, including numerous derivatives of luteolin. In this
case, the mobile phase was a mixture of 0.1% FA:H2O and 0.1% FA:ACN, in varying proportions.
The qualitative determination of the analyzed substances was based on a comparison of retention
times as well as mass and UV/Vis spectra [142].
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2.4. Gas Chromatography in the Analysis of Luteolin and Its Derivatives

Gas chromatography (GC) is a technique used to analyze volatile as well as non-volatile compounds
after their derivatization. GC is characterized by chromatographic distribution of either a gas
mobile phase on a solid adsorbent (gas-solid chromatography) or a liquid on an inert support
(gas-liquid chromatography). GC can be hyphenated with various detection techniques such as
GC combined with mass spectrometry (GC-MS), GC combined with tandem mass spectrometry
(GC-MS/MS) or GC combined with time of flight mass spectrometry (GC-TOF-MS), thus greatly
increasing the versatility, sensitivity and accuracy of the method [164,165]. The analyzed substances
should be thermally stable, and their boiling (or sublimation) temperature should not exceed
350-400◦C. To achieve this, non-volatile substances are often derivatived. Polar functional groups
are transformed into their less polar counterparts, thus increasing the volatility of the prepared
compounds. The most common examples include substitution with a trimethylsilyl (TM) group,
organic radicals or compounds such as trimethylchlorosilane (TMCS), hexamethyldisilazane (HMDS)
or N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA). Such an approach greatly increases the number
of possible analytes [2,17]. For example, phenolic groups of flavonoids are often transformed into
their less polar trimethylsilyl counterparts allowing for rapid and effective separation of complex
mixtures [166].

In adsorption GC, a gas that is chemically inert to the stationary phase as well as the components
being analyzed is used as the mobile phase. Most often hydrogen, nitrogen or argon is used. Helium is
being used less often due to its higher cost than other gases and the implementation of the principles
of chemical safety. The mobile phase must be properly selected for compatibility with the detector
used. However, the carrier gas itself does not have a significant influence on the separation effects of
the analyzed mixtures [17]. In the process of separation, the method of application of the sample to the
chromatography column is very important. The sample should always have as small of a volume and
the shortest dosing time as possible. This ensures better separation and narrower bands [17,164].

Gas chromatography uses open-ended columns, i.e., capillary columns and packed columns.
Open-ended (OT-open tubular) columns are characterized by much higher efficiency than packed
columns; therefore, they are chosen much more often [164]. Capillary columns are particularly useful
in the separation of substances with significantly different boiling points. Ideally, the column should
have a similar polarity to the analyzed components. However, due to the higher efficiency and
greater durability of stationary phases with low polarity, so capillary columns are recommended for
chromatographic analyses [17,164].

Another factor that influences the efficiency of the separation of the analyzed sample components,
as well as the time of analysis, is temperature. The separation temperature should be selected depending
on the stationary phase used and the boiling point of the analytes [17,164].

The analysis of luteolin derivatives has been carried out in accordance with the general procedure
used for analysis of other flavonoids (Table 6) [165]. MS was used for detection of volatile derivatives of
luteolin, while the use of a flame ionization detector (FID) was described only in two papers [167,168].
Most commonly, helium was used as a carrier gas (e.g., [169–171]), but the use of nitrogen was also
recorded [167,168]. The derivatization of luteolin, which is necessary for chromatographic separation,
was mostly achieved with BSTFA/TCMS [170–172]. For the analysis of lipophilic luteolin derivatives,
such as 7,3’,4’-trimethyl-luteolin in Arnica alpina, no derivatization was necessary [168].

2.5. Counter-Current Chromatography in the Analysis of Luteolin Derivatives

Counter-current chromatography (CCC) is a variation of liquid chromatography in which both
the stationary and mobile phases are liquid. The separation of the constituents of the mixture is carried
out in a system of immiscible liquids that are in equilibrium with each other. The method is simple
and rapid, offering the possibility of introducing the raw sample to the column without need for
previous clean-up [173]. Counter-current chromatography is mainly used for purification of natural
compounds, while its use as an analytical technique is far less common. In CCC, various dividing
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techniques can be used, thus distinguishing centrifugal partition chromatography (CPC) and rapid- or
high-speed CCC (HSCCC), often referred to as hydrodynamic chromatography [174,175]. High-speed
CCC is particularly often encountered in studies involving the separation of flavonoids [176]. Table 7
presents the conditions for the separation of mixtures containing luteolin and its derivatives using
rapid counter-current chromatography. Separation of luteolin derivatives from mixtures of different
phytochemicals is usually carried out with mixtures of EtOAc with one of alcohol (BuOH, EtOH
or AcOH) and H2O. Upon separation, structure determination by NMR is often necessary [173,177].
However, instead of NMR, high resolution mass spectrometry (HRMS) can also be employed for
structure confirmation, as evidenced by the use of this technique for differentiation of various luteolin
derivatives in Lippia origanoides [178].
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3. Conclusions

The presented comparison of chromatographic methods currently used to determine luteolin
and its derivatives provides a systematic summary of the available knowledge. Without a doubt,
chromatographic analysis may be successfully employed as an efficient method for both qualitative
assessment (fingerprinting) and quantitative determination of luteolin derivatives. In tedious and
time-consuming determinations of multi-ingredient plant extracts, including those that contain the
most prevalent luteolin derivatives, combinations of large-scale chromatographic techniques with
serially aligned detection modalities such as LC-MS/MS or LC/NMR/MS were found to be particularly
useful. Such beneficial coupling of chromatography with other analytic techniques expands analytical
capabilities while additionally improving the accuracy, sensitivity, and precision of assays. Despite
the dominant position of LC in the analysis of natural compounds and the dynamic development of
novel chromatographic methods, the TLC/HPTLC has not lost its important place in the phytochemical
analysis of luteolin derivatives. The technique is relatively simple and inexpensive while facilitating
rapid qualitative and quantitative analysis of test compounds. In addition, it facilitates large quantities
of diluted samples being deposited in the stationary phase, allowing for a wider choice of mobile
phase carriers. The technique is subject to continuous improvements and its range of applicability
is expanding.

Effective chromatographic analysis in the determination of luteolin derivatives requires
appropriately selected chromatographic separation conditions. The appropriate choice of stationary
phase sorbent may significantly improve test conditions. Most TLC analyses of luteolin derivatives
are carried out in normal phase systems featuring a polar (hydrophilic) sorbent phase. In HPLC,
separation conditions can be chosen more arbitrarily as the technique allows for the use of stationary
phases of varying polarity which is particularly advantageous in the analysis of compounds that are
either insoluble or poorly soluble in water. In order to additionally improve the sensitivity of HPLC
analyses, one should focus on the column parameters responsible for appropriate separation. Quite
often, the fairly successful analyses are used as starting points for further modifications, including the
development of preparative-scale analyses.

Of all chromatographic techniques, GC is the least applicable in the analysis of plant extracts,
including those that contain luteolin derivatives. Despite its high sensitivity and efficiency when
coupled with various detection techniques (MS, MS/MS, TOF-MS), the chromatographic separation
process involves high temperatures and derivatization of analytes. Due to this important aspect,
GC-MS is less frequently used in the analysis of polyphenolic compounds.

The complexity of plant matrices is unquestionably a significant problem in the chromatographic
analysis of plant extracts. It has a negative impact on the efficacy of analyses and prevents complete
identification of all components of the plant extract. However, chromatography remains the primary
and most effective analytical technique available in the current state of the art for the determination of
compounds of natural origin.
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20. Medić-Šarić, M.; Jasprica, I.; Mornar, A.; Maleš, Ž. Application of TLC in the isolation and analysis
of flavonoids. In Thin Layer Chromatography in Phytochemistry; Waksmundzka-Hajnos, M., Shrema, J.,
Kowalska, T., Eds.; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2008; pp. 405–423.

21. Fuchs, B.; Süβ, R.; Teuber, K.; Eibisch, M.; Schiller, J. Lipid analysis by thin-layer chromatography—A review
of the current state. J. Chromatogr. A 2011, 1218, 2754–2774. [CrossRef]

22. Poole, C.F. Milestones, core concepts, and contrasts. In Instrumental Thin-Layer Chromatography; Poole, C.F.,
Ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2015; pp. 1–3.

23. Santiago, M.; Strobel, S. Thin layer chromatography. Methods Enzymol. 2013, 533, 303–324.
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Abstract: As a group of progressive, chronic, and disabling disorders, neurodegenerative diseases
(NDs) affect millions of people worldwide, and are on the rise. NDs are known as the gradual loss of
neurons; however, their pathophysiological mechanisms have not been precisely revealed. Due to
the complex pathophysiological mechanisms behind the neurodegeneration, investigating effective
and multi-target treatments has remained a clinical challenge. Besides, appropriate neuroprotective
agents are still lacking, which raises the need for new therapeutic agents. In recent years, several
reports have introduced naturally-derived compounds as promising alternative treatments for NDs.
Among natural entities, flavonoids are multi-target alternatives affecting different pathogenesis
mechanisms in neurodegeneration. Naringenin is a natural flavonoid possessing neuroprotective
activities. Increasing evidence has attained special attention on the variety of therapeutic targets along
with complex signaling pathways for naringenin, which suggest its possible therapeutic applications
in several NDs. Here, in this review, the neuroprotective effects of naringenin, as well as its related
pharmacological targets, signaling pathways, molecular mechanisms, and clinical perspective, are
described. Moreover, the need to develop novel naringenin delivery systems is also discussed to
solve its widespread pharmacokinetic limitation.

Keywords: neurodegenerative diseases; naringenin; pharmacological targets; signaling pathways;
molecular mechanisms; drug delivery systems

1. Introduction

Neurodegenerative diseases (NDs) encompass several disorders, including Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD),
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multiple sclerosis (MS) and, spinal cord injury (SCI) [1]. They are considered disabling conditions
that affect millions of people worldwide [2]. Although the exact etiology of these chronic diseases
is entirely unknown, the critical nerve degeneration-related pathologies including decompensated
neuronal structure/function changes [3], disruption in the synthesis of neurotransmitters [4], as well
as abnormal protein accumulation have been clarified [5]. From the pathophysiological point of
view, the ubiquitin-proteasome system and autophagy pathway, play a pivotal role in degradation
and elimination of malformed proteins and damaged organelles. Disruption of these two crucial
intracellular proteolytic pathways is involved in the pathogenesis of NDs [6,7]. In addition to these
pathologies, mitochondrial dysfunction, oxidative insults, and neuroinflammation in the microglial cells
are proposed to be implicated in neurodegeneration [8]. Microglial cells are monocyte-like immune cells
which are considered as the guardian of the nervous system. There are two phenotypes of microglial
cells depending on the activation state, either classical M1 or alternative M2 phenotype [9]. The activated
M1 microglial cells express toll-like receptors (TLRs) as well as other pro-inflammatory cytokines such
as interferon γ (INF-γ), interleukin 1β (IL-1β) and tumor necrosis factor α (TNF-α) promote the axonal
degeneration and apoptotic death of neuronal cells [9]. On the other hand, M2 microglial cells express
anti-inflammatory mediators such as IL-4, IL-10, IL-13, transforming growth factor β (TGF-β) and
neurotrophic factors leading to neurogenesis, angiogenesis, and oligodendrogenesis (neuronal cells)
and remyelination (formation of new myelin sheath around demyelinated axons) [10,11]. Therefore,
the balance between M1/M2 keeps homeostasis of the immune response [9]. Naringenin could promote
a phenotypic shift of microglial polarization from M1 to M2 through down-regulation of M1 markers
including TNF-α and IL-1β as well as overexpression of arginase-1 (Arg-1) and IL-10 which are markers
of M2 [12].

Due to the complex pathophysiological mechanisms behind the neurodegeneration,
neuroprotective therapies of NDs have remained a clinical challenge. It raises the need to investigate
novel multi-target agents. Natural products extracted from medicinal plants or fruits showed promising
activities in treating different types of NDs through targeting multiple signaling pathways. Therefore,
there is a priority in research (either in vitro or in vivo) to discover new naturally-derived compounds
to target the pathways involved in NDs. Among natural entities, flavonoids are multi-target agents
affecting different signaling pathways involved in neurodegeneration. Naringenin is a natural flavonoid
with neuroprotective effects. Citrus fruits are rich with naringenin and its precursor, naringin [13].
In recent years, growing interest has been focused on the potential therapeutic activities of naringenin
in neurological disorders. In spite of the promising effects of naringenin to manage NDs, there is a great
challenge posed by poor bioavailability and slight accessibility to the brain. Here in this review, the role
of naringenin in treating different neuronal disorders is described. The nanostructured formulations
of naringenin which are being investigated to solve its widespread pharmacokinetic limitation are
also discussed.

2. Chemistry of Naringenin and Its Sources

Naringenin is one of the most critical naturally-occurring flavonoids (I). The basic structure of
flavonoids (I) consists of three rings (A, B, and C). Naringenin (II) has a molecular formula C15H12O5
and is chemically named as 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl) 4H-1-benzopyran-4-one.
Its molecular weight is 272.26 g·mol−1, and the melting point is 251 ◦C. This molecule is insoluble
in water and soluble in organic solvents as alcohol [14]. Naringenin may be found in two forms of
aglycone or its glycosidic form (naringenin-7-O-glucoside) [15] (Figure 1). Naringin (III) can also be
seen as naringin (naringenin-7-rhamnoglucoside) [16] and narirutin (naringenin-7-O-rutinoside) [17].
Naringenin glycosides depending on their sugar moiety, attach via a glycosidic linkage at C7 to the
flavonoid, and are cleaved by specific enzymes, then naringenin (aglycone) would be released [18].
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Figure 1. Structures of flavonoids (I); naringenin (II); and naringin (III).

The biosynthesis of naringenin’s basic structure, as a flavonoid, occurs via the combination of
shikimic acid and acylpolymalonate metabolic pathways. A starting compound is phenylpropane, a
cinnamic acid derivative derived from shikimic acid, in which three acetate residues are incorporated
followed by ring closure. The chalcone structure is intermediate to the flavone structures, which might
be hydroxylated and reduced at different positions [19–21] (Figure 2).

Figure 2. Biosynthesis of naringenin.

Naringenin has various pharmacological properties depending on the arrangement of related
functional groups in its structure. The hydroxyl groups (OH) have high reactivity against reactive
oxygen species (ROS) and reactive nitrogen species. In ring (A) 5,7-m-dihydroxy arrangement serves
to stabilize the structure after donating electrons to free radicals. The association between 5-OH and
4-oxo substituents contributes to the chelation of compounds such as heavy metals [22,23].

Naringenin has a single chiral center at carbon 2 (C2), resulting as (2S)- and (2R)-enantiomers
forms which are found in citrus fruits. It has been reported to be resistant to enantiomerization
over pH 9–11 [24]. Separation of the enantiomers has been explored for over 20 years [24], primarily
via high-performance liquid chromatography (HPLC) on polysaccharide-derived chiral stationary
phases [25–28]. There is an evidence to suggest stereospecific pharmacokinetic and pharmacodynamic
profiles, which has been proposed to be an explanation for the wide variety in naringenin’s reported
bioactivity [29]. Flavonols, flavones, flavanones, isoflavones, flavanols, and anthocyanidins are
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the most abundant flavonoids found in plants [30,31], and are potent scavengers of free radicals.
As promising flavonoids, naringenin and naringin are potent antioxidants [32]; however, naringin is
less potent because the sugar moiety in the former causes steric hindrance of the scavenging group.
The naringenin-7-glucoside form seems less bioavailable than the aglycone form [33]. Naringenin
and its glycoside has been discovered, mainly from a variety of vegetables, nuts and fruits, including
grapefruit [34], bergamot [35], sour orange [36], tart cherries [37], tomatoes [38,39], cocoa [40], Greek
oregano [41], water mint [42], drynaria [43], beans [44] and beverages such as coffee, tea, and red wine,
as well as in medical herbs.

3. Naringenin in Neurodegenerative Diseases

3.1. Naringenin and Alzheimer’s Disease

As the most common form of NDs, AD is characterized by gradual memory decline and cognitive
deficits affecting all aspects of person’s ability to do daily activities [2,45,46]. AD is accompanied by
aggregation of amyloid plaques as well as neurofibrillary tangles, which are composed of amyloid-beta
(Aβ) and hyperphosphorylated tau, respectively [47]. Activation of phosphokinase, glycogen synthase
kinase 3β (GSK-3β), participates in the hyper-phosphorylation of tau [48]. Additionally, disrupted
insulin signaling and brain insulin resistance are common in the pathogenesis of AD [49], associated
with the inhibition of phosphatidylinositol-3 kinase (PI3K)/AKT pathway [50].

Currently, there is no effective treatment for AD as a neurodegenerative condition with multiple
pathophysiological mechanisms. Therefore, discovering a multi-target agent is necessary to counteract
AD. In this line, the anti-inflammatory, antioxidant, anti-apoptotic and neuroprotective effects [51] of
naringenin make it a promising option for treating AD. Administration of naringenin interestingly
improved spatial learning and memory in a rat model of AD through regulating the PI3K/AKT/GSK-3β
pathway and reducing Tau hyper-phosphorylation. Additionally, naringenin improved brain insulin
signaling as well as peroxisome proliferator-activated receptor gamma (PPAR-γ) [52]. Activation
of PPAR-γ (belonging to the nuclear receptor superfamily) participates in insulin sensitization and
increases metabolism [53].

An in vitro study in PC12 cells has shown that naringenin plays a vital role in the attenuation
of apoptosis and neurotoxicity in Aβ-stimulated AD. The intracellular mechanisms responsible for
anti-apoptotic activity as well as neuroprotective effects of naringenin is connected with the inhibition
of caspase3, activation of PI3K/AKT, and modulation of GSK-3β signaling pathways [54].

In an Aβ-induced mouse model of AD, oral administration of naringenin resulted in the
amelioration of memory deficit. Furthermore, naringenin effectively rescued the cells from apoptosis
and inhibited lipid peroxidation (LPO) by decreasing hippocampal malondialdehyde (MDA) content.
Besides, no significant effect was observed in behavior tasks in the co-administration of naringenin and
fulvestrant as an estrogen receptor (ER) antagonist vs. naringenin alone. Therefore, neuroprotective
role of naringenin may only be due to its estrogen-like activity and via the ER pathway [55].

Administration of Drynaria rhizome extract in mice alleviated memory impairment and showed
considerable neuroprotective effects. Naringenin, naringenin-7-O-glucuronide, and naringenin-4′-
O-glucuronide were shown to be responsible for the neuroprotective effects of Drynaria rhizome
extract. However, while the three mentioned compounds could cross the BBB, just naringenin and
naringenin-7-O-glucuronide significantly recovered Aβ-stimulated axonal atrophy in cultured cortical
neurons and decreased collapsin response mediator protein-2 (CRMP2) hyperphosphorylation [56].
CRMP2 is a CNS protein that is involved in axonal and neuronal growth. The hyperphosphorylated
CRMP2, which is implicated in neurofibrillary tangles, plays a pivotal role in the pathogenesis
of AD-related disease. The C-terminal tail and H19 helix of CRMP-2 are more susceptible to
phosphorylation by kinase enzymes such as GSK3β and cyclin depended kinase5 (CDK5) [57,58].
Therefore, these regions have been considered as an exciting drug target for AD. According to a
molecular docking study, naringenin-7-O-glucuronide revealed the tighter binding, more affinity, and
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stability vs. naringenin in the active site of C-terminal tail of CRMP-2. Therefore, the presence of
the glucuronyl group may play a key role in the neuroprotective effects of naringenin. Residues of
Thr509, Thr514, Ser518, and Ser522 are phosphorylation sites located in the C-terminal tail of CRMP-2.
Before the binding of naringenin and naringenin-7-O-glucuronide to the C-terminal tail, these residues
have more flexibility, activity, and are more susceptible to phosphorylation. But these effects reversed
after binding of naringenin and naringenin-7-O-glucuronide [59]. On this regard, another molecular
docking study demonstrated that the occupation of CRMP2 by naringenin restricts the access of the
phosphorylated enzyme to the terminal H19 helix especially in Tyr479 residue which is the susceptible
residue for phosphorylation [60].

From another mechanistic point of view, acetylcholinesterase (AChE) has a crucial role in the
regulation of the cholinergic system by hydrolyzing acetylcholine. An increase in AChE activity caused
NDs associated with cholinergic impairment as observed in AD [61]. Methanolic extract of Citrus junos

remarkably ameliorated AChE activity in cellular models. Naringenin is the major phytobioactive
isolated from C. junos extract. Treating with naringenin reversed scopolamine, a muscarinic antagonist,
stimulated amnesia in mice. Besides, a significant increase in spontaneous alteration behavior was
observed in the mice pretreated with naringenin. The authors speculated that AChE inhibitory activity
of the naringenin is responsible for promising effects of memory recovery [62].

In addition to AChE, amyloid precursor protein (APP) cleaving enzyme 1 (BACE1), and
butyrylcholinesterase (BChE) are considered as potential key enzymes in the pathogenesis of AD [63,64].
As Lee et al. reported, naringenin exerted its anti-AD effects through a decrease in the activity of
BACE1, AChE, and BChE in vitro [65].

In this line, Orhan et al., reported that 8-prenyl naringenin, a naringenin derivative, exhibited
inhibitory effect against BChE with IC50 value of 86.58 ± 3.74 μM. According to their docking studies,
8-prenyl naringenin-BChE complex demonstrated a negative binding energy of −8.86 kcal/mol. In case
of 8-prenylnaringenin, residues of BChE, including Ser198, Gly117, and His438 were responsible for
forming hydrogen bonds as well as π-π stacking interaction [66].

Altogether, these findings suggest that naringenin may be considered as a multi-target and
promising neuroprotective compound toward alleviating neurodegeneration observed in AD through
different mechanisms.

3.2. Naringenin and Parkinson’s Disease

PD is a progressive neurodegenerative disorder recognized by the depletion of dopaminergic
neurons in the substantia nigra pars compacta (SNpc), triggering broad loss of dopamine in the striatum.
PD is characterized by activated microglia and intracytoplasmic eosinophilic proteinaceous inclusions
known as Lewy bodies which are made up of alpha-synuclein self-aggregation in substantia nigra (SN)
neurons [67]. Oxidative insults, dopamine depletion, and neuroinflammation play a critical role in the
induction and progression of this type of NDs [68,69]. Due to the potential dopamine enhancing, potent
antioxidant as well as anti-inflammatory effects of naringenin, it could be used as a beneficial agent in
the treatment of PD [70]. Regarding the role of naringenin in PD, Lou and colleagues showed that
administration of naringenin (70 mg/kg bwt, p.o.) in mice protected them against 6-hydroxydopamine
(6-OHDA)-induced nigrostriatal dopaminergic neurodegeneration and oxidative damage through
activation of the nuclear factor E2-related factor 2/antioxidant response element (Nrf2/ARE) and
its downstream target genes including heme oxygenase-1 (HO-1), and glutathione cysteine ligase
regulatory subunit. In addition, naringenin blocked apoptotic pathway through the inhibition of the
phosphorylation of c-Jun N terminal kinase (JNK)/p38 and abrogating caspase 3 [71].

From another point of view, astroglia cells play a supportive role in neuronal survival by producing
different types of neurotrophic growth factors [72]. Recently, Wang et al. demonstrated that naringenin
(50 μM, five days) improved the release of brain-derived neurotrophic factor (BDNF) and glial cell
line-derived neurotrophic factor (GDNF) as astroglial neurotrophic factors from dopaminergic neurons
(in neuron-glia culture) through the up-regulation of Nrf2 [73].
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Another study by Zbarskt et al. investigated the use of naringenin in the amelioration of
unilateral 6-OHDA infusion in adult Sprague–Dawley male rats. Naringenin treatment protected the
tyrosine hydroxylase (TH)-positive cells from damage and increased the level of dopamine and its
metabolites [74].

Genetic alterations in α-synuclein, parkin, leucine-rich repeat kinase 2 (LRRK2), PTEN-induced
putative kinase 1 (PINK1) and DJ-1 have also been correlated with the development of PD. The genetic
modification of related genes leads to the accumulation of toxic substances and oxidative stress-inducing
striatal dopaminergic terminals degeneration and formation of the aggregates containing ubiquitin
and α-synuclein [75]. Angeline et al. investigated the ameliorative effects of naringenin (10 mg/kg/for
10 days) in rotenone-treated rats. Their study showed the ability of naringenin to improve the motor
skills and body weight via the overexpression of protective proteins including parkin, PARK 7 protein
(DJ1), TH and C terminus Hsp70 interacting protein (CHIP) and reduction of the level of caspase and
ubiquitin [76].

Aggregation and deposition of α-synuclein, the incidence of oxidative stress, as well as
neuroinflammation, has been linked to the dopaminergic neurons loss [77]. Naringenin (100 mg/kg
bwt, p.o.) potentially ameliorated 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
dopaminergic degeneration. This effect was attributed to a decrease in α-synuclein, a restoration of the
reduced dopamine and its metabolites, 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic
acid (HVA), a decrease in proinflammatory cytokines (TNFα and IL1β), and an increase in superoxide
dismutase (SOD) [78]. A recent mechanistic in vitro study in human neuroblastoma cells (SH-SY5Y)
showed that naringenin attenuated 1-methyl-4-phenylpyridinium (MPP+)-induced dopaminergic
degeneration via decreasing ROS level, abolishing α-synuclein aggregation, as well as reducing
neuroinflammation by decreasing the level of TNF-α and nuclear factor-κB (NF-κB). Moreover,
naringenin reduced the level of apoptosis-induced by MPP+ through the downregulation of Bax and
overexpressed Bcl-2. Additionally, naringenin pretreatment increased the transporter for dopamine and
the rate-limiting enzyme in dopamine synthesis TH [79]. Besides, naringenin interestingly abrogated
MPTP-induced PD by inhibiting LPO and incrementing of catalase (CAT) and glutathione reductase
(GR) and also improve locomotion efficiency. Additionally, pretreatment with naringenin in C57BL/6J
mice down-expressed inducible nitric oxide synthase (iNOS) and alleviated cytoplasmic vacuolation
and nuclear pigmentation in the mid-brain region [80].

Considering the attained results, naringenin could be a hopeful agent to combat PD through the
modulation of several pathological pathways as well as the activation of protecting processes.

3.3. Naringenin and Neuroinflammation

Neuroinflammation is defined as an extreme dysregulation of the inflammatory response
in the central nervous system (CNS) [81]. Neuroinflammation is mediated by the activation of
microglia cells in CNS [82,83]. Overactivation of microglia mediated-infection or injury caused
by innate immunity and release of various pro-inflammatory cytokines contribute to neuronal cell
damage as well as the progression of NDs [84]. Naringenin targets several inflammatory signals
involved in the neuroinflammation, including mitogen-activated protein kinase (MAPK), suppressor
of cytokine signaling 3 (SOCS-3), NF-κB and signal transducer and activator of transcription-1
(STAT-1) [12,85–87]. As NFκB is known as an essential transcription factor that regulates various
pro-inflammatory gene expression, naringenin induced a significant decrease in the phosphorylation
and nuclear translocation of P65, a subunit of NFκB [87]. In other words, naringenin prevented
the phosphorylation and degradation of IκB-α and decreased the expression of NFκB, confirming
the potential anti-neuroinflammatory activity of naringenin through the suppression of NFκB [88].
From another point of view, naringenin significantly decreased neuroinflammation by reducing the
phosphorylated JNK, extracellular-signal-regulated kinase (ERK1/2) [12], p38MAPK, Akt [12], and
STAT-1 [87], pathways that play a principle role in the pathogenesis of neuroinflammation.
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In the other study, naringenin ameliorated the levels of NO and prostaglandin E2, which
indicated the inhibition of inflammation-associated enzymes, iNOS and cyclooxygenase-2 (COX-2),
respectively [86], in a concentration-dependent manner, thereby decreasing neuroinflammation
triggered by lipopolysaccharide (LPS) in BV-2 microglia cells. Besides, significant upregulation of
the SOCS3 was observed in the cells treated with naringenin compared to small interfering RNA
which was used as downregulated SOCS3 [89,90]. Administration of naringenin significantly increased
the phosphorylation of AMP-activated protein kinase α (AMPKα) and protein kinase C δ (PKCδ) at
Thr172 and Thr505 respectively [91,92]. Besides, in vivo results revealed that naringenin significantly
recovered motor impairment and normalized morphology of activated microglia cells. Taken together,
coordination between SOCS3 and AMPKα/PKCδ is of great importance in the molecular mechanism of
naringenin [85].

As reported by Santa-Cecília et al., naringenin decreased IL-1β and TNF-α, as pro-inflammatory
cytokines, and also reduced the expression of chemokine monocyte chemoattractant protein-1 (MCP-1)
just at the gene transcription level [87].

Hence, naringenin combats against neuroinflammatory mediators and pathways, being a
promising nutraceutical agent for the treatment of inflammatory related disorders.

3.4. Naringenin and Multiple Sclerosis

MS is an inflammatory and autoimmune disease in the CNS, which is characterized by progressive
loss of neuronal myelin and disruption in neuronal function [93,94]. The first stage of MS progression
is a self-reaction of T-cells against myelin antigens, which cause axonal demyelination, subsequently
leading to clinical disability [85]. An imbalance between Th1 and Th2 secretes various pro-inflammatory
and anti-inflammatory cytokines, respectively, accompanied by free radical production, which plays a
critical role in the pathogenesis of MS [95,96].

As a multi-target agent, naringenin ameliorates the clinical manifestation of MS due to its ability to
alleviate inflammatory signaling pathways, to increment antioxidant performance and to regulate the
autoimmune response. Wang et al. revealed that naringenin diminished the infiltration of immune cells
(T-cells, B-cells, neutrophils, macrophages), which is implicated in the CNS demyelination. Naringenin
also downregulated CD4(+) T-cell differentiation Th1, Th9, Th17, as triggers of inflammatory processes,
and reversed regulatory T cell (Treg) depletion, as modulator of inflammatory response, in the mice
immunized with myelin oligodendrocyte glycoprotein (MOG)35–55 peptide. Naringenin blocked
Th1, Th9, Th17 related transcription factors, including T-bet, PU.1, and RORγt, respectively. It also
decreased the level of pro-inflammatory cytokines such as TNF-α and IL-1 [97].

Another mechanistic study by Wang et al. revealed that naringenin remarkably decreased
CD4+ T-cell proliferation vs. CD8+ T-cell. Besides, Th1 cell response (IFNγ production) was more
influenced by naringenin compared to Th2 cell response (IL4 production). Furthermore, naringenin
could abrogate the expression of STAT3, which is the specific upstream signaling transducer RORγt
and also inhibited STAT1 as well as STAT4 which are considered as corresponding signal transducers
t-bet [98]. Besides, naringenin blocked IL-6-stimulated inhibition of Treg. There is also a direct link
between secretion of TGF-β and generation of Treg cells as well as inhibitory effect of Treg cells on
autoimmune responses [99]. TGF-β itself augmented the expression of intracellular protein Smad2/3,
leading to the upregulation of T-reg transcription factor forkhead box P3 (Foxp3) [100]. Contradictory,
slight mitigation of Smad2/3 expression as well as diminished Foxp3 levels were observed in cells
treated with naringenin. Therefore, naringenin can regulate the development of CD4+ T cell lineages
by impacting their respective modulatory signals [101].

Niu et al. explored the immunosuppressive effect of naringenin and its possible mechanisms on
mouse T cells. Treatment with naringenin significantly blocked the proliferation of mouse T cells either
induced by anti-CD3/CD28 or autoantigen MOG35-55. Besides, naringenin significantly decreased
Th1 and Th17 cells-mediated cytokines (IFN-γ and IL-17A respectively) as well as pro-inflammatory
cytokines, including TNF-α, and IL-6. Naringenin not only arrested T cells at G0/G1 phase in a dose
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depending manner but also enhanced the level of P27 which is an inhibitor of CDK [102]. Increasing the
proportion of CDK4/6 is necessary for the phosphorylation and inactivation of retinoblastoma protein,
which is considered as a negative regulator of cell cycle, subsequently leading to promote cell cycling
from G0/G1 to S phase transition. Naringenin suppressed the phosphorylation of retinoblastoma
protein, thereby modulating the immune system in MS [103]. Treatment with naringenin also decreased
the level of IL-2, IL-2R α-chain (CD25) and also inhibited STAT5 phosphorylation in IL-2-restimulated
activated T cells [104].

In addition, the overexpression of adhesive molecules in vascular endothelial of CNS and their
interaction with related ligands on the surface of T cells, permit the T cells to attach the endothelium
cells and to develop experimental autoimmune encephalomyelitis (EAE) [105]. Naringenin effectively
attenuated vascular cell adhesion molecule-1 (VCAM-1) as well as its related ligand VLA4 and also
downregulated CXCL10 [97,106].

From another mechanistic point of view, as the epidermal growth factor receptor ErbB4 plays a
decisive role in the proliferation and survival of oligodendrocytes [107], its upregulation is involved in
the remyelination and development of nerve cells [108]. In this line, the tyrosine kinase domain of ErbB4
and extracellular region of ErbB4 receptor was selected as the target receptor for molecular docking
study. Joshi et al., reported naringenin as a promising candidates for activating ErbB4 receptor [109].

Therefore, the results asserted that naringenin might be a promising agent with a prosperous
future in the treatment of MS, through affecting multiple signaling pathways.

3.5. Naringenin and Cognitive Deficit

Cognitive decline is considered as one of the most important hallmarks of various neurological
diseases. Oxidative stress, inflammation, disturbance in insulin signaling, and mitochondrial
dysfunction play a crucial role in the progression of cognitive deficit and dementia [52,110].

Intracerebroventricular (ICV) injection of streptozocin (STZ) causes the brain glucose depletion, and
the impairment of energy metabolism, accompanied by mitigation of cholinergic neurotransmitter [111],
could be related to diabetes mellitus-associated dementia [112]. Naringenin displays antioxidant,
antihyperglycemic, as well as cholinergic effects, and seems to be a promising agent in the treatment
of diabetes-related memory dysfunction [113,114]. According to Rahigude et al. reports, chronic
administration of naringenin (50 mg/kg bwt/day, p.o.) for 58 days, significantly improved memory
dysfunction, decreased hyperglycemia, mitigated oxidative stress as well as AChE activity in rats
with type-2 diabetes [115]. In another study, naringenin potentially improved learning and memory
dysfunction, as well as cognitive deficits caused by ICV-STZ in rats [116].

In addition, Zaki and colleagues illustrated the role of AChE activity and oxidative stress as two
major causes of dementia [117]. Animals receiving naringenin revealed a decline in 4-hydroxynonenal
(4-HNE), MDA, thiobarbituric acid-reactive substances (TBARS) [118], hydrogen peroxide (H2O2),
protein carbonyls and an increase in glutathione (GSH) [118], glutathione peroxidase (GPx), GR, GST,
SOD, CAT and Na+/K+ ATPase activity as well as upregulation of choline acetyltransferase [119,120].
Hippocampal levels of Nrf2, SOD, CAT, and GSH significantly augmented in a group treated with
naringenin at a dose of 100 mg/kg. In contrast, the hippocampal level of MDA and AChE activity were
diminished [110]. Naringenin also ameliorated the brain level of 5HT [120] and norepinephrine (NE);
however, no effects were observed on the levels of dopamine and GABA content [118]. Therefore, the
neuroprotective effect of naringenin against scopolamine-induced dementia maybe associated with its
auspicious cholinergic and antioxidant activity as well as change in brain neurotransmitter content.

Neuroapoptosis and neuroinflammation play a key role in the induction and progression of
memory and cognitive deficit, as isoflurane (an anesthetic) does [121]. Pre-treatment with naringenin
(100 mg/kg bwt/day, p.o.) significantly attenuated neuroapoptosis and cognitive dysfunction in rats,
through the downregulation of Bad, caspase-3, Bax and up-expression of Bcl-2, Bcl-xL, a decline in
TUNEL and the activation of PI3K/Akt/GSK-3β pathway [122]. Besides, naringenin significantly down
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expressed phosphatase and tensin homolog (PTEN), as a negative modulator of PI3K/Akt/GSK-3β
signaling pathway, in a dose depending manner [123].

To combat against neuroinflammation in cognitive dysfunctions, naringenin decreased the
NF-κB-related inflammatory cascades by decreasing TNF-α, IL-6, IL-1β. Naringenin pretreatment
also prevented cognitive deficit stimulated by isoflurane through the suppression of the NF-κB
signaling pathway [123]. As reported by Khajevand-Khazaei et al., naringenin alleviated LPS-induced
neuroinflammation through the downregulation of iNOS, TNF-α, COX2, NF-κB, and TLR4 [110]. TLR4
is a main upstream signaling protein that exerts a pivotal role in activation of NF-κB and subsequently
upregulation of NF-κB signaling cascade including inflammatory cytokines and/or mediators (TNF-α,
COX2, iNOS) [124]. From another point of view, due to the crucial role of glial fibrillary acidic protein
(GFAP) in neuroinflammation, and presence of a direct link between overexpression of GFAP and
hyperactivity of astrocytes [125], attenuating GFAP is of great importance. The abatement of GFAP by
naringenin represents its alleviation effect on astrogliosis [110].

Recently, Sarubbo and colleagues demonstrated that naringenin (20 mg/kg bwt/day, i.p.)
augmented the age-induced monoaminergic neurotransmitters depletion (noradrenaline, serotonin,
and dopamine), decreased NF-κB levels, and increased tryptophan hydroxylase and SIRT1 (belonging
to the histone deacetylase class III family) levels in the hippocampus. Moreover, SIRT1 contributed to a
decline in inflammatory responses by suppressing NF-κB signaling pathway, thereby improving brain
plasticity and memory [126,127]. It has also been reported that treatment with naringenin (50 mg/kg
bwt/day, i.p.) exhibited a positive effect on cognitive function in young male rats [120].

In other studies, the ability of methyl mercury (MeHg) has been reported in the induction of
severe mitochondrial dysfunction, oxidative insult, and neuronal damage, which ultimately coupled
with memory and cognitive deficit [128–130]. Pretreatment with naringenin reversed MeHg-induced
pyramidal cell damage, mitigated oxidative stress condition (confirmed by a significant increase in GSH,
and GST accompanied with a marked decrease in MDA and protein carbonyl level) and ameliorated
mitochondrial dysfunction (as indicated by preservation activities of mitochondrial complex I–IV and
abrogation of lesions /10kb) [131].

Overall, the findings indicated that naringenin combats oxidative stress, neuroinflammation, and
neuroapoptosis to overcome cognitive dysfunction thereby demonstrating the therapeutic potential.

3.6. Naringenin and Neurotoxicity

Excessive exposure to the neurotoxicant agents including neurotransmitter glutamate, metals
(iron, sodium tungstate, aluminum) as well as, hypoxia participates in brain and spinal injury as well
as widespread neurobehavioral changes [132–135]. Hypobaric hypoxia is involved in neuronal loss
and behavioral dysfunction by inducing excessive formation of ROS. Hypoxia plays a causative role in
triggering apoptotic pathway and upregulation of hypoxia-inducible factor 1α (HIF 1α) and its main
target protein, vascular endothelial growth factor (VEGF) [123]. Enhanced free radicals and depleted
antioxidants levels occur following neurotoxicity and is subsequently linked to the development of
NDs [136]. Due to free radical scavenging and anti-inflammatory properties, naringenin is an attractive
candidate for the management of neurotoxicity. Pre-administration of naringenin attenuated behavioral
impairment in hypoxia exposed mice. Besides, naringenin alleviated hypoxia-induced oxidative
stress and apoptosis by down-expression of HIF1α, VEGF as well as blocking caspase-3 and ubiquitin.
Moreover, naringenin elevated the levels of parkin and chip, as ubiquitin E3 ligases or accumulated
proteins in NDs [137]. In addition, naringenin improved survival of mouse neuroblastoma cells
following carbaryl-induced toxicity, reduced oxidative stress (by mitigating ROS), and suppressed
apoptosis (by inhibiting Bax, caspase-3 and upregulating Bcl-2). It also restored a depletion of
mitochondrial membrane potential induced by carbaryl [138].

Moreover, naringenin exhibited neuroprotective effects against iron-induced neurotoxicity and
anxiety-like behavioral deficit by attenuation of ROS formation, enhancement of endogenous
antioxidant capacity (GSH, CAT, SOD), upregulation of AChE activity and augmentation of
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ectonucleotidase enzymes (such as adenosine triphosphate diphosphohydrolase and 50-nucleotide
enzyme) which are responsible for regulation of extracellular ATP and adenosine concentrations in the
synaptic cleft. Naringenin significantly recovered the decreased level of mitochondrial complex I–V
enzymes activities and mitochondrial membrane potential, thereby reducing neurotoxicity [139].

In another similar study, co-administration of naringenin and iron potentially abolished oxidative
insult markers, including MDA, NO, ROS formation, and protein carbonyls content. Naringenin also
significantly enhanced enzymatic/non-enzymatic antioxidant activities, accompanied by an increase
in AchE as well as Na+/K+ ATPase activity in the cerebral cortex of iron-exposed rats. In addition,
co-treatment of naringenin and iron ameliorated apoptosis damage corroborated by decrease in
DNA fragmentation induced by endogenous endonucleases. Moreover, naringenin ameliorated the
morphological changes (necrotic cells accompanied with pyknotic nucleus and vacuolated spaces)
induced by iron [140].

As reported by Sachdeva and colleagues, co-administration of naringenin and N-acetylcysteine
(NAC) for three months significantly restored biogenic amines (dopamine, 5-HT, and NE) in a rat model
of sodium tungstate-induced neurological alterations. In their study, co-administration of naringenin
and NAC also reduced the oxidative stress through increasing GSH and suppressing TBARS in the
brain [141].

The neuroprotective effects of naringenin against glutamate and related down-stream molecular
mechanisms were examined. Naringenin potentially inhibited excitotoxicity and abolished apoptosis
by reducing caspase 3 and calpain1 (Ca2+-dependent protease), known as caspase-independent
pathway [142,143]. Phosphorylated Akt and ERK were significantly upregulated in primary culture of
mouse hippocampal neurons treated with naringenin, thereby favoring neuronal survival and showing
a vital role in the regulation of apoptosis [144].

From another mechanistic view, brain fatty acid-binding protein 7 (FABP7) plays a critical
role in the remyelination process [145]. Naringenin provided a neuroprotective activity against
oseltamivir-induced neurotoxicity via improvement of neurophysiological factors (increase in total
antioxidant capacity, Ca ATPase, and FABP7) and suppression of oxidative stress through inhibiting
total oxidant capacity, total nitrite oxide, as well as cytochrome P450 activation [146].

It could be concluded that naringenin can be considered as a good alternative to chemical
medicines against neurotoxicants agents.

3.7. Naringenin and Other Neurodegenerative Diseases

Reports have revealed an auspicious role for naringenin to improve other NDs, including ischemic
stroke, brain injury, HD, ALS, and SCI.

Ischemic stroke is defined as an obstruction of arteries in particular middle cerebral artery,
which is responsible for supplying blood to the brain. Immediately after an ischemic stroke
attack, decompensated neuronal death and damage occur [147]. Several factors including oxidative
stress, apoptosis, edema-mediated by ionic imbalance as well as inflammation are implicated in the
pathogenesis of ischemic stroke [148–150]. Naringenin, with neuroprotective properties, is an excellent
therapeutic candidate for ischemic brain injury [151]. Bai et al. revealed that pre-treatment with
naringenin (100 mg/kg), significantly alleviated neurological impairment, decreased the infarct size
and attenuated brain water content in a rat model of permanent middle cerebral artery occlusion
(pMCAO)-induced cerebral ischemia. In their study, naringenin remarkably abolished the expression
of nucleotide-binding oligomerization domain (NOD2), receptor interacting protein-2 (RIP2), NF-κB,
and matrix metallopeptidase 9 (MMP-9). Whereas the expression of claudin-5, protein responsible
for tight junction, was elevated [152]. Belonging to the cytosolic NOD-like receptor family, NOD2
is implicated in cerebral ischemic injury by upregulation of downstream proteins, including RIP2
and NF-κB, which are considered as pivotal contributors to the initiation of the pro-inflammatory
cascade [153].
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A further mechanistic study by Raza et al. demonstrated that naringenin enhanced the depleted
antioxidant markers, SOD and GSH. NF-κB-mediated pro-inflammatory factors including COX-2,
iNOS, IL-1β as well as TNF-α were significantly alleviated in the naringenin pre-supplementation
group [154]. The expression of GFAP and microglia (Iba-1) were noticeably mitigated in naringenin
pre-treated group as compared to MCAO group [155]. There is a close link between enhancing
expression of glial fibrillary acidic protein (GFAP) and cerebral ischemia [154].

In another study, a novel synthesized co-drug combination of naringenin and lipoic acid, named
“VANL-100” was evaluated in both in vitro and in vivo models of oxidative stress. VANL-100 resulted in
a significant neuroprotection against hypoxia (100-fold more potent than naringenin alone). This effect
might be due to a substantial increase in intracellular antioxidant capacity by VANL-100. In an in vivo
model of ischemia-reperfusion injury following transient occlusion of the middle cerebral artery
(tMCAO), pre-administration of either naringenin or conjugated formulation significantly abrogated
infarct size. The potency of the novel formulation was 10,000-fold compared to naringenin alone [156].

Due to the importance of oxidative stress in the occurrence of brain injury, combating oxidative
mediators are very important. Nrf2, which is a prominent modulator of the oxidative stress
system, plays a pivotal role in the preservation of the mitochondrial function through elevated
transcription of ARE-dependent antioxidant genes [157,158]. Mitochondria dysfunction causes deadly
results for neurons due to the strong dependence of neuronal survival and function on produced
energy by mitochondria [159]. Discovering new antioxidant agents that regulate the Nrf2/ARE
pathway may be an innovative strategy for combating oxidative stress-associated disease. Wang et al.
showed that hypoxia/re-oxygenation cells treated with a high dose of naringenin (80 μM) suppressed
oxidative stress by attenuating ROS generation and MDA content, as well as increasing endogenous
enzymatic/non-enzymatic antioxidants such as SOD and GSH activities. Besides, naringenin treatment
effectively upregulated Nrf2 downstream genes including HO-1 as well as NAD(P)H Quinone
dehydrogenase1(NQO1) [160]. These findings revealed that the Nrf2/ARE pathway displayed protective
effects against neuronal dysfunction.

Additionally, naringenin blocked apoptosis by increasing cell viability, accompanying with
downexpression of cleaved caspase-3 protein as well as Bax protein and upregulation of Bcl-2 protein.
Naringenin exerted protective effects against mitochondrial dysfunction, a primary endogenous
ROS-rich source, via increasing the levels of adenylates (AMP, ADP, ATP), adenine nucleotide
transporter (ANT), as a exchanger of ADP/ATP in the mitochondrial membrane, and also improvement
of mitochondrial membrane potential (Δψm) [161].

A mechanistic study by Wang et al. evaluated the neuroprotective effects of naringenin in vitro on
primary cultured rat cortical neurons exposed to oxygen-glucose deprivation/reoxygenation (OGD/R)
and also in vivo in rats subjected to MCAO and reperfusion (MCAO/R) injury. They reported that
naringenin diminished the apoptosis-related protein Bcl2, and apoptosis-related gene including
Kelch-like ECH-associated protein 1, HO-1, and NQO1. It significantly reversed the translocation of
Nrf2 from cytoplasm to nucleus in the primary culture of rat hippocampal neurons exposed to OGD/R.
The overexpression of Nrf2 induced cell proliferation and abrogated apoptosis [162]. Naringenin and the
overexpression of Nrf2 remarkably recovered OGD/R-induced mitochondrial dysfunction by increasing
mitochondrial membrane potential. Besides, MCAO/R rats treated with naringenin demonstrated lower
brain water content and also attenuation of the neurological impairment. Additionally, naringenin
inhibited neuronal apoptosis in vivo by alleviating the number of TUNEL-positive cells [163].

As another neurodegenerative disorder with neuropathy complications, diabetes-mediated
retinopathy is characterized by vascular damage accompanied by neuronal degeneration, which caused
visual dimming and blindness [164]. Overproduction of free radicals has a central role in retinal
cell injury [165]. Naringenin with antioxidant, antidiabetic, and anti-apoptosis effects, is a beneficial
therapeutic option for combating diabetes mediated-retinal neurodegeneration [166]. Naringenin
supplementation decreased the level of TBARS, as a marker of oxidative insult to lipid, protein and DNA
peroxidation [167] and improved GSH level in the STZ-induced diabetic rats. Ameliorated apoptosis
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in the retina of diabetic rats treated with naringenin is suggested to be mediated by suppression of
caspase-3, pro-apoptotic Bax as well as overregulation of anti-apoptotic Bcl-2 protein. Naringenin also
restored the diminished level of BDNF, a class of neurotrophin protein, affected nerve survival and
proliferation following binding with its selective receptor (tropomyosin-related kinase B (TrkB)) [168],
and also amplified synaptophysin which is necessary for releasing neurotransmitter and synaptic
integrity [169]. Downregulation of TrkB exacerbated apoptosis and developed neuronal injury [170].
Based on these results, it can be concluded that naringenin might be a promising candidate for
prevention of diabetic retinopathy.

As other NDs, polyglutamine (polyQ) diseases are defined as an unfolding or a misfolded in
the particular proteins, then leading to the aggregation of abnormal proteins in neuronal cells [171].
The endoplasmic reticulum signaling pathway has a critical role in the induction of polyQ-related
disease [172]. Several studies have reported that an enhanced level of glucose-regulated protein (GRP78),
a chaperon located in the endoplasmic reticulum, causes alteration in apoptosis and polyQ-related
disease, such as HD [173]. HD is characterized by the accumulation of expanded polyQ tract
(consists of >40 repeat of glutamine unit in huntingtin proteins) [174]. Glycyrrhizae radix elevated the
activity of GRP78 promoter in vitro. Naringenin is the main active ingredient present in G. radix and
disrupted the aggregation of enhanced green fluorescent protein with a pathological-length polyQ
tract (EGFP-polyQ97) by overexpression of GRP78 [174,175]. Therefore, naringenin can be effective in
the prevention of neurodegenerative disorders with polyQ expansion.

As a fatal neurodegenerative condition, ALS is characterized by paralysis and death within
three to five years from the day of appearance of symptoms due to the impairment of respiratory
systems [176,177]. The loss of bulbar and limb function is the main feature of ALS. A recent statistics
study showed that around 10% of patients inherited the disease, while 90% of patients have no family
history of ALS [178]. The investigation of the genetic alterations in ALS patients revealed that 20% of
the familial ALS (FALS) is due to the mutations in cytosolic Cu/Zn-SOD leading to the accumulation of
free radicals. The accumulation of free radicals was found to damage the homeostasis of mitochondria,
the transport of axons and dysfunction in glutamate transporter [179]. Considering the critical role of
naringenin in combating oxidative stress and glutamate-induce neurotoxicity, naringenin could be a
promising agent in ALS patients to improve their survival rate.

As another neurodegenerative condition, SCI is a devastating and debilitating condition that
resulted in neurologic deterioration accompanied by sensory-motor deficit [143]. Inflammation,
apoptosis, and oxidative stress contribute to the secondary damage of SCI [180]. Pharmacological
interventions that mitigate the secondary phase process may provide the therapeutic efficacy for
SCI [181]. Shi et al. indicated that the administration of naringenin ameliorated SCI by down-regulating
mir-223, and decreasing tissue myeloperoxidase, as a marker of neutrophil infiltration, as well as
abrogating inflammatory cytokines [182].

Altogether, naringenin has shown a bright future in the treatment of NDs. Figure 3 demonstrates
the molecular mechanisms underlying the neuroprotective effect of naringenin for combating NDs
(Figure 3).
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Figure 3. Neuroprotective mechanisms of naringenin. NAR, naringenin; PPAR-γ, peroxisome
proliferator-activated receptor gamma; CXCL10, C-X-C motif chemokine ligand 10; VLA4, very late
antigen 4; VCAM-1, vascular cell adhesion molecule-1; MCP-1, monocyte chemoattractant protein-1;
Nrf2, nuclear factor E2-related factor 2; HO-1, hemoxygenase-1; SOD, superoxide dismutase; NQO-1,
NAD(P)H quinone dehydrogenase1; PI3K/AKT, phosphoinositide 3-kinase/AKT; GSK3-β, glycogen
synthase kinase3-β; TGF-β, transforming growth factor-β; Foxp3, forkhead box P3; Treg, regulatory
T cell; Th1, T helper1; iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; SOCS-3,
suppressor of cytokine signaling 3; AMPKα, (AMP)-activated protein kinase α; PKCδ, protein kinase
Cδ; JNK, c-Jun N terminal kinase; ERK, extracellular-signal-regulated kinase; MAPK, mitogen-activated
protein kinase; TNF-α, tumor necrosis factor α; INF-γ, interferon γ; IL-1β, interleukin 1β; NF-κB,
nuclear factor-κB; TLR4, toll-like receptor 4; ROS, reactive oxygen species.

4. Nanostructured Formulations of Naringenin for Management of Neurodegenerative Diseases.

Naringenin is a well-known antioxidant and anti-inflammatory flavanone with wide ranges of
beneficial effects in the management of NDs but there are several challenges for the accessibility and
accumulation of naringenin in the brain. Poor ability of naringenin to cross biological membranes, its
poor water solubility, and high first-pass effect, as well as related gastrointestinal degradation, cause
low bioavailability and limit its clinical applications [183].

One of the promising ways to overcome these challenges is to involve nanostructured
formulations of naringenin. Several nanoformulations have been developed for naringenin to
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increase its bioavailability, solubility, and decrease drug degradation. The most investigated
nanoformulations are based on biodegradable and biocompatible polymers that encapsulate
naringenin in nanostructures including solid lipid nanoparticles, nanocapsules, nanomicelles,
nanoliposomes, and nanoemulsions [14]. Md et al. investigated the potential neuroprotective
effect of naringenin-based nanoemulsion against Aβ-induced AD. SHSY5Y cells pretreated with
either naringenin or nanoemulsions showed attenuated phosphorylation of tau, decreased β

amyloid-stimulated ROS production and abolished BACE [184]. BACE is an enzyme that breaks
the APP and ultimately leads to aggregation of Aβ and induction of amyloidogenic pathway [185].
While pretreatment with naringenin was not able to hinder the production of Aβ, pretreatment
with naringenin-nanoemulsion alleviated the level of tau [184], highlighting the importance of using
nanoformulations in drug delivery systems.

To achieve an efficient management of PD in animal models, intranasal delivery of vitamin
E-loaded naringenin nanoemulsion was successfully used. Intranasal administration of nanoemulsion
of naringenin accompanied by levodopa played an essential role in the amelioration of behavioral
parameters, increment of GSH and SOD, as well as decrement of MDA level in 6-OHDA-induced PD
in rats. Synergism between the antioxidant effects of naringenin and vitamin E, lipophilicity, nanoscale
size of nanoemulsion as well as intranasal administration of nanoemulsion which provided high
concentration of naringenin in brain through olfactory pathway caused better efficacy of nanoemulsion
compared to naringenin alone [186].

In another study, treatment of human mesenchymal stem cells with naringenin encapsulated into
gelatin-coated polycaprolactone nanoparticle conferred neuroprotective effects on OGD-stimulated
ischemic stroke [187]. The nanoformulation showed a sustained release manner and contributed
to blood-brain barrier integrity as well as cellular morphology improvement. The nanoparticles
significantly abrogated NF-κB activation as a trigger of inflammatory cascade. Besides, remarkable
decrease in pro-inflammatory factors such as TNF-α, IFN-γ, and IL-1β along with a reduction in
inducible enzymes, including COX2 and iNOS was observed in cells treated with the nanoparticle
vs. OGD group [188]. Thus, the nano-formulation may be a suitable candidate to be evaluated in an
animal model of ischemic stroke.

Overall, several findings suggested that nanostructured formulations of naringenin were able
to overcome limitations affecting the beneficial effect of naringenin in NDs. All of the current data
focused on the safety and efficacy of naringenin loaded nanoparticles in vitro and/or in vivo models of
NDs. Future preclinical and clinical trials for mentioned nanostructured formulations of naringenin
should be carried out to corroborate the therapeutic effect and promote health in the patients with NDs.

5. Conclusions

In spite of exhaustive research, no effective treatment has been investigated for NDs. The complex
pathophysiological mechanisms of neurodegeneration, along with the lack of safe and efficient
therapies for NDs, raise the need to find novel multi-target treatments. Nowadays, with a priority
in research, natural products, as well as their active compounds, have attained special attention in
the treatment of NDs. Among natural products, naringenin is a multi-target flavonoid, possessing
promising neuroprotective effects, through targeting multiple therapeutic targets and signaling
pathways (Table 1). Although, numerous in vitro and in vivo studies have elucidated the ability of
naringenin to alleviate several types of NDs, the lack of clinical trials regarding therapeutic potential
of naringenin is a critical limitation. There exists a dire need to conduct well-designed clinical trials
in patients with NDs. On the other hand, the poor bioavailability and slight brain accessibility of
naringenin, has resulted in a lack of efficacy in clinical trials. To solve these drawbacks, nanostructured
formulations of naringenin have also been developed, and naringenin based nanoparticles exhibited
biocompatibility and biodegradability characteristics as well as high bioactivity. Further studies and
engineered methods are necessary to provide surface modification of nanoformulations of naringenin
to optimize drug delivery to CNS.
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A further area of research on the safety and efficacy of naringenin and its nanoformolations in
human, as well as related novel pathological signaling pathways of NDs in the human, will show new
avenues in the prevention, management, and treatment of several diseases.
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Abbreviations

iNOS inducible nitric oxide synthase
COX-2 cyclooxygenase
SOCS-3 suppressor of cytokine signaling 3
AMPKα (AMP)-activated protein kinase α

PKC protein kinase C
JNK c-Jun N terminal kinase
ERK extracellular-signal-regulated kinase
MAPK mitogen-activated protein kinase
TNF- α tumor necrosis factor α
INF-γ interferon γ

IL-1β interleukin 1β
MCP-1 monocyte chemoattractant protein-1
STAT-1 signal transducer and activator of transcription-1
PI3K/Akt phosphatidylinositol-3 kinase/Akt
ER estrogen receptor
ROS reactive oxygen species
MDA malondialdehyde
BACE β-Site amyloid precursor protein (APP) cleaving enzyme
APP amyloid precursor protein
GSK-3β glycogen synthase kinase 3β
PPAR-γ peroxisome proliferator-activated receptor gamma
AchE acetylcholinesterase
RIP2 receptor interacting protein-2
NF-κB nuclear factor-κB
MMP-9 matrix metallopeptidase 9
SOD superoxide dismutase
GSH glutathione
Nrf-2/ARE nuclear factor E2-related factor 2/ antioxidant response element
HO-1 hemoxygenase-1
NQO-1 NAD(P)H quinone dehydrogenase1
TBARS thiobarbituric acid-reactive substances
BDNF brain-derived neurotrophic factor
TrkB tropomyosin-related kinase B
GRP78 glucose-regulated protein
Foxp3 forkhead box P3
DOPAC dihydroxyphenylacetic acid
HVA homovanillic acid
TH tyrosine hydroxylase
CHIP C terminus Hsp70 interacting protein
LPO lipid peroxidation
GDNF glial cell line-derived neurotrophic factor
HIF1a hypoxia inducible factor1a
VEGF vascular endothelial growth factor
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5-HT 5-hydroxytryptamine
GFAP glial fibrillary acidic protein
6-OHDA 6-hydroxydopamine
ICV-STZ intracerebroventricular-streptozotocine
AD Alzheimer’s disease
PD Parkinson’s disease
LPS lipopolysaccharide
MeHg methyl mercury
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPP+ 1-methyl-4-phenylpyridinium
pMCAO permanent middle cerebral artery occlusion
tMCAO transient middle cerebral artery occlusion
EAE experimental autoimmune encephalomyelitis
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Abstract: Approximately 400 Garcinia species are distributed around the world. Previous studies
have reported the extracts from bark, seed, fruits, peels, leaves, and stems of Garcinia mangostana, G.

xanthochymus, and G. cambogia that were used to treat adipogenesis, inflammation, obesity, cancer,
cardiovascular diseases, and diabetes. Moreover, the hypoglycemic effects and underlined actions
of different species such as G. kola, G. pedunculata, and G. prainiana have been elucidated. However,
the anti-hyperglycemia of G. linii remains to be verified in this aspect. In this article, the published
literature was collected and reviewed based on the medicinal characteristics of the species Garcinia,
particularly in diabetic care to deliberate the known constituents from Garcinia and further focus on
and isolate new compounds of G. linii (Taiwan distinctive species) on various hypoglycemic targets
including α-amylase, α-glucosidase, 5′-adenosine monophosphate-activated protein kinase (AMPK),
insulin receptor kinase, peroxisome proliferator-activated receptor gamma (PPARγ), and dipeptidyl
peptidase-4 (DPP-4) via the molecular docking approach with Gold program to explore the potential
candidates for anti-diabetic treatments. Accordingly, benzopyrans and triterpenes are postulated to
be the active components in G. linii for mediating blood glucose. To further validate the potency of
those active components, in vitro enzymatic and cellular function assays with in vivo animal efficacy
experiments need to be performed in the near future.

Keywords: Garcinia linii; hypoglycemia; benzopyran; triterpene; bioflavonoid; phenolic; in silico

1. Introduction

1.1. Impact of Diabetes

Diabetes mellitus (DM) is a global health issue due to its high risk factors, e.g., obesity, physical
inactivity, ageing, bad eating habits, genetic predisposition, hypertension, and hyperlipidemia [1].
It is worth noting that DM is a metabolic disease and more than 400 million people suffered from
diabetes in 2014 [2]. Interestingly, the adult diabetic population of 2014 has risen from 4.7% to 8.5%
worldwide in contrast to the population in 1980 [2]; the morbidity and mortality were 4.95% and 4.00%,
respectively [3]. In the future, the diabetic population will increase to 642 million by around 2045 and
this population will continue to grow [3].
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1.2. Therapy Agent of Diabetes

Nowadays, many clinical medicines such as α-glucosidase and α-amylase inhibitors such as
Acarbose are applied to delay the metabolism of carbohydrates and control post-meal blood glucose
for diabetes patients [4]. Metformin and 5-Amino-4-Imidazolecarboxamide Riboside (AICAR) are
activators that increase the glucose absorption of skeletal muscles and inhibit gluconeogenesis of
the liver [5,6]. The major anti-diabetes functions of Sitagliptin increase concentrations of incretin.
Incretin can further potentiate the pancreas to produce insulin and inhibit the production of glucagon
to decrease blood glucose levels [7]. Rosiglitazone can reduce the resistance of insulin absorption in
liver cells, skeletal muscle cells, and fatty tissues [8]. Additionally, GW-9662 is an agonist that promotes
peroxisome proliferator-activated receptors gamma (PPARγ) expression, which could stimulate fat
metabolism, and trigger insulin pathways to regulate blood glucose and has anti-inflammatory
properties [9].

1.3. Distribution of Garcinia Plants and Recent Discovery of Anti-Diabetic Agents with Garcinia Plants

Approximately 400 Garcinia species are distributed around the world including Bangladesh,
China, India, Indonesia, Taiwan, Thailand, tropical Asia, Southern Africa, and Western Polynesia.
Usually, the Garcinia plants are shrubs or trees. Most of their edible fruits are used in agricultural
societies or the fruits and seeds are used to produce oils and dyes, and to treat various diseases, e.g.,
abdominal pain, food allergies, arthritis, diarrhea, dysentery, and wound infections as past research
has shown [10–16]. Most of the trunks from the Garcinia plants such as Garcinia subelliptica have been
used as building materials to prevent destruction by typhoons in ancient Japan, which is in contrast to
why G. subelliptica were planted as alley trees, in gardens, and as decorative plants [17,18]. Moreover,
East South Asian peoples usually eat the fruit of G. mangostana, G. xanthochymus, and G. cambogia

for calories or nutrition and use the extracts of G. xanthochymus and G. cambogia in curry powder to
increase the sour flavor in India. Interestingly, the extract of G. cambogia is also used as an antiseptic for
preserving food freshness [18,19].

The accumulated literature showed that metabolic syndromes gradually became public health
problems such as obesity, hyperglycemia, hyperlipidemia, and hypertension and lead to cardiovascular
diseases (i.e., atherosclerosis, stroke, or peripheral artery disease) or diabetes [20]. Hereafter, the
medicinal plants or herbs have important characteristics that resist the threat of these diseases because
the adverse side effects of natural compounds isolated from medicinal plants are reduced and often
less severe than those from clinical drugs [21]. Interestingly, previous studies have reported that the
extracts from the bark, seeds, fruits, peels, leaves, and stems of G. mangostana, G. xanthochymus, and G.

cambogia are used to treat adipogenesis, inflammation, obesity, cancer, cardiovascular disease, and
diabetes. Furthermore, these extracts could also trigger the myotubes and skeletal cells to absorb
glucose and to balance blood glucose levels [20,22–26]. Remarkably, numerous studies have indicated
that the Garcinia species, e.g., G. cambogia [10], G. xanthochymus [11], G. kola [12], G. mangostana [13,14],
G. pedunculata [15], and G. prainiana [16] contain plenty of biflavonoids and phenolic compounds.
These compounds have been found to inhibit the enzymatic activity of α-amylase and α-glucosidase
for propagating an anti-diabetic effect [27]. Concurrently, the variability of biological actions includes
anti-diabetic agents that are dependent on the constituents of plants that grow locality, differently
used parts (root, leaves, flowers), or seasonal harvests that exhibit various compositions or ratios
for each component, metabolite, or derivative including different delivery systems such as powers,
pills, or teas, among others. Generally, batch to batch control or a standard operating system via
index chemicals or fingerprints is crucial for the evaluation of the efficacy of crude extracts, the
yields in isolation, and the purification of active ingredients. In this article, the published articles
were collected and reviewed. We have addressed the isolated compounds for all Garcinia species
by molecular structure and briefly described their targeted biomolecules for anti-diabetic function
according to chemical category via PubChem such as benzophenone (one compound isolated from
G. mangostana), biflavonoids (one compound isolated from G. mangostana and seven compounds
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isolated from G. kola), xanthones (forty-four compounds isolated from G. mangostana, thirty-two
compounds isolated from G. xanthochymus, and nine compounds isolated from G. hanburyi), and
procyanidin (one compound isolated from G. mangostana). The medicinal characteristics of the Garcinia
species for the care of DM (Table 1) are listed to deliberate on the potential constituents of certain
Garcinia species. Interestingly, G. linii is one endemic evergreen tree only distributed in outlying
islands—Langyu land and Green island of Taiwan. To the best of our knowledge, active constituents
including 15 xanthones, 6 biphenyls, 2 benzopyran, and 13 known compounds isolated from the root
of G. linii have been reported with anti-tubercular activity and cytotoxicity [28,29]. However, the
medicinal values of G. linii extract as an anti-diabetic agent remain to be explored. Moreover, this
review article simultaneously offers insights into dissecting the molecular mechanism of isolated
compounds such as the three new xanthones (linixanthones A–C), five new biphenyls (garcibiphenyls
A–E), and two new benzopyran (garcibenzopyran and (S)-3-hydroxygarcibenzopyran) of the G. linii

root from Taiwan [28,29], combined with the nine known xanthones (10-O-Methylmacluraxanthone;
1,5-Dihydroxyxanthone; 1,6-Dihydroxy-3,5,7-trimethoxyxanthone; 1,6-Dihydroxy-5-methoxyxanthone;
1,6-dihydroxy-5,7-dimethoxyxanthone; 1,6-Dihydroxy-7-methoxyxanthone; 1,7-Dihydroxyxanthone;
1,7-Dihydroxy-3-methoxyxanthone; 5-Hydroxy-1-methoxyxanthone) from the Garcinia
family on various hypoglycemic targets including α-amylase, α-glucosidase, 5′-adenosine
monophosphate-activated protein kinase (AMPK), insulin receptor kinase (IRK), PPARγ, and
dipeptidyl peptidase-4 (DPP4) via the molecular docking approach with Gold program (Cambridge
Crystallographic Data Centre, Cambridge, UK).

1.4. α-Amylase and α-Glucosidase

To regulate the postprandial blood glucose level, diabetic patients took carbohydrate hydrolase
inhibitors such as α-glucosidase and α-amylase to avoid hyperglycemia. α-amylase and α-glucosidase
are the key enzymes to hydrolyze carbohydrates and help glucose ingestion [30]. Therefore, diabetic
patients have to control their blood glucose by using clinical drugs such as Precose® (Acarbose)
and Glyset® (Miglitol) [4] or other anti-diabetic natural compounds [27] to prolong hydrolysis of
carbohydrates against hyperglycemia. In cumulative studies, a few crude extracts from the Garcinia
species, e.g., G. cambogia, G. xanthochymus, G. kola, and G. mangostana [10–14], containing biflavonoids,
polyphenols, and xanthones, also inhibit the enzyme activity ofα-amylase andα-glucosidase. Therefore,
the extracts are able to help diabetic patients to control their blood glucose levels by the inhibition of
carbohydrate hydrolysis. Our docking results (Figure 1) showed that benzopyrans and triterpenes
had a higher binding affinity with α-amylase and α-glucosidase than with biflavonoid and phenolic
compounds. Additionally, α-tocopherolquinone (a kind of benzopyrans) and squalene (a kind of
triterpenes) had a high binding affinity with α-amylase and α-glucosidase to prolong carbohydrate
hydrolyzation, reduce the absorption of glucose and mediate the blood glucose level.
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1.5. 5′-Adenosine Monophosphate-Activated Protein Kinase (AMPK)

The 5′-adenosine monophosphate-activated protein kinase (AMPK) is composed of α subunits,
regulatory β subunits, and r subunits and is a sensor of cellular energy level. Cellular energy levels
were changed by the ratio of AMP:ATP and ADP:ATP that influenced cellular growth and survival [31].
Previous research indicated that AMPK was activated and the rate of ATP-generating processes
would increase while the rate of ATP-consuming processes decreased [32]. This mechanism has
revealed that AMPK could restore energy homeostasis through an anabolic pathway to consume
ATP or catabolic pathways for ATP production [33]. Hence, some clinical/reference drugs such as
Metformin and Phenformin could assist peripheral tissues or skeletal muscles to uptake or utilize
glucose and even increase insulin sensitivity [5,34]. To avoid adverse effects (diarrhea, nausea,
ketonemia, etc.) from clinical drugs such as Metformin and Phenformin [5,35], some natural
products such as curcumin [36], rutin, quercetin [37], and catechin [38] were applied to battle or
ameliorate diabetes. Notably, G. xanthochymus in South East Asia, Africa, Australia, Thailand, and
China [39] showed that it was folk medicine used for treating several diseases including diabetes.
In previous studies, there were three major compounds identified: 12b-hydroxy-des-d-garcigerrin,
1,2,5,6-tretrahydroxy-4-(1,1-dimethyl-2-propenyl)-7-(3-methyl-2-butenyl) xanthone, and
1,5,6-trihydroxy-7,8-di(3-methyl-2-butenyl)-6′,6′-dimethylpyrano (2′,3′:3,4) xanthone that were
isolated in the extract of G. xanthochymus. These compounds had a significant effect on the promotion
of glucose uptake in skeletal cells when compared with Metformin [25]. Our docking results showed
that α-tocopherolquinone, 6β-Hydroxystigmast-4-en-3-one, 1,6-dihydroxy-5,7-dimethoxyxanthone,
1,5-Dihydroxyxanthone, 1,5-Dihydroxy-3-methoxyxanthone, and Squalene were isolated from G. linii

(Figure 1) and had a higher binding affinity with AMPK α1 than Metformin. Interestingly, there is
a significant effect that increases glucose uptake in skeletal cells when compared with Metformin.
Alternatively, G. linii alone or in combination with Metformin can be more prospective to alleviate
side-effects or elevate applicable time (e.g., cumulative effect) by reducing Metformin dosage for
clinical use.

1.6. Peroxisome Proliferator-Activated Receptor Gamma (PPARγ)

The peroxisome proliferator-activated receptor (PPAR) is a nuclear receptor superfamily and
has three isotypes α, δ, and γ that can regulate lipid metabolism, inflammation, and insulin
sensitivity as well as insulin production and secretion for treating diabetes [40–42]. PPARγ
could mediate lipid mobilization, glucose metabolism, inflammatory response, and adipokines
production and secretion [41,43]. Henceforth, cumulative studies emerged and showed PPARγ
ligands that could promote triglyceride storage in fat that was implicated in insulin resistance
and control adipocyte-secreted hormones [41]. In clinical treatments, Rosiglitazone is an agonist
of PPARγ that could ameliorate the memory of Alzheimer patients and even increase insulin
sensitivity for diabetes [44]. In traditional therapy, thiazolidinedione (TZD) was usually used
to treat diabetes patients but TZD promotes triglyceride storage that causes adverse effects such as
headache, muscle soreness, obesity, edema, etc. [45]. Previously, the extract of G. cambogia contained
(−)-hydroxycitric acid (HCA), which was found to be an active ingredient used to treat obesity and
obesity-related diseases, e.g., diabetes, atherosclerosis, etc. [46]. The results (Figure 1) showed that
α-tocopherolquinone, 6β-Hydroxystigmast-4-en-3-one, 1,6-Dihydroxy-3,5-dimethoxyxanthen-9-one,
and 1,6-Dihydroxy-5-methoxyxanthone stimulated insulin sensitivity, and in virtual screening via
the binding affinity of GW9662 (reference drug), which is lower than those of compounds isolated
from G. linii.

1.7. Dipeptidyl-Peptidase 4 (DPP-4) and Glucagon-Like Peptide 1 (GLP-1)

The dipeptidyl peptidase-4 (DPP-4) could hydrolyze glucagon-like peptide 1 (GLP-1) or gastric
inhibitory polypeptide (GIP) and lead to negative effects on the concentration of incretins (GLP-1 and
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GIP), insulin secretion, and glucose tolerance due to DPP4 gene expression [47]. Consequently, some
diabetes patients may take a DPP4 inhibitor such as Sitagliptin to increase insulin secretion for diabetes
therapy and ameliorate the therapeutic effect of GLP-1 [48,49]. The GLP-1 was treated with DPP4
inhibitors against diabetes from 2005 to 2007 and still had adverse effects such as rhinopharyngitis
and upper respiratory tract infections [50]. Therefore, some cumulative studies indicated that natural
compounds, e.g., rutin, curcumin, antroquinonol, quercetin, and 16-hydroxy-cleroda-3, 13-dien-15,
16-olide (HCD), could inhibit DPP4 activity, such as the inhibitory efficacy of curcumin and quercetin,
better than Sitagliptin [36,37,51]. A previous report showed that the extract of the G. cambogia fruit,
which contains hydroxycitric acid (HCA), could decrease the serum insulin levels and prolong intestinal
tracts to absorb glucose as well as to potentially change incretins (GLP-1, GIP) secretions [10,52].
Taken altogether, the extract of G. cambogia could regulate blood glucose levels, treat metabolic
syndromes, and lead to weight loss. To increase insulin sensitivity, our docking results showed that
benzopyrans, triterpenes, stigmastane, and biflavonoids were found to act as insulin receptor agonists
and promoted glucose uptake in skeletal cells from blood. Hereafter, incretins are degraded by DPP4
and lead to pancreatic β cells to decrease secretions of insulin (Figure 1). Of note, the reference drug,
Sitagliptin, plays a major role in inhibiting the activation of DPP4. Obviously, our data indicated that
α-tocopherolquinone and squalene had stronger binding affinity with DPP4 as an inhibitor than with
Sitagliptin to prevent incretin (GLP-1) degraded by DPP4.

1.8. Insulin Receptor Kinase (IRK)

α-subunits of insulin receptors receive signal insulin, which triggers tyrosine kinase of β-subunits
(Insulin receptor kinase, IRK) to form intracellular auto-phosphorylation at Tyr1158, Tyr1162, and
Tyr1163 [53]. Once the insulin receptors are activated, they promote PI3K to phosphorylate PIP2;
and, further, PIP3 leads the PDK1/2 activation. When AKT was phosphorylated by receiving the
signal, the downstream AS160 would prompt glucose transporter 4 (GLUT4) translocation and uptake
glucose into the cells [54]. Previously, some natural compounds have been demonstrated such as
(+)-antroquinonol isolated from Antrodia cinnamomea [55], rutin (a kind of flavonoid) isolated from
Toona sinensis Roem [53], and the phenolics isolated from coffee silverskins and husks [56] that result in
lowered glucose levels. All of these compounds could enhance the activation of IRK to promote the
skeletal tissues to absorb glucose and, consequently, ameliorate insulin resistance by reducing blood
glucose levels in the diabetic patients. Therefore, in this study, we collated research from the literature
by the application of the Garcinia species for various anti-diabetes treatments. Previous literature
revealed that G. xanthochymus, G. kola, G. mangostana, G. pedunculata, and G. prainiana contained natural
compounds, e.g., biflavonoids, xanthone, HCA, and depsidone, which could augment IRK activity and
regulate the blood glucose levels for diabetic patients [10,15,16,25,57]. Accordingly, our docking data
revealed that only α-tocopherolquinone had a higher binding affinity with IRK than a reference drug
(Chaetochromin), suggesting that α-tocopherolquinone acts as an anti-hyperglycemic compound to
heighten IRK activity (Figure 1).
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Table 1. Summary of the Garcinia species on specific targets of anti-diabetes with basic findings.

Species. Molecular Targets Basic Findings

G. cambogia
α-Glucosidase,
PPARγ, DPP4

Small intestinal exposure to HCA resulted in a modest reduction in
glycemia of healthy individuals [20]. Mixture (GE containing HCA as an
active ingredient, PE, anti-adipogenic activity) reduced the expression of

adipogenesis-related factors C/EBP-α, PPARγ, and FAS [46]. Insulin
resistance did not develop in HCA-SX-supplemented rats via lowered

fasting plasma insulin and glucose [58,59].

G. xanthochymus
α-Amylase,

α-Glucosidase, AMPK,
IRK

Activated PI3K/PKB/Akt signaling pathway and AMPK signaling
pathway, resulting in the translocation of GLUT4 in L6 myotubes
without affecting the expression of GLUT4 [18]. Identification of

α-amylase inhibitor from G. xanthochymus [21].

G. kola α-Amylase, IRK KV offered significant anti-diabetic relief via reduction of FBG,
α-amylase and HbA1c [22].

G. mangostana α-Amylase, IRK
MVR from G. mangostana fruit pericarp had an α-amylase inhibitor and
enhanced insulin sensitivity [23,24] GME significantly reduced the blood
glucose level in normoglycemic rats and STZ-induced diabetic rats [57].

G. pedunculata IRK Elevated insulin levels of rats [25].
G. prainiana IRK Increased insulin sensitivity of 3T3-L1 adipocytes [26].

G. cambogia extract (GE); (−)-hydroxycitric acid (HCA); Pear pomace extract (PE), CCAAT-enhancer binding protein
alpha (C/EBP-α); Peroxisome proliferator-activated receptor gamma (PPARγ); fatty acid synthase (FAS); insulin
receptor kinase (IRK); phosphatidylinositol-3 kinase (PI3K)/the serine/threonine kinase protein kinase B (PKB/Akt);
AMP-activated protein kinase (AMPK); fasting blood glucose (FBG); kolaviron (KV); mangosteen vinegar rind
(MVR); Super CitriMax hydroxycitric acid (HCA-SX), a novel calcium/potassium salt; G. mangostana pericarp
ethanolic extract (GME); glycated hemoglobin (HbA1c); Streptozotocin (STZ).

2. Conclusions and Future Remarks

In ancient societies, the Garcinia species were used as a daily supply, e.g., building material, food
additives, fruit juice, jam, and dye. However, natural compounds that are isolated from the bark, seeds,
fruits, peels, leaves, and stems of some Garcinia species such as G. kola, G. pedunculata, G. prainiana, G.

mangostana, G. xanthochymus, and G. cambogia have been reported to have a variety of medicinal values.
These compounds are applied to treat adipogenesis, inflammation, obesity, cancer, cardiovascular
diseases, and diabetes. Predominantly, the isolated natural compounds of G. linii in this study are
employed to do molecule docking with α-amylase, α-glucosidase, AMPK, IRK, PPARγ, and DPP4,
respectively. Of note, our docking data revealed that the ChemPLP scores for Benzopyrans, Flavonols,
Polyphenol, Stigmastane, and Triterpenes isolated from G. linii had a higher AMPK affinity when
compared with Metformin; and, alternatively, Garcinia linii alone or in combination with Metformin
can have a greater potential to alleviate side-effects or elevate applicable time (e.g., cumulative effect)
by reducing Metformin dosage. These results demonstrated that benzopyrans and triterpenes had
a stronger binding affinity with anti-diabetic target molecules as a template than reference drugs,
e.g., Acarbose with α-Amylase and α-Glucosidase, Metformin with AMPK, Sitagliptin with DPP4,
Chaetochromin with IRK, and GW9662 with PPARγ. According to this evidence, benzopyrans and
triterpenes are suggested to be the active components in G. linii for mediating blood glucose. To further
validate the potency of these active components, compounds purified and subsequently the enzyme
activity test, an in vitro cellular function assay and an in vivo animal efficacy experiment need to be
conducted to investigate their potential role in anti-diabetes and anti-hyperglycemia in the future.
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Abstract: Flos Chrysanthemi indici, an important medicinal and aromatic plant in China, is considered
to have many different preservative and pharmacological properties. Considering the capability of
essential oils (EOs), the present study is conducted to compare different extraction methods in order to
improve yield and biological activities. Hydro-distillation (HD), steam-distillation (SD), solvent-free
microwave extraction (SFME), and supercritical fluid extraction (SFE) are employed to prepare EOs
from Flos Chrysanthemi indici. A total of 71 compounds are assigned by gas chromatography/mass
spectrometry (GC–MS) in comparison with retention indices. These include 32 (HD), 16 (SD),
31 (SFME) and 38 (SFE) compounds. Major constituents of EOs differ according to the extraction
methods were heptenol, tricosane, camphor, borneol, and eucalyptol. EOs extracted by SFME
exhibit higher antioxidant activity. All EOs show varying degrees of antimicrobial activity, with
minimum inhibitory concentration (MIC) ranging from 0.0625 to 0.125 mg/mL and SFME and SFE
prove to be efficient extraction methods. EOs alter the hyphal morphology of Alternaria alternata, with
visible bumps forming on the mycelium. Overall, these results indicate that the extraction method
can significantly influence the composition and biological activity of EOs and SFME and SFE are
outstanding methods to extract EOs with high yield and antimicrobial activity.

Keywords: Flos Chrysanthemi indici; essential oil; extraction method; chemical composition;
biological activity

1. Introduction

Flos Chrysanthemi indici derived from Chrysanthemum indicum L. is listed in the Chinese
Pharmacopoeia (2005) for medical use and distributed across most parts of China. Studies show that
Flos Chrysanthemi indici has anti-inflammatory and antibacterial activities and is effective in neutralizing
infectious diseases [1,2]. Cineole, borneol, and bornyl acetate are the principal constituents of essential
oils (EOs) contributing to their medicinal properties [3].

EOs can be obtained from different plants by many methods including hydro-distillation (HD),
steam-distillation SD, solvent-free microwave extraction SFME, and supercritical fluid extraction
SFE [4–6]. Previous studies showed that extraction methods could affect the composition of EOs and
further result in different bioactivities [7]. Currently, HD is the principal approach for the extraction
of essential oil from Flos Chrysanthemi indici. This approach suffers some disadvantages such as
time-consumption, the requirement of extensive energy consumption, and low efficiency. However,
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SFME and SFE have emerged as efficient alternative methods among the others for essential oil
separation from plant materials [8,9].

Diseases that are caused by microorganisms lead to large postharvest losses. Fruits and vegetables
can be attacked by microorganisms during the production and postharvest stages, leading to significant
economic losses for the food industry [10]. In the case of rice, fruits, and vegetables, the most common
diseases were caused by Xanthomonas oryzae pv. oryzae, Ralstonia solanacearum, Pseudomonas syringae

pv. lachrymans, Acidovorax citrulli, Rhizoctonia solani, and Erwinia carotovora [11,12]. Chemical agents
are typically used to inhibit the growth of contaminating microorganisms. However, due to growing
concerns over the safety of foods containing chemical additives, natural antibacterial products for
fruit and vegetable preservation are attracting increasing attention. EOs are naturally synthesized in
aromatic plants as secondary metabolites [13] and exhibit potent suppressive activity against bacteria,
molds, and yeasts, and have therefore been used in food preservation and natural remedies [14–16].
EOs have the added advantages of being volatile, eco-friendly, and biodegradable [17,18], which makes
them acceptable to consumers [19].

To the best of our knowledge, application of SFME and SFE to obtain essential oil from
Flos Chrysanthemi indici has not been previously reported. There is also no reported research to compare
the chemical composition and biological activities, including the antimicrobial and antioxidant
properties of essential oils, obtained from different extraction methods. To address these issues,
the present study investigates the yield, chemical composition, and biological activities of EOs
extracted from Flos Chrysanthemi indici by four different methods, including HD, SD, SFME and SFE,
analyzed by gas chromatography/mass spectrometry (GC–MS). In order to identify the most effective
extraction method in terms of their activities, we investigated by 2,2-diphenyl-1-picryl-hydrazyl-hydrate
(DPPH), 2,2’-Azinobis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) assays for antioxidant activities
and minimum inhibition concentration for antimicrobial activities. Moreover, the results of the present
study might be of help to finding high quality essential oil with antioxidant and antimicrobial activities.

2. Materials and Methods

2.1. Plant Material and Chemicals

Flos Chrysanthemi indici were identified by Prof. Chengsheng Zhang [20] at the sampling sites.
Fresh flowers were collected from coastal shoals in Shandong province of China in October 2017.
The materials were dried at room temperature and mechanically grounded in a laboratory mill to a
homogenous powder and then sieved through a 0.45 mm sifter. All chemicals and solvents used in this
study were of analytical grade.

2.2. Extraction Method

2.2.1. Hydro-Distillation (HD)

Flos Chrysanthemi indici powder was weighted (100 g) and placed in a round bottom flask with
1000 mL distilled water as extraction solvent; the material-water mixture was refluxed for about
240 min (until no more extracts was obtained), during which the extract was collected in the side arm
of the Clevenger-type apparatus. The product was dried with anhydrous sodium sulfate and stored at
4 ◦C until analysis. The process was performed three times. Yield percentage was calculated using the
volume (mL) of EO per 100 g of dried Flos Chrysanthemi indici powder.

2.2.2. Steam-Distillation Method (SD)

Glassware and operating conditions were the same as those used in HD. The vapor produced
by the steam generator passed through the EO-rich plant material before condensing in a receiving
Clevenger-type apparatus [21]. The product was dried over anhydrous sulfate and stored at 4 ◦C until
analysis. The extraction was performed three times.
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2.2.3. Solvent-Free Microwave Extraction (SFME)

Solvent-free microwave extraction was carried out using Uwave-200, Sineo Microwave
(Chemistry Technology Co., LTD, Shanghai, China). This instrument was equipped with an infrared
temperature sensor, an electromagnetic stirrer, a time controller and a circulating water-cooling system.
The extraction procedure followed the method previously described [22] with some modifications.
Briefly, 100 g of Flos Chrysanthemi indici were placed in a 1 L flask and soaked for 30 min. The flask was
placed inside the microwave oven and a condenser was fitted to the top (outside the oven) to collect
extracted EO. The vapor produced by microwaves passed through the materials before condensing
in a receiving Clevenger-type apparatus. The microwave oven was operated at 800 W for a period
of 30 min, during which EO was collected from the top of the Clevenger apparatus. The product
was dried over anhydrous sodium sulfate, weighed, and stored in dark brown vials at 4 ◦C until use.
The extraction was performed three times.

2.2.4. Supercritical Fluid Extraction (SFE)

Supercritical fluid extractions were performed on a laboratory scale supercritical fluid extraction
system (Waters, SFE-500M1-2-C10, USA). All extractions were performed with supercritical CO2 in
dynamic mode. The ground sample (100 mg) was loaded into 50 mL high pressure vessel connected in
series and the CO2 was pressurized using a high pressure pump and then charged into the vessel at
the rate of 20 g/min to maintain the desired pressure of 20 MPa during the cycle. The supercritical CO2

containing the extract was then passed through a temperature-controlled micrometer valve and was
expanded to ambient pressure. The volume of EOs obtained were measured and filled up to 10 mL
with hexane and stored in dark brown vials at 4 ◦C until use. The sample was extracted in triplicate.

2.3. Gas Chromatography-Mass Spectrometry (GC–MS) Analysis

The gas chromatography-mass spectrometry (GC–MS) analysis of the EOs was performed using an
Agilent GC–MSD system as previously described [23]. The system consisted of an Agilent Technologies
7890A gas chromatograph (Santa Clara, CA, USA) equipped with a Mars 6100 ion trap mass detector
(USA). The separation was done on a DB-5MS capillary column (30 m × 0.25 mm id × 0.25 μm,
Bellefonte, PA, USA). The vector gas was helium and the flow rate was 1.0 mL/min, injection volume
was 1 μL, 1:20 split ratio; injection temperature was 250 ◦C, oven temperature was held at 40 ◦C for
5 min and then increased to 250 ◦C by 20 ◦C/min and held at 250 ◦C for 5 min; 70 eV ionization energy;
30–300 μscan range; quadrupole temperature at 150 ◦C, ion source temperature at 230 ◦C. The identity
of each component was assigned by comparison of their retention time and mass spectrum with that of
a standard from the NIST08 database provided with the GC–MS system software. The relative contents
of the components were calculated by comparing its GC peak area to the total areas that are summed
from all detected peaks.

2.4. Antioxidant Capacity Evaluation

2.4.1. DPPH Radical-Scavenging Activity Assay

The DPPH radical scavenging activity was measured based on the method described
previously [24] with some modifications. In brief, 50 μL of EOs at different concentrations were
mixed with 2 mL of DPPH (60 μM) methanol solution. The EOs were mixed well with the solution.
After 30 min sealed incubation at room temperature in darkness, absorbance was recorded at 517 nm.
The DPPH antioxidant activity was calculated using the following formula: DPPH scavenging activity
(%) = [1 − (Asample − Asample blank)/Acontrol] × 100, where Asample represents absorbance of the ethanol
solution of DPPH with tested samples; Asample blank represents absorbance of the extracts without
the ethanol solution of DPPH and Acontrol was prepared without sample (which was replaced by
distilled water) and the sample concentration providing 50% inhibition (IC50) was calculated by
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plotting inhibition percentages against concentration of the sample. The results were reported as the
average of three replicates.

2.4.2. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of extracts was determined using the method described
previously [25] with some modifications. The ABTS+ solution was prepared from the reaction of equal
volumes of 2.45 mM potassium persulfate and 7 mM ABTS in a dark place at ambient temperature
for 16 h. The ABTS+ solution was adjusted to the absorbance of 0.700 ± 0.02 at 734 nm with ethanol.
An aliquot of 0.5 mL EOs (2 mg/mL) was mixed with 1.5 mL ABTS+ solution and sealed and incubated
at room temperature for 6 min, the absorbance was measured at 734 nm. The EOs were mixed well with
the solution. The ABTS scavenging activity of extracts was calculated as follows: ABTS scavenging
activity (%) = [(Acontrol − Asample)/Acontrol] × 100, where Acontrol represented absorbance without
sample and Asample represented absorbance with sample. The results were reported as the average of
three replicates.

2.5. Evaluation of Antibacterial and Antifungal Activities

Ralstonia solanacearum (tobacco bacterial wilt) were obtained from the Tobacco Research Institute
(Qingdao, China). Acidovorax citrulli (bacterial fruit spot), Pseudomonas syringae pv. lachrymans (angular
leaf spots in cucumbers), Erwinia carotovora (Chinese cabbage soft rot), Xanthomonas oryzae pv. oryzae

and Rhizoctonia solani were provided by the Plant Protection Research Institute of CAAS.
The antibacterial activity of EOs obtained by different method against six plant pathogenic

bacteria including Xanthomonas oryzae pv. oryzae, Ralstonia solanacearum, Pseudomonas syringae pv.
lachrymans, Acidovorax citrulli, Rhizoctonia solani, and Erwinia carotovora as tested by disk diffusion
method. Ralstonia solanacearum (tobacco bacterial wilt) were obtained from the Tobacco Research
Institute. Acidovorax citrulli (bacterial fruit spot), Pseudomonas syringae pv. Lachrymans (angular leaf
spots in cucumbers), Erwinia carotovora (Chinese cabbage soft rot), Xanthomonas oryzae pv. Oryzae and
Rhizoctonia solani were provided by the Plant Protection Research Institute of CAAS.

Briefly, the six plant bacteria were cultured in Luria–Bertani (LB) broth at 37 ◦C overnight and then
adjusted to a concentration of 106 CFU/mL. One hundred microliters of bacterial suspensions were
spread on petri dishes containing 10 mL LB broth with agar and the petri dishes were divided into four
parts. Sterile filter paper disks (6 mm in diameter) impregnated with 10 μL of EO, dimethylsulfoxide
(DMSO) (negative control), and aqueous streptomycin sulfate solutions (10 mg/mL) (positive control)
were placed on the cultured plates. The treated petri dishes were sealed and incubated at 37 ◦C for 24 h.

Antifungal activity of EOs was tested using the method described previously [26] with some
modifications. A mycelial agar disk (diameter = 7 mm) isolated from a 7-day culture was placed at the
center of a petri dish containing 15 mL Potato-Dextrose-Agar (PDA) medium. EOs were dissolved in
DMSO to a final concentration of 1.0 mg/mL, and 15 μL of EOs solutions were added to each of the
symmetrically holes (diameter = 6 mm) on the dishes and then incubated at 28 ◦C for five days. Dishes
with added DMSO served as a negative control and streptomycin sulfate solution (10 mg/mL) as a
positive control. Antifungal activity was evaluated by observing the inhibition zones after five days.

2.6. Determination of Minimum Inhibitory Concentration (MIC)

The minimal inhibitory concentration (MIC) was determined by the microdilution method as
described previously [27]. Subsequent serial dilutions were performed on sterile 96-well microplates.
EO was first diluted to the highest concentration of 0.5 mg/mL and serially diluted (two fold dilutions)
with DMSO to a final concentration of 0.03125 mg/mL. The bacterial suspension was adjusted to
106 CFU/mL using a 0.5 McFarland turbidity standard. Finally, 100 μL of standard bacterial suspension
were added to each well containing different concentrations of EO, and the plates were incubated at
37 ◦C for 24 h. The MIC of the EO was determined as the lowest concentration that visibly inhibited
bacterial growth.
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The MIC of EO against a plant pathogenic fungal strain was determined as previously described [28]
with some modifications. The strain was grown in potato dextrose water (PDW) cultures at 28 ◦C for
72–120 h until the plate was covered. Fungal samples were harvested using a 5 mm sterilized puncher
along the edge of the colonies and added to the center of plates containing different concentrations
of EOs. The plates were cultured on a rotary shaker at 150 rpm for 20 s and incubated at 28 ◦C for
48 h. Each treatment was prepared in triplicate. The MIC values were determined as the lowest
concentration required to inhibit fungal growth.

2.7. Scanning Electron Microscopy (SEM)

To evaluate morphological changes in fungi treated with EO, SEM analysis was performed
according to previously described methods [23] with some modifications. About five 10 mm mycelium
segments were excised from the cultured plates with EOs and washed 3 times with normal saline.
The segments were fixed with 2.5% (v/v) glutaraldehyde (4 ◦C, 2 h) and washed with 0.1 M PBS (pH 7.0).
Then the samples were dehydrated in a graded series of ethanol (30%, 50%, 70%, and 100%) for 30 min
each, dried in liquid CO2, and viewed with a scanning electron microscope (Hitachi S3400N, Hitachi
Science Systems, Ltd., Ibaraki, Japan) operated at 20 kV at a magnification of 100,000×.

2.8. Data Analysis

Statistical analysis was performed using Statistical Analysis System version 9.2 software
(SAS Institute, Cary, NC, USA.). All analyses were performed in triplicate and the data were reported
as means ± standard deviation (SD) of three samples. p < 0.05 was considered statistically significant.

3. Results and Discussion

3.1. Effect of Extraction Method on EO Yield

The results illustrated in Figure 1 showed that Flos Chrysanthemi indici EO yields were affected by
extraction method. It was reported that SFME and SFE are more eco-friendly and efficient technologies
for extracting EOs than HD [29,30]. In this study, the highest yield was obtained by SFE (0.87 ± 0.11%
v/w, dry weight basis) and the lowest by HD (0.42± 0.05%, v/w). This is consistent with a previous report
that SFE was the optimal process for obtaining a high yield of EOs from clove buds [31]. Supercritical
fluid possesses gas-like properties of diffusion, surface tension, liquid-like density, viscosity, and
solvation power. Thus, the higher yield may be due to the favorable transports properties of fluids near
their critical points allow deeper penetration into matrix and more efficient and faster extraction [8,32].

Figure 1. Changes in essential oil yields (%, v/w) of Flos Chrysanthemi indici under different
extraction methods.
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3.2. Effect of Extraction method on EOs Composition

In total, 60 compounds were identified by GC–MS analysis which were obtained by four
extraction methods, including eight alcohols and acid compounds, eight esters, five aldehydes and
ketones, 19 aliphatic hydrocarbons, 11 monoterpenes and sesquiterpenes and nine other compounds.
The categorization of assigned compounds in various extracts is shown in Figure 2. It can be observed
that the EOs obtained by SFE has a higher content of alcohols and esters and the EOs obtained by HD
contains higher terpenes.

Figure 2. Numbers of the classes of compounds in extracts obtained by different extraction methods.

The main differences among the four extraction methods are composition of individual groups.
Comparative composition of the EOs obtained from different extraction method are shown in Table 1,
35 compounds were identified in SFE extracts, and 31 compounds in HD extracts, 15 compounds in SD
extracts, 29 compounds in SFME extracts, respectively. Only five compounds were identified in all
different EOs (Bornyl acetate, 1,7,7-Trimethylbicyclo[2.2.1]hept-5-en-2-one, Eucalyptol, Camphor and
isobenzofuranone). The main compounds detected of individual extraction method were heptenol,
borneol, eucalyptol, camphor, and caryophyllene oxide. Other detected compounds were present in
concentrations less than 2%.

From the extraction yield and the total numbers of assigned compounds, SFE was a more
effective method. Nevertheless, borneol and caryophyllene oxide were not detected in the SFE extract.
If we consider the main compounds content, SFME was a more effective technique and contains the
highest amount of heptenol, borneol, caryophyllene oxide, and trans-β-Farnesene. The SFME and
SFE produced essential oils with higher quantities of valuable oxygenated compounds. This may
be due to the reduced heating time required, which partially prevented decomposition oxygenated
compounds. Comparatively, it could be noticed that camphor (relative content 39.71 ± 2.89%) and
eucalyptol (relative content 11.38 ± 2.47%) were found in the highest quantities in the SD extract and
the two compounds are regarded as parameters for assessing the quality of Flos Chrysanthemi indici [33].
Camphor has various biological effects including antimicrobial, insecticidal, and antiviral activities [34].
Camphor was also reported in Chuzhou chrysanthemum and Chrysanthemum boreale Makino essential oil
and showed the highest component at vegetative stage in Chrysanthemum boreale Makino [35,36].
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3.3. Bioactivity of EOs

3.3.1. Antioxidant Activities

Antioxidant activity is a critical indicator to reveal the bioactivity of natural products. It is
necessary to use different antioxidant assays to estimate antioxidant activity of a product. In this study,
we employed two assays (DPPH radical scavenging assay and ABTS scavenging assay) to determine
the antioxidant activity of the four EOs. Ascorbic acid was used as positive controls. The results are
given in Table 2.

Table 2. Antioxidant activities of essential oils (EOs) extracted by different methods.

Samples
IC50 (mg/mL)

DPPH ABTS

Ascorbic acid 0.08 ± 0.01a 0.12 ± 0.02 a

HD 0.53 ± 0.03 c 1.14 ± 0.08 c

SD 0.58 ± 0.05 c 0.84 ± 0.07 b

SFME 0.43 ± 0.01 b 0.75 ± 0.03 b

SFE 0.42 ± 0.03 b 1.05 ± 0.11 c

a–c Means in the same row followed by different letters are significantly different (p < 0.05). Each value is represented
in terms of mean (n = 3) ± SD (Standard deviation).

Regardless of the extraction method and antioxidant assays, all studied EOs possessed significantly
weaker free radical scavenging activity than the synthetic antioxidant ascorbic acid. The radical
scavenging ability of examined EOs was higher in the DPPH assay than in the ABTS assay. EOs extracted
by HD and SD possessed weaker free radical scavenging power than that by SFE and SFME by DPPH
assay and EOs extracted by SD and SFME possessed higher antioxidant than that by HD and SFE.
These differences may be explained by the complex constituents which are considered to be effective
antioxidant compounds. A number of reports are available in the literature that the antioxidant activities
of essential oils may act synergistically and the activity may be higher than a single compound [37].

3.3.2. Antibacterial Activity

The antibacterial activities of the obtained EOs are presented in Table 3. This is the first report
describing the antibacterial activities of EOs extracted from Flos Chrysanthemi indici by different methods.
We evaluated the antibacterial activity of EOs against six plant pathogenic bacteria including X. oryzae,

R. solanacearum, P. syringae, A. avenae, R. solani, and E. carotovora and found that the growth of all six
strains was inhibited in the presence of EOs (Figure 3).

Table 3. Minimal inhibitory concentrations (MIC) of essential oils extracted from Flos Chrysanthemi

indici by different methods.

Method
MIC (μg/mL)

X. oryzae R. solanacearum P. syringae A. avenae R. solani E. carotovora

Positive
control 0.1 25.0 20.0 2.50 – 1.95

HD 62.5 125.0 62.5 62.5 125.0 125.0
SD 125.0 125.0 62.5 125.0 125.0 125.0

SFME 62.5 125.0 62.5 62.5 125.0 62.5
SFE 62.5 62.5 62.5 125 125.0 62.5
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Figure 3. Antibacterial activity of EOs extracted from Flos Chrysanthemi Indici evaluated by disk
diffusion method.

We compared the antibacterial activities of EOs obtained by different extraction methods based
on the MIC against the six bacterial strains. All of the EOs showed varying degrees of antibacterial
activity, with MIC ranging from 0.0625–0.125 mg/mL (Table 3). EOs extracted by the four extraction
methods had the same MIC against P. syringae and R. solani. EOs extracted by SFE showed the lowest
MIC against R. solanacearum (MIC of 62.5 μg/mL), whereas those extracted by HD and SFME showed
the lowest MIC against A. avenae (MIC of 62.5 μg/mL). They were all higher than the positive control,
with MIC 17.15 and 1.953 μg/L, respectively. Compared with other EOs, Mohamed et al. reported
that EOs from Cupressus sempervirens, Lantana camara and Corymbia citriodora showed antibacterial
effects against Ralstonia solanacearum from potato with MIC ranged from 8–5000 μg/mL [38]. Sabir et al.
reported that EOs from local plants showed antibacterial against Pseudomonas syringae with MIC ranged
from 31.25–500 μg/mL [39]. These observations could be explained by differences in the chemical
composition of obtained EOs. All EOs obtained by the four methods were rich in active camphor
(39.71–7.14%), which could account for the antibacterial activity of Flos Chrysanthemi indici EOs.

3.3.3. Antifungal Activity

Several EOs have been shown to be effective in the control of postharvest fungal pathogens,
including A. alternate. We also tested the antifungal activity of EOs from Flos Chrysanthemi indici

against A. alternate and found that fungal growth was significantly inhibited by SFME obtained EOs
with a MIC of 0.625 mg/mL. In prior reports, Castro et al. [40] who tested six kinds of EOs against
A. alternata in dragon fruit, found that the MIC value ranged from 250–1000 μg/mL. The MIC of EOs of
Flos Chrysanthemi indici in this study were generally lower than some of the EOs from other plants,
such as Cymbopogon flexuosus, Eucalyptus globulus and Rosmarinus officinalis [40].

To investigate the mechanism associated with the antifungal activity of the EO, we examined the
cell membrane structure of spores treated with the MIC by SEM (Figure 4C,D). In the control group, the
mycelium retained a normal morphology with intact cell wall and membrane (Figure 4C). However,
the mycelium of A. alternata treated with 0.625 mg/mL EO showed significant morphological changes,
including bumps on the surface (Figure 4D). This differs from the reported effects of other EOs on this
strain [23].
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Figure 4. Antifungal bioassay against A. alternata and scanning electron micrographs (10,000×) of the
morphology of A. alternata with and without EO treatment. (A) Control group; (B) A. alternate treated
with EOs; (C) mycelium of untreated culture (control); (D) mycelium of A. alternata treated with EOs
at MIC.

4. Conclusions

This study presents results of the analysis of EOs obtained from Flos Chrysanthemi indici by using
various extraction methods. We found that EOs yield, chemical composition, and bioactivities varied
according to the extraction method. The extraction yield of SFE was higher than other methods.
The SFME and SFE method produced EOs with higher quantities of valuable oxygenated while HD
method produced higher quantities terpenes. Bioassay indicated that EOs contain compounds with
antioxidant and antimicrobial activities against several pathogenic strains and varied according to
different extraction methods. Nonetheless, it was detected that EOs of Flos Chrysanthemi indici extracted
by any one of the four methods inhibited the growth of these plant pathogens and SFME and SFE
proved to be higher in bioactivity. These results can provide essential information for the application
of EOs obtained from different extraction methods in food, beverage and pharmaceutical industries.
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Abstract: Trichoderma atroviride develops a symbiont relationship with Salvia miltiorrhiza and this
association involves a number of signaling pathways and proteomic responses between both partners.
In our previous study, we have reported that polysaccharide fraction (PSF) of T. atroviride could
promote tanshinones accumulation in S. miltiorrhiza hairy roots. Consequently, the present data
elucidates the broad proteomics changes under treatment of PSF. Furthermore, we reported several
previously undescribed and unexpected responses, containing gene expression patterns consistent
with biochemical stresses and metabolic patterns inside the host. In summary, the PSF-induced
tanshinones accumulation in S. miltiorrhiza hairy roots may be closely related to Ca2+ triggering,
peroxide reaction, protein phosphorylation, and jasmonic acid (JA) signal transduction, leading to an
increase in leucine-rich repeat (LRR) protein synthesis. This results in the changes in basic metabolic
flux of sugars, amino acids, and protein synthesis, along with signal defense reactions. The results
reported here increase our understanding of the interaction between T. atroviride and S. miltiorrhiza

and specifically confirm the proteomic responses underlying the activities of PSF.

Keywords: polysaccharide fraction; Trichoderma atroviride; Salvia miltiorrhiza; proteomics; tanshinones

1. Introduction

Salvia miltiorrhiza is a Chinese traditional medical herb widely used for preventing and treating
disorders of liver, vascular, menstrual, and blood circulation systems. Diterpenoid pigments are
the main bioactive constituents of S. miltiorrhiza roots, and exert anti-inflammatory properties via
significant inhibition of production of NO, IL-1β, and TNF-α [1,2]. In particular, tanshinones, the
predominant active constituents in the roots of S. miltiorrhiza, possess various promising bioactivities,
such as anti-inflammation, anticoagulation, and liver protection, etc. [2,3]. However, the current
production of tanshinones is not meeting the current medicinal market needs. Hairy root can yield a
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great number of secondary metabolites due to its fast growth and biochemical stability. As a typical
material in plant science research, S. miltiorrhiza hairy roots were investigated for increased production
of diterpenoid constituents for pharmaceutical usages.

Endophytic fungi, as non-harm microbes, can form long-term beneficial relationships with the
host plant and could also produce some active natural secondary metabolites mainly including small
molecules, which can be explained by the hypothesis of balance antagonism. Endophytic fungi is
distinctive from normal chemical elicitors with the same effects on secondary metabolites accumulation
as biotic inducer as reported [4–6]. Endophytic fungi can break through the first defense line of plants’
microbe-associated molecule patterns (MAMPs) [7], and the cell wall is the primary structure of plants
that comes in contact with its microbes. Chitin has been identified and studied as a well-known elicitor
in pathogens or beneficial fungi; and great importance is also attached to β-glucan in microbe–plant
relationship research. As previously reported, polysaccharides are another type of elicitors in the
cell walls of fungus and bacterium to induce the resistance of plants, as well as promoting the
accumulation of secondary metabolites [7,8]. Consequently, chitins, β-glutan, and polysaccharides are
the components of the fungal cell wall [9]; although Chen et al. [10] have implicated that mannose
can be listed as a new elicitor which is different from other known elicitors, thus broadening our
knowledge and perception of other components of the fungi cell wall as elicitors [11]. In our previous
study, we found that the Trichoderma atroviride, an endopyhtic fungus isolated from S. miltiorrhiza, was
able to produce tanshinone I and tanshinone IIA. In addition, we also reported that the extracts of
mycelium (EM) and the polysaccharide fraction (PSF) of T. atroviride have more efficient influences
than live fungus, especially the PSF. Therefore, PSF may be the key active constituent as elicitor of
T. atroviride in eliciting tanshinones accumulation [6].

Though the balance antagonism hypothesis can explain the interaction mechanism between
endophytic fungi and host plant, the molecular signaling transduction process of plants in response to
endophytic fungi is still unclear [12]. Due to post-translational events and modifications, proteomics is
more specific compared to mRNA when investigating signaling and metabolic processes in plants [13,14].
Currently, the isobaric tags for relative and absolute quantitation (iTRAQ) have developed into
significant technology which can analyze, quantify, and compare protein levels linked with liquid
chromatography-quadrupole mass spectrometry (LC-MS/MS), providing greater efficiency and accuracy
when compared with gel-based techniques. Some reports of novel differently-expressed types of
proteins in the interaction between host plant and endophytic fungi do exist [15,16]. For example, the
endophytic fungus Gilmaniella sp. AL12 can induce Atractylodes lancea to yield volatile oils through G
protein-mediated signal transduction and the mannose-binding lectin pathway according to proteome
analysis [17]. The aim of the present study was to investigate the influences of PSF from T. atroviride

D16 (D16 PSF) on the proteomics profile of the S. miltiorrhiza hairy roots and its possible mechanisms
based on iTRAQ strategy.

2. Materials and Methods

2.1. The Culture and Treatment of Hairy Root

Simple hairy roots were separated into different 250 mL conical flasks equipped with 100 mL
half-strength B5 liquid medium at 25 ◦C, 135 rpm in the dark. Every Erlenmeyer flask was loaded with
0.1 g hairy root and was cultured for 3 weeks and the liquid medium was changed weekly. The blank
and the treatment group were cultured in half B5 liquid medium, except that the treatment group also
contained 60 mg/L PSF. The hairy root samples were taken out for further experiments on the third
and sixth days after treatment commenced.

The samples were handled with liquid nitrogen to remove the moisture and then deposited in
−80 ◦C refrigerator. The blank group samples taken on day 3 were numbered A1 and A2, while
treatment group samples were numbered B1 and B2. Similarly, the blank group samples taken on day 6
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were numbered C1 and C2, while treatment group samples were numbered D1 and D2. However, hairy
root samples were disposed by the same method on the twelfth day after treatment for RNA extraction.

2.2. The Preparation of PSF

The hyphae of T. atroviride D16 was transferred into the newly-made Potato Dextrose Agar (PDA)
medium for 4 days and then moved into 250 mL conical flasks containing 100 mL half B5 liquid
medium and cultured for 3 days. Finally, the cultured D16 was added into 5 L conical flask for
amplified culturing between 7 to 10 days. Subsequently, the mycelia were collected with vacuum
suction filtration, washed three times with distilled water and homogenized by placing in a blender
for 10 min, followed by addition of three volumes of distilled water equivalent to the wet weight
of mycelia. The water solution of mycelia was then heated to a temperature of 121 ◦C under high
pressure for 60 min and was filtered as fungal elicitor. The filtrate was decompressed and concentrated
to an appropriate volume at 75 ◦C and mixed with 4 times volume of 95% ethanol for 2 days at room
temperature. After lyophilization, the precipitate was further subjected to deproteinization with
Sevag reagent (chloroform:n-butanol, 4:1, v/v), and small molecule impurities were removed as well
as proteins less than 2000 kDa. Thereafter, the solution was freeze-dried under vacuum into powder
as PSF.

2.3. Monosaccharides Composition of PSF

A total of 5.00 mg D16 PSF was hydrolyzed with trifluoroacetic acid (TFA, 2 M) for 2 h at 120 ◦C
hermetically, the TFA was then evaporated under vacuum, and the residue was subsequently washed
three times with methanol. The residue was then mixed with 30 mg NaBH4 and 1mL H2O and left
overnight for reduction followed by the addition of methanol and acetic acid at a ratio of 5:1, the solvent
was evaporated under reduced pressure, followed by the addition and evaporation of methanol three
times. The sample was then left to dry at 105 ◦C for 10 min followed by acetylation of the sample
by the addition of 3 mL acetic anhydride (AC2O), for 60 min at 105 ◦C, after which the reaction was
terminated by the addition of 1 mL water followed by vortex mixing. The acetylation products were
extracted with 2 mL chloroform, which was then dried by the addition of anhydrous sodium sulfate
prior to GC-MS analysis. The standard products (including rhamnose, arabinose, xylose, fructose,
mannose, glucose, and galactose, which were purchased from the National Institute for Food and Drug
Control, Beijing, China) were subjected to the same procedure as the sample without hydrolyzation.

GC-MS analysis conditions: The size of TR-5MS (Thermo) chromatographic column was
60 m × 0.25 mm × 0.25 mm; initial conditions: The programmed temperature was 140 to 198 ◦C
at 2 ◦C/min and kept for 4 min. The temperature was then increased to 214 ◦C at 4 ◦C/min and 217 ◦C
at 1 ◦C/min for 4 min. Finally, the temperature was raised to 250 ◦C at 3 ◦C/min for 5 min; injection
port temperature was 250 ◦C; the carrier gas was He; the flow rate was 1 mL/min; ion source 250 ◦C;
m/z = 40-500; EI = 70 ev.

2.4. HPLC Analyses

The hairy roots were dried at 50 ◦C in an oven until a constant weight was obtained and then
grounded into powder form. The powder was then extracted with chromatographic pure methanol
for 60 min under sonication. Next, the methanol extract was applied to the high-performance liquid
chromatography (HPLC) system-Agilent-1100-for analysis. The Agilent-1100 was carried out with a
H2O (containing 0.5% HCOOH) (A)/acetonitrile (B) gradient by a ZORBAX SB-C18 chromatographic
column (250 × 4.6 mm, 5 μm) at 30 ◦C [6]. The reference standards of dihydrotanshinone I (DT-I),
tanshinone I (T-I), cryptotanshinone (CT), and tanshinone IIA (T-IIA) were purchased from the
Chengdu Mansite Pharmaceutical Co. Ltd. (Chengdu, China). In addition, dihydrotanshinone
I (0.0025, 0.0050, 0.0100, 0.0200, and 0.0400 mg/mL), tanshinone I (0.002, 0.004, 0.006, 0.008, and
0.010 mg/mL), cryptotanshinone (0.001, 0.005, 0.010, 0.025, 0.050, and 0.100 mg/mL), and tanshinone
IIA (0.0005, 0.001, 0.002, 0.004, 0.006, and 0.008 mg/mL) were used to prepare the standards curves.
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The methanol extract of hairy roots was analyzed and the peaks identified and contrasted in comparison
with the available standards.

2.5. RNA Isolation and Real-Time Quantitative PCR Analysis

TRIzol reagent (Invitrogen Co., Carlsbad, CA, USA) was used to extract the total RNA of
hairy root and 1 μL RNA was diluted to 100 μL with RNase ddH2O. According to the RNA
concentration ratio of 260 and 280 nm UV absorbance value, OD260/280 should be between
1.9 to 2.1 and the total RNA concentration was calculated according to the formula total RNA
(μg/mL) = OD260 × 100 (dilution multiple) × 40 μg/mL. The reverse transcription reaction was
conducted at 37 ◦C for 15 min, 85 ◦C for 5 s termination reaction at ABI 9700 PCR. Finally,
90 μL RNase-free ddH2O was added to 100 μL for storing at −20 ◦C for Real-time PCR. Primers
with the following sequences, LRRK F (5′-TGTGGTAGCTTTGTGGGGTT-3′) and LRRK R
(5′-CAGACCGGAGATTGAGTCCG-3′), LRRK-PEPR2 F (5′-TGTGGTAGCTTTGTGGGGTTT-3′)
and LRRK-PEPR2 R (5′-GCCAGACCGGAGATTGAGTC-3′), Nucleoporin F
(5′-GTCAAAACCTGCAACCACCT-3′) and Nucleoporin R (5′-AGAATGCTGGAGAAATGCCG-3′),
probable cation-transporting ATPase F (5′-TGTCCCCATGAATTAGAACTGGT-3′) and
probable cation-transporting ATPase R (5′-TGGCGACTTTTGCAGTCAAC-3′), primers
identifying the Smactin gene, Smactin F (5′-ATGATAACTCGACGGATCGC-3′) and Smactin
R (5′-CTTGGATGTGGTAGCCGTTT-3′), were used as a reference gene to normalize cDNA loading.
The real-time PCR amplification was performed in a 384-well plate Roche LC480 thermocycler (Roche
Diagnostic Basel, Switzerland) with Super Real PreMix kit (TIANGEN, Beijing, China). Each reaction
contained a mixture of 1 μL of diluted cDNA, 0.2 μL of forward primer (10 μM), 0.2 μL of reverse
primer (10 μM), 5 μL of SYBR Green PCR Master Mix (TIANGEN, Beijing, China), and 3.6 μL of
RNase-free H2O. The reaction mixture was incubated for 15 min at 95 ◦C, and for 40 cycles of 10 s at
95 ◦C and 30 s at 60 ◦C. The relative gene expression was quantified using the comparative CT method.

2.6. Protein Extraction of Salvia Miltorrhiza Hariy Root

A total of 0.5000 g of S. miltiorrhiza hairy root sample was grounded into powder in liquid
nitrogen and transferred into 10% trichloroacetic acid and precooling acetone solution containing
65 mM Dithiothreitol (DTT). Followed precipitation at −20 ◦C for 6 h, the sample was centrifuged at
10,000 rpm, at 4 ◦C for 45 min, and the sediment was re-suspended by the addition of PH standard
reagent (STD buffer) according to the volume ratio of 10:1. The sample was then vortexed and
blended and placed in a boiling water bath for 5 min and then subjected to ultrasound 10 times
(ultrasound for 10 s, interval for 15 s). Finally, the sample was heated in a water bath for 5 min and
subjected to centrifuging for 15 min at 10,000 rpm. The supernatant containing the total protein
extract of S. miltiorrhiza hairy root was then stored at −80 ◦C until assayed for protein content by the
bicinchonininc acid (BCA) and Bradford method.

2.7. The Mass Spectrum Analysis of Protein

The protein samples were enzymolyzed and the peptides solution was qualified by measuring at
OD280. The sample were then analyzed by LC-MS preliminarily and performed on AKTA Purifier 100
(GE Healthcare, Chicago, IL, USA) for SCX classification via strong cation chromatographic column.
Finally, the samples were separated by the Easy nLC liquid phase system of the nanoliter velocity.
Q-Exactive mass spectrometer (Thermo Finnigan, Silicon Valley, CA, USA) was used to analyze the
mass spectra of the sample solution after capillary HPLC separation. The analysis time was 120 min,
testing method was positive ion mode, and the mother ion scanning ranged from 300 to 1800 m/z.
The level of mass spectrum resolution was 70,000 (m/z 200), AGC target was 3e6, first level of Maximum
IT was 10 ms, number of scan ranges was 1, and dynamic exclusion was 40 s. The ion-charge ratio
of peptide and the peptide fragments was collected according to the following methods: Full scan
acquiring 10 secondary debris each map; secondary excitation types: heated capillary dissociation
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(HCD); separate window: 2 m/z; secondary mass spectrum resolution: 17,500 (200) m/z; microscans: 1;
secondary maximum IT: 60 ms; standard collision energy: 30 eV; under fill the wire: 0.1%.

2.8. Data Analysis

The raw data of mass spectrometry was analyzed with software Mascot 2.2 and the identified
proteins were blasted with UniProt database for the Gene Ontology (GO) classification annotation.
The peak strength value of the reported ion was analyzed quantitatively with Proteome Discoverer1.4
software and the differentially expressed genes of Fc (fold change, Fc (B/A) = B/A, Fc (D/C) = D/C)
were screened according to the standard of Fc ≥ 1.50 or Fc ≤ 0.66. The differentially expressed proteins
identified in the Arabidopsis database were compared to the database (UniProt, SWISSPROT and
TREMBL) by using the software BLASTP (2.2.23+) and the comparison results were extracted. These
comments were corresponded to the GO number by the gene association file (gene association. Goa
uniprot) and the number of the corresponding small items were counted in the three large catalogs of
the biological process, cellular component, and molecular function. According to the bi-directional
best hits (BBH) analysis, the corresponding number was mapped to KEGG pathway maps and the
total protein of Arabidopsis was calculated by using the hyper-geometric distribution of p-value.
The false discovery rate (FDR) was then used to correct it and z-score was calculated at the same
time. The pathway of significant enrichment was the pathway of FDR is less than 0.05 and z-score > 0.
INTACT and String was used to construct differentially expressed protein interaction networks: (a)
Searching INTACT to build network (http://www.ebi.ac.uk/intact/); (b) using the software String to
build the network (http://string.embl.de).

All experiments, including both control and different treatments of hairy root cultures, HPLC
analysis, and semi-quantitative real-time PCR, were performed in triplicate. The results are presented
as their mean values and standard deviations (SD). The error bars in the figures represent the standard
deviation in biological triplicates. The statistical significance of the differences in root growth and
the accumulation of phenolic acids and tanshinones were analyzed by one-way analysis of variance
(ANOVA) with SPSS software (version 18.0, Chicago, IL, USA), the heatmap was drawn using Excel
software (version: 2010, Microsoft Co., Redmond, WA, USA), and the term significant was used to
denote the differences for which p-value is < 0.05. The statistical significance of differences in gene
transcripts was analyzed by one-sample t-test.

3. Results

3.1. Monosacharide Composition and Its Effects on Accumulation of Tanshinones of the D16 PSF

D16 PSF was extracted from T. atroviride D16 and it had greatly induced the accumulation of
tanshinones in S. miltiorrhiza hairy roots, as reported in the previous study [6]. To further determine the
effects of hydrolytic constitutes on S. miltiorrhiza hairy root, the D16 PSF was hydrolyzed to determine
its monosaccharides compositions, and the results revealed that D16 PSF was composited by mannose,
glucose, and galactose at a ratio of 5:10:2 (Figure 1). The standard samples of mannose, glucose,
and galactose were made into the solution with the concentration of 60 mg/L, respectively, and then
put into the S. miltiorrhiza hairy root culture medium in triplet for 14 days. The results showed the
content of tanshinones in S. miltiorrhiza hairy root after 14 days’ culture varied in the presence of PSF
and the monosaccharides (Table 1). Compared with the control group, PSF (60 mg/L) stimulated the
tanshinones accumulation at the greatest extent. Different components of PSF had various effects on
promoting synthesis of tanshinones; however, the singular result of each D16 PSF constitute could not
catch up with the influence of PSF on the accumulation of tanshinones. Under the treatment of PSF
(60 mg/L), the content of dihydrotanshinone I was similar to the results at the same concentration of
mannose and galactose respectively, while the equally-increased effects on tanshinone I were among
the different treatments of PSF (60 mg/L), glucose, and mannose. Under the treatment of PSF (60 mg/L),
the content of cryptotanshinones was 3.08-fold higher than the control group, while less increased
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effects occurred followed by the treatment of glucose. Galactose made the cryptotanshinones content
decreased, while mannose had no effect on the accumulation of cryptotanshinones.

Figure 1. GC-MS analysis of D16 PSF monosaccharides components. (a) GC-MS chromatogram of
monosaccharide standards; (b) GC-MS chromatogram of the D16 PSF sample. The numbers 1 to 7
represented the rhamnose, arabinose, xylose, fructose, mannose, glucose, and galactose, respectively.
D16 PSF means polysaccharide fraction from T. atroviride D16.

Table 1. The effects of D16 PSF and its monosaccharide constitutes on tanshinones accumulation on the
fourteenth day.

Content (mg/g dw) Control 60 mg/L PSF 60 mg/L Glucose 60 mg/L Mannose 60 mg/L Galactose

Dihydrotanshinone I 0.3548 ± 0.0084 1.0380 ± 0.0455 *** 0.4271 ± 0.0380 1.1641 ± 0.0133 *** 1.0559 ± 0.0367 ***
Cryptotanshinone 0.6421 ± 0.0211 1.9798 ± 0.0708 *** 1.2007 ± 0.0198 *** 0.6799 ± 0.0138 0.4209 ± 0.0099 ***

Tanshinone I 7.1378 ± 0.1455 11.6405 ± 0.1581 *** 9.3103 ± 0.1214 *** 10.7130 ± 0.1163 *** 7.4991 ± 0.1744
Tanshinone IIA 0.2321 ± 0.0022 0.4713 ± 0.0186 *** 0.3630 ± 0.0054 *** 0.2811 ± 0.0049 ** 0.2639 ± 0.0056 *

D16 PSF means polysaccharide fraction from T. atroviride D16. Data were expressed as mean ± SD (n = 3), * p < 0.01,
** p < 0.01, *** p < 0.001, vs. control.

3.2. Differential Proteomics of S. miltiorrhiza in Response to D16 PSF

The differences of protein content in S. miltiorrhiza hairy roots treated with D16 PSF were studied
by proteomics technique of iTRAQ. Based on the database of Arabidopsis thaliana, 3685 feature peptides
(unique peptide) belonged to 1476 proteins, which were identified and analyzed for GO classification
annotation. As shown in Figure 2, most of proteins can be annotated into the three ontologies of
biological process, cellular component, and molecular function. In the biological process annotation,
the number of proteins in the metabolic process (1162) and response to stimulus (584) was the largest,
and 187 proteins were not annotated. In cellular components annotation, positioning to the cytoplasm
(1036), the cell membrane (602), and the cytosol (517) account for the greatest number of proteins, while
211 proteins had not been annotated. In the molecular function annotation, a large number of proteins
were divided into catalytic activity (894), nucleotide binding (507), protein binding (417), as well as
metal ion binding (315) under the entry and 146 proteins had not been annotated.
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Figure 2. Gene ontology classification of the proteins identified base on Arabidopsis thaliana database.

Among the 1476 proteins, 89 differentially expressed proteins were picked out for quantitative
analysis (Figure 3). The classification of 89 different proteins was identified and analyzed in the
Arabidopsis thaliana database. In addition, the number of proteins was corresponded to each category,
as shown in Figure 4. The 89 proteins corresponded to 39 KEGG pathways, including amino acid
metabolism, sugar metabolism, energy metabolism, and secondary metabolites synthesis. The first
10 KEGG pathways were annotated as shown in Table 2. The 89 different proteins were analyzed by
adopting the INTACT and String interaction networks and the results are shown in Figure 5.

Figure 3. Heatmap of statistically-changed proteins identified based on Arabidopsis thaliana

database. High- and low-expression are shown in green and red; C and T indicate control and
PSF-treated, respectively.
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Figure 4. Gene ontology classification of the differential proteins identified based on Arabidopsis

thaliana database.

Table 2. The 10 KEGG pathways annotated by major differential proteins.

Pathway Pathway Name Protein Num.

ath00900 Terpenoid backbone biosynthesis 5
ath00010 Glycolysis/gluconeogenesis 3
ath00460 Cyanoamino acid metabolism 3
ath00940 Phenylpropanoid biosynthesis 3
ath03040 Spliceosome 3
ath00061 Fatty acid biosynthesis 2
ath00480 Glutathione metabolism 2
ath00590 Arachidonic acid metabolism 2
ath00630 Glyoxylate and dicarboxylate metabolism 2
ath03013 RNA transport 2

KEGG means Kyoto Encyclopedia of Genes and Genomes.

Figure 5. String network of the differential proteins identified based on Arabidopsis thaliana database.
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3.3. Quantitative Analysis of the 89 Differential Proteins

For the quantitative analysis, 89 differential proteins were mainly involved in signal transduction,
redox, amino acid synthesis and metabolism, protein synthesis and metabolism, the biosynthesis of
terpenoids, carbohydrate synthesis, metabolism and transport, and other physiological and biochemical
process (Table 3, Figure 6).

Figure 6. The action network map of 89 differential proteins according to the Arabidopsis thaliana

database. The number in the box indicates the number of PSF-treated days, red indicated significant
increase and green indicated significant reduction.

The 89 differential proteins in signal transduction involves the leucine-rich repeat (LRR) protein,
Ca2+-related protein, peroxidase-related protein, protein phosphorylation protein, and the synthesis of
jasmonic acid (JA). We found that two LRR-related proteins significantly increased leucine-rich repeat
protein kinase family protein and leucine-rich repeat receptor-like protein kinase PEPR2 under the
action of T. atroviride D16PSF on the third day and sixth day in this study, which revealed that the
LRR protein plays an important role in promoting S. miltiorrhiza hairy root growth and tanshinone
synthesis under the action of T. atroviride D16 PSF. The relative expression of LRR and LRR-PEPR on the
fourteenth day of S. miltiorrhiza after culturing in the presence of D16 PSF was also detected. The results
revealed that under the sustained action of D16 PSF, a trend showing an increase in LRR and LRR-PEPR
is observed (Figure 7). In our study, we also detected that Ca2+-related protein expression changed
significantly. The cation-transporting ATPase and calcium-binding protein increased significantly at
day three and calmodulin-binding protein (AT3g52870/F8J2_40) decreased significantly on the sixth
day and the relative expression of cation-transporting ATPase still increased greatly on the fourteenth
day (Figure 7). 4-coumarate-CoA ligase-like 10 increased significantly responding to Ca2+ on the
sixth day and nucleoporin related to the level of intracellular Ca2+ decreased on the third day, but
increased on the sixth day significantly [18]. These significant changes of Ca2+-related proteins showed

503



Biomolecules 2019, 9, 415

calcium plays a very important role under the action of T. atroviride D16 PSF in S. miltiorrhiza hairy root.
At the same time, we also found superoxide dismutase, peroxidase, and peroxidase 50 associated with
peroxide was lowered significantly. 12-oxophytodienoate reductase is a very important key enzyme in
the jasmonic acid (JA) biosynthetic pathway, and two proteins, 12-oxophytodienoate reductase-like
protein and 12-oxophytodienoate reductase (At1g04380), related with jasmonic acid were found to be
significantly higher in this study [19]. Therefore, the effect of T. atroviride D16 PSF on S. miltiorrhiza

hairy root may also be related to peroxide, protein phosphorylation, and jasmonic acid.

Figure 7. Relative expression of leucine-rich repeat protein kinase (LRRK), leucine-rich repeat protein
kinase PEPR (LRR-PEPR), cation-transporting ATPase, and nucleoporin after D16 PSF treatment on
the fourteenth day. Values are presented as means ± SD (n = 3). * p < 0.05; ** p < 0.01 versus the
control culture.

The 89 differential proteins are mainly involved at the levels of DNA, RNA, and protein translation
in protein synthesis. At the level of DNA, the protein–DNA replication licensing factor MCM3 appeared
significantly decreased after the first significant rise. DNA and protein damage repair/toleration
protein expression was significantly lower on the sixth day. At the level of RNA, transcription factor
ABA-inducible bHLH TYPE and transcription factor Pur-alpha 1 was raised significantly on the third
day; the pre-mRNA splicing factor SF2-like protein and nuclear protein was also significantly increased.
At the level of protein translation, 40 S ribosomal protein was raised significantly on the third day and
the rest of the proteins related to the protein degradation were significantly lower such as chaperone
DNAJ domain containing protein, the ubiquitin-like 5 and E3 ubiquitin protein–protein ligase XBAT33.
These changes showed T. atroviride D16 PSF played a positive regulatory role in protein synthesis of S.

miltiorrhiza hairy root at the protein expression level.
In terms of the differential proteins in secondary metabolism, they were mainly involved in

the cytochrome P450 enzymes, redox enzyme, and enzymes related to the terpenoid biosynthetic
pathway, and most of these proteins increased significantly under the influence of T. atroviride D16 PSF.
At the same time, significant changes have taken place in some metabolic activities, like synthesis and
metabolism of sugar for providing energy, the amino acid synthesis, and metabolism to provide raw
materials for protein synthesis and transporters which have transportation function.

With the deep analysis of these differential expression proteins, it can be presumed that D16 PSF
regulates the synthesis and metabolism of saccharides and amino acids, the transcription of genes and
the translation of protein through the signal transduction pathways involved in leucine-rich repeat
proteins, calcium, peroxides, protein phosphorylation, and jasmonic acid (JA) synthesis. This then
results in changes of protein expression involved in secondary metabolism and thus induces metabolic
profile changes in S. miltiorrhiza hairy roots.
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4. Discussion

It is known that protein is the carrier of gene function and the executor of the life activities.
The high-throughput and large-scale proteomics to study time changes of the expression of all the
proteins in the cell or tissue can reveal the physiological and biochemical processes in detail [20,21].
At present, proteomics research mainly is based on the separation of the gel and the liquid phase.
The methods based on gel separation include two-dimensional electrophoresis proteomics research
and fluorescent difference gel electrophoresis (DIGE) proteomics research, mainly through the gel
electrophoresis separation of mixed protein samples. After getting various single protein points,
we can screen differential proteins according to the dyed color and identify proteins through the
MALDI-MS finally. Methods based on the liquid phase include label-free proteomics research, marked
iTRAQ/SILAC proteomics research, and SRM/MRM proteomics research, mainly by means of liquid
phase to separate mixed protein samples and through the mass spectrometer connected directly with
liquid phase for qualitative and quantitative analysis [22]. Proteomics technology has been widely
used in plant growth and development, plant adaptation mechanism to biological and abiotic stress,
and the interaction mechanism of microbes [23,24]. iTRAQ (isobaric tags for relative and absolute
quantitation) technology is a kind of proteomics technology through four or eight kinds of isotope
labels specifically to mark amino groups of polypeptides, and then to identify and separate proteins by
LC-MS and analyze relative and absolute content of different protein samples according to the isotope
intensity [25,26]. This experiment adopted the iTRAQ technology to tag eight S. miltiorrhiza hairy root
samples of control group and T. atroviride D16 PSF on the third and sixth day.

Leucine-rich repeat (LRR) protein kinase family proteins are the largest known type of
transmembrane receptor protein kinases in plants, which have the function of regulation in plant
growth and development, hormone signal transduction, and biological and non-biological stress
response [27,28]. LRR proteins play a critical role in the process of Piriformospora indica promoting growth
of Arabidopsis thaliana [29,30]. As studied, Pep1 is a 23-amino acid peptide that enhances resistance to a
root pathogen, Pythium irregulare. Pep1 and its homologs (Pep2 to Pep7) are endogenous amplifiers
of innate immunity of Arabidopsis thaliana that induce the transcription of defense-related genes and
bind to PEPR1, a plasma membrane leucine-rich repeat (LRR) receptor kinase [31]. Our present results
revealed that T. atroviride D16 PSF could gradually enhance the LRR protein kinase family protein
and LRR receptor-like protein kinase PEPR2 in hairy roots of S. miltiorrhiza. The LRR receptor-like
protein kinase PEPR2 might strengthen the ability of resisting T. atroviride D16 PSF, whereas the
expression of probable LRR receptor-like serine/threonine-protein kinase At4g20940 decreased. CML42
are calcium-binding proteins that are thought to function as plant signal transduction elements, and
were up-regulated and induced by Spodoptera littoralis in Arabidopsis thaliana followed by Ca2+ and
phytohormone elevation [32,33]. In addition, CML42 enhanced the content of aliphatic glucosinolate
and hyperactivated transcript accumulation of the jasmonic acid (JA)-responsive genes through
the negative regulation of the jasmonate receptor Coronatine Insensitive1 (COI 1). As proteomics
analysis revealed, this was expressed 1.7-fold higher in S. miltiorrhiza hairy root on the third day,
which indicated T. atroviride D16 PSF may regulate Ca2+ and JA elevation. It has been reported
that CML42 was not only involved in abiotic stress responses and insect herbivory defense, but also
related to trichomes branching and endophytic fungi stimulation as a Ca2+ sensor, indicating CML42
is an important calcium-binding protein in plant growth and defense processes. Nucleoporin is a
component of the nuclear pore complex, which has strongly attracted the attention of its involvement
in hormonal and pathogen/symbiotic signaling [34,35]. Ca2+ signal transduction is important in the
interaction between microorganisms and plants [36,37]. In the present study, as a key nucleoprotein,
the Nup133/Nup155-like protein had a sharp rise on the third day as well as a substantial decrease
in S. miltiorrhiza hairy root under the treatment of T. atroviride D16 PSF. The present results revealed
that Nup133 are essential for mRNA export, and the Nup133/Nup155-like protein may regulate the
symbiotic signaling transduction and S. miltiorrhiza response via mRNA export.
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Cation-transporting ATPase is an enzyme protein widely found in biological membranes.
Its structure and function is complex and plays an important regulatory role in the biological
activities of cells [38]. PDE1 is an encoded P-type ATPase, which is required for the maintenance of
phospholipid asymmetry in biological membranes, as membrane asymmetry may play a critical role
in the development of infection hyphae by phytopathogenic fungi. The cation-transporting ATPase
was up-regulated and induced by T. atroviride D16 PSF on the third day, and may provide a chance for
interacting with S. miltiorrhiza hairy root. The 4-coumarate-Co-A ligase (4CL)-like proteins belong
to the adenosine monophosphate (AMP)-binding domain-containing proteins family and widely
exist in various plant species [39]. AMP-binding domain-containing 4CLs are critical enzymes in
the phenylpropanoid metabolism pathway and drive the carbon flow from primary metabolism to
different branches of secondary metabolism in plants [40]. Along with the tanshinones accumulation,
the 4-coumarate-Co-A ligase (4CL)-like 10 protein were raised on the sixth day. In support, the
4-coumarate-Co-A ligase (4CL) like protein was up-regulated by Magnaporthe oryzae infection, which
may be a defense-related AMP-binding protein (AMPBP) that is involved in the regulation of the
defense response through salicylic acid (SA) and/or jasmonic acid (JA)/ ethylene (ET) signaling
pathways. Phosphoprotein phosphatases (PPP) are present in all eukaryotic organisms, which is
an ancient and important regulatory enzyme. The protein phosphatase 2Cs (PP2Cs) from various
organisms have been implicated to act as negative modulators of protein kinase pathways involved
in diverse environmental stress responses and developmental processes [41]. The Ser/Thr-specific
phosphatases are metal-dependent enzymes divided into two major families: The PPP family, which
includes protein phosphatases 1, 2A, and 2B (PP1, PP2A, PP2B/calcineurin); and the PPM family, which
includes PP2C, which is a highly ABA-induced protein in guard cells once found in Arabidopsis and
induced by endophyte fungi T. atroviride D16 PSF as well in this study. In addition, dual specificity
protein phosphatases were significantly higher on the third day, referring to serine/threonine protein
phosphatase and probable protein phosphatase related to protein phosphorylation [42]. T. atroviride

D16 PSF induced high expression of protein phosphatase 2C and serine/threonine-protein phosphatase
PP2A-2 through ABA signaling in S. miltiorrhiza hairy root. 12-oxophytodienoate reductase-like
protein 1 is an enzyme in the jasmonic acid (JA) biosynthesis pathway [43], and the expression
of 12-oxophytodienoate reductase-like protein 1 was gradually enhanced under the treatment of
T. atroviride D16 PSF involved in the JA biosynthetic pathway. Superoxide dismutases (SODs) are
involved in plant adaptive responses to biotic and abiotic stresses although the upstream signaling
process which modulates their expression is not clearly understood [44]. Surprisingly, the level of SOD
and peroxides were decreased at the treatment of T. atroviride D16 PSF, while plant overexpressing
antioxidant enzymes had higher tolerance to external stress [45]. Phospholipid hydroperoxide
glutathione peroxidase (PHGPX) is the principal enzymatic defense against oxidative destruction of
biomembranes [46], and its major function appears to be the scavenging of phospholipid hydroperoxides,
thereby protecting cell membranes from peroxidative damage. Gene expression analysis has shown an
increase in the levels of PHGPX mRNA in several plant species undergoing different biotic and abiotic
stresses, such as pathogen infections, high salt concentrations, exposure to heavy metals, mechanical
stimulation, aluminum toxicity, seed germination, salt and osmotic stress, oxidative stress, and chilling
stress [47]. PHGPXs may play dual roles as a redox transducer in addition to acting as a H2O2 scavenger
under stress, thus PHGPX proteins may have different functions in plant cells, with some isoforms
functioning in the signal transduction pathway, while others are involved in catalyzing the reduction
of harmful products formed by ROS. The effect of various signaling molecules (salicylic acid, JA, ABA,
ethylene) and certain protein phosphatase inhibitors (cantharidin and endothall) on the expression of
the PHGPX gene in rice seedling leaves has demonstrated an up-regulation of the mRNA levels. These
data suggest the role of this enzyme in the induction of defense mechanisms in plant cells subjected
to oxidative damage, as a result of exposure to various environmental stresses, is by reducing the
phospholipid hydroperoxides formed in the biomembranes.
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5. Conclusions

Collectively, the analysis indicated that 89 differentially abundant proteins were involved mainly
in protein synthesis, protein folding and degradation, biotic stress defense, photosynthesis, RNA
process, signal transduction, and other functions. When induced by T. atroviride D16 PSF, S. miltiorrhiza

hairy roots generally respond through elucidating the synthesis of tanshinones. These results provided
valuable information for T. atroviride D16 PSF inducing tanshinones accumulation of S. miltiorrhiza.
Characterization of PSF and proteomics provided an important bioinformatic resource for investigating
mechanisms in inducing tanshinones accumulation.
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Abstract: Natural products, including traditional herbal medicine (THM), are known to exert their
therapeutic effects by acting on multiple targets, so researchers have employed network pharmacology
methods to decipher the potential mechanisms of THM. To conduct THM-network pharmacology
(THM-NP) studies, researchers have employed different tools and databases for constructing and
analyzing herb–compound–target networks. In this study, we attempted to capture the methodological
trends in THM-NP research. We identified the tools and databases employed to conduct THM-NP
studies and visualized their combinatorial patterns. We also constructed co-author and affiliation
networks to further understand how the methodologies are employed among researchers. The results
showed that the number of THM-NP studies and employed databases/tools have been dramatically
increased in the last decade, and there are characteristic patterns in combining methods of each
analysis step in THM-NP studies. Overall, the Traditional Chinese Medicine Systems Pharmacology
Database and Analysis Platform (TCMSP) was the most frequently employed network pharmacology
database in THM-NP studies. Among the processes involved in THM-NP research, the methodology
for constructing a compound–target network has shown the greatest change over time. In summary,
our analysis describes comprehensive methodological trends and current ideas in research design for
network pharmacology researchers.

Keywords: network pharmacology; traditional herbal medicine; methodological trend

1. Introduction

Traditional herbal medicine (THM) has maintained the health of Asian people for thousands of
years and built a unique medical system based on empirically accumulated knowledge. Billions of
people around the world are taking THM daily, and the drug development field considers THM to
be a source of inspiration [1,2]. The research indicates that THM’s therapeutic effects may involve
various biomolecules [3]. However, due to the complexity of THM and the limitations of experimental
applications, specific mechanisms of action have been fully elucidated for only a few THMs [4]. This is
a major obstacle to THM’s modernization and wider application to modern healthcare.

Network pharmacology has emerged as a promising approach to accelerate drug development
and elucidate the mechanisms of action of multiple target components [5]. It understands disease
as a perturbation of interconnected complex biological networks and identifies the mechanisms of
drug action by network topology [6,7]. The conceptual elements of network pharmacology were
derived from systems biology, which can address both the connectivity and the interdependence of
individual components [8]. The core idea of network pharmacology is well suited for analyzing the
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multi-targeted agents, so network pharmacology methods may be appropriate for identifying the
complex mechanisms of THM.

In the last decade, researchers have employed network pharmacology methods to elucidate
the potential targets and toxicity of THMs [9]. THM-network pharmacology (THM-NP) studies are
conducted by constructing an herb–compound–target (H-C-T) network by integrating the herbal
constituent data and drug-target interactions (DTIs) information. Then, the target network is analyzed
to interpret related biological functions, pathways, and diseases (Figure 1). Since there are no gold
standard methods for THM-NP studies yet, researchers have developed and applied various tools and
databases for each step.

Figure 1. The general framework of network pharmacology analysis of herbal medicine.

Several studies have described THM-NP researches by summarizing network pharmacology
databases for THM and illustrating several representative applications [10–15]. Although these studies
contributed to a better understanding of THM-NP studies, they were limited in providing quantitative
information on the frequencies, variations, and combinatorial patterns of the employed methods in
THM-NP studies. In this study, we systematically attempted to capture the methodological trends
of the THM-NP research field. We identified the tools and databases employed to conduct THM-NP
studies and visualized their frequency, variation, and combinatorial pattern in a step-by-step manner.
The THM-NP studies were identified by searching PubMed and then preprocessed. We also constructed
and analyzed the co-author and affiliation networks to identify how the diverse methods for THM-NP
studies are employed and shared among researchers in the field. We believe that analyzing the
methodological trends will provide a comprehensive understanding and valuable insights into the
THM-NP research field.
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2. Materials and Methods

2.1. Search Strategy

The literature search was performed in PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) from
January 2000 to December 2018. The search language was restricted to English. The search terms
used were NP-related terms (“network pharmacology” OR “network analysis” OR “system-level”
OR “systems-level” OR “systems pharmacology” OR “systems biology” OR “bioinformatics”) in
[title] AND THM-related terms (“oriental medicine” OR “traditional medicine” OR “traditional Asian
medicine” OR “Chinese medicine” OR “Kampo medicine” OR “Korean medicine”) in [title/abstract].
The search range of THM-related terms was extended to [title/abstract] since the titles of THM studies
generally contain only the name of herbs or herbal formulae that are difficult to search.

2.2. Inclusion Criteria

We considered a THM-NP study as the original article that analyzed a THM’s mode of action
through the construction of a compound-target network. Full-text articles from the literature search
were checked to determine their eligibility. There was no restriction regarding in vivo, in vitro, and in
silico studies. THM was considered as (1) extract(s) from a single herb; (2) preparation(s) containing
multiple herbs; (3) proprietary herbal product(s); and (4) molecule(s) derived from a single herb.

2.3. Study Selection and Data Extraction

Two authors (W.Y. Lee and C.E. Kim) independently examined titles, abstracts, and journals to
select eligible THM-NP studies. When articles were duplicated, only the most recent information was
included. Then the full text of potentially relevant studies was retrieved. Two authors (W.Y. Lee and
C.E. Kim) independently examined the full-text records to determine which studies met the inclusion
criteria. Disagreements about the study selection were resolved by rechecking whether the studies met
our criteria for inclusion.

Authors extracted the following data from the included THM-NP studies: authors, affiliations,
publication years, tools, and databases. Synonyms for tools and databases were merged and counted
under a single keyword. DTpre and SysDT [16] were considered to be the same method as Traditional
Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, http://lsp.nwu.
edu.cn/tcmsp.php) [17] since these methods were originally developed and implemented in TCMSP.

2.4. Categorizing Drug-Target Interaction Methods

To capture the trends in the methods for constructing compound-target networks, we categorized
DTI methods into four groups by their hypothesis and which information was used: the
chemogenomic approach, docking simulation approach, ligand-based approach, and others [18–20].
The chemogenomic approach predicts potential compound–target pairs similar to validated
compound-target pairs. This method is based on the assumption that a compound–target pair
is likely to interact with high similarity to a validated compound-target interaction in terms of
chemo–physical properties [21]. The docking simulation approach predicts the binding conformation
of small-molecule ligands to the appropriate binding site of the target using 3D structural information
on the compounds and protein targets [22]. The key hypothesis of this approach is that compounds with
a high binding affinity at the binding site are likely to interact with the target [23]. The ligand-based
approach predicts interactions by comparing a new ligand to known proteins’ ligands based on the
hypothesis that similar molecules usually bind to similar proteins [24]. DTI methods that do not
belong to the above categories were assigned to the category “others”, such as data mining techniques,
high-throughput screening, and databases that integrate drug-target interaction information from
heterogeneous sources.
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2.5. Construction of the Co-Author Network and Affiliation Network

The author network and affiliation network were constructed to identify the methodological
characteristics of corresponding authors and affiliations. The nodes in each network represent authors
or affiliations, and the edges represent co-occurrences of authors or affiliations in THM-NP studies.
The frequencies of employed DTI and drug availability methods were counted for each corresponding
author or affiliation. These methodologies were mapped to the author network and the affiliation
network. Cytoscape 3.7.1 (http://www.cytoscape.org/) was used to visualize the networks [25].

3. Results

3.1. Description of the Search

We initially found 233 potentially relevant articles from PubMed. The search was conducted using
combined keywords consisting of THM-related terms and NP-related terms. Another 15 potentially
relevant articles were included by searching references in other THM-NP studies or review articles.
Titles, abstracts, and journal names were screened, and 167 studies were considered potentially eligible
for inclusion. Of these, 20 articles were excluded after screening the full texts. Finally, a total of 147
THM-NP studies were included in our study (Figure 2). The included THM-NP studies are listed in
Supplementary Table S1.

Figure 2. The flowchart of the study selection process.

We identified the number of published THM-NP studies over time, along with the affiliations
involved in the studies. THM-NP studies that met our criteria for inclusion have appeared since 2011.
In 2011, only three affiliations published two THM-NP studies, but in 2018, the number of affiliations
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and studies increased to 83 and 52, respectively (Figure 3). The increased number of papers and of
affiliations involved indicates that the THM-NP research fields have continuously grown.

Figure 3. Annual publication trends of traditional herbal medicine-network pharmacology
(THM-NP) studies.

3.2. Methodological Trends in Constructing the Herb-Compound Network

We next investigated the trends in employed methods in THM-NP studies. Commonly used
databases and tools are described in Table 1 (see Supplementary Table S2 for complete lists).
The construction of the herb-compound network is the first step of a THM-NP study. Among
the databases for herbal medicines, TCMSP was most commonly used to construct an herb-compound
network. Additionally, some THM-NP researchers used their own experimental results (e.g., Ultra
Performance Liquid Chromatography (UPLC) or High-performance liquid chromatography) to identify
ingredients of the herbal medicines in their studies (Figure 4A).

Table 1. The public databases related to traditional herbal medicine-network pharmacology
(THM-NP) studies.

Name
Providing Information

Description Website
PMID

(Reference)
H-C C-T TI

TCMSP � � �

A system of pharmacology platforms
that provide information about

ingredients, ADME-related properties,
targets, and diseases of herbal medicines.

http:
//lsp.nwu.edu.cn/

tcmsp.php

24735618
[26]

TCMID � � �

An integrative database which stores the
information of herbs, herbal compounds,

targets, and their related information
from different resources and through

text-mining method

http://www.
megabionet.org/

tcmid/

23203875
[17]

TCM
Databasetaiwan �

A database that includes the information
of molecular properties and

substructures, TCM ingredients with
their 2D and 3D structures.

http://tcm.cmu.
edu.tw/

21253603
[27]

PharmMapper �

A web server for potential drug target
identification by reversed

pharmacophore matching the query
compound against an in-house

pharmacophore model database

http://lilab.ecust.
edu.cn/

pharmmapper/

20430828
[28]
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Table 1. Cont.

Name
Providing Information

Description Website
PMID

(Reference)
H-C C-T TI

STITCH �

A database that integrates disparate data
sources of interactions between proteins

and small molecules

http:
//stitch.embl.de/

18084021
[29]

TTD � �

A database that provides information
about the therapeutic targets in the

literature, targeted disease condition,
and the corresponding drugs/ligands

directed at each of these targets.

http://xin.cz3.nus.
edu.sg/group/ttd/

ttd.asp

11752352
[30]

SEA �

A computational tool that relates
proteins and chemicals based on the

set-wise chemical similarity among their
ligands.

http:
//sea.bkslab.org/

17287757
[31]

HIT � �

A comprehensive and fully curated
database for herbal ingredients with

protein target information

http://lifecenter.
sgst.cn/hit/

21097881
[32]

Drugbank � �

A unique bioinformatics and
cheminformatics resource that combines
detailed drug data with comprehensive

drug target information

https://www.
drugbank.ca/

16381955
[33]

KEGG �

A database resource for understanding
high-level functions and utilities of the
biological system from molecular-level

information

https://www.
genome.jp/kegg/ 9847135 [34]

Gene ontology �
The world’s largest source of

information on the functions of genes

http:
//geneontology.

org/

18792943
[35]

OMIM �

A comprehensive and authoritative
compendium of human genes and

genetic phenotypes

https://www.
omim.org/

11752252
[36]

PharmGkb �

A database for the aggregation, curation,
integration, and dissemination of

knowledge regarding the impact of
human genetic variation on drug

response

https://www.
pharmgkb.org/

11752281
[37]

Genecards �

A searchable and integrated database of
human genes that provides concise
genomic related information, on all
known and predicted human genes.

https://www.
genecards.org/

12424129
[38]

H-C, herb-compound network construction; C-T, compound-target network construction; TI, target interpretation.
TCMSP, Traditional Chinese Medicine Systems Pharmacology Database; TCMID, Traditional Chinese Medicine
Integrated Database; STITCH, Search Tool for Interactions of Chemicals; TTD, Therapeutic Target Database; SEA,
Similarity Ensemble Approach; HIT, Herb Ingredients’ Targets; KEGG, Kyoto Encyclopedia of Genes and Genomes
database; OMIM, Online Mendelian Inheritance in Man; PharmGkb, The Pharmacogenetics Knowledge Base.
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Figure 4. Methodological trends in the construction of the herb–compound network. (A) Frequency
of databases and tools used to identify constituents of herbal medicine. * Analytical techniques to
identify the ingredients of herbal medicines; Ultra Performance Liquid Chromatography (UPLC),
High-performance liquid chromatography (HPLC) (B) The application rate of the drug availability
method by year. Note that Obioavail (OB) and drug-likeness (DL) are among the most commonly used
drug availability assessment methods in THM-NP studies. THM-NP studies in 2011 were excluded
from the visualization due to the low frequency (n = 2). TCMSP, Traditional Chinese Medicine Systems
Pharmacology Database; TCMID, Traditional Chinese Medicine Integrated Database.

Because information on the absorption, distribution, metabolism, and excretion (ADME) properties
of herbal medicines in humans are lacking, researchers have employed evaluation methods or machine
learning tools to predict those properties. We counted the number of THM-NP studies that evaluated the
drug availability of herbal ingredients. We found that approximately half of (72/147, 49.0%) THM-NP
studies evaluated the drug availability of herbal ingredients, and the majority of the studies (54/72,
75.0%) employed Obioavail and drug-likeness in combination (Figure 4B). Obioavail is an in silico
model that predicts the fraction of an administered dose of a drug that reaches the systemic circulation
unchanged [39]. Drug-likeness measures the structural similarity between herbal ingredients and the
drugs in the Drugbank database (http://www.drugbank.ca/) using the Tanimoto coefficient [40]. They
are applied to screen ADME-favorable compounds and pharmacologically suitable compounds in
herbal medicines, respectively.

3.3. Methodological Trends for Constructing Compound-Target Networks

We next attempted to determine the frequency of each DTI method for constructing
compound–target (C-T) networks (Note that some of the THM-NP studies combined several methods
to identify DTIs. Therefore, the total frequency of the DTI method is greater than the total number of
THM-NP studies). The results showed that TCMSP (47/222, 21.1%) and molecular docking (44/222,
19.8%) were the most frequently used. In addition, experimental methods, such as microarrays, were
also applied (Figure 5A). It is noteworthy that DTI methods of TCMSP have existed for less than 10
years since its development but have been used most frequently in THM-NP studies [16]. More than
one-third of THM-NP studies (54/147, 36.7%) combined several DTI methods for constructing C-T
networks, and most of them included TCMSP (e.g., TCMSP-molecular docking and TCMSP-STITCH)
(Figure 5B).
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Figure 5. Methodological trends in the construction of the compound–target network. (A) The
frequencies of databases and tools used to identify targets of herbal ingredients. * databases that
provide validated drug-target interactions (DTIs); ** databases that provide validated databases that
provide both validated and predicted DTIs; # Computational tools to predict DTIs. (B) A co-occurrence
pattern of the DTI method. (C) Categories of DTI methods and their composition. The outer circle and
inner circle represent the DTI methods and their categories, respectively. (D) The annual rate of the
groups of DTI methods. Note that THM-NP studies in 2011 were excluded from the visualization due
to their low frequency (n = 2). TCMSP, Traditional Chinese Medicine Systems Pharmacology Database;
TTD, Therapeutic Target Database; SEA, Similarity Ensemble Approach; HIT, Herb Ingredients’ Targets;
WES, Weighted Ensemble Similarity.

We categorized the methods into four groups: the chemogenomic approach, docking simulation
approach, ligand-based approach, and others (Figure 5C, see Materials and Methods for details). To
identify trends in DTI methods, we counted the frequency of each DTI group each year (Figure 5D).
In the early stage, approximately half of THM-NP studies (4/9, 44.4% and 8/18, 44.4% in 2012 and
2013, respectively) employed molecular docking simulation, but the proportion of molecular docking
simulations decreased gradually and was the lowest (12/77, 15.9%) in 2018.
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3.4. Methodological Trends for Target Interpretation

We identified the frequency of biomedical databases employed to analyze the biological processes,
pathways, and diseases from the targets of herbal medicines (Figure 6). Most THM-NP studies
(94/96, 98.0%) employed single databases to analyze biological functions and pathways, such as Gene
Ontology (GO, http://geneontology.org/) [35] for biological processes or the Kyoto Encyclopedia of
Genes and Genomes database (KEGG, https://www.genome.jp/kegg/) [41] for pathways. On the other
hand, more than half of the studies (44/76, 57.9%) integrated several databases to analyze target-related
diseases, such as the Therapeutic Target Database (TTD, http://bidd.nus.edu.sg/group/cjttd/) [30],
Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/) [36], and Drugbank [42].

Figure 6. Trends in the biomedical databases used for target interpretation. (A) The frequencies of
databases used for target interpretation. (B) Categories of databases and their composition. The outer
circle and inner circle represent the databases used for target interpretation and their categories,
respectively. Note that THM-NP studies in 2011 were excluded from the visualization due to their
low frequency (n = 2). KEGG, Kyoto Encyclopedia of Genes and Genomes; TTD, Therapeutic Target
Database; OMIM, Online Mendelian Inheritance in Man; IPA, Ingenuity Pathway Analysis.

3.5. Combinatorial Patterns in Methodologies of THM-NP Studies

We identified the combinatorial patterns of each step in THM-NP studies by a Sankey diagram-like
representation (Figure 7). The Sankey diagram is a visualization tool used to depict quantitative
information about flows from one set to another within a network [43]. The nodes in each layer (vertical
lines) represent the methods of herb–compound (H-C) network construction, compound–target (C-T)
network construction, and target interpretation, respectively. The edges (connected lines) between
layers indicate that these methods are used together in the same THM-NP studies.

The Sankey diagram-like representation shows the diversity of databases and tools used in
THM-NP studies and their combination patterns (Figure 7). We found that the nodes in the first layer
(H-C network construction) tend to be connected to specific nodes in the second layer (C-T network
construction), which indicates that the combinatorial pattern between the first and second layer is
biased by the methods for H-C network construction. For example, TCMSP in the first layer is mainly
connected to TCMSP and molecular docking in the second layer, and Traditional Chinese Medicine
Integrated Database (TCMID), UPLC, and literature mining in the first layer are not linked to molecular
docking in the second layer. On the other hand, the nodes in the second layer tended to be evenly
connected to the nodes in the third layer (target interpretation), which indicates that the combinatorial
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pattern between the second layer and third layer are relatively independent of the methods for C-T
network construction.

Figure 7. The combinatorial pattern of tools and databases employed in THM-NP studies. Each layer
represents the process of network pharmacology analysis of herbal medicines, and the components
of each layer represent the employed tools and databases. A connecting line between components
indicates that the connected tools and databases are used together in the same THM-NP studies.
The thickness of each connecting line indicates the frequency with which the two methodologies are
used together in the THM-NP studies. TCMSP, Traditional Chinese Medicine Systems Pharmacology
Database; TCMID, Traditional Chinese Medicine Integrated Database; HIT, Herb Ingredients’ Targets;
KEGG, Kyoto Encyclopedia of Genes and Genomes; TTD, Therapeutic Target Database; OMIM, Online
Mendelian Inheritance in Man.

3.6. Co-Author Network and Affiliation Network

To further understand how the methodologies of THM-NP studies are employed among
researchers, we constructed a co-author network and an affiliation network that were mapped
with drug availability and DTI methods. The nodes in each network denote the author and affiliation,
and the edges indicate that two of them appear on the same paper. The methods of DTI and
drug-availability used by the corresponding author and affiliation are represented by the pie chart and
the outline, respectively.

In the author network, Yonghua Wang (n = 18) and Shao Li (n = 8) appeared most frequently as
the corresponding author (Figure 8). More than a third of corresponding authors (52/147) combined
DTI methods, such as the chemogenomic approach, docking simulation approach, and ligand-based
approach. Approximately half of the corresponding authors (69/147) employed evaluation tools to
screen for compounds with favorable pharmacokinetic properties, and most of them (50/69) used
Obioavail and drug-likeness in combination.
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Figure 8. The co-author network of THM-NP studies. Circles represent corresponding authors, and
squares represent non-corresponding authors. The size of the circles and squares reflect the number
of occurrences in the THM-NP studies. Nodes that appeared fewer than three times were removed.
The box to the right of the network represents the index for the pie chart and the outline of the circle.

We also constructed and visualized the affiliation network (Supplementary Figure S1). Northwest
A&F University (n = 22) and China Academy of Chinese Medical Sciences (n = 17) appeared most
frequently. Most affiliations combined various DTI methods (68/143) and employed drug-availability
methods (86/143).

4. Discussion

In this study, we successfully identified the complex methodological trends of THM-NP research
fields by analyzing the frequency of the employed methods in THM-NP studies over time and
visualizing the combinatorial patterns between them. Our results showed that the number of THM-NP
studies and employed databases/tools have been dramatically increased in the last decade. We also
found characteristic patterns exist in combining methods of each analysis step in THM-NP studies.
Finally, we showed how the diverse methods for THM-NP studies are employed and shared among
researchers in the field by analyzing the co-authorship and affiliation networks.

Among the network pharmacology databases, TCMSP was the most frequently employed database
for constructing herb-compound-target networks. This database was developed in 2014 and has been
predominantly employed among THM-NP studies [17]. TCMSP provides a network pharmacological
analysis of 499 medicinal herbs registered in the Chinese pharmacopeia along with information on
ADME properties, such as bioavailability, drug-likeness, and P450, in a one-step manner. Recently,
other network pharmacology databases, such as BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm)
and TCM-Mesh (http://mesh.tcm.microbioinformatics.org/), were developed [44,45]. They are expected
to further facilitate THM-NP research fields by providing network pharmacological analysis for more
than 5000 medicinal herbs.

Among the processes used in THM-NP research, the methodology for constructing a C-T network
has shown the greatest change over time. In the early stages of THM-NP research, DTI methods
for identifying targets of herbal ingredients relied on molecular docking simulations, which require
high computational resources (Figure 5D). With the advancement of DTI prediction methods, several
methodologies have been applied to THM-NP research fields that can efficiently identify the multiple
targets of multiple ingredients in herbal medicines. First, the development and application of machine
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learning techniques and network-based methods enabled large-scale prediction of the targets of herbal
medicines in terms of efficient computational costs [17,44,46,47]. Second, increased computational
power made it possible to comprehensively explore potential targets of the compounds using the
pharmacophore model [48]. Last, the development of databases that integrate disparate data sources
provides comprehensive and high-quality information on DTIs [49]. Furthermore, recently developed
DTI prediction models based on deep learning showed higher performance than other state-of-the-art
models [50,51]. Such innovation in the machine learning field is expected to facilitate the development
of the THM-NP research field.

To conduct THM-NP research, various tools and databases are combined in each phase of a
study (Figure 7). We found that the methods for H-C network construction tend to be linked with
specific methods for C-T network construction. This result indicates that there might be a preferred
combinatorial pattern when choosing the methods for constructing H-C-T network. On the other hand,
the combinatorial patterns between the methods for C-T network construction and target interpretation
are relatively independent when compared to the previous step. This result indicates that the databases
used for target interpretation tend to be chosen for the purpose of the study, while each method was
preferred by different researchers in the previous steps. Further studies are needed to evaluate the
reliability of network pharmacological analysis by evaluating the consistency between predicted results
according to the methodologies of THM-NP studies.

There are some limitations to our study that should be noted. First, we identified potentially
relevant articles using combined keywords consisting of THM-related terms and NP-related terms.
Although we carefully selected search terms, we cannot guarantee that our search strategy can fully
identify THM-NP studies. Second, we found potentially relevant articles only in PubMed. It is one of
the largest electronic database in the world. However, there are other databases which may include
other potential THM-NP studies, such as Embase, China Knowledge Resource Integrated Database
(CNKI), Research Information Sharing Service (RISS), and Japan Science Technology Information
Aggregator (J-stage). Last, we limited the search range of our study to English literature, which
might have introduced some bias. In spite of these limitations, our results will help to improve the
understanding of the methodological trends of the THM-NP research fields.

5. Conclusions

In conclusion, we investigated the methodological trends in THM-NP studies. Our results provide
researchers with the current status of which methodologies are used in THM-NP studies and how they
are applied.
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